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STATIC AND DYNAMIC EXPERIMENTS WITH A REPETITIVELY PULSED BOOSTER

Jo h n  T. M ih a lczo

ABSTRACT

A s e r i e s  o f  dynam ic m easu rem en ts  hav e  b een  p e rfo rm e d  w ith  a  m ul­

t i p l y i n g  a sse m b ly  i n  w hich  a  r o t a t i n g  b e r y l l iu m  r e f l e c t o r  (w o rth  ^ .8  

d o l l a r s  i n  r e a c t i v i t y )  moved p a s t  an  u n r e f l e c t e d  c o re  s u r f a c e  ~ 6 0  t im e s /  

s e c  a t  a  sp e ed  o f  26̂ 1- m e t e r s / s e c .  A p u l s e  o f  1 ^ .1  MeV n e u tr o n s  ( ~ 1  

j s e c  w id e )  was i n j e c t e d  i n t o  t h e  a sse m b ly  e a ch  t im e  th e  r o t a t i n g  r e ­

f l e c t o r  a t t a i n e d  a  p o s i t i o n  f o r  w hich  t h e  r e a c t i v i t y  o f  t h e  a sse m b ly  

was maximum. The tim e  d i s t r i b u t i o n  o f  n e u tr o n s  a f t e r  i n j e c t i o n  o f  th e  

p u l s e  was m ea su red . The maximum prom pt n e u tr o n  m u l t i p l i c a t i o n  o f  th e  

assem bly^  w h ich  was r e f l e c t e d  w ith  i r o n  on a l l  s id e s  b u t  one and con­

t a i n e d  5 8 .6  kg o f  u ran iu m  ( e n r ic h e d  t o  93 -2  wt in  i s o t o p e )  m e ta l

a t  d e la y e d  c r i t i c a l i t y ,  was v a r i e d  by  f u e l  lo a d in g  ch an g es from  75 t o  285-

The p u l s e d  a sse m b ly , w i th  a  maximum prom pt n e u tr o n  m u l t i p l i c a t i o n  

o f  285 , p ro d u c e d  n e u tr o n  p u l s e s  h a v in g  a  w id th  a t  h a l f  maximum o f  3*9 

lJ.sec and  a  p eak -to -m in im u m  r a t i o  o f  1 2 ,4 0 0 . The p u l s e ,  when th e r m a l iz e d  

by  a  1 0 .1 6  X 1 0 .1 6  X 3 -8 l  cm p o ly e th y le n e  s c a t t e r e r ,  was b ro a d e n e d  t o  

a  w id th  a t  h a l f  maximum o f  2 0 .9  l-isec w ith  a  peaA -to -m in im um  r a t i o  o f  

1 5 9 0 * The u s e  o f  cadmium in  t h e  s c a t t e r e r  can  n e i t h e r  re d u c e  t h e  w id th  

o f  t h e  p u l s e  o f  n e u tr o n s  t o  l e s s  th a n  7 M-sec n o r  i n c r e a s e  t h e  p e a k - to -  

minimum r a t i o  t o  m ore t h a n  7^00- The f r a c t i o n  o f  a l l  n e u tr o n s  t h a t  a r e  

in  t h e  p u l s e  v a r i e d  w ith  r e a c t i v i t y  and t h e  p o s i t i o n  o f  t h e  m easurem ent 

from  0 .7 7  t o  0 . 8 5 .

The num ber o f  th e r m a l  n e u tr o n s  l e a k in g  from  th e  o u t e r  s u r f a c e  o f  

th e  s c a t t e r e r  was 3 .3  x 10“ ^ n / c m ^ - f i s s io n .  T hus, a  r e p e t i t i v e l y  

p u l s e d  b o o s te r  o f  t h i s  ty p e  w ith  1 /6 0  MW-sec o f  e n e rg y  in  t h e  p u l s e  

w ould p ro d u c e  a  leaA age  f lu e n c e  o f  ~ 1 .7  x  1 0 ^° th e r m a l  n e u tro n s /c m ^  

p e r  p u l s e .





INTRODUCTION

R e p e t i t i v e l y  p u l s e d  r e a c t o r s  a r e  u s e f u l  f o r  e x p e r im e n ts  t h a t  r e q u i r e  

v e r y  h ig h  n e u t r o n  f lu x e s  f o r  v e r y  s h o r t  t im e s .  I n s ta n ta n e o u s  n e u tr o n  f lu x e s  

h u n d re d s  o f  t im e s  l a r g e r  th a n  a v e ra g e  can  be o b ta in e d  by  p e r i o d i c a l l y  

v a ry in g  t h e  r e a c t i v i t y  th ro u g h  p rom p t c r i t i c a l i t y .  The IBR R e a c to r^ ^ ^  a t  

Dubna, R u s s ia ,  h a s  b een  in  o p e r a t io n  s in c e  I 960 a t  a v e ra g e  pow ers o f  up t o  

6 kW. A n o th e r  r e p e t i t i v e l y  p u l s e d  r e a c t o r ,  EBER I I ,  w i th  an  a v e ra g e  pow er 

o f  ~ 5  MW i s  b e in g  b u i l t  a t  Dubna f o r  o p e r a t io n  a b o u t 1975* ’'^^ D esign  

s tu d i e s  f o r  t h i s  ty p e  o f  r e a c t o r  w i th  an  a v e ra g e  pow er o f  ~ 1 MW^^  ̂ w ere 

s t a r t e d  by  EURATOM a t  I s p r a  i n  I 9 6 2 . However t h i s  r e a c t o r  d i f f e r e d  from  

t h e  IBR in  t h a t  t h e  r o t a t i o n  o f  r e f l e c t o r  m a t e r i a l  a d ja c e n t  t o  t h e  c o re  

r a t h e r  th a n  m o tio n  o f  f i s s i l e  m a t e r i a l  th ro u g h  th e  c o re  p ro d u c e d  th e  r e ­

a c t i v i t y  v a r i a t i o n .  S e v e r a l  l a b o r a t o r i e s  in  t h i s  c o u n tr y  hav e  c o n s id e re d  

t h e  p ro c u re m e n t o f  r e p e t i t i v e l y  p u l s e d  r e a c t o r s .  One o f  t h e s e  sy s tem s was 

p ro p o s e d  by  B rookhaven  N a t io n a l  L a b o ra to ry .  ^^ O th e rs  such  a s  Idaho  

N u c le a r  C o ip o ra tio n ^ ® ^  and  Los Alamos S c i e n t i f i c  L a b o r a to r y ^ ^  i n v e s t i ­

g a te d  th e  u se  o f  such  a  r e a c t o r .  Oak R idge N a t io n a l  L a b o ra to ry  (ORNL) 

h a s  c o n s id e r e d  t h e  p o s s i b l e  u se  o f  t h i s  ty p e  o f  r e a c t o r .

1 . G .E . B lo k h in  e t  a T . , "A F a s t  N e u tro n  P u ls e  R e a c to r ,"  t r a n s l a t e d  
from  A tom nayia  E n e r g iy a , V o l. 10 , No. p p . ( 1 9 6 1 ).

2 . V. D. A nan ' cu  e t  a l . , "The O p e r a t io n a l  E x p e r ie n c e  and D evelopm ent 
o f  P e r i o d i c a l l y  P u ls e d  R e a c to r s  a t  D u b n a ," P ro c . o f  S em inar on 
F a s t  B u rs t  R e a c to r s ,  A lb u q u e rq u e , New M exico (1 9 6 9 ); The USSR 
N u c le a r  Power P rogram : R e p o rt o f  t h e  U .S . R e a c to r  D e le g a t io n ,
N u c le a r  News No. 10, p .  21 (1 9 7 0 ).

3 . J .  A. L a rr im o re  _et _ a i . , "The SORA R e a c to r ,"  P ro c . o f  a  S em inar on 
I n te n s e  N e u tro n  S o u rc e s , S a n ta  F e , New M exico, S ep tem ber 
CONF-660925 , p .  373 . ( 1 9 6 7 }.
K. C. Hoffm an a T . ,  " E n g in e e r in g  P rob lem s i n  P u ls e d  N e u tro n
S o u r c e s ,"  P ro c . o f  a  S em inar on I n te n s e  N e u tro n  S o u rc e s , S a n ta  F e , 
New M exico , S ep tem ber 1966 , C0NF-660929j P« 509 (19^7)*

5 . F u n d am en ta l N u c le a r  E nergy  R e s e a rc h , 19^7 S u p p le m e n ta l R e p o rt to  
t h e  A nnual R e p o rt t o  C o n g re ss  f o r  19^7 o f  t h e  U n ite d  S t a t e s  Atom ic 
E nergy  C om m ission, p .  176 (1 9 6 8 ).

6 . R. G. F lu h a r ty  e t  a l . , "A P r o p o s a l  f o r  a  R e p e t i t i v e l y  P u ls e d  T e s t  
F a c i l i t y  (R PT F )," IN -11^9, Id ah o  N u c le a r  C o r p o r a t io n  ( l9 6 7 ) -

7 . R. G. F lu h a r ty ,  " S h o rt  M o d e ra to r  P u ls e s  and  B o o s te r  S y s te m s ,"
P ro c . o f  a  S em inar on  F a s t  B u rs t  R e a c to r s ,  A lb u q u e rq u e , New M exico , 
J a n u a ry  I 969 (1 9 ^9 )•

8 . Memo t o  S. E. B e a l l  from  W. K. E rg e n , "H igh F lu x  R e a c to r  S tu d y ,"  
(Aug. 2 1 , 1 9 6 7 ); Memo t o  A. D. C a l l ih a n  from  F. C. M a ie n sc h e in ,
(S e p t.  19 , 1 9 6 7 )-



R e p e t i t i v e l y  p u l s e d  t o o s t e r s  f o r  a c c e l e r a t o r s  hav e  been  opera ted^® ^ 

and  have  b een  u n d e r  study^"^’ ^®  ̂ a s  a  m eans o f  p ro d u c in g  n a rro w e r  p u l s e s  

th a n  r e p e t i t i v e l y  p u l s e d  r e a c t o r s .  I n  t h e  b o o s te r  c o n c e p t t h e  r e a c t o r  

n e a r  d e la y e d  c r i t i c a l i t y  m u l t i p l i e s  n e u tr o n s  p ro d u c e d  by an  a c c e l e r a t o r .  

D e c re a s in g  t h e  r e a c t i v i t y  b e tw een  p u l s e s  by  re m o v a l o f  r e f l e c t o r  o r  f i s ­

s i l e  m a t e r i a l  lo w e rs  t h e  b ack g ro u n d  b e tw een  p u l s e s .

A p ro g ram  o f  s t a t i c  c r i t i c a l  e x p e r im e n ts  in  s u p p o r t  o f  t h e  f i n a l  

d e s ig n  o f  t h e  EURATOM r e a c t o r  (SORA) was p e rfo rm e d  a t  ORNL from  S e p t. 

1965 t o  Aug. 1966 u n d e r  a  c o o p e r a t iv e  ag reem en t b e tw een  EURATOM and th e  

U n ite d  S t a t e s  A tom ic E n erg y  Com m ission. T hese e x p e r im e n ts  w ere p e r ­

fo rm ed  w ith  a  mockup o f  t h e  SORA r e a c t o r  d i f f e r i n g  from  t h e  r e a c t o r  

d e s ig n  p r i n c i p a l l y  i n  t h e  u se  o f  i r o n  i n  th e  c o re  in  p l a c e  o f  t h e  

l i q u i d  m e ta l  c o o la n t ,  o f  i r o n  a s  t h e  r e f l e c t o r  m a t e r i a l  i n s t e a d  o f  

t u n g s t e n  o r  molybden-um, and  th e  u se  o f  u ran iu m  a s  t h e  f u e l  in  p l a c e  o f  

a  uranium -m olybdenum  a l l o y .  M easurem ents o f  t h e  p rom p t n e u tr o n  d e c ay  

c o n s ta n t ,  f i s s i o n  r a t e  d i s t r i b u t i o n s ,  c o n t r o l  ro d  c a l i b r a t i o n s ,  tem ­

p e r a t u r e  c o e f f i c i e n t  o f  r e a c t i v i t y ,  m a t e r i a l  r e p la c e m e n ts  in  t h e  c o re ,  

r e a c t i v i t y  o f  s im u la te d  m ovable r e f l e c t o r s ,  and o f  t h e  r e a c t i v i t y  

e f f e c t s  o f  th e  p a r t s  o f  t h e  f ix e d  r e f l e c t o r  w ere p e rfo rm e d . T hese  

r e s u l t s  h av e  b e e n  d e s c r ib e d  p r e v io u s ly .^

B ased  on in fo r m a t io n  o b ta in e d  in  t h e s e  s t a t i c  e x p e r im e n ts ,  t h e  ex ­

p e r im e n ta l  a s se m b ly  was m o d if ie d  t o  in c lu d e  a  r o t a t i n g  r e f l e c t o r  'vdiich 

moved by  t h e  u n r e f l e c t e d  c o re  s u r f a c e  ~ 6 o t i m e s / s e c  w ith  a  sp e ed  o f  26k  

m e t e r s / s e c .  A f t e r  m easixrem ents o f  t h e  s t a t i c  p r o p e r t i e s  o f  t h e  assem ­

b l i e s ,  r e p e t i t i v e l y  p u l s e d  e x p e r im e n ts  w ere p e rfo rm e d  t o  o b t a i n  t h e  

p u l s e  c h a r a c t e r i s t i c  o f  t h e  a sse m b ly .

9 . L. B. P i k e ln e r  and  V. T. Rudenk, "IBR P u ls e d  R e a c to r  w ith  I n j e c t o r , "  
P ro c . o f  a  P a n e l  on R e se a rc h  A p p l i c a t io n s  o f  N u c le a r  P u ls e d  S y stem s, 
Dubna, p .  1 6 5 ( 1 9 6 6 ).

