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ABSTRACT 

An analysis has been made of t h e  ex i s t ing  experimental d a t a  f o r  Y(E) 

of 2 3 2 ~ h ,  t h e  average number of  neutrons emitted per f i s s i o n  of 2 3 2 ~ h .  

This analysis suggests  t h a t  a s i n g l e  l i n e a r  funct ion of t h e  neutron energy 

desc r ibes  the da ta  within t h e i r  unce r t a in t i e s .  The parameters of t h e  lin- 

ear func t ion  and t h e i r  u n c e r t a i n t i e s  are given. 

iii 





An eva lua t i on  has  been made of t h e  e x i s t i n g  experimental  d a t a  on (E) 
t 

of 2 3 2 ~ h ,  where ( E ) ,  t h e  average t o t a l  number of neu t rons  emi t ted  p e r  
t 

f i s s i o n ,  i s  t h e  sum of (E) and 7 ( E ) ,  t h e  average numbers of prompt and 
P d 

delayed neu t rons  emit ted per  f i s s i o n .  T h i s  eva lua t i on  was made f o r  pos s i -  

b l e  i n c l u s i o n  i n  Version V of t h e  Evaluated Nuclear Data F i l e .  The v a l u e s  

of Tt (E) of  2 3 2 ~ h  included i n  ENDF/B-IV were compiled i n  November 1966 and 

modified i n  May 1969, l  wi th  a  f u r t h e r  modi f ica t ion  of t h e  delayed-neutron 

y i e l d  made i n  1974 on t h e  b a s i s  of an eva lua t i on  by 

A d e t a i l e d  eva lua t i on  of t h e  neutron energy dependence of T(E) of  

2 3 2 ~ h  was performed i n  1972 by Manero and K ~ n s h i n , ~  who assumed a  poly- 

nomial t o  d e s c r i b e  t h e  d a t a  and e s t a b l i s h e d  t h e  degree of t h e  polynomial 

i n  t h e  f i t t i n g  procedure.  They noted t h a t  on ly  one experimental  p o i n t  

e x i s t e d  between 4 and 14  MeV and t h a t  t h e  p r e c i s i o n  of t h e  measurements 

i n  t h e  energy reg ion  above 1 4  MeV was poor. They a l s o  noted t h a t  t h e  r e -  

p o r t i n g  of  t h e  exper imental  u n c e r t a i n t i e s  w a s  no t  c o n s i s t e n t  from one d a t a  

s e t  t o  t h e  nex t .  

Manero and Konshin descr ibed  t h e  neu t ron  energy dependence of (E)  
P 

f o r  232Th by two polynomials,  t h e  f i r s t  be ing  of second degree  and apply- 

ing  t o  t h e  energy range from t h e  f i s s i o n  t h r e sho ld  energy t o  1 .6  MeV and 

t h e  second polynomial con t a in ing  on ly  t h e  f i r s t  power of  t h e  neu t ron  en- 

ergy and covering t h e  neu t ron  energy range  1.6  t o  1 6  MeV. They s t a t e d  

t h a t  t h e  second degree  polynomial was n o t  j u s t i f i e d  s t a t i s t i c a l l y  but  

t h a t  f o u r  d i f f e r e n t  experiments ob ta ined  v a l u e s  of (E) below 1 . 6  MeV 
P 

which sugges t s  a  non l inea r  behavior  of (E) i n  t h a t  energy reg ion .  I n  
P 

an e a r l i e r  eva lua t i on ,  ~ a v e ~ ~  had used t w o  l i n e a r  r e l a t i o n s  f o r  (E) t h a t  
P  

i n t e r s e c t  a t  1.57 MeV. 



Figu re  1 shows a p l o t  of R (E),  t h e  e x i s t i n g  d a t a  f o r  t h e  r a t i o  of 

- 
P 

L 

v (E)  f o r  2 3 2 ~ h  t o  < (spontaneous f i s s i o n ,  v = 3.756) f o r  2 5 2 ~ f .  The 
P P P 

comments of Manero and JXonshin3 concerning t he  q u a l i t y  of t h e  d a t a  nea r  

1 4  MeV, t h e  p a u c i t y  of da t a  between 4 and 14  MeV, and t h e  suggested 

non l inea r  dependence of 7 (E)  on E can be  app rec i a t ed  by examining F ig .  1. 
P 

Only t h e  data of r e f .  1 6  have become a v a i l a b l e  s i n c e  r e f .  3 .  Most exper i -  

mental  measurements of ;(E) f o r  3 2 ~ h  recorded 7 (E)  r e l a t i v e  t o  3 f o r  
P P 

