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:-* ABSTRACT 

Measurements of t he  average number of prompt neutrons 7 (E) 

i n  neutron induced f i s s i o n  of 2351J and 239Pu relative t o  v 
taneous f i s s i o n  of Cf have been made over  an i n c i d e n t  neutron energy 

range from 0.005 e V  t o  10 MeV. The i n c i d e n t  neutrons were generated i n  

pu l ses  a t  the  Oak Ridge E lec t ron  Linear  Accelerator  and t h e i r  ene rg ie s  

de f ined  by t ime-of-fl ight methods. The samples were contained i n  f i s s i o n  

chambers l o c a t e d  i n  a l a r g e  l i q u i d  s c i n t i l l a t o r .  F i s s i o n s  i n  t h e  samples 

were i d e n t i f i e d  by t h e  simultaneous d e t e c t i o n  of prompt f i s s i o n  gamma 

rays  i n  the  s c i n t i l l a t o r  and a p u l s e  from t h e  f i s s i o n  chamber. F i s s i o n  

neutrons were i d e n t i f i e d  by t h e  d e t e c t i o n  of t he  prompt gamma-ray cascade 

r e s u l t i n g  from neutron abso rp t ion  i n  gadolinium loaded i n  the  l i q u i d  

s c i n t i l l a t o r .  

va lue  given i n  ENT)F/R-IV, whereas t h e  corresponding va lue  f o r  

about 0.7% l a r g e r  than t h a t  given i n  ENDF/R-IV. 

emi t t ed  
P 
f o r  spon- 

P 
2 5 2  

The va lue  of v (E) f o r  239Pu  a t  0.0253 eV agrees  wi th  t h e  
P 

51J i s  
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I. INTRODUCTION 

Measurements have been made of t h e  neutron energy dependence of 
- 
V (E), t h e  average number of prompt neutrons emi t t ed  p e r  f i s s i o n ,  f o r  

239Pu and 235U. 

from 0.005 e V  t o  -10 MeV. The normalizat ion of (E) w a s  made relative 

t o  7 f o r  252Cf;  t h e r e f o r e ,  t h e  r e s u l t s  of t h i s  work are r a t i o s  R(E) of 

V (E) f o r  t h e  f i s s i l e  i s o t o p e  r e l a t i v e  t o  7 

P 
These experiments covered t h e  neutron energy range 

P 

P - 
f o r  252Cf.  

P P 
The prime n o t i v a t i o n  f o r  t h e  measurement w a s  t o  o b t a i n  3 (E) f o r  

P 
239Pu over  t h e  neutron energy region of t h e  F a s t  Breeder Reactor. 

Both t h e  c r i t i c a l i t y  cons t an t  keff and t h e  breeding r a t i o  are r e l a t e d  

t o  V ( E ) .  

both t o  c o n t r i b u t e  t o  t h e  e x i s t i n g  d i f f e r e n t i a l  d a t a  and t o  test t h e  

p r e s e n t  d a t a  wi th  t h e  a v a i l a b l e  i n t e g r a l  (and d i f f e r e n t i a l )  d a t a  i n  t h a t  

region. 

- 
The p resen t  work w a s  extended i n t o  t h e  thermal energy r eg ion  

Lennnel’ noted a 2% d i f f e r e n c e  between t h e  r e s u l t s  of e v a l u a t i o n s  

of 5 a t  2200 m / s  f o r  2 3 3 U  and 2 3 5 U  which included i n t e g r a l  measurements 

and those which used only d i f f e r e n t i a l  d a t a  obtained a t  2200 m/s. 

Weinstein et a1.2 observed a change i n  :(E) f o r  239Pu  and 235U of about 

1% and 0.6% r e s p e c t i v e l y  as t h e  energy inc reased  from 0.012 t o  0 . 3  eV. 

Var i a t ions  i n  <(E) of t h i s  magnitude should b e  included i n  r e a c t o r  cal- 

c u l a t i o n s  and i n  e v a l u a t i o n s  of n u c l e a r  data .  