10 . J .  R. B e y s te r  and C. A. S te v e n s , " F e a s i b i l i t y  S tu d y  o f  an  A c c e le r a to r -  
B o o s te r ,  F a s t ,  P u ls e d  R e se a rc h  R e a c to r ,"  GA-7381, G e n e ra l  A tom ic 
(1 9 8 6 ) ;  M. J .  P o o le , "The S u p e r b o o s te r ,"  P ro c . o f  a  S em inar on 
I n te n s e  N e u tro n  So-grces, S a n ta  F e , New M exico , S ep tem ber 1986,
COWF-660925 , p .  ^31  (1 9 6 7 ).

11 . G. K i s tn e r  and J .  T. M ih a lc z o , N u c l . S c i . E ng. 3 J ,  27 ( 1 9 ^ 9 ) '



B ecause  t h e  maximum r e a c t i v i t y  was 50 c e n ts  above d e la y e d  c r i t i ­

c a l i t y ,  t h e  r e s u l t s  o f  t h e s e  e x p e r im e n ts  a r e  m ore u s e f u l  f o r  t h e  d e s ig n  

o f  a  r e p e t i t i v e l y  p u l s e d  b o o s te r  f o r  an a c c e l e r a t o r  r a t h e r  t h a n  f o r  a 

r e p e t i t i v e l y  p u l s e d  r e a c t o r  in  w h ich  th e  r e a c t i v i t y  i s  i n  e x c e s s  o f  

p rom p t c r i t i c a l i t y .  T hese e x p e r im e n ts  a l s o  p r o v id e d  in f o r m a t io n  w hich  

can  be u s e d  t o  d e te rm in e  t h e  v a l i d i t y  o f  t h e  m ethods o f  p r e d i c t i n g  th e  

r e s u l t s  o f  k i n e t i c  e jq je r im e n ts  from  p a ra m e te r s  m easu red  in  s t a t i c  

e x p e r im e n ts .

W ith d ra w a l o f  s u p p o r t  f o r  t h i s  w ork r e s u l t e d  i n  p re m a tu re  te r m in a ­

t i o n  o f  t h e s e  e x p e r im e n ts  and  m in im a l i n t e r p r e t a t i o n  o f  t h e  d a ta .



DESCRIPTION OF THE ASSEMBLY

The a sse m b ly  c o n s i s t e d  o f  t h r e e  m a jo r  p a r t s ,  a  c o re  com posed o f  

■araninm m e ta l  d i s t r i b u t e d  in  i r o n ,  a  f ix e d  i r o n  r e f l e c t o r  w hich  con­

t a i n e d  t h e  p o ly e th y le n e  s c a t t e r e r ,  and  a  r o t o r  a s se m b ly  w hich  moved th e  

r e f l e c t o r  p a s t  t h e  o th e r w is e  \m r e f l e c t e d  c o re  f a c e .  The e x p e r im e n ts  

w ere p e rfo rm e d  w ith  a  v e r t i c a l  a s se m b ly  m ach ine  p r e v i o u s ly  d e s c r ib e d  

by  R o h re r  e t

The c o re  c o n s i s t e d  o f  a  31*6- cm -long  i r o n  m a t r ix  c o n ta in in g  1 .3 7 9 -  

cm -diam  u r a n i m  m e ta l  ro d s  (9 3 -1 8  wt % p = 1 8 .7 5  g/cm ® ). The

u ran iu m  was 2k  cm in  h e ig h t  and t h e  to p  o f  th e  urani-um ro d s  was 0 .2 5  

cm b e lo w  t h e  to p  o f  t h e  i r o n  m a t r ix .  The sp ace  b e lo w  t h e  u ran iu m  was 

f i l l e d  w ith  1 . 369-cm -d iam  i r o n  r o d s .  A c r o s s  s e c t i o n  o f  a  t y p i c a l  c o re  

i s  shown i n  F ig .  1 . The r e a c t i v i t y  in  t h e s e  e x p e r im e n ts  was v a r i e d  by 

ch an g es  in  t h e  c o re  lo a d in g s  a s  d e s c r ib e d  i n  A ppendix  A. The m ass o f  

u ran iu m  in  t h e  c o re  v a r i e d  from  t o  ~ 5 9 k g .  T h ree  th e rm o c o u p le s

w ere p ro v id e d  in  one o f  t h e  c e n t r a l  f u e l  ro d s  (No. 6 0 ), one a t  t h e  

c e n te r  o f  t h e  r o d , and t h e  o t h e r  two ~ 1 .2  cm from  e a ch  en d . The c o re  

was m ounted  on a  10- c m - th ic k  p i e c e  o f  i r o n  w hich  h a d  t h e  same h e x a g o n a l 

c r o s s  s e c t i o n a l  d im e n s io n s  a s  t h e  c o re  m a t r ix .  T h is  p l a t e  t o g e t h e r  

w ith  t h e  lo w e r  s e c t i o n  o f  t h e  c o re  m a t r ix  w hich  c o n ta in e d  i r o n  ro d s  

s e rv e d  a s  t h e  1 7 .6 - c m - th ic k  b o tto m  r e f l e c t o r .  The c o re  and  b o tto m  

r e f l e c t o r  w ere m ounted  on  t h e  v e r t i c a l  l i f t  o f  t h e  a ssem b ly  m ach in e .

The s id e  p i e c e s  o f  t h e  f ix e d  r e f l e c t o r  c o n s i s t e d  o f  4 8 .0 -c m -h ig h  

i r o n  and b e r y l l iu m  b lo c k s  w ith  v a r io u s  c r o s s  s e c t i o n a l  sh a p e s  a s  shown 

i n  F ig .  2 . The b e r y l l iu m  was a d ja c e n t  t o  t h e  u n r e f l e c t e d  c o re  s u r f a c e .  

A c o n s id e r a b le  amount o f  t h e  29- c m - th ic k  s id e  r e f l e c t o r  o f  t h e  p r e v io u s  

ex p e rim en t^^ ^ ^  h a d  b een  rem oved so t h a t  t h e  p ron5)t n e u tr o n  l i f e t i m e  in  

t h i s  a s se m b ly  w ould  be s h o r t e r .  A I O .1 6 x  I O .1 6 x 3 -8 1  cm b lo c k  o f  p o ly ­

e th y le n e  (p = 0 .9 2  g/cm ®) a t  room te m p e ra tu re  (20°C ) was u se d  a s  th e

12 . E. R. R o h re r  _et N e u tro n  P h y s . D iv . Ann. P ro g . R e p t. S e p t. 1 ,
1981 , ORNL-3193  ̂ Oak R idge N a t io n a l  L a b o ra to ry ,  p .  188 (196I ) .



Core Loading Pattern N o .  6

Fuel rod loca tion  N o .  3 con ta in ed  a 
6 -c m  length o f  uranium at the top of  
the h o le  with iron b e low  it .  Upper
5 / 8  of fuel rod loca tion  N o .  58 co n ­
ta ined  a BFo proportional counter .

U nreflected  
! FaceCore

87 88 89 90 92 93 94 95

77 78 79 80 82 83 84 85 86
’U i

66 67 68 69 70 72 73 7 4 75 76

54 55 56 57 58 59 60 62 63 6 4 65

13.01 43 4 4 45 4 6 47 534 8 49 50 52

32 33 3534 36 37 38 39 40 42

ron Matrix
2 0 22 23 24 25 26 27 29 3028

10
60

Fuel

Iron

Pin Holding  
Iron Matrix  
Together

F ig .  1 . H o r i z o n ta l  S e c t io n  T hrough a  Core A ssem bly  I d e n t i f y i n g  
t h e  F u e l  Rod L o c a t io n s .  ( A l l  D im ensions i n  C e n t im e te r s )



A ccelerator 
T arge t•

Scintillator

^  2 .840 Helium3.175

a 8Wft8gfflftg»M »«88« g g 8WMa»jaa!W8» W g W » g W ^ « S B 88B»aaaaBtfgBaP08fflB88g « ^ ^

Rotating Reflector

12 .7
Rotor shroud

Motor -  75 hp

EM Core Matrix (fuel rod locations centered  at crosses)

Beryllium 

Iron

Boron Carb ide  C anned  in Aluminum (Boral) 

k-~CC| Polyethylene (10 .16  x 10 .16  x 3 .81 , cadmium covered excep t side facing core)

Titanium Alloy

2 .54 -cm -d iam , 2 0 .64 -cm -long  BF^ Proportional Counter

0 . 79-cm -diam , 2 .5 4 -cm -lo n g  BF^ Proportional Counter in Fuel Rod Location No. 58

0 . 79-cm -diam , 2 .5 4 -cm -lo n g  BFg Proportional Counter Covered with 0 . 064-cm-Thick Cadmium

0 . 79-cm -diam , 2 .5 4 -cm -lo n g  BF^ Proportional Counter

The scin til la tor  ( 5 .1 -cm -diam , 1 .27-cm -long)  was located with its axis in a plane 5 .5  cm below the 
horizontal midplane.

F ig .  2 . C ro ss  S e c t io n  o f  t h e  A ssem bly a t  t h e  H o r iz o n ta l  M idp lane
o f  t h e  C o re . (A l l  D im ensions i n  C e n t im e te r s )



s c a t t e r e r  t o  th e r m a l iz e  t h e  f a s t  n e u tr o n s  l e a k in g  from  th e  core.*-^^^

The p o ly e th y le n e  was c o v e re d  w ith  O .063- c m - th ic k  cadmium e x c e p t f o r  th e  

1 0 .1 6  X 1 0 .1 6  cm v e r t i c a l  s u r f a c e  n e a r e s t  th e  c o re  w hich  was a d ja c e n t  

t o  a  0 . 63- c m - th ic k  B o ra l  p l a t e  (0 .3 3  g o f  boron/cm ®-). The B o ra l  p l a t e  

d e c o u p le d  th e  th e r m a l  n e u tr o n s  o f  t h e  s c a t t e r e r  from  t h e  c o re .  T h is  

s i z e  s c a t t e r e r  i n s t e a d  o f  t h e  much l a r g e r  s c a t t e r e r s  o f  t h e  SORA d e s ig n  

was ch o sen  b e c a u se  o f  t h e  e x p e c te d  n a rro w  w id th  o f  t h e  i n c id e n t  p u l s e  

from  t h e  c o re  o f  t h e  a s se m b ly . T h is  n a rro w  p u l s e  w id th  was a  r e s u l t  

o f  t h e  r e a c t i v i t y  b e in g  50 c e n ts  o r  m ore b e lo w  p rom pt c r i t i c a l i t y  in  

t h e s e  r e p e t i t i v e l y  p u l s e d  e x p e r im e n ts .
The t a r g e t  a s se m b ly  o f  t h e  C o c k c ro f t-W a lto n  a c c e l e r a t o r  was l o ­

c a te d  i n  t h e  s id e  r e f l e c t o r  4 cm from  t h e  c o re  s u r f a c e .  The c e n te r  o f  

t h e  t a r g e t  a s se m b ly  was i n  a  h o r i z o n t a l  p la n e  th ro iig h  th e  c o re  c e n t e r .

A 17- c m - th ic k  i r o n  to p  r e f l e c t o r  h ad  t h e  same h e x a g o n a l  c r o s s  s e c t i o n  

a s  t h e  c o re  m a t r ix .  T h is  r e f l e c t o r  c o n ta in e d  t h r e e  v e r t i c a l  p e n e t r a ­

t i o n s :  a  0 . 95- c m -sq u a re  h o le  f o r  BF^ c o u n te r  c a b le s  above f u e l  ro d

l o c a t i o n  Wo. 58 in  t h e  c o re  m a t r ix ,  a  1 .2 7 - cm -diam  h o le  f o r  th e rm o ­

c o u p le  w ir e s  above f u e l  ro d  l o c a t i o n  Wo. 6 0 , and a  5 -72-cm -d iam  h o le  

c e n te r e d  above f u e l  ro d  l o c a t i o n  Wo. 28 w hich  c o u ld  accom odate  a  5 -1 - 

cm -diam  p r o to n  r e c o i l  s c i n t i l l a t i o n  c o u n te r .  A s k e tc h  o f  t h e  to p  

r e f l e c t o r  i s  shown i n  F ig .  3*

A 176- cm -diam  i r o n  sh ro u d  was m ounted on t h e  u n r e f l e c t e d  s id e  o f  

t h e  core*  T h is  sh ro u d  e n c lo s e d  t h e  r o t o r  w hich  c o n ta in e d  th e

m ovable  b e r y l l iu m  r e f l e c t o r .  C opper t u b in g ,  s o ld e r e d  t o  t h e  p e r ip h e r y  

o f  t h e  sh ro u d , p ro v id e d  w a te r  c o o la n t  t o  rem ove t h e  h e a t  g e n e ra te d  in  

t h e  g a s  w i th in  t h e  sh ro u d  by  r o t o r  f r i c t i o n .  The m ovable  b e r y l l iu m  

r e f l e c t o r  was m ounted  i n  a  t i ta n iu m -a lim iin u m -v a n a d iu m  a l l o y  b la d e  w hich  

r o t a t e d  w i th in  t h i s  sh ro u d  in  a  h e liu m  a tm o sp h e re  s l i g h t l y  above am b ien t 

p r e s s u r e .  The d im e n s io n s  o f  th e  b e r y l l iu m  r e f l e c t o r  w ere 2 1 .9 I  x  1 2 . 70 

X 3 -1 7 5  cm and i t s  c e n te r  r o t a t e d  w ith  a  sp e ed  o f  26k- m e t e r s / s e c .  A 

d raw in g  o f  t h e  b la d e  i s  shown in  F ig .  h.  The b la d e  was m ounted on a

1 3 . R. G. F lu h a r ty ,  F . B. S im pson, G. J .  R u s s e l l ,  and  J .  H. M enzel, 
W ucl. S c i .  Eng. 35 , ^ 5  ( 1 9 6 9 ).
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Plan
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E leva tion

( i )  Hole for BF^ Counter C ables above  Fuel Rod Location N o .  58 (see  F ig . 1) 
Tapped Hole for Eye Bolt 

(3) H ole for Thermocouple Wires a b o v e  Fuel Rod Location N o .  6 0  (see  Fig . 1)
0 Hole to A ccom m odate 5 . 1 -cm -d ia m  Plastic S c intilla tor ,  Photomultiplier,  

and Base

F ig .  3* S k e tc h  o f  Top R e f l e c to r .  ( A l l  D im ensions i n  C e n t im e te r s )



7 0 .1 7Steel W asher

Ti A lloy Blade
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00
Motor Shaft

2 6 .0

F ig . h.  R o to r  D e t a i l .  (A l l  D im ensions in  C e n t im e te r s )
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hub^ a l s o  shown in  F ig  w hich  was a t t a c h e d  d i r e c t l y  t o  t h e  s h a f t  o f  

a  75 hp sy n c h ro n o u s  m o to r . A p i c t o r i a l  s k e tc h  o f  t h e  a sse m b ly  i s  

shown in  F ig .  5- Some r e s u l t s  o f  t h e  m e c h a n ic a l  t e s t s  w i th  t h e  r o t a t i n g  

a sse m b ly  and  t h e  r e s u l t s  o f  e x a m in a t io n s  o f  t h e  r o t o r  a r e  g iv e n  in  

A ppend ix  B.
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Shroud

Beryl lium 
Insert

Titanium 
Rotor

Reflector

N

-75 hp 
Drive  
Motor

Fuel Matrix Withdrawn 
(Remotely M ovable)

F ig .  5- P i c t o r i a l  Drawing o f  t h e  A ssem bly .