2 5 2 ~ f  o r  t o  V (E)  f o r  some o t h e r  i s o t o p e  t h a t  could i n  t u r n  be  r e l a t e d  

- P 

t o  v f o r  5 2 ~ f  as descr ibed  i n  r e f .  3 .  The d a t a  of r e f .  16  were 
P 

normalized us ing  v f o r  2 ~ f .  The s o l i d  l i n e  i n  Fig.  1 r e p r e s e n t s  t h e  
P 

- 
va lues  R (E) f o r  2 3 2 ~ h  recommended i n  t h e  p r e sen t  paper .  S ince  v f o r  

P P 

2 5 2 ~ f  i s  a l s o  s u b j e c t  t o  eva lua t i on ,  f o r  t h e  remainder of t h i s  d i s c u s s i o n  

t he  magnitude of J(E) w i l l  be  considered r e l a t i v e  t o  < f o r  2 5 2 ~ f .  
P 

~ o w e r t o n ~  sugges t s  t h a t  t h e  onse t  of  r e a c t i o n s  such a s  second chance 

f i s s i o n  u ( n , n l , f )  makes i t  u n l i k e l y  t h a t  a s t r i c t l y  l i n e a r  dependence of 

R (E) on E would be  expected above + 5 MeV. An examination of  F ig .  1 
P 

shows t h a t  t h e  s l o p e  of a l i n e a r  r e l a t i o n  of  R (E) vs E depends upon the  
P 

energy range chosen f o r  determining t h e  parameters  of a l i n e a r  r e l a t i o n .  

Table  I l i s t s  the experimental  values6- '  of R (E) shown i n  F i g .  1, 
P 

a long w i t h  t h e  a s s o c i a t e d  u n c e r t a i n t i e s ,  and t h e  va lues  recommended i n  

t h i s  work. Linear  l e a s t - squa re s  ana lyses  of t h e  various exper imenta l  

d a t a  sets ( r e f s .  12 ,  13 ,  o r  14)  y i e l d  va lues  of the s l o p e  which d i f f e r  

by more than 50%. A s  a n  example, f o r  t h e  energy r ange  1.3 t o  4 . 1  MeV, 

s lopes  der ived  from t h e  d a t a  sets of r e f s .  10  and 11 d i f f e r  by a f a c t o r  

of two when analyzed us ing  a weighted l e a s t  squares  method. Manero and 
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Neutron Energy (MeV) 

Fig.  1. Ratio of  q t ( ~ )  f o r  2 3 2 ~ h  t o  7 f o r  2 5 2 ~ f  as  a function o f  
P 

neutron energy 1.4 t o  16 MeV. (Experimental data from refs. 6 -16 . )  



- 
TABLE I. Ratios R (E)  of 7 (E) for 2 3 2 ~ h  to V f o r  2 5 2 ~ f  

P P P 
- - - - . - - 

Exp. Values Present Evaluation 

E (MeV) A \ ( E ) ~  R e f . N o .  



TABLE I. -continued- 

Uncertainties, quoted by au thor ,  f o r  l e a s t  square f i t t i n g  t h e  weights 
used were [ A R ] ~ '  

C Values are from the re la t ion :  Rp ( E )  = 0.5047 + 0.0383 x E. 



Konshin made a s i n g l e  l i n e a r  fit t o  t h e  d a t a  shown i n  Table  I which 

d i f f e r s  from t h e i r  recommended va lues  (from t h e  two-segment fit) above 

1 .6  MeV by about 0.8%. Although t h e  observed va lues  of R (E) f o r  3 2 ~ h  
P 

may d e p a r t  from a l i n e a r  dependence on E near  t h e  f i s s i o n  t h r e sho ld  

energy, t h e  q u a n t i t y  and q u a l i t y  o f  t he  d a t a  do not  seem t o  j u s t i f y  more 

than a  s i n g l e  l i n e a r  func t i on  of E t o  de sc r ibe  the d a t a .  