. 11. EXPERIMENTAL METHOD 

The p r e s e n t  ‘experiments of 5 (E) u t i l i z e d  a gadolinium-loaded 
P 

l i q u i d  s c i n t i l l a t o r  t o  d e t e c t  f i s s i o n  neutrons (with an e f f i c i e n c y  of 

about 83%) and a f i s s i o n  chamber ( e f f i c i e n c y  -95%) t o  d e f i n e  f i s s i o n  

1 
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' e v e n t s .  A d e s c r i p t i o n  of t h e  experimental  techniques and some correc-  

t i o n s  made on t h e  d a t a  are given by Hopkins and Diven3 and by Mather 

e t  a l .4  The p r e s e n t  experiments were performed a t  neutron f l i g h t  p a t h s  

of 21.6 m and 83.4 m w i th  most of t h e  p r e s e n t  experiments be ing  per- 

formed a t  a neutron f l i g h t  pa th  of 21.6 m. 

used a t  21.6 m had a volume of about 710 R and t h e  diameter of t h e  

through tube w a s  about 17.8 cm. One set of experiments covering t h e  

neutron energy range above 500 e V  on 239Pu  w a s  performed a t  a neutron 

f l i g h t  pa th  of 83.4 m u s ing  a similar neu t ron  d e t e c t o r  and a through 

The l i q u i d  s c i n t i l l a t o r  

tube 13.3 cm i n  diameter.  

The f i s s i o n  chamber w a s  l o c a t e d  a t  t h e  c e n t e r  of t h e  l i q u i d  s c i n t i l -  

l a t o r  i n  a through tube which traverses the  s c i n t i l l a t i o n  tank. Neu- 

t r o n s  from a pulsed source were co l l ima ted  t o  impinge on t h e  f i s s i o n  

chamber. A f i s s i o n  even t  w a s  i d e n t i f i e d  by t h e  simultaneous d e t e c t i o n  

of t h e  prompt f i s s i o n  g a m  rays  by t h e  l a r g e  l i q u i d  s c i n t i l l a t o r  and a 

p u l s e  from t h e  f i s s i o n  d e t e c t o r  system. Approximately 0.5 psec a f t e r  

f i s s i o n  a count ing system w a s  enabled t o  record pu l ses  from t h e  large 

l i q u i d  s c i n t i l l a t o r  f o r  a f i x e d  t i m e  i n t e r v a l .  I n  t h e  p r e s e n t  work 

count ing g a t e s  ( i n t e r v a l s )  of 32 psec  and 50 psec  were used. F i s s i o n  

neutrons are moderated i n  t h e  s c i n t i l l a t o r ,  d i f f u s e ,  and are absorbed 

i n  t h e  gadolinium with t h e  neutron abso rp t ion  rate i n c r e a s i n g  a f t e r  f i s -  

s ion ,  reaching a peak a t  about 8 psec,  and then dec reas ing  e x p o n e n t i a l l y  

such t h a t  about 90% of t h e  neutrons are absorbed i n  32 psec.  
4 

Several  f i s s i o n  chambers were used i n  t h e  course of t h e  p r e s e n t  

experiments. The f i s s i l e  i s o t o p e s  were deposi ted on aluminum d i s c s  t o  

. 

a s u r f a c e  d e n s i t y  of ,100 pg/cm . These p l a t e s  were than assembled t o  
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. 

make a p a r a l l e l  p l a t e  p u l s e  

covering t h e  thermal energy 

i o n i z a t i o n  chamber. For t h e  experiments 

region a chamber w a s  assembled which com- 

p r i s e d  f o u r  s e p a r a t e  s e c t i o n s ;  one 235U, two 239Pu ,  and one 252Cf used 

as t h e  primary normalizat ion s tandard.  

pie-shaped s e c t i o n  on t h e  aluminum d i s c ;  t h e  o b j e c t  be ing  t o  have t h e  

p h y s i c a l  geometry of t h e  252Cf s e c t i o n  of t h e  f i s s i o n  chamber similar 

t o  t h e  s e c t i o n s  con ta in ing  t h e  f i s s i l e  i so topes .  F i s s i o n  chambers con- 

The 252Cf w a s  depos i t ed  i n  a 

t a i n i n g  a s i n g l e  f i s s i l e  i s o t o p e  (80 mg f i s s i l e  i s o t o p e ,  active l e n g t h  

6.6 cm) were assembled f o r  measurements a t  neutron ene rg ie s  above a few 

eV. A s e p a r a t e  252Cf f i s s i o n  chamber (secondary s t a n d a r d ) ,  small enough 

t o  b e  p l aced  o u t s i d e  t h e  neutron beam w a s  used as a monitor f o r  t h e s e  

l a t te r  experiments. 