MEASUREMENTS WITH THE ROTOR STATIONARY

A f t e r  t h e  c r i t i c a l  c o n f i g u r a t io n  was e s t a h l i s h e d ,  m easu rem en ts  w ere 

made t o  d e te rm in e  t h e  p a ra m e te r s  w hich  c o u ld  be u se d  f o r  t h e o r e t i c a l  

p r e d i c t i o n s  o f  t h e  r e s u l t s  o f  th e  r e p e t i t i v e l y  p u l s e d  e x p e r im e n ts .  The 

m easu rem en ts  w i th  t h e  r o t o r  s t a t i o n a r y  in c lu d e d  t h e  r e a c t i v i t y  o f  th e  

m ovable  b e r y l l iu m  r e f l e c t o r  a s  a  f u n c t io n  o f  t h e  d is p la c e m e n t  a lo n g  th e  

p a th  o f  m o tio n , t h e  f i s s i o n  r a t e  d i s t r i b u t i o n  th ro -u g h o u t t h e  c o re  from  

w hich  t h e  p e a k .- to -a v e ra g e  pow er d e n s i t y  r a t i o  was o b ta in e d ,  t h e  th e r m a l  

n e u tr o n  f lu e n c e  a t  t h e  o u t e r  s u r f a c e  o f  t h e  p o ly e th y le n e  s c a t t e r e r  p e r  

f i s s i o n  i n  t h e  c o r e ,  and  t h e  p rom p t n e u tr o n  d e c ay  c o n s ta n t  o f  t h e  assem ­

b ly  a s  a  f u n c t io n  o f  r e a c t i v i t y .  The a sse m b ly  a t  d e la y e d  c r i t i c a l i t y  

c o n ta in e d  87 I I / 1 6  f u e l  ro d s  ( c o re  lo a d in g  p a t t e r n  No. 8 o f  A ppendix  A) 

w ith  a  t o t a l  u ran iu m  m ass o f  5 8 .6  k g .

R e a c t i v i t y  o f  t h e  M ovable B e r y l l i m  R e f le c to r

The r e a c t i v i t y  o f  t h e  m ovable  b e r y l l iu m  r e f l e c t o r  a s  a  f u n c t io n  o f  

d is p la c e m e n t  a c r o s s  t h e  u n r e f l e c t e d  c o re  f a c e  was m ea su red  w ith  an 

a n a lo g  co m p u te r w hich h a s  p r e v i o u s ly  been  d e s c r ib e d .  ^ T h e  r e a c t i v i t y  

a s  a  f u n c t io n  o f  d is p la c e m e n t  o f  t h e  b e r y l l iu m , g iv e n  i n  F ig .  6 , was 

f i t t e d  o v e r  t h e  c e n t r a l  10 cm by  l e a s t  s q u a re s  t e c h n iq u e s  t o  t h e  fu n c ­

t i o n  p (x )  = A + a  (x -x „ )^  + c ( x - x _ ) ^ .  The v a lu e  o f  a  th u s  d e te rm in e d , x  O ' 0  X

3 .0 3  ± 0 .0 3  c e n ts /c m ^ , was n o t a s  l a r g e  a s  th o s e  p r e v i o u s ly  m easu red  f o r  

t h e  SORA m o c k u p . S i n c e  th e  r e a c t i v i t y  i n  t h e s e  e x p e r im e n ts  was 50 

c e n ts  o r  m ore below  p rom pt c r i t i c a l i t y ,  t h e  p u l s e  shape  in  t h e s e  r e p e t i ­

t i v e l y  p u l s e d  e x p e r im e n ts  was n o t  a s  d e p e n d en t on c l . The p u l s e  d e c ay ed  

a p p r e c ia b ly  b e fo r e  t h e  m o tio n  o f  t h e  r o t a t i n g  r e f l e c t o r  c o u ld  p ro d u c e  

a  s i g n i f i c a n t  change i n  t h e  r e a c t i v i t y  o f  t h e  a s se m b ly . The t o t a l  

w o rth  o f  t h e  b e r y l l iu m  r e f l e c t o r  was ^ .8  d o l l a r s .

1^ .  C e sa r  A. S a s t r e ,  N u c l . S c i . Eng. 20 , 60 (1 9 6 ^ ) .
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+80

+40

-40

-80

-120

u -160

> -200

® -240

-280

-3 2 0

-360 ' At zero d lsplacem ent(x=0) the  rotor was ce n te re d  on the
u n re f le c ted  core  face  (core  loading  pa tte rn  N o .  6 ) .

P(x) = (53.8+0.1) -  (3.03+0.03) (x -0 .01+0.02)2 -(0.103+0.004) ( x -0 .01 ±0.02)
-400

-440
16 -14 -12 -10 -8 46 2 0 42 6 10 12 14 168

D isplacem ent Along Arc, cm

F ig .  6 . R e a c t i v i t y  o f  t h e  A ssem bly a s  a  F u n c t io n  o f  t h e  D is p a lc e -  
m ent o f  t h e  M ovable B e ry ll iu m  R e f le c to r  A long t h e  P a th  o f  M otion .



l6

F i s s i o n  R a te  D i s t r i b u t i o n s

U raninm  (93-2  wt °!o f o i l s ,  0-750  cm in  d ia m e te r  and  0 .013  cm

i n  t h i c k n e s s ,  w ere a c t i v a t e d  a t  v a r io u s  p o s i t i o n s  in  t h e  c o re  t o  o b t a in  

th e  f i s s i o n  r a t e  d i s t r i b u t i o n  th ro u g h o u t  t h e  c o re .  The f o i l s  w ere 

l o c a t e d  c o a x i a l l y  w i th  th e  f u e l  ro d s  a t  v a r io u s  v e r t i c a l  p o s i t i o n s  as  

shown i n  F ig s .  7 th ro-ugh 9 * The p e a k  t o  a v e ra g e  f i s s i o n  d e n s i t y  r a t i o  

o f  1 .8 6  was o b ta in e d  from  th e s e  m easu rem en ts  and  t h e i r  i n t e r p o l a t i o n  t o  

th e  unm eas'ured l o c a t i o n s .  T h is  r a t i o  was n e c e s s a r y  f o r  t h e  d e te rm in a ­

t i o n  o f  t h e  th e r m a l  n e u tr o n  f lu e n c e  a t  t h e  o u t e r  s u r f a c e  o f  t h e  s c a t t e r e r  

p e r  f i s s i o n  in  t h e  c o re .

T herm al N e u tro n  F lu e n c e  a t  th e  S c a t t e r e r  P e r  F i s s i o n

I n  o r d e r  t o  o b t a i n  t h e  u s e f u l  th e r m a l  n e u tr o n  f lu e n c e  p e r  f i s s i o n  

a v a i l a b l e  a t  t h e  end  o f  t h e  beam tu b e s  f o r  a  r e a c t o r  o f  t h i s  ty p e  w ith  

t h i s  p o ly e th y le n e  s c a t t e r e r ,  1 .2 7 -cm -d ia m , 0 .0 1 3 - c m - th ic k  g o ld  f o i l s  

w ere a c t i v a t e d  on th e  o u t e r  v e r t i c a l  1 0 . l 6  x  1 0 . l6  cm s u r f a c e  o f  th e  

s c a t t e r e r .  A p a i r  o f  b a re  and a  p a i r  o f  cadmium (0 . 051- c m - th ic k )  c o v e re d  

f o i l s  w ere l o c a t e d  a t  t h e  ends o f  a  d ia g o n a l  o f  a  3*17 cm sq u a re  

c e n te r e d  i n  t h i s  s u r f a c e  o f  t h e  s c a t t e r e r .  The s id e s  o f  t h i s  sq u a re  

w ere p a r a l l e l  t o  t h e  e d g e s  o f  t h e  s c a t t e r e r .  The gam m a-ray a c t i v i t y  o f  

t h e  f o i l s  was o b s e rv e d  w ith  a  3 .8 l-c m -d ia m  N al s c i n t i l l a t i o n  c o u n te r  

and c o n v e r te d  t o  th e r m a l  n e u tr o n  f l u e n c e ^ a t  t h e  t im e  o f  i r r a d i a t i o n .  

The a v e ra g e  r a t i o  o f  t h e  b a re  f o i l  a c t i v i t y  t o  t h a t  o f  a  cadmium c o v e re d  

f o i l  was 2 .2 8  ± 0 . 12 . S im u lta n e o u s ly  w ith  t h e  g o ld  f o i l  i r r a d i a t i o n ,  

a  667 g sam ple o f  93*2 wt % e n r ic h e d  u ran iu m  was i r r a d i a t e d  in

f u e l  ro d  l o c a t i o n  No. 4 8 . The nimiber o f  f i s s i o n s  i n  t h e  s a n p le  was 

d e te rm in e d  from  th e  ®®Sr c o n te n t  o f  t h e  u ran iu m  sam ple ass-uming 0.0465  

atom s o f  ®^Sr w ere p ro d u c e d  p e r  f i s s i o n .  The num ber o f  f i s s i o n s  i n  th e  

e n t i r e  c o re  was o b ta in e d  from  th e  r a t i o  o f  t h e  a v e ra g e  f i s s i o n  d e n s i ty  

i n  t h e  c o re  t o  t h e  num ber o f  f i s s i o n s  i n  t h e  s a n p le  and th e  m ass o f  th e  

c o r e .  The num ber o f  th e r m a l  n e u tr o n s  l e a k in g  o u t  t h e  o u t e r  s u r f a c e  o f

15. J .  W. P o s to n , K. W. C ra s e , and E. M. R o b in so n , "T herm al N e u tro n  
F lu e n c e  M easurem ent in  t h e  DOSAR F a c i l i t y  T h erm al P i l e , "  ORNL-TM- 
2009 , Oak R idge N a t io n a l  L a b o ra to ry  (1967 )-
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U n reflected  Core Face

0 , 6 2'0 .9 5'0.860 . 5 8

0 . 7 60 .91

'0 .7 71 .0 60.68

'0 .8 31 .0 50 . 5 8 0.88

0 .81.5 8 '0 .6 4

Numbers
the c irc les  (core  loading  pattern N o .  5 ) .
Numbers to the right o f  c irc le s  are re la t iv e  fission rotes at the fuel rod locations g iv en  withinth o f

F ig .  7 . R e la t i v e  F i s s i o n  R a te  D i s t r i b u t i o n  a t  t h e  H o r iz o n ta l  
M id p lan e  o f  t h e  C ore .
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Unreflected  Core Face

f) .65
b.69

0 .55
0.54

p .  71 
b.75

iG.53
’0 .5 7

.63

.67

0.63
b .65

0.94  
1 .0 3

0.82
0.81

0.61
0.67

0.89
0.89

1.00^0.59
0.59

0.67
0.67

0.91
0.92

0.89
0.91

0.74
0.76

0.50
0.53

0.54
0.54

0.66
0.68

0.45
0.48

The upper (lower) number to the right of a c ir c le  is the re la t iv e  fission rote 6  cm ab ove  (below )  
the horizontal midplane of the core at the fuel rod loca tion  g iv en  within the c ir c le  (core loodir 
pattern N o .  5 ) .

loading

F ig .  8 . R e la t i v e  F i s s i o n  R a te  D i s t r i b u t i o n  i n  H o r iz o n ta l  P la n e s  
6 cm Above and Below t h e  M idp lane  o f  t h e  C ore .
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U nreflected  Core Face

.3 2
,3 6

.3 3

.4 0
.31
.3 2

.3 3

.3 6
.3 0

.4 7

.5 0
.41
.4 3

.3 7

.3 5

.3 9

.3 5
.4 6
.4 9 .4 3.3 6

.4 3

.3 7
.5 0
.4 7

.3 8

.3 9
.4 6
.4 9

.2 8

.2 9

.3 4

.3 6
.2 6
.2 6

.3 5

.3 2

The upper (lower) number to the right of a c irc le  is the re la t iv e  fission rote at the top (bottom) 
of the fuel rod in the loca tion  g iven  within  the c ir c le  (core loading pattern N o .  5 ) .