Table  11, which was taken from r e f .  3 ,  l i s t s  t h e  exper imental  da t a17 -22  

on $(E), t h e  average number of delayed neu t rons  emi t ted  per  f i s s i o n .  There 

i s  no d i f f e r e n t i a l  exper imental  d a t a  on 3 (E)  between 3.5 and 14 MeV.  It  
d 

was assumed t h a t  a l i n e a r  f u n c t i o n  of t h e  neu t ron  energy descr ibed  t h e  

exper imental  d a t a  shown i n  Table  I1 adequa te ly ,  and t h e  3 (E) v a l u e s  
d  

c a l c u l a t e d  from t h e  r e l a t i o n  a r e  shown i n  Table  11. A v a l u e  of  0.054 

? 0.002 was der ived  f o r  t h e  i n t e r c e p t  7 (0) f o r  * 3 2 ~ h  which i s  i n  accord 
d 

w i t h  t h e  v a l u e  of  0.055 k 0.001 given i n  t h e  eva lua t i on  of T u t t l e ,  2 3 

I n t e r p o l a t e d  va lues  of 7 (E)  were d iv ided  by f o r  5 2 ~ f  (3.756) and 
d P 

added t o  t h e  exper imental  va lue s  f o r  R (E) t o  y i e l d  R (E) . These va lues  
P t 

of R (E) were f i t  t o  a  l i n e a r  f u n c t i o n  of neu t ron  energy t o  d e r i v e  t h e  
t 

recommended r e s u l t s  f o r  2 3 2 ~ h .  Table  I11 g i v e s  t h e  l i n e a r  r e l a t i o n s  

found f o r  R (E) , % (E)  , and Rt (E) a long w i th  the  parameters  and t h e  
P 

elements of t h e  parameter covar iance  ma t r i x ,  and t h e  l i n e a r  r e l a t i o n  

given i n  ENDF/B-Iv. For comparison Table  I V  g ive s  the  der ived  experi .7 

mental  va lue s  f o r  R (E)  a long w i t h  t he  recommended va lues  and t h e  d i f f e r e n c e  
t 

between t h e  exper imental  and recommended va lues  d iv ided  by t h e  exper imenta l  

e r r o r .  For  convenience Table  V gives t h e  r e l a t i v e  covar iance  m a t r i x  

ca l cu l a t ed  us ing  t h e  parameters  f o r  R (E) g iven  i n  Table  111. 
t 
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TABLE 11. Delayed Neutrons from 3 2 ~ h  ~ i s s i o n '  

Exp. Values P r e s e n t  Eva lua t i on  
- 

E (MeV) vd ( 0  
Avd 

R e f .  No. 

a 
From r e f .  3 .  

- 
b ~ a l c u l a t e d  us ing  the relation: v ~ ( E )  = 0.0543 - 0.00178 x E. 
C These va lues  no t  included i n  a n a l y s i s .  



TABLE 111. Evaluated Output L inea r  Re l a t i ons  f o r  < Data and Variance C o e f f i c i e n t s  for 2 3 2 ~ h  

X = A + &a + (B + 6b) x E(MeV) 

. - - - - - - - - - - - - - - - - - - -- - - - -- - - - - - 

Data A 6A B 6b c l l a  ~ 1 2 ~  ~ 2 2 ~  X 2 / ~ ~ b  
- -- 

P r e s e n t  Rp (E) 0.505 0.004 0.038 0 ,001  9 . 0 0 ~ 1 0 " ~  -1.65~10'~ 0 . 6 4 4 ~ 1 0 ' ~  1 . 6  

- 
Present vd (E) 0.054 0.002 -0.0018 0.0002 1.21~10'~ -0.11~10"~ 0 . 0 2 2 ~ 1 0 ' ~  2.3 

Presen t  R~ (E) 0.519 0.0038 0.0378 0.0010 9 .00x10-~  - 1 . 6 5 ~ 1 0 ' ~  0 . 6 4 4 ~ 1 0 - ~  1 .6  

a 
Elements of parameter (output) covar iance  matrix: 6~ = ( X 2 / ~ ~ )  x ~11''~ 

b ~ h i  squa re  d iv ided  by degrees  of freedom 

C Based on 7 f o r  2 5 2 ~ f  = 3.748 
P 



TABLE IV. Average Number of Neutrons Emitted per Fission of 3 2 ~ h  

Relative to for 5 2 ~ f ,  Experimental and Evaluated 
P 

Evaluated 
Derived Exp. Values 

E (MeV) Rt ( E l  6Rt ( E l  R~ ( E ) ~  A / ~ R ~  ( E ) ~  



1 0  

TABLE IV. -continued- 

a 
Calculated f rom the relation: R t ( E )  = 0.5192 + 0.0378 x E 

b~ = Exp. value of R (E) - evaluated value 
t 
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a TABLE V. Relative Covariance Matrix 

a 
Calculated from t h e  output parameters of Table I11 f o r  2 3 2 ~ h .  
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