Neutrons f o r  t h e  p r e s e n t  work w e r e  generated by t h e  Oak Ridge 

Electron Linear  Acce le ra to r  (ORELA). 

of Weinstein e t  a1.2 and Frehaut and Shackleton, '  f o r  example, have 

been made us ing  a "white" source of neutrons produced by a l i n e a r  accel-  

e r a t o r .  The energy of t h e  neutron producing t h e  f i s s i o n  event  was 

e s t a b l i s h e d  us ing  t h e  t ime-of-fl ight method. 

Other measurements of ? ( E ) ,  those 
P 

111. CORRECTIONS TO THE DATA AND UNCERTAINTIES I N  THE RESULTS 

1. U n c e r t a i n t i e s  i n  7 f o r  t h e  252Cf F i s s i o n  Chambers 
P 

The average number of even t s  (neutrons)  de t ec t ed  by t h e  s c i n t i l -  

l a t o r  system w a s  0.25% l a r g e r  when t h e  secondary s t anda rd  252Cf sample 

i n i t i a t e d  t h e  f i s s i o n  event  than when t h e  f i s s i o n  event  w a s  i n d i c a t e d  

by t h e  primary s tandard.  No s a t i s f a c t o r y  reason f o r  t h i s  discrepancv 
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has  been d e f i n i t e l y  e s t a b l i s h e d  although geometric d i f f e r e n c e s  i n  t h e  

chambers may b e  p a r t i a l l y  r e spons ib l e .  The 252Cf used as t h e  primary 

s t anda rd  w a s  c e r t i f i e d  material and t h a t  used i n  t h e  monitor w a s  con- 

s i d e r e d  as accep tab le .  An u n c e r t a i n t y  of +0.25% has  been a p p l i e d  t o  

t h e  experimental  r a t i o s  because of t h e  d i s c r e p a n t  r e s u l t s  ob ta ined  us ing  

t h e  two 252Cf f i s s i o n  chambers. 

2. Correct ion f o r  Displacement of t h e  F i s s i o n  Samples 

from t h e  Center of t h e  Liquid S c i n t i l l a t o r  

Measurements of t h e  neutron d e t e c t i o n  e f f i c i e n c y  of t h e  l a r g e  l i q u i d  

s c i n t i l l a t o r  were made f o r  v a r i o u s  displacements  of t h e  52Cf s t anda rd  

sample from t h e  c e n t e r  of t h e  through tube. The r e s u l t s  of t h e s e  mea-  

surements were used t o  c o r r e c t  t h e  r a t i o  measurements f o r  t h e  d i sp lace -  

ment of t h e  f i s s i l e  i s o t o p e  o r  t h e  252Cf monitor from t h e  c e n t e r  of t h e  

s c i n t i l l a t o r .  

85 meter s t a t i o n )  w a s  0.15% wi th  an e s t ima ted  u n c e r t a i n t y  of 0.03%. 

The maximum c o r r e c t i o n  r equ i r ed  (2 9Pu experiments a t  t h e  

3 .  Cor rec t ion  f o r  F a l s e  F i s s i o n s  

The random coincidence of a p u l s e  from t h e  f i s s i o n  chamber caused by 

t h e  known a lpha  p a r t i c l e  a c t i v i t y  o r  n o i s e  wi th  a p u l s e  from t h e  neutron 

d e t e c t o r  i n i t i a t e s  a counting g a t e  which i s  c a l l e d  a f a l s e  f i s s i o n .  The 

f a l s e  f i s s i o n s  ra te  w a s  e s t ima ted  by gene ra t ing  a random s i g n a l  (mock 

a lpha )  and t r e a t i n g  i t  i n  t h e  e l e c t r o n i c  system as a f i s s i o n  chamber 

pulse .  

pe rmi t t ed  a measure of t h e  f a l s e  f i s s i o n  rate as a f u n c t i o n  of t i m e  