F ig .  9 . R e la t i v e  F i s s i o n  R a te  D i s t r i b u t i o n  i n  H o r iz o n ta l  P la n e s  
a t  t h e  Top and B ottom  o f  th e  C o re .
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t h e  p o ly e th y le n e  s c a t t e r e r  a t  t h e  l o c a t i o n  o f  t h e  f o i l s  was 3 - 3 x 1 0 “  ̂

n/cm ^ f i s s i o n .  Two m easixrem ents o f  t h e  th e r m a l  f lu e n c e  a t  t h e  o u t e r  

s u r f a c e  o f  t h e  s c a t t e r e r  p e r  f i s s i o n  a g re e d  t o  w i th in  2.°lo- The th e r m a l  

f lu e n c e  a t  t h e  f o i l  l o c a t io n s  was vyjo lo w e r th a n  a t  t h e  c e n te r  o f  t h e  

o u t e r  s u r f a c e  o f  t h e  s c a t t e r e r .  The r a t i o  o f  th e r m a l  t o  e p i th e r m a l  

n e u tr o n s  o b ta in e d  from  m easu rem en ts  w ith  b a re  and cadmium c o v e re d  BF^ 

c o u n te r s  was 6 .3  ± 0 .3*

Prom pt N e u tro n  Decay

The R o s s i - a  t e c h n iq u e  was u s e d  t o  m easu re  t h e  tw o com ponents o f  

t h e  p rom p t n e u tr o n  d e c a y . One p l a s t i c  s c i n t i l l a t o r  d e t e c t o r  ( 5-1  cm 

diam^ O .63 cm t h i c k )  was l o c a t e d  i n  t h e  to p  r e f l e c t o r  a t  t h e  c o re ­

r e f l e c t o r  i n t e r f a c e  and  th e  o t h e r  (5 -1  cm diam^ I .2 7  cm t h i c k )  was l o ­

c a te d  i n  t h e  s id e  r e f l e c t o r  a s  shown in  F ig s .  2 and 3 - The t im e  d i s t r i ­

b u t io n  o f  coTints i n  t h e  seco n d  d e t e c t o r  was m easu red  w ith  r e s p e c t  t o  a  

co u n t i n  t h e  f i r s t .  F o r  t h e  m easu rem en ts  w i th  t h e  a sse m b ly  s u b c r i t i c a l ,  

a  n e u tr o n  s o u rc e  was l o c a t e d  a d ja c e n t  t o  t h e  sh ro u d  o p p o s i te  t h e  c e n te r  

o f  t h e  u n r e f l e c t e d  c o re  f a c e .

The p rom p t n e u tr o n  d e c a y  c o n s ta n t s  a t  d e la y e d  c r i t i c a l i t y  (se e  

F ig .  1 0 )  w i th  t h e  m ovable  b e r y l l iu m  r e f l e c t o r  a t  i t s  maximum r e a c t i v i t y  

p o s i t i o n  w ere  O .36 ± 0 .0 2  p ,sec“  ̂ and 0 .1 2  ± 0 .0 1  p s e c " ^ .  T hese d e c ay  

c o n s ta n t s  w ere  l a r g e r  th a n  th o s e  p r e v i o u s ly  r e p o r t e d ^ f o r  t h e  SORA 

mockup w ith  a  m ovable  b e ry lli-u m  r e f l e c t o r  b e c a u se  b o th  t h e  b e ry l l i im i  

and i r o n  r e f l e c t o r  w ere t h i n n e r  i n  t h e  m o d if ie d  a sse m b ly .

The p ronq)t n e u tr o n  d e c ay  a s  a  f u n c t io n  o f  f u e l  lo a d in g  w ith  t h e  

m ovable  b e r y l l iu m  r e f l e c t o r  a t  i t s  maximum r e a c t i v i t y  p o s i t i o n  i s  g iv e n  

i n  F ig .  1 1 . F o r  t h e  a s s e m b lie s  w i th  l a r g e  n e g a t iv e  r e a c t i v i t i e s  5 

d o l l a r s ) ,  an  e s t im a te  o f  t h e  h a l f  w id th  o f  t h e  p u l s e  i n  a  r e p e t i t i v e l y  

p u l s e d  e jq ie rim e n t can  be o b ta in e d  from  t h e s e  c u rv e s .  T hese  e s t im a te s  

a r e  a c c u r a te  a s  lo n g  a s  t h e  n e u tr o n  d e c a y  i s  r a p i d  d u r in g  t h e  t im e  

i n t e r v a l  r e q u i r e d  f o r  t h e  r o t o r  m o tio n  t o  change t h e  r e a c t i v i t y  o f  t h e  

a sse m b ly .
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F ig .  10 . Prom pt N e u tro n  Decay from  R o s s i - a  M easurem ents a t  D elayed 
C r i t i c a l i t y  w ith  th e  M ovable B e ry ll iu m  R e f le c to r  a t  th e  P o s i t i o n  o f  
Maximum R e a c t i v i t y .
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Pattern

N o .
Number of  
Fuel Rods

R eactiv ity
(dollars)

O rdinate  °  
S cale  
Factor

. (a) 
Abscissa

S ca le
Factor n <«  ■

8 8 7 - 1 1 / 1 6 0 0 . 2 5 1 . 0 0 4
17 8 6 - 1 / 4 -  0 . 9 1 4 .0 2 0 . 5 0 2 -

0 14 8 3 - 7 / 8 -  2 . 4 2 3 . 8 4 0 . 3 3 3 -
9 8 0 - 3 / 8 -  5 . 0 2 2 .8 4 0 . 2 5 2

10 7 3 - 3 / 8 - 1 0 . 0 1 1 .7 4 0 . 2 5 2
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(a)MulMply the Coordinates of the Plotted Point 
by the Scale Factor to Obtain the Data.

(b)Every nth Data Point Plotted.
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Time, psec

1 6 .0 1 9 .2 2 2 .4

F ig .  11 . Prom pt N e u tro n  D ecay from  E ossi-c t, M easurem ents w ith  th e  
M ovable B e ry ll iu m  R e f l e c to r  a t  t h e  P o s i t i o n  o f  Maximum R e a c t i v i t y  f o r  
V a r io u s  F u e l  L o a d in g s .

ro
ro
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The p rom p t n e u tr o n  d e c a y  f o r  t h e  a sse m b ly  o f  86 11/ l 6  f u e l  ro d s ,  

w i th  t h e  m ovable  r e f l e c t o r  d i s p l a c e d  ^ cm t o  t h e  w est ( se e  F ig .  2 f o r  

d i r e c t i o n  o f  w e s t)  i n  o r d e r  t o  m a in ta in  t h e  sy s te m  a t  d e la y e d  c r i t i ­

c a l i t y ,  i s  shown i n  F ig .  12 . The n e u tr o n  d e c ay  w ith  th e  m ovable 

b e r y l l iu m  r e f l e c t o r  d i s p l a c e d  9*7 cm t o  t h e  w est i s  a l s o  shown i n  F ig . 

12 . The d a t a  p r e s e n te d  i n  t h i s  f ig u r e  i l l u s t r a t e s  t h e  d ependence  o f  

t h e  p rom p t n e u tr o n  d e c a y  on th e  p o s i t i o n  o f  t h e  m ovable  b e r y l l iu m  

r e f l e c t o r .
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The Assembly was at D e layed  C r it ica l ity  with the Rotor 
D isp laced  4  cm to the West (see  Figure 2 for D irection).

The Assembly R eactiv ity  was - 2 . 6  Dollars with the Rotor 
D isplaced 9 . 7  cm to the W est. M ultip ly  the V alues from 
the O rd inate  S ca le  by 10  to O bta in  the Data.

Core Loading Pattern N o .  6
ro4̂

C3O
U

1 0 '

10"
3 . 2 6 . 4 9 . 6 12.8 

Time, psec

1 6 . 0 1 9 . 2 2 2 . 4

F ig .  12 . Prom pt N e u tro n  D ecay from  R o s s i - a  M easurem ents w ith  th e  
M ovable B e ry ll iu m  R e f le c to r  D is p la c e d  from  i t s  Maximum R e a c t iv i t y  
P o s i t i o n .
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REPETITIVELY PULSED EXPERIMENTS

A f t e r  t h e  m easu rem en ts  w i th  t h e  r o t o r  s t a t i o n a r y ,  a  s e r i e s  o f  ex ­

p e r im e n ts  w i th  t h e  r o t a t i n g  r e f l e c t o r  m oving p a s t  t h e  u n r e f l e c t e d  c o re  

s u r f a c e  ~ 6 o t i m e s / s e c  a t  a  sp e ed  o f  26k- m e te r s / s e c  was p e rfo rm e d . The 

t im e  d i s t r i b u t i o n s  o f  t h e  n e u tr o n  d e n s i t y  in  t h e  c o r e ,  in  t h e  r e f l e c t o r ,  

and  a t  t h e  o u t e r  s u r f a c e  o f  t h e  p o ly e th y le n e  s c a t t e r e r  w ere m easu red  

a f t e r  t h e  i n j e c t i o n  o f  an ~ l- [ j ,s e c - lo n g  p u l s e  o f  1 4̂-. 1 MeV n e u tr o n s  by  a 

C o c k c ro f t-W a lto n  a c c e l e r a t o r  e a ch  tim e  th e  r o t a t i n g  r e f l e c t o r  a t t a i n e d  

i t s  maximum r e a c t i v i t y  p o s i t i o n .  The e f f e c t  o f  v a ry in g  th e  r e a c t i v i t y  

on t h e  t im e  d i s t r i b u t i o n  o f  n e u tr o n s  was d e te im in e d  f o r  r e a c t i v i t i e s  

b e tw een  95 c e n ts  b e lo w  and 50 c e n ts  above d e la y e d  c r i t i c a l i t y .  The 

c o r r e s p o n d in g  v a r i a t i o n  in  t h e  p rom pt n e u tr o n  m u l t i p l i c a t i o n  was b e ­

tw e e n  73 and  285 i f  t h e  e f f e c t i v e  d e la y e d  n e u tr o n  f r a c t i o n  was 0 .0 0 7 - 

T hese  m easu rem en ts  d e te rm in e d  t h e  p u l s e  c h a r a c t e r i s t i c s  o f  t h i s  a ssem b ly  

when u s e d  a s  a  r e p e t i t i v e l y  p u ilsed  b o o s te r .  One g roup  n e u tr o n  k i n e t i c s  

was u s e d  t o  i n t e i p r e t  some o f  t h e  m easu rem en ts .

M ethod o f  A ssem bly

The sy s tem  was a sse m b le d  t o  d e la y e d  c r i t i c a l i t y  and th e  r e a c t i v i t y  

d e te rm in e d  w ith  t h e  m ovable  b e r y l l iu m  r e f l e c t o r  a t  i t s  maximum r e a c t i ­

v i t y  p o s i t i o n  a s  d e s c r ib e d  p r e v i o u s ly .  T h is  maximum r e a c t i v i t y  p o s i t i o n  

o f  t h e  m ovable  b e r y l l iu m  r e f l e c t o r  was v e r i f i e d  p r i o r  t o  e a ch  r e p e t i ­

t i v e l y  p u l s e d  o p e r a t io n .  A f t e r  t h i s  v e r i f i c a t i o n ,  t h e  sy s te m  was sh u t 

down by  lo w e r in g  t h e  v e r t i c a l  l i f t  w hich  s u p p o r te d  t h e  c o re  and  b o tto m  

r e f l e c t o r .  The r e a c t i v i t y  was m a n u a lly  a d ju s t e d  t o  t h e  d e s i r e d  v a lu e  

b y  c h a n g in g  th e  f u e l  l o a d in g .  The r o t a t i o n  o f  t h e  m ovable  r e f l e c t o r  

was t h e n  i n i t i a t e d .  A f t e r  a  s h o r t  t im e  r e q u i r e d  f o r  t h e  r o t a t i n g  sy stem  

t o  come t o  m e c h a n ic a l  e q u i l ib r iu m ,  t h e  c o re  and b o tto m  r e f l e c t o r  w ere 

i n s e r t e d  i n to  t h e  to p  and  s id e  r e f l e c t o r  in  t h e  p r e s e n c e  o f  a  n e u tr o n  

s o u rc e .  A f t e r  c o re  i n s e r t i o n ,  t h e  Pu-B e n e u tr o n  s o u rc e  was r e p la c e d  by 

th e  p u l s e d  n e u t r o n  s o u rc e .  The p u l s e  c h a r a c t e r i s t i c s  o f  t h e  a sse m b ly  

w ere m ea su red  a f t e r  t h e  m e c h a n ic a l  and th e r m a l  e f f e c t s  o f  t h e  r o t o r  h ad  

e q u i l i b r a t e d .  N u c le a r  shutdow n by lo w e r in g  t h e  c o re  p re c e d e d  shutdow n 

o f  t h e  r o t a t i n g  sy s te m .
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I n s t r u m e n ta t io n

The i n s t r u m e n ta t io n  c o n s i s t e d  o f  a  m eans o f  t r i g g e r i n g  t h e  a c ­

c e l e r a t o r  p u l s e  and  t h e  t im e  a n a ly s i s  eq u ip m en t w henever t h e  r o t a t i n g  

r e f l e c t o r  p a s s e d  th ro u g h  t h e  p o s i t i o n  o f  maximum r e a c t iv i ty ^ ,  n e u tr o n  

d e t e c t o r s  w hich  m easu red  t h e  tim e  d i s t r i b u t i o n  o f  n e u tr o n s  a t  v a r io u s  

l o c a t i o n s  in  t h e  a sse m b ly , t im e  a n a ly s i s  equ ip m en t w h ich  r e c o r d e d  

t h e s e  d i s t r i b u t i o n s ,  and o f  t h e  d e v ic e s  w hich  i n d i c a t e d  t h e  c o n d i t io n  

o f  t h e  r o t a t i n g  a sse m b ly . The l a s t  a r e  d e s c r ib e d  i n  A ppend ix  B.

An in d u c t iv e  ty p e  r a d io  f re q u e n c y  p r o x im i ty  gauge d e v e lo p e d  by  

E l l i s p r o v i d e d  a  s i g n a l  w h ich , a f t e r  d e la y ,  t r i g g e r e d  t h e  tim e  

a n a ly s i s  equ ip m en t and  t h e  a c c e l e r a t o r  p u l s e .  T h is  gauge was m ounted 

on t h e  sh ro u d  ~ l / ^  o f  a  r e v o l u t io n  i n  advance  o f  t h e  m axim m  r e a c t i ­

v i t y  p o s i t i o n  o f  t h e  r o t o r .  The d e la y  was a d ju s t e d  so t h a t  t h e  p u l s e  

o f  n e u tr o n s  was p ro d u c e d  by  t h e  a c c e l e r a t o r  a t  t h e  t im e  t h e  r o t a t i n g  

r e f l e c t o r  was a t  t h e  p o s i t i o n  f o r  w hich  t h e  r e a c t i v i t y  o f  t h e  a sse m b ly  

was maximum. The tim e  a n a ly s i s  equ ipm en t was t r i g g e r e d  b e f o r e  t h e  

a c c e l e r a t o r  p ro d u c e d  th e  n e u tr o n  p u l s e  so  t h a t  a l l  o f  t h e  tim e  d i s t r i b u ­

t i o n  o f  n e u tr o n s  c o u ld  be r e c o r d e d .

The d e t e c t o r s  p r o v id in g  th e  t im e  d i s t r i b u t i o n  o f  n e u tr o n s  a t  v a r io u s  

l o c a t i o n s  in  t h e  a sse m b ly  ( se e  F ig s .  2 and 3 ) w ere BF^ p r o p o r t i o n a l  c o u n te r s  

o r  p r o to n  r e c o i l  s c i n t i l l a t o r s .  A p a i r  o f  2 . 5^ -c m -lo n g , 0 . 79-cm -d iam  

p r o p o r t i o n a l  c o u n te r s  was l o c a t e d  a d ja c e n t  t o  t h e  o u t e r  s u r f a c e  o f  t h e  

p o ly e th y le n e  s c a t t e r e r  w i th  t h e  lo n g  d im e n s io n  v e r t i c a l .  The co -u n te rs  

w ere c e n te r e d  v e r t i c a l l y  on t h i s  s u r f a c e  and  w ere l o c a t e d  1 .5  cm from  

i t s  c e n t e r .  One was c o v e re d  w ith  O .0 6 3 -c m -th ic k  cadmium. T hese 

c o u n te r s  w ere e n c lo s e d  by  th e  cadmium t h a t  c o v e re d  t h e  s u r f a c e s  o f  th e  

p o ly e th y le n e .  T hus, t h e  c o u n te r  w i th o u t  cadmium d id  n o t  d e t e c t  th e r m a l  

n e u tr o n s  s c a t t e r e d  back  from  th e  s u rro u n d in g  w a l ls  o f  t h e  room w hich 

w ere m ore th a n  3*1  m e te rs  away. A t h i r d  BF^ c o u n te r  o f  t h e  same s i z e  

was s i t u a t e d  a t  t h e  h o r i z o n t a l  m id p la n e  o f  t h e  c o re  i n  f u e l  ro d  l o c a t i o n  

Wo. 58* A 2 . 5 ^ -cm -diam , 2 0 . c m- l ong BF^ p r o p o r t i o n a l  c o u n te r  was

16. J .  F . E l l i s ,  T r a n s . Amer. W ucl. S o c . 11 , 3^2 (1 9 6 8 ).
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l o c a t e d  in  t h e  s id e  r e f l e c t o r .  A p l a s t i c  s c i n t i l l a t o r  was l o c a t e d  a t  

t h e  c o r e - t o p - r e f l e c t o r  i n t e r f a c e  in  t h e  5*72-cm -diam  h o le  in  t h e  to p  

r e f l e c t o r .  A seco n d  p l a s t i c  s c i n t i l l a t o r  was p o s i t i o n e d  im m e d ia te ly  

b e lo w  t h e  t a r g e t  a s se m b ly  o f  t h e  a c c e l e r a t o r  in  t h e  s id e  r e f l e c t o r .  The 

d i s c r im in a t io n  l e v e l  o f  t h i s  l a t t e r  s c i n t i l l a t i o n  c o u n te r  sy s tem  was 

s e t  t o  r e j e c t  n e u tr o n s  w ith  e n e r g ie s  b e lo w  1 ^ .1  MeV. T hus, t h e  t im e  

d i s t r i b u t i o n  o f  t h e  s o u rc e  n e u tr o n s  i n j e c t e d  in to  t h e  a sse m b ly  by  th e  

a c c e l e r a t o r  c o u ld  be m ea su red  w ith  t h e  s c i n t i l l a t o r  n e a r  t h e  a c c e l e r a t o r  

t a r g e t .

The t im e  a n a ly s i s  equ ipm en t c o n s i s t e d  o f  a  t im e  i n t e r v a l  c o u n te r  

and a  PDP-^ d i g i t a l  com puter w hich  p r o c e s s e d  t h e  b in a r y  in fo r m a t io n  

from  t h e  t im e  i n t e r v a l  c o u n te r .  The t im e  b a s e  was e s t a b l i s h e d  by  a  10 

Me c r y s t a l  o s c i l l a t o r .  The t im e  i n t e r v a l  c o u n te r  m easu red  t h e  t im e s  

b e tw een  t h e  d e la y e d  r e f e r e n c e  s i g n a l  from  th e  p r o x im i ty  gauge and  th e  

c o u n t s ig n a l s  from  th e  d e t e c t o r s .  The PDP-7  s to r e d  th e  c o u n ts  a c c o rd in g  

t o  t h e  l e n g th  o f  t h e s e  t im e  i n t e r v a l s .  The t im e  a n a ly s i s  equ ipm en t was 

t r i g g e r e d  once  p e r  r e v o l u t io n  o f  th e  r o t o r  and  e a c h  t ime d i s t r i b u t i o n  

t h a t  t h e  a n a ly z e r  r e c o r d e d  was an  a c c im iu la tio n  o v e r  many r e v o l u t io n s .

The t im e  d i s t r i b u t i o n  o f  e v e n ts  in  up t o  f o u r  d e t e c t o r s  c o u ld  be p r o ­

c e s s e d  and  s to r e d  in d e p e n d e n tly  by  t h i s  e q u ip m e n t. The d e la y  be tw een  

an  e v e n t i n  a  p a r t i c u l a r  d e t e c t o r  and t h e  a r r i v a l  o f  i t s  s i g n a l  a t  th e  

t im e  a n a l y s i s  equ ipm en t was a d ju s t e d  by  d e la y  c a b le .  T h is  d e la y  f o r  

e a ch  d e t e c t o r  was d i f f e r e n t  so t h a t  t h e  t im e  a n a ly s i s  equ ipm en t was n o t 

r e q u i r e d  t o  p r o c e s s  d a ta  a t  h ig h  r a t e s  from  th e  f o u r  d e t e c t o r s  s im u l ta ­

n e o u s ly .  F o r ex am p le , t h e  d e la y  f o r  th e  cadmiimi c o v e re d  d e t e c t o r  a t  th e  

o u t e r  s u r f a c e  o f  t h e  s c a t t e r e r  was such  t h a t  t h e  p e a k  o f  t h i s  t im e  d i s ­

t r i b u t i o n  o c c u r r e d  a f t e r  t h e  t im e  d i s t r i b u t i o n  o f  n e u tr o n s  in  t h e  c o re  

had  d e c re a s e d  a  f a c t o r  o f  10® from  i t s  maximum v a lu e .  As a  r e s u l t ,  th e  

c o u n tin g  l o s s e s  by  t h e  t im e  a n a ly s i s  equ ip m en t w ere l e s s  t h a n  a  few  

p e r c e n t  and no c o r r e c t i o n s  w ere m ade.

In  o r d e r  t o  be a b le  t o  m easu re  t h e  p u l s e  shape  i n  d e t a i l  and th e  

t im e  d i s t r i b u t i o n  o v e r  t h e  e n t i r e  l 6 . 6  m sec b e tw een  p u l s e s ,  t h e  102 4̂- 

d a ta  s to r a g e  c h a n n e ls  o f  t h e  tim e  a n a ly s i s  equ ipm en t w ere o f  u n e q u a l 

c h a n n e l  w id th . The c h a n n e ls  w ere d iv id e d  i n to  g ro u p s  o f  ^ 00 , 100 , 50,
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50J and  2 43 * The w id th s  o f  t h e  second^ t h i r d s  fo u r th ^  and f i f t h  g ro i^ js  

w ere a  f a c t o r  o f  2 , 8 , and  256 , r e s p e c t i v e l y ,  l a r g e r  th a n  t h a t  o f

t h e  f i r s t  g roup  o f  c h a n n e ls .  A f t e r  t h e  i n i t i a l  m easu rem en ts  showed t h a t  

t h e  t im e  d i s t r i b u t i o n  o f  n e u tr o n s  was c o n s ta n t  p r i o r  t o  t h e  p r o d u c t io n  

o f  t h e  p u l s e  by  t h e  a c c e l e r a t o r ,  t h e  a n a ly s i s  t im e  was re d u c e d  from  

1 6 .6  t o  10 m sec.

P u ls e  C h a r a c t e r i s t i c s

The w id th s  o f  t h e  n e u tr o n  p u l s e s  from  t h e  a c c e l e r a t o r  v a r i e d  from  

e x p e r im e n t t o  e x p e r im e n t a s  shown i n  F ig .  13 . The a c c e l e r a t o r  p u l s e  

w id th s  a t  h a l f  maximum w ere 0 . 95  ̂ 1 . 00 , O.7O, and O.8O p s e c ,  r e s p e c t i v e l y ,  

f o r  th e  e x p e r im e n ts  w ith  t h e  a sse m b ly  w ith  r e a c t i v i t i e s  o f  -95^ -5^ +26,

and  +50 c e n t s .  T hese  r e a c t i v i t i e s  w ere o b ta in e d  from  th o s e  m easu red  in

t h e  e x p e r im e n ts  w i th  t h e  r o t o r  s t a t i o n a r y  by  s u b t r a c t i n g  th e  r e a c t i v i t y  

change due t o  t h e  in c r e a s e  i n  t h e  te m p e ra tu re  o f  t h e  c o re  and  t o  t h e  

s m a l l  l a t e r a l  d is p la c e m e n t  o f  t h e  r o t o r  from  th e  c o r e .  The t o t a l  change 

in  r e a c t i v i t y  from  th e s e  e f f e c t s  was ~ 5  c e n t s .

The t im e  d i s t r i b u t i o n s  o f  n e u tr o n s  i n  t h e  c o r e ,  m easu red  w ith  a  

BF^ p r o p o r t i o n a l  c o u n te r  in  f u e l  ro d  l o c a t i o n s  Wo. 58, a r e  shown in

F ig .  1^  f o r  t h e  a sse m b ly  w ith  r e a c t i v i t i e s  o f  - 95  ̂ - 5? and +50 c e n t s .

The c h a r a c t e r i s t i c s  o f  t h e s e  d i s t r i b u t i o n s  a r e  l i s t e d  i n  T a b le  1 . A 

f i t  o f  t h e  f u n c t io n ,  n ( t )  = A + B e x p ( - a ^ t )  + C e x p ( - a 2 t ) ,  t o  t h e  t im e  

d i s t r i b u t i o n  o f  n e u tr o n s  a f t e r  t h e  a c c e l e r a t o r  p u l s e  f o r  t h e  a sse m b ly  

w ith  a  maximum r e a c t i v i t y  o f  50 c e n ts  gave  p rom p t n e u tr o n  d e c a y  c o n s­

t a n t s  o f  0 .1 2 9  ± 0 .0 0 1  and O.OO16 ± 0 .0 0 0 1  p s e c ” ^ . How ever, t h e  d i s ­

t r i b u t i o n  o f  t h e  s ig n s  o f  t h e  r e s i d u a l s  was n o t  random ; t h a t  i s ,  t h e  

r e s i d u a l s  w ere n e g a t iv e  f o r  c h a n n e ls  ^2 t o  IO8 and p o s i t i v e  f o r  c h a n n e ls  

189 t o  521. T h is  i n d i c a t e d  t h a t  b e c a u se  o f  t h e  m o tio n  o f  t h e  r o t o r ,  

t h e  f u n c t io n  assum ed d id  n o t  a d e q u a te ly  r e p r e s e n t  t h e  d a ta  o v e r  th e  

conp>lete t im e  i n t e r v a l  o f  t h e  m easu rem en ts  a l th o u g h  t h e  r e s u l t s  o f  t h e  

R o s s i - a  m easurem ent w i th  t h e  r o t o r  s t a t i o n a r y  h a d  b een  s u c c e s s f u l l y  

f i t t e d  t o  t h i s  f u n c t io n  ( s e e  F ig .  1 0 ) .
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t i e s  o f  +50, - 5 ,  and  -9 5  c e n ts .



T a b le  1 . The p u l s e  C h a r a c t e r i s t i c s  o f  th e  A ssem bly f o r  V a rio u s  V a lu es  o f  t h e  Maximum R e a c t i v i t y .