A coincidence of t h i s  mock a lpha  p u l s e  and a s c i n t i l l a t o r  p u l s e  

a f t e r  t h e  neutron b u r s t .  The r equ i r ed  c o r r e c t i o n  i n c r e a s e s  r a p i d l y  as 

. 
'd 

t h e  neutron i n t e n s i t y  dec reases  below 0.01 eV.  
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4 .  Correct ions f o r  Backgrounds i n  t h e  Neutron Detector  

Backgrounds from t h e  l a r g e  l i q u i d  s c i n t i l l a t o r  du r ing  t h e  f i s s i o n  

count ing g a t e  are due t o  l o c a l  r a d i o a c t i v i t y ,  counts  introduced by opera- 

t i o n  of t h e  ORELA, s c a t t e r e d  neutrons f o r  example, t o  delayed gamma r a y s ,  

and t o  delayed neutrons.  

work i s  n e g l i g i b l e  because of t h e  low y i e l d  of delayed neutrons ( < 2 X )  

and t h e  long h a l f  l ives  (>lo  ,set) of t h e  delayed neutron p recu r so r s .  

The e f f e c t  of delayed neutrons on t h e  p r e s e n t  

Delayed gamma r a y s  are not  measured i n  t h e  methods of e s t i m a t i n g  

t h e  background used i n  t h e  p r e s e n t  work. Data on t h e  h a l f  l ives and 

cascade ene rg ie s  of delayed gamma r a y s  from f i s s i o n  suggested by 

Roldeman6 w e r e  folded wi th  t h e  measured response of t h e  l i q u i d  s c i n t i l -  

l a t o r  t o  gamma rays  t o  o b t a i n  c o r r e c t i o n  f a c t o r s  f o r  t h e  p r e s e n t  work. 

Correct ion f a c t o r s  of -0.4% and -0.2% were c a l c u l a t e d  f o r  R(E) f o r  

239Pu  and 2351J, r e s p e c t i v e l y .  An u n c e r t a i n t y  of 250% of t h e  c o r r e c t i o n  

has been assumed. 

Counting g a t e s  f o r  e s t ima t ion  of t h e  backgrounds o t h e r  than from 

delayed g a m a  rays  were generated by a random (random background) s ig -  

n a l  and by a s i g n a l  from a neutron f l u x  monitor (BF, p u l s e  i o n i z a t i o n  

chamber) i n  t h e  neutron beam (beam-weighted background). It has  been 

assumed t h a t  t h e  background measured us ing  randomly generated counting 

g a t e s  is  a p p r o p r i a t e  f o r  analyzing t h e  252Cf data .  Since f o r  t h e  

f i s s i l e  i s o t o p e s  t h e  p r o b a b i l i t y  of f i s s i o n  and t h e  p r o b a b i l i t y  of 

neutron s c a t t e r i n g  are p r o p o r t i o n a l  t o  t h e  neutron f l u x ,  t h e  background 

measured using a randomly generated g a t e  would no t  b e  a p p r o p r i a t e  i f  

t he  neutron i n t e n s i t y  of t h e  source v a r i e s  from p u l s e  t o  pu l se .  It 
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w a s  observed t h a t  t h e  beam weighted background w a s  l a r g e r  than t h e  random 

.background as w i l l  b e  discussed later. 

5. Cor rec t ion  f o r  P u l s e  P i l e  Up 

The recovery t i m e  of t h e  d e t e c t o r  system f o r  t h e  l a r g e  l i q u i d  

s c i n t i l l a t o r  fol lowing a p u l s e  w a s  about 0.075 usec. 

0.1 Psec w a s  imposed upon t h e  neutron d e t e c t o r  system. 

t h e  d a t a  f o r  p u l s e  p i l e  up (dead time) w a s  made i n  t h e  manner given by 

Ribrag e t  al. ' The c o r r e c t i o n  f a c t o r  ob ta ined  f o r  t h e  r a t i o s  R(E) f o r  

239Pu  and 235U were -0.24% and -0.35%, r e s p e c t i v e l y ,  ( f o r  t h e  thermal 

energy region) .  

t h e i r  work on R(E) f o r  235U . 