Core
L oad ing
P a t t e r n
Number^

Maximum 
R e a c t i ­

v i t y  
( c e n t s )

Maximum
Pron^pt
N e u tro n
M u l t i p l i ­

c a t io n ^

P u ls e  W idth  a t  H a lf  Maximum*  ̂ (p s e c )

R a tio  o f  th e  N e u tro n  D e n s i ty  
th e  Peak  o f  th e  P u ls e  t o  t h e  
N e u tro n  D e n s ity  B etw een P u ls e s

BF3

D e te c to r  
i n  Core

Cd C overed  
BF^ D e te c to r  

a t  th e  
S c a t t e r e r

BF D e te c to r  
a t  th e  

S c a t t e r e r

BF3

D e te c to r  
in  Core

Cd C overed  
BF D e te c to r  

a t  th e  
S c a t t e r e r

BF^ D e te c to r  
n t  th e  

S c a t t e r e r

12 50 285 3 - 9 ( l 5 - 0 ) 7 .7 ( 2 0 .9 ) 2 8 (9 3 .7 ) 12,700 7,700 1 , 590

15 26 190 3 - 1 (10 . 9 ) 5 .0 ( 1 7 .9 ) — 18 ,1 0 0 9 ,0 0 0 - -

8 -  5 135 2 .7 ( 8 .6 ) 5 .2 ( 1 2 .9 ) 2 1 (8 2 .0 ) 22,700 12 ,300 2 ,5 0 0

17 -9 5 75 2 .3 ( 5 .  5 ) 7 . 0 ( 8 .9 ) - - 39 ,3 0 0 20 ,200 3 ,2 0 0

a . See A ppend ix  A f o r  c o re  lo a d in g .
b . C a lc u la te d  w ith  P = O.OOJ-
c . The e f f e c t i v e  n o rm a l mode d e c a y  c o n s ta n t s  o b ta in e d  from  th e s e  p u l s e  w id th s  a t  h a l f  maximum w ere 

0 .2 0 ,  0 .2 5 ,  0 .3 2 ,  and  0 .3 9  M-sec“ ’- f o r  th e  a sse m b ly  w ith  maximum r e a c t i v i t i e s  o f  +50, +26, - 5 ,  and 
-9 5  c e n t s ,  r e s p e c t i v e l y .  The num bers in  p a r e n th e s e s  a r e  th e  w id th s  o f  th e  p u ls e  a t  10^  o f  th e  
maximum a n ^ J litu d e  o f  t h e  p u l s e .

CO
H
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The e x p r e s s io n  f o r t h e  pow er p u l s e  h a l f  w id th  g iv e n  hy  L a r r lm o re ,

0 = a " ’- I n  [1  + exp ( a t  )]^  ( l )

w here a  i s  t h e  e f f e c t i v e  n o rm a l mode d e c a y  c o n s ta n t  and  t  i s  t h e  d u ra -  

t i o n  o f  t h e  n e u tr o n  p u l s e  from  th e  a c c e l e r a to r ^  was u s e d  t o  o b t a i n  an 

e s t im a te  o f  t h e  e f f e c t i v e  n o rm a l mode d e c a y  c o n s ta n t .  The d e c a y  con­

s t a n t s  o b ta in e d  u s in g  Eq. ( l ) ,  w hich  a r e  g iv e n  i n  F o o tn o te  c o f  T a b le  1 , 

v a r i e d  from  3 -9  t o  2 .0  q s e c " ^ .  The e f f e c t i v e  o n e -g ro u p  n o rm a l mode 

d e c ay  c o n s ta n t  ca n  be  c o n s id e r e d  a  w e ig h te d  a v e ra g e  o f  t h e  d e c a y  con­

s t a n t s  o f  t h e  f a s t  ( a ^ )  and  s lo w  (a ^ )  com ponents o f  t h e  p rom p t n e u tr o n  

d e c a y  from  t h e  R o s s i - a  m easu rem en ts  a t  d e la y e d  c r i t i c a l i t y  w i th  t h e  

r o t o r  s t a t i o n a r y  ( i . e . ,  a  = + Wga^ w here w^ + w^ = l ) .  The v a lu e s

o f  w^ o b ta in e d  from  t h e  v a lu e s  o f  a  i n f e r r e d  from  th e  e^p ie rim en ts  w here 

maxim'um r e a c t i v i t i e s  w ere + 50  ̂ +26 , and  -5  c e n ts  a r e  0 . 35  ̂ 0 . 55, a-nd 

0 .8 5 ,  r e s p e c t i v e l y .

The t im e  d i s t r i b u t i o n  o f  e p i th e r m a l  n e u tr o n s  ( th o s e  w ith  e n e r g ie s  

above th e  O .0 6 3 -c m -th ic k  cadmium c u t o f f  e n e rg y )  a t  t h e  o u t e r  s u r f a c e  o f  

t h e  p o ly e th y le n e  s c a t t e r e r  a r e  shown i n  F ig .  15 f o r  t h e  a sse m b ly  w ith  

maximum r e a c t i v i t i e s  o f  - 95 , - 5  ̂ and  +50 c e n t s .  The t im e  d i s t r i b u t i o n  

o f  t h e  n e u tr o n s  o f  a l l  e n e r g ie s  a t  t h e  o u t e r  s u r f a c e  o f  t h e  p o ly e th y le n e  

s c a t t e r e r  i s  shown i n  F ig .  16 f o r  t h e  a sse m b ly  w ith  maxim'um r e a c t i v i t i e s  

o f  +50 and -5  c e n t s .  F o r t h e  a sse m b ly  w ith  a  maxim'um r e a c t i v i t y  o f  50 

c e n t s ,  t h e  n e u tr o n  p u l s e  w id th s  a t  h a l f  maximum i n  t h e  c o r e ,  a t  t h e  

o u t e r  s u r f a c e  o f  t h e  s c a t t e r e r  f o r  t h e  n e u tr o n s  o f  a l l  e n e r g i e s ,  and 

a t  t h e  o u t e r  s u r f a c e  o f  t h e  s c a t t e r e r  f o r  t h e  e p i th e r m a l  n e u tr o n s  w ere 

3 .9^  2 8 , and  7 -^  |-isec, r e s p e c t i v e l y .  T h e r m a l iz a t io n  by  t h e  s c a t t e r e r  

p ro d u c e s  a  b ro a d e n in g  o f  t h e  p u l s e  from  3 .9  t o  28 p s e c .  The d e c a y  o f  

a l l  n e u tr o n s  and  o f  t h e  e p i th e r m a l  n e u tr o n s  o b ta in e d  from  p u l s e d  n eu ­

t r o n  m easu rem en ts  w i th  t h e  s c a t t e r e r  a lo n e  a r e  g iv e n  i n  A ppend ix  C.

The t im e  d i s t r i b u t i o n s  o f  t h e  n e u tr o n s  f o r  2h p s e c  a f t e r  t h e  a c ­

c e l e r a t o r  p u l s e  i n  t h e  c o re  and a t  t h e  o u t e r  s u r f a c e  o f  t h e  p o ly e th y le n e  

s c a t t e r e r  a r e  shown i n  F ig s .  I 7 ,  I 8 ,  and  19 f o r  t h e  a sse m b ly  w ith  m ax i­

mum r e a c t i v i t i e s  o f  + 50, - 5, and -9 5  c e n t s .  S in c e  in  t h e s e  e3q)erim en ts

17 . J .  A. L a r r im o re , R u c l . S c i . E ng. 29 , 87 ( I9 6 7 ) .
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o n ly  t h e  sh a p e s  o f  t h e  p u l s e s  w ere o f  p r im a ry  i n t e r e s t ,  t h e s e  d a ta  have  

n o t  b e e n  c o r r e c te d  f o r  t h e  d i f f e r e n c e  in  d e t e c t o r  e f f i c i e n c y  a t  t h e  

v a r io u s  l o c a t i o n s .  The p e a k  o f  t h e  t im e  d i s t r i b u t i o n  o f  t h e  e p i th e r m a l  

n e u tr o n s  a t  t h e  o u t e r  s u r f a c e  o f  t h e  s c a t t e r e r  f o r  t h e  a sse m b ly  w ith  a 

r e a c t i v i t y  o f  +50 c e n ts  was a t t a i n e d  a b o u t 2 .7  l-isec a f t e r  t h a t  f o r  th e  

n e u tr o n  p u l s e  in  t h e  c o r e .  The p e a k  o f  t h e  t im e  d i s t r i b u t i o n  o f  n e u ­

t r o n s  o f  a l l  e n e r g i e s  a t  t h e  o u t e r  s u r f a c e  o f  t h e  s c a t t e r e r  o c c u r r e d  

ab o u t ^ .8  i-isec l a t e r  th a n  t h a t  f o r  t h e  e p i th e r m a l  n e u t r o n s .  T hese 

d e la y s  r e s u l t  from  t h e  n e u tr o n  s lo w in g -d o w n -tim e  i n  t h e  s c a t t e r e r .  C or­

r e s p o n d in g  r e s u l t s  f o r  t h e  a sse m b ly  w ith  a  r e a c t i v i t y  o f  - 5  c e n ts  w ere 

2 . k  and  3-2  i-isec w h ile  th o s e  f o r  t h e  a sse m b ly  w ith  a  r e a c t i v i t y  o f  -9 5  

c e n ts  w ere 2 .1  and 2 . k  p s e c .  The e p i th e r m a l  n e u tr o n s  d e c ay e d  a t  th e  

same r a t e  a s  t h e  n e u tr o n s  i n  t h e  c o r e .  Compared t o  t h e  h ig h e r  e n e rg y  

n e u tr o n s  i n  t h e  c o re  o r  a t  t h e  s c a t t e r e r ,  t h e  t im e  d i s t r i b u t i o n  o f  t h e  

n e u tr o n s  o f  a l l  e n e r g i e s  a t  t h e  o u t e r  s u r f a c e  o f  t h e  s c a t t e r e r  was 

r e l a t i v e l y  c o n s ta n t  a f t e r  a c h ie v in g  i t s  maximum.

The e x p r e s s io n  f o r  t h e  f r a c t i o n  o f  n e u tr o n s  in  t h e  p u l s e  is^^"^^

E = 1 -  [p  + A P T "  (2 )

w here p i s  t h e  r e a c t i v i t y  o f  t h e  r o t a t i n g  r e f l e c t o r ,  A i s  t h e  p rom pt 

n e u tr o n  m u l t i p l i c a t i o n ,  and P i s  t h e  d e la y e d  n e u tr o n  f r a c t i o n .  U sing  

a  v a lu e  o f  t h e  r e a c t i v i t y  o f  t h e  r o t a t i n g  r e f l e c t o r  o f  4 .8  d o l l a r s ,  t h e  

p ron5)t n e u tr o n  m u l t i p l i c a t i o n s  g iv e n  in  T a b le  1 , and  a  d e la y e d  n e u tr o n  

f r a c t i o n  o f  O.OO7, t h e  c a l c u l a t e d  f r a c t i o n  o f  a l l  t h e  n e u tr o n s  t h a t  a r e  

i n  t h e  p u l s e  v a r i e d  from  O .81  t o  O .85  w here t h e  maximum r e a c t i v i t y  

v a r i e d  from  -9 5  t o  +50 c e n t s .  The f r a c t i o n  o f  a l l  n e u tr o n s  t h a t  a r e  in  

t h e  p u l s e ,  o b ta in e d  from  t h e  m easu rem en ts  w i th  t h e  BF^ c o u n te r  i n  t h e  

c o re  g iv e n  i n  F ig .  l 4 , w ere O .81 , O.8O, and O.8O f o r  t h e  a sse m b ly  w ith  

maximum r e a c t i v i t i e s  o f  - 95 , - 5, and  + 50, r e s p e c t i v e l y .  T hese  r e s u l t s  

w ere in  good a g reem en t w i th  th o s e  from  Eq. (2 ) . The m easu rem en ts  showed 

t h a t  t h e  f r a c t i o n  o f  a l l  n e u tr o n s  t h a t  a r e  i n  t h e  p u l s e  was in d e p e n d e n t 

o f  p o s i t i o n .  F o r exam p le , t h e  v a lu e s  o f  t h i s  f r a c t i o n  f o r  t h e  

a sse m b ly  w ith  a  maximum r e a c t i v i t y  o f  +50 c e n ts  f o r  t h e  d i s t r i b u t i o n
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o f  a l l  n e u tr o n s  i n  t h e  co re^  in  th e  r e f l e c t o r ,  and  a t  th e  o u t e r  s u r ­

f a c e  o f  t h e  s c a t t e r e r  w ere O.8O, O .78 , and  0 - 77  ̂ r e s p e c t i v e l y .  The 

v a lu e  f o r  t h e  e p i th e r m a l  n e u tr o n s  a t  t h e  o u t e r  s u r f a c e  o f  th e  s c a t t e r e r  

was 0 .8 0 .  The f r a c t i o n  o f  n e u tr o n s  i n  t h e  p u l s e  a t  a l l  d e t e c t o r  lo c a ­

t i o n s  f o r  a l l  r e a c t i v i t i e s  m easu red  was b e tw een  0 . j 8  and 0 .8 5 -

As shown i n  F ig .  20 , t h e  r a t i o s  o f  t h e  p e a k  n e u tr o n  d e n s i t y  t o  th e  

minimnm b e tw een  p u l s e s  b o th  in  t h e  c o re  and a t  t h e  s c a t t e r e r  a r e  l i n e a r  

f u n c t io n s  o f  r e a c t i v i t y .  T h e re  w ere  t h r e e  c o n t r i b u t i o n s  t o  t h e  b ack - 

g ro im d  b e tw een  p u l s e s :  d e la y e d  n e u tr o n s  in  t h e  a sse m b ly , c o u n ts  from

th e  c o \m te r - d e t e c t io n - s y s te m  e l e c t r o n i c s ,  and  n e u tr o n s  from  t h e  a c c l e r a -  

t o r .  The l a s t  was due t o  e x tr a n e o u s  d e u te ro n s  w h ich  w ere e m i t te d  from  

t h e  io n  s o u rc e  o f  t h e  a c c e l e r a t o r  b e tw een  p u l s e s  and  p ro d u c e d  n e u tr o n s  

a t  t h e  t a r g e t .  The r a t i o s  o f  t h e  n e u tr o n  d e n s i t y  in  t h e  p e a k  o f  t h e  

p u l s e  t o  t h e  n e u tr o n  d e n s i t y  b e tw een  p u l s e s ,  g iv e n  in  T a b le  1 and in  

F ig .  20 , h av e  b e e n  c o r r e c te d  f o r  t h e  a c c e l e r a t o r  and  c o u n te r  b a c k g ro u n d . 

F o r t h e  a sse m b ly  w ith  a  maximum r e a c t i v i t y  o f  +50 c e n t s ,  t h e s e  r a t i o s  

f o r  t h e  n e u tr o n s  i n  t h e  c o r e ,  f o r  t h e  e p i th e r m a l  n e u tr o n s  a t  th e  o u t e r  

s u r f a c e  o f  t h e  s c a t t e r e r ,  and  f o r  n e u tr o n s  o f  a l l  e n e r g ie s  a t  t h e  o u t e r  

s u r f a c e  o f  t h e  s c a t t e r e r  w ere 12400,  7400 , and  1590  ̂ r e s p e c t i v e l y .

The e jg j r e s s io n  f o r  t h e  p e a k  t o  a v e ra g e  pow er i n  a  p u l s e  i s ^ ^ ’̂ ^

E p [ l  -  exp( -a tg_) ] /D  (3 )

w here D i s  t h e  p r o d u c t  o f  t h e  d u r a t io n  o f  t h e  a c c e l e r a t o r  p u l s e ,  t ^ ,  

and  t h e  num ber o f  a c c e l e r a t o r  p u l s e s  p e r  seco n d , and t h e  o th e r  q u a n t i t i e s  

have  p r e v i o u s ly  been  d e f in e d .  The c a l c u l a t e d  v a lu e s  o f  t h i s  r a t i o  f o r  

t h e  a sse m b ly  w ith  maximum r e a c t i v i t i e s  o f  -95? -5? +26, and  +50 c e n ts  

w ere 4400 , 365O, 344o , and  246o , r e s p e c t i v e l y .  The c o r r e s p o n d in g  ex ­

p e r im e n ta l  v a lu e s  from  t h e  t im e  d i s t r i b u t i o n s  o f  n e u tr o n s  i n  t h e  c o re  

w ere 5200 , 380O, 3300 , and  2000 . The c a l c u l a t e d  r a t i o s  a r e  lo w e r 

t h a n  t h e  e x p e r im e n ta l  a t  low  r e a c t i v i t y  and  h ig h e r  th a n  th e  e jq )e r im e n ta l  

a t  h ig h  r e a c t i v i t y .
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CONCLUSIONS

T h is  a sse m b ly  w ith  a  maximum p rom pt n e u tr o n  m u l t i p l i c a t i o n  o f  285 

(50 c e n ts  above d e la y e d  c r i t i c a l i t y )  can  be u s e d  w i th  an  a c c e l e r a t o r  t o  

p ro d u c e  n e u tr o n  p u l s e s  h a v in g  a  w id th  a t  h a l f  maximum o f  3-9  M-sec and a 

p eak -to -m in im u m  r a t i o  o f  12^^00  by  t h e  r o t a t i o n  o f  a  b e r y l l iu m  r e f l e c t o r  

(w o rth  ^ .8  d o l l a r s )  p a s t  an  u n r e f l e c t e d  c o re  f a c e  60 t im e s / s e c  a t  a 

sp e ed  o f  26k- m e t e r s / s e c .  T h is  p u l s e  when th e m n a liz e d  by  a  1 0 . 16 x  1 0 . 16 

X  3 - 8 1  cm p o ly e th y le n e  s c a t t e r e r  i s  b ro a d e n e d  t o  a  w id th  a t  h a l f  maximum 

o f  2 0 .9  p se c  w ith  a  p eah -to -m in im u m  r a t i o  o f  1590 . The u s e  o f  cadmium 

d i s t r i b u t e d  w i th in  t h e  s c a t t e r e r  a t  20°C can  n e i t h e r  re d u c e  t h e  w id th  

o f  t h e  p u l s e  o f  low  e n e rg y  n e u tr o n s  t o  l e s s  th a n  7  p s e c  n o r  i n c r e a s e  

th e  p eak -to -m in im u m  r a t i o  t o  m ore th a n  7^00*

The f r a c t i o n  o f  a l l  n e u tr o n s  t h a t  a r e  i n  t h e  p u l s e  i n  t h e  c e n te r  

o f  t h e  c o re  was O .80 and was n o t  a  s t r o n g  f u n c t io n  o f  r e a c t i v i t y .  T h is  

f r a c t i o n  was t h e  same f o r  t h e  n e u tr o n s  a t  t h e  o u t e r  s u r f a c e  o f  th e  

s c a t t e r e r .  A l l  v a lu e s  m easu red  a t  t h e  d i f f e r e n t  l o c a t io n s  and r e a c t i ­

v i t i e s  w ere b e tw een  0 .7 7  s^nd O .85 .

The num ber o f  th e r m a l  n e u tr o n s  l e a k in g  o u t t h e  o u t e r  s u r f a c e  o f  

t h e  s c a t t e r e r  was 3*3 x  10“  ̂ n / c m ^ - f i s s io n .  T hus, a  r e p e t i t i v e l y  p u ls e d  

b o o s te r  o f  t h i s  ty p e  w ith  I /6 0  MW se c  o f  e n e rg y  in  t h e  p u l s e  w ould  p r o ­

duce ~ 1 .7  X 10^° th e r m a l  n e u tro n s /c m ^  p e r  p u l s e  w ith  t h i s  s c a t t e r e r .

The e f f e c t i v e  o n e -g ro u p  fu n d a m e n ta l  mode d e c ay  c o n s ta n t  (0 .2 0  

p s e c “ ^ )  w hich  was o b ta in e d  from  t h e  w id th  o f  t h e  n e u tr o n  p u l s e  i n  t h e  

c o re  f o r  t h e  a sse m b ly  w ith  a  maximum r e a c t i v i t y  o f  +50 c e n ts  above 

d e la y e d  c r i t i c a l i t y  was a lm o s t e q u a l  t o  h a l f  o f  t h e  d e c a y  c o n s ta n t  o f  

t h e  f a s t  com ponent o f  t h e  p ro n ^ jt n e u tr o n  d e c ay  (O .36 p s e c “ ^ )  f o r  th e  

d e la y e d  c r i t i c a l  a s se m b ly  w ith  th e  r o t o r  s t a t i o n a r y .  S im ple o n e -g ro u p  

n e u tr o n  k i n e t i c  t h e o r y  was u se d  t o  p r e d i c t  t h e  f r a c t i o n  o f  n e u tr o n s  in  

t h e  p u l s e  b u t t h e  c a l c u l a t e d  v a lu e s  o f  th e  p e a k - to - a v e r a g e  n e u tr o n  

d e n s i t y  a g re e d  w i th  t h e  e jq > e r im e n ta l v a lu e s  o n ly  f o r  t h e  a sse m b ly  w ith  

maximum r e a c t i v i t i e s  o f  -5  and +26 c e n t s .  The u se  o f  t h i s  s im p le  th e o r y  

d ep en d ed  on  r e a l i s t i c  v a lu e s  o f  t h e  e f f e c t i v e  n o rm a l mode d e c ay  c o n s ta n t  

w hich  in  t h i s  c a se  w ere i n f e r r e d  from  th e  e x p e r im e n ta l  r e s u l t s .
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APPENDIX A 

CORE LOADING PATTERNS

j lg S f n g
P a t t e r n

No.
Number o f  
F u e l  Rods L o c a tio n  o f  I r o n  Rods^

1 85 1 /4 1 t h r u  9 and  1 s t  l /2  and  4t h  l / 4  o f  No. 10
2 84 1 3 /1 6 1 t h r u  9  ̂ 2nd  l / 2  o f  No. 19  ̂ 1 s t  l / 2  and  to p  

3 /1 6  o f  No. 10
3 84 3 /4 1 t h r u  9 ? 2nd l /2  o f  No. 19 , 1 s t  l / 2  and  4t h  

1 /4  o f  No. 10
4 88 9 /1 6 1 , 2,  7j> Q} 9) and 1 s t  l / 2  and to p  5 / l6  o f  

No. 3
5 87 3 /4 1, 2,  'i, 7 , 8 , 9 , and 1 s t  l / 2  and 7 th  I / 8  o f

No. 6
6 88 5/8 1 , 2 , 'J, Q, 9) and 1s t  3/ ^  o f  No. 3
7 87 1 3 /1 6 1 , 2 , 3 , 1, 8 ,  9,  and 1 s t  l / 2  and  9 th  1 /1 6  

o f  No. 6
8 87 1 1 /1 6 1, 2 , 3 , 7 , 8 , 9,  and 1 s t  9 /1 6  and to p  I / 8  o f  

No. 6
9 80 3 /8 1 t h r u  12 , 18 , and  I9

10 73 3 /8 1 t h r u  20 and 21
11 77 3 /8 1 t h r u  13, 16 , 17 , 18, and I9
12 88 1 /2 1 , 2 , 7 , 8,  S,  and  1s t  3 /4  and  to p  1 /8  o f  No. 3
13 85 7 /8 1 t h r u  5  ̂ 1 } 8 , 9 , and  2nd l / 2  o f  No. 19
l 4 83 7 /8 1 t h r u  10 and 2nd l / 2  o f  No. 19
15 88 3 /1 6 1 , 2 , 7 , 8 , 9 , 1 s t  1 /2  o f  No. 3 ;, and 1s t  9 /1 8  

and to p  1 /8  o f  No. 6
16 87 5/8 1 , 2 , 3} 1,  8 ,  9,  and 1 s t  5 /8  and  to p  I / 8  o f  

No. 6
17 86 1 /4 1 , 2 , 3 ? 4 , 6 , 7 , 8 , 9 ; and  to p  I / 8  o f  No. 5

A l l  o f  t h e  95 h o le s  i n  t h e  co re^  d e s ig n a te d  by  num ber i n  F ig .  1 , 
w ere  lo a d e d  w ith  24- cm -long  i r o n  a n d /o r  u ran iu m  r o d s .  The d ia m e te r  
o f  t h e  i r o n  was 1 . 3^9  cm; o f  t h e  u ran iu m  1 .379  cm. The l i n e a r  
d e n s i t y  o f  t h e  u ran iu m  was 2 7 .8 7  g /cm . The f u e l  ro d s  a r e  d iv id e d  
i n to  q u a r t e r s  num bered from  t h e  b o tto m  up . The u p p e r  5 /8  o f  f u e l  ro d  
l o c a t i o n  No. 58 d id  n o t  c o n ta in  u ran iu m  i n  o r d e r  t o  accom odate  a 
BF_ p r o p o r t i o n a l  c o u n te r .  F u e l  ro d  l o c a t i o n  No. 60 c o n ta in e d  a 
s p e c i a l  u ran iu m  (648 g )  ro d  w ith  t h e  th e m n o c o u p le s .
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APPERDIX B

MECHAITICAL TESTS WITH THE ROTATING BLADE ASSEMBLY AND INSPECTION OF ROTOR

I n  t h i s  A ppend ix  t h e  r e s u l t s  o f  t e s t s  o f  t h e  r o t a t i n g  a sse m b ly  

p r i o r  t o  p e rfo rm a n c e  o f  t h e  r e p e t i t i v e l y  p u l s e d  e x p e r im e n ts  and th e  

r e s u l t s  o f  i n s p e c t io n s  o f  t h e  r o t o r  b o th  b e f o r e  and a f t e r  t h e  e x p e r i ­

m en ts  a r e  p r e s e n t e d .  The t o t a l  a c c u m u la te d  o p e r a t in g  t im e  f o r  th e  

r o t o r  was 230 h o u r s .

A f t e r  c a r e f u l  dynam ic b a la n c in g ,  e a r l y  t e s t s  w i th  a i r  i n  t h e  sh ro u d

showed t h a t  t h e  h e a t in g  r a t e  o f  t h e  a i r  and t h e  v a r i a t i o n s  o f  t h e  p la n e

o f  r o t a t i o n  o f  t h e  r o t o r  w ere n o t  s a t i s f a c t o r y .  M e c h a n ic a l s t a b i l i t y  

o f  t h e  r o t o r  was im proved  by  p r o v id in g  a  h e liu m  a tm o sp h e re  i n  t h e  sh ro u d

w ith  a  f lo w  s u f f i c i e n t  t o  m a in ta in  t h e  p r e s s u r e  i n s i d e  t h e  sh ro u d

s l i g h t l y  above a tm o s p h e r ic .  T h is  f lo w  was n e c e s s a r y  s in c e  th e  sh ro u d  

was n o t  d e s ig n e d  t o  be g a s  t i g h t .  O nly 15 hp was n e c e s s a r y  f o r  e q u i­

l ib r iu m  o p e r a t io n  o f  t h e  r o t o r  in  h e liu m . A f t e r  12 s e c  t h e  r o t o r  

a t t a i n e d  i t s  o p e r a t in g  sp e ed  o f  359^ rpm and  a f t e r  ab o u t 15 m in i t  

c o a s te d  t o  a  c o m p le te  s to p  a f t e r  rem o v a l o f  p o w er.

C a p a b i l i t y  f o r  w a te r  c o o l in g  t h e  p e r i p h e r y  o f  t h e  sh ro u d  was p r o ­

v id e d  by s o ld e r in g  1 .2 7 -cm -d iam  c o p p e r tu b in g  t o  t h e  sh ro u d  and  th e n  

c o v e r in g  i t  w i th  Therm on, a  h ig h  th e r m a l  c o n d u c t i v i t y  cem en t. The 

w a te r  f lo w  o f  5 g a l /m in  i n  two p a r a l l e l  p a th s  on e a c h  s u r f a c e  o f  th e  

sh ro u d  ( s e e  F i g .B - l )  was s u f f i c i e n t  t o  m a in ta in  t h e  h e liu m  te m p e ra tu re  

a t  39°C.