A f i x e d  dead t i m e  of 

Cor rec t ion  of 

Boldeman and Dalton' ob ta ined  a c o r r e c t i o n  of -0.3% f o r  

An u n c e r t a i n t y  of 30% h a s  been assumed f o r  

t h e  dead t i m e  c o r r e c t i o n  f a c t o r s .  

6. Correct ion f o r  F i s s i o n  Spectrum Di f fe rences  

A c a l c u l a t i o n  of t h e  relative e f f i c i e n c y  of t h e  l i q u i d  s c i n t i l l a t o r  

f o r  c a p t u r i n g  f i s s i o n  neutrons from 252Cf,  239Pu,  and 235U w a s  made by 

John J. Ullo.' 

-0.13 k 0.04% and -0.03 k 0.03% f o r  235U and 239Pu,  r e s p e c t i v e l y .  

These c a l c u l a t i o n s  y i e l d  c o r r e c t i o n  f a c t o r s  for R(E)  of 

7. Cor rec t ion  f o r  Cross Talk i n  t h e  Multi-Isotope Chamber 

Experiments were performed us ing  t h e  mult i - isotope f i s s i o n  chamber 

t o  i n v e s t i g a t e  "cross  t a l k "  between s e c t i o n s  of t h e  f i s s i o n  chamber and 

t o  measure t h e  p r o b a b i l i t y  t h a t  f i s s i o n  neutrons from t h e  252Cf f i s s i o n  

would cause d e t e c t a b l e  f i s s i o n s  i n  t h e  o t h e r  s e c t i o n s  of t h e  chamber. 

No measurable c r o s s  t a l k  nor  c o r r e l a t i o n  between f i s s i o n s  i n  t h e  chamber 

s e c t i o n s  were observed. 
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I V  PRESENTATION OF THE RESULTS 

1. Experimental Resu l t s  f o r  239Pu and 2 3 5 U  0.005 t o  6 0  e V  

Table 1 shows t h e  r e s u l t s  obtained f o r  R (E) f o r  239Pu and 2 3 5 U  from 
P 

0.005 t o  60 eV.  

and t h a t  due t o  f a l s e  f i s s i o n s .  To o b t a i n  t h e  est imated t o t a l  uncer- 

t a i n t y  f o r  t h e  experimental  va lues  of R(E) an a d d i t i o n a l  f u l l y  c o r r e l a t e d  

e r r o r  of 0.33% and 0.29% must b e  fo lded  wi th  t h e  e r r o r s  given i n  Table 1 

f o r  39Pu and 2 3  ’U, r e s p e c t i v e l y .  These l a t t e r  c o r r e l a t e d  u n c e r t a i n t i e s  

w e r e  compounded from t h e  e r r o r s  discussed i n  previous s e c t i o n s  of t h i s  

paper. The s t a t i s t i ca l  e r r o r s  were c a l c u l a t e d  using t h e  method given 

by Mather e t  a l .  and cons i s t ed  of t h e  e r r o r s  i n  t h e  foregound and back- 

ground determinat ion f o r  both t h e  f iss i le  i s o t o p e  and 2 5 2 C f .  

The u n c e r t a i n t i e s  given inc lude  t h e  s t a t i s t i ca l  e r r o r ,  

4 

Values of R(E) obtained i n  t h e  p r e s e n t  work and given f o r  s p e c i f i e d  

energy i n t e r v a l s  are weighted i n  t h e  experimental  process  wi th  t h e  

neutron f l u x  and t h e  neutron c r o s s  s e c t i o n .  

Figure 1 shows a p l o t  of R(E) f o r  239Pu (from Table 1) as a func- 

t i o n  of neutron energy over t h e  range 0.001 t o  1 e V .  A pronounced d i p  

i n  the  value of R(E) w a s  observed f o r  neutrons i n  t h e  energy r eg ion  of 

239 t h e  0.3 e V  resonance of 

Weinstein e t  a1.2 A f i t  of t h e  d a t a  shown i n  Fig. 1 w a s  made t o  a l i n e a r  

func t ion  of t h e  l o g  of t h e  neutron energy up t o  0.1 eV.  This f i t t i n g  

procedure y i e l d s  R(E)  = 0.765 t 0.003 f o r  t h e  energy i n t e r v a l  0.02 t o  

0.03 e V  which ag rees  w i t h i n  e r r o r s  w i th  t h e  0.7647 k 0.0018 suggested 

f o r  239Pu by Boldeman,6 t h e  0.764 +_ 0.002 recommended by Lemmel,’  and t h e  

Pu. A similar behavior  has  been measured by 

0.7632 given i n  ENDFIB-IV. 
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TABLE I. Experimental Values of 7 (E) f o r  235U and 239Pu 

Relative to 7 for 2 5 2 C f ,  0.005 to 60.0  eV 
P 

P 

239Pu 235iU 

El (eV) E2(eV) Rp (E) Rp (E) 

0.005 
0 .01  
0 .02  
0 . 0 3  
0 .04  

0 .05  
0 .06  
0.07 
0.08 
0 .09  

0 .1  
0 .12  
0 .14  
0.16 
0 . 1 8  

0 . 2 0  
0 .22  
0 .24  
0 .26  
0 .28  

0 . 3 0  
0 . 3 5  
0 . 4 0  
0 . 5  
0 . 7  

1 . 0  
1 . 8  
7 . 4  

10 
1 5  

20 .5  
33 
4 1  

0.01 
0 .02  
0 .03  
0 .04  
0.05 

0 . 0 6  
0.07 
0.08 
0 .09  
0.1 

0 . 1 2  
0 . 1 4  
0 . 1 6  
0.18 
0 . 2 0  

0 .22  
0 . 2 4  
0 .26  
0 .28  
0 . 3 0  

0 .35  
0 . 4  
0 . 5  
0 . 7  
1 . 0  

1 . 8  
7 . 4  

10. 
1 5  
2 0 . 5 .  

33 
4 1  
60  

0.7653 
0.7646 
0.7664 
0 .7651 
0.7644 

0.7628 
0.7640 
0.7644 
0 .7612 
0.7633 

0.7604 
0.7615 
0.7600 
0 .7591 
0.7606 

0.7598 
0.7599 
0 . 7 6 0 1  
0.7587 
0.7584 

0.7595 
0.7607 
0.7634 
0 . 7 6 1 1  
0.7676 

0.7685 
0 .7641 
0 .7571 
0.7610 
0.7598 

0 .7609 
0 .7604 
0.7632 

0.0009 
0.0006 
0 .0006 
0 .0006 
0 .0006 

0.0007 
0.0008 
0.0009 
0.0009 
0.0010 

0.0008 
0.0009 
0.0010 
0.0010 
0.0010 

0.0008 
0.0008 
0.0008 
0 .0006 
0.0006 

0.0005 
0.0008 
0.0011 
0.0015 
0.0023 

0.0025 
0 . 0 0 2 4  
0 , 0 0 1 9  
0 .0012 
0 . 0 0 2 4  

0.0023 
0.0065 
0 . 0 0 2 1  

0.6470 
0 .6431 
0.6426 
0 .6444 
0.6455 

0 .6423 
0 .6464 
0.6467 
0 .6454 
0 .6395 

0.6419 
0.6447 
0 .6383 
0.6429 
0 . 6 4 8 1  

0.6450 
0.6460 
0 .6453 
0 . 6 4 3 1  
0 .6418 

0 .6455 
0 .6410 
0.6420 
0.6466 
0.6516 

0 .6414 
0.6452 
0 .6431 
0.6333 
0.6365 

0.6446 
0.6437 
0 .6434 

0.0014 
0.0009 
0 .0009 
0.0009 
0.0010 

0.0011 
0.0013 
0.0015 
0.0016 
0 .0018 

0.0016 
0.0019 
0.0023 
0.0025 
0.0027 

0 .0029 
0.0030 
0.0030 
0.0030 
0 . 0 0 3 1  

0 , 0 0 2 4  
0.0029 
0.0027 
0.0027 
0 .0028 

0.0026 
0.0024 
0.0024 
0 . 0 0 2 8  
0.0027 

0.0027 
0.0034 
0.0030 

These uncertainties AR are combined from statistical errors and 
uncertainties in corrections which are energy dependent. (The 
latter uncertainties are negligible below % 0.02  eV. 

a 
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Figure  2 shows R(E) f o r  235U (from Table  1) over  t h e  neut ron  energy 

range from 0.001 e V  t o  1.0 e V .  The u n c e r t a i n t i e s  shown inc lude  only  

those  due t o  s ta t i s t ics  and those  which depend upon t h e  neut ron  energy 

( i n  t h e  p re sen t  work). Weinstein e t  a1.2 r epor t ed  a v a r i a t i o n  of R(E) 

f o r  235U of a few t e n t h s  of a percent  over  t h e  energy r eg ion  of F igu re  2.  

Trea t ing  t h e  p re sen t  d a t a  shown i n  F igure  2 as a cons tan t  y i e l d s  a va lue  

f o r  (x2/DF) chi-square divided by degrees  of freedom of 2.  I nc lus ion  of 

a l i n e a r  term i n  energy t o  desc r ibe  t h e  d a t a  does n o t  improve t h e  f i t .  

A similar  a n a l y s i s  of t h e  denominator of R(E), t h a t  i s  t h e  average number 

of neut rons  observed fol lowing f i s s i o n  of t h e  252Cf s t anda rd ,  f o r  t h e  

i n d i v i d u a l  experiments performed i n  t h e  thermal energy range y i e l d s  va lues  

of X2/DF which range  from 0.9 t o  1 .3 .  

The va lue  of R(E) f o r  235U i n  t h e  thermal energy r eg ion  der ived  from 

t h e  p re sen t  work i s  

R(E) = 0.6441 +_ 0.0019 

which agrees  w i t h  t h e  va lue  of 0.642 f 0.002 recommended by Lernmel’ b u t  

i s  0.8% l a r g e r  than  t h e  r e s u l t  0.6386 f 0.0010 suggested 3y Boldeman, 

and 0.7% l a r g e r  than t h e  ENDF/B-IV va lue .  

6 

The background i n  t h e  experiments covering t h e  thermal energy r eg ion  

ranged from t h e  ambient background of % 0.04 c t s / g a t e  a t  about  O . O l / e V  

t o  % 1 c t s / g a t e  a t  60 eV. Only t h e  random method was used t o  gene ra t e  

background g a t e s  i n  t h e  experiment covering t h e  thermal  energy range. 

For t h e  cases measured i n  t h e  p re sen t  work ( s e e  next  s e c t i o n )  t h e  beam 

weight ing technique y i e l d s  a 5 t o  10% l a r g e r  background than  t h e  random 

method. A 5% change i n  t h e  es t imated  background f o r  a background of 0.5 



ii 

0.10 
I I I I 

0.69 
PROMPT NUBRR OF U-235 REL. TO CF-252 

0.67 

0.66 

O?* t I 
ORNL 

9 

WEIGHTED AVERAGE 

0.001 0.201 0.1101 0.601 
I I 

0.801 

NEUTRON ENERGY (EVI  
,001 

Fig .  2.  Neutron energy dependence f o r  235U over  t h e  neut ron  
P 

energy r eg ion  0.001 t o  1 .0  e V .  



1 2  

c t s / g a t e  l eads  t o  a 1% change i n  R(E) f o r  235U . An examination of Table  

I shows no evidence w i t h i n  e r r o r s  of an i n c r e a s e  i n  R(E) f o r  235U as t h e  

neut ron  energy i n c r e a s e s  toward 60 e V .  Below 0.6 e V  t h e  c o n t r i b u t i o n  

of t h e  neut ron  beam t o  the background i s  about  0.02 c t s / g a t e  and a 5% 

unce r t a in ty  on t h i s  q u a n t i t y  in t roduces  a 0.04% e r r o r  i n  R(E) f o r  235U. 

For d a t a  from t h e  p r e s e n t  experiments i n  t h e  energy r eg ion  above 1 e V  an 

unce r t a in ty  of 1 t o  2% should be  included as a sys t ema t i c  e r r o r  s i n c e  t h e  

beam weight ing method of  measuring t h e  background w a s  n o t  used. 

2. 

Measurements of R (E) w e r e  made f o r  both 239Pu and 235U a t  a f l i g h t  

pa th  of 21.6 m and covered t h e  neut ron  energy r eg ion  from about  50 eV t o  

7 MeV.  

t h e  count ing g a t e .  

pa th  of 83.4  m and covered t h e  neut ron  energy range from about  50 e V  t o  

10 MeV