The d e f l e c t i o n  o f  t h e  r o t o r  in  an  a x i a l  d i r e c t i o n  a t  t h e  p o s i t i o n  

o f  t h e  b e r y l l iu m  i n s e r t  was m easu red  u s in g  an  in d u c t iv e  ty p e  r a d i o ­

f re q u e n c y  p r o x im i ty  gauge m ounted i n  t h e  sh ro u d  w a l l  o p p o s i te  t h e  un­

r e f l e c t e d  c o re  f a c e .  A p h o to g ra p h  o f  an  o s c i l lo s c o p e  t r a c e  o f  a  s i g n a l  

from  t h e  gauge i s  shown i n  F ig .  B-2 . The gauge was l o c a t e d  so t h a t  

r o t a t i o n  o f  t h e  r o t o r  moved th e  b e r y l l iu m  i n s e r t  p a s t  t h e  s e n s t iv e  

f a c e  o f  t h e  g au g e . The g au g e , s e n s in g  o n ly  t h e  d i s t a n c e  t o  an  o b j e c t ,  

p ro d u c e d  a  s i g n a l  w hich  e s s e n t i a l l y  d e s c r ib e d  t h e  c o n to u r  o f  t h e  b e r y l ­

liu m  i n s e r t .  A c r o s s  s e c t i o n  o f  t h e  r o t o r ,  th ro u g h  t h e  c e n te r  l i n e  o f  

t h e  b e r y l l iu m , i s  shown f o r  c o m p ariso n  in  t h e  lo w er p a r t  o f  F ig .  B-2 .



Rubber Tubing 

Copper Tubing

Numbers ind icate  p ea k -to -p eo k  vibration in 10"^ mm. 
C irc led  numbers ind ica te  thermocouple loca tion s .

5 0 . 8

Motor

2 0 . 3

8.96.3

Water O ut

Reactor Side Motor Side
(north) (south)

F ig .  B -1 . S k e tc h e s  o f  th e  Shroud E n c lo s in g  th e  R o to r  Showing th e  
L o c a tio n s  o f  t h e  T herm ocoup les and t h e  P e a k - to -P e a k  V ib r a t io n s  M easured  
d u r in g  O p e ra t io n  o f  t h e  R o to r .

-F̂vn
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F ig .  B-2 . The C o n to u r o f  t h e  B e ry ll iu m  I n s e r t  i n  t h e  R o to r  from  
t h e  P ro x im ity  Gauge D is p la y e d  on an  O s c i l lo s c o p e .
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The o s c i l l o s c o p e  sweep was a d ju s t e d  so t h a t  t h e  e n t i r e  12 . 70 cm dim en­

s io n  was d i s p la y e d .  F ig u re  B-3  shows t h e  p o s i t i o n  o f  t h e  h e r y l l iu m  

w ith  r e s p e c t  t o  t h e  gauge m ounted on  t h e  sh ro u d  when t h e  r o t o r  was 

p ro x im a te  t o  t h e  gaijge d irr in g  r o t a t i o n  a t  c o n s ta n t  a n g u la r  sp e e d . T ha t 

i s ,  t h e  h o r i z o n t a l  o s c i l l o s c o p e  t im e  s c a le  was a d ju s t e d  so t h a t  each  

" d o t"  r e p r e s e n t s  t h e  u p p e r  h o r i z o n t a l  t r a c e  i n  F ig .  B-2 . The e ig h t  rows 

o f  d o ts  a r e  s u c c e s s iv e  e2q)osures made so t h a t  many d a ta ,  ~1040  r e v o lu ­

t i o n s  i n  t h i s  c a s e ,  w ere r e c o r d e d  on a  s in g l e  p h o to g ra p h . D e v ia t io n  o f  

t h e  d o ts  from  t h e  h o r i z o n t a l  i s  a  m easu re  o f  t h e  d e v ia t io n  o f  t h e  h e r y l ­

liu m  s u r f a c e  from  a  f i x e d  p l a n e ,  p e r p e n d ic u l a r  t o  t h e  a x is  o f  r o t a t i o n ,  

d u r in g  t h e  t e s t .  From th e  s e n s i t i v i t y  o f  t h e  o r d i n a t e ,  0 .084  mm/cm, i t  

was o b s e rv e d  t h a t  t h e  p e a k - to - p e a k  v a r i a t i o n  o f  t h e  p la n e  o f  r o t a t i o n ,  

i n  t h e  a x i a l  d i r e c t i o n ,  was a b o u t 0 .152  mm, t o t a l ,  o r  ± 0 .0 7 6 mm.

F ig u re  B-4  show s, in  a  s i m i l a r  m anner, t h e  p o s i t i o n  o f  t h e  b e r y l ­

l iu m  w ith  r e s p e c t  to  t h e  gauge f o l lo w in g  r a p i d  shutdow n (sc ra m ) o f  t h e  

a sse m b ly  w h ile  t h e  r o t o r  was t u r n i n g  a t  c o n s ta n t  a n g u la r  sp e e d . The 

shu tdow n, w h ich  o c c u r r e d  a t  z e ro  tim e  on t h e  a b s c i s s a ,  c o n s i s t e d  o f  

d ro p p in g  t h e  c o r e ,  by  g r a v i t y ,  and  r a p i d l y  d i s p l a c in g  t h e  l a r g e s t  

s e c t i o n  o f  t h e  i r o n  r e f l e c t o r  ( s e e  F ig .  2 ) a  d i s t a n c e  o f  ~ 5  i n .  The 

d i s t a n c e  b e tw een  th e  b e r y l l iu m  o f  t h e  r o t o r  a t  t h e  p o s i t i o n  o f  maximum 

r e a c t i v i t y  and  t h a t  p a r t  o f  t h e  sh ro u d  a d ja c e n t  t o  t h e  u n r e f l e c t e d  

c o re  f a c e  d e c re a s e d  0 .1 0 2  mm d u r in g  th e  f i r s t  O .5  se c  f o l lo w in g  s h u t ­

down and  t h e n  v a r i e d  w i th in  ± O.O76 mm o f  t h e  d i s t a n c e  e s t a b l i s h e d  

d u r in g  t h e  s te a d y  o p e r a t io n  d e s c r ib e d  in  F ig .  B-2 .

The p e a k - to - p e a k  v i b r a t i o n s  a t  v a r io u s  p o i n t s  on t h e  sh ro u d  d u r in g  

o p e r a t io n  o f  t h e  r o t o r  w ere m easu red  w ith  a  c o m m e rc ia lly  a v a i l a b l e  

a c c e le r o m e te r  and t h e  r e s u l t s  a r e  g iv e n  in  F ig .  B -1 . The v i b r a t i o n  o f  

t h e  b a s e  o f  t h e  c o re  s u p p o r t  s ta n d  w ith  t h e  m o to r  ru n n in g  and th e  

c o re  i n s e r t e d  i n to  t h e  i r o n  r e f l e c t o r  was ± O .O 5I ram and th e  v a lu e  

o b s e iv e d  a t  t h e  f i x e d  i r o n  r e f l e c t o r  was l e s s  th a n  0 .013  mm. T hese 

s m a l l  v i b r a t i o n s  d id  n o t  c a u se  r e a c t i v i t y  ch an g es  o f  c o n c e rn  in  th e  

o p e r a t io n  o f  t h e  e x p e r im e n t .
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F ig .  B -3 - V a r ia t io n  in  t h e  L a t e r a l  P o s i t i o n  o f  t h e  R o to r  d u r in g  
U n ifo rm  R o ta t io n .
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F ig .  B-4 . V a r ia t io n  i n  t h e  L a t e r a l  P o s i t i o n  o f  t h e  U n ifo rm ly  
R o ta t in g  R o to r  d u r in g  Scram  o f  t h e  A ssem bly .



k9

The l o c a t i o n  o f  t h e  th e rm o c o u p le s  f o r  t e m p e ra tu re  m easu rem en ts  a re  

a l s o  g iv e n  i n  F ig .  B-1  (num bers w i th in  c i r c l e s ) .  The te m p e ra tu re s  ob ­

s e rv e d  d u r in g  a  5*7 h r  ru n  a r e  g iv e n  i n  T a b le  B -1 . They i n d i c a t e  

a c h ie v e m e n t o f  e q u i l ib r iu m  a t  m ost l o c a t io n s  w i th in  an  h o u r . T here  was 

a b o u t a  3°C r i s e  in  t h e  s h ro u d - c o o lin g  w a te r  te m p e ra tu re  when t h e  s u p p ly  

was a t  25°C . The e q u i l ib r iu m  h e liu m  te m p e ra tu re  was 39°C and  t h e  change 

in  t h e  te m p e ra tu re  in  t h e  c e n te r  o f  t h e  c o re  was a b o u t 8°C.

The r o t o r  was i n i t i a l l y  in s p e c te d  w ith  l i q u i d  dye p e n e t r a n t  f o r  

i n d i c a t i o n s  o f  s u r f a c e  d i s c o n t i n u i t i e s  and w ith  u l t r a s o u n d  and X r a y s  

f o r  i n t e r n a l  d i s c o n t i n u i t i e s .  None o f  t h e s e  t e s t s  r e v e a le d  any  c r a c k s ,  

l a m in a t io n s ,  p o r o s i t y ,  e t c .  t h a t  m ig h t s i g n i f i c a n t l y  a f f e c t  t h e  s t r u c ­

t u r a l  s t r e n g th  o f  t h i s  a s se m b ly . F o llo w in g  o p e r a t io n  o f  t h e  r o t o r  f o r  

~ 2 7 h r s ,  i t  was a g a in  in s p e c te d  by  t h e  same m ethods w ith  no e v id e n c e  

o f  change i n  s t r u c t u r a l  i n t e g r i t y .  In  a d d i t i o n ,  t h e  12 b o l t s  w ere 

s u b je c te d  t o  dye p e n e t r a n t  and X -ra y  i n s p e c t io n  and no i n d i c a t i o n  o f  

s i g n i f i c a n t  d e f e c t s  was n o te d .  Upon co irrp le tio n  o f  t h e  e jq )e rim e n t, th e  

r o t o r  a s se m b ly  was a g a in  in s p e c te d  w ith  dye p e n e t r a n t ,  u l t r a s o u n d ,  and 

X r a y s .  The 12 b o l t s  w ere s u b je c te d  t o  dye p e n e t r a n t  and  X -ray  in s p e c ­

t i o n  a l s o .  Wo i n d i c a t i o n  o f  s i g n i f i c a n t  d e f e c t s  o r  change from  th e  

i n i t i a l  i n s p e c t io n  r e s u l t s  was n o te d .

T a b le  B -1 . T e m p era tu re  M easurem ents D uring  a  T y p ic a l  
______________ E3q )e r im e n t ._____________________________________

T e m p era tu re  °C
E la p s e d  Time (m in)

Wo. Lo caption 0 60 300 342
1 W ater in 25 24 24 24
2 W ater 25 2 6 .2 27 27
3 Shroud 2 5 .5 4o 39-5 3 9 .5
E Shroud 26 36 36 36
5 W ater o u t 2 5 .5 29 29 28 . 5
7 W ater in 25 2 3 .5 23

10 W ater o u t 25 2 7 .5 27 27
13 Shroud 26 30 39-7 39-7
l 6 Shroud 2 5 .5 35-2 3 5 .2 35
17 i n  He 2 1 .5 39 39 39
18 C ore C e n te r  ^ 25 2 7 .5 33 33
— Fe R e f le c to r 25 - - 28 28

a .  See F ig .  B- 1  f o r  m ore d e t a i l .
b . B etw een t h e  B o ra l  and t h e  i r o n  r e f l e c t o r  a t  m id p la n e .
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A P P E N D IX  C

NEUTRON DECAY I N  THE ISO L A T E D  POLYETHYLENE SCA TTERER

The t im e  b e h a v io r  o f  th e  n e u tr o n s  le a k in g  from  th e  p o ly e th y le n e  

s c a t t e r e r ,  when i s o l a t e d  from  th e  a sse m b ly , was m easu red  by  p ro d u c in g  

a  p u l s e  o f  l 4 .1  MeV n e u tr o n s  w ith  a  15O K v  C o c k c ro f t-W a lto n  a c c e l e r a t o r  

a d ja c e n t  t o  a  1 0 . 16 x  10 . 16 cm s u r f a c e  o f  t h e  s c a t t e r e r .  The n e u tr o n  

d i s t r i b u t i o n  a s  a  f u n c t io n  o f  t im e  was o b s e rv e d  w ith  a  0 . 79” Cm-diam, 

2 .5 ^ -c m -lo n g  BF^ p r o p o r t i o n a l  c o u n te r  t h a t  was l o c a t e d  a t  th e  c e n te r  

o f  t h e  o p p o s i t e  1 0 . 16 x 1 0 . 16 cm s u r f a c e  o f  t h e  s c a t t e r e r .  The t im e  

b e h a v io r  o f  a l l  n e u tr o n s  and o f  t h e  e p i th e r m a l  n e u t r o n s ,  th o s e  w ith  

e n e r g ie s  above t h e  cadmium (O .0 6 3 -c m - th ic k )  c u t o f f  e n e rg y  w ere m ea su red . 

The f u n c t io n  A +  B e x p ( t ) was f i t t e d  t o  t h e  t im e  b e h a v io r  o f  t h e  e p i ­

th e r m a l  n e u tr o n s  by  l e a s t  s q u a re s  w h ile  th e  f-u n c tio n  A +  B e x p ( a ^ t )  +

C e x p ( u 2 t )  was f i t t e d  t o  t h e  t im e  d i s t r i b u t i o n  o f  n e u tr o n s  o f  a l l  

e n e r g i e s .  The r e s u l t s  o f  t h e  f i t t i n g  a r e  shown w ith  th e  d a ta  i n  F ig s .  

C-1  and  0- 2 . The d i f f e r e n c e s  b e tw een  t h e s e  d e c ay s  and  th o s e  p r e s e n te d  

f o r  t h e  p o ly e th y le n e  s c a t t e r e r  i n  t h e  r e p e t i t i v e l y  p u l s e d  e x p e r im e n ts  

w ere due t o  t h e  b ro a d e n in g  o f  t h e  p u l s e  by  th e  c o re  m u l t i p l i c a t i o n  and 

t o  th e  e f f e c t  o f  t h e  m o tio n  o f  t h e  r o t a t i n g  r e f l e c t o r .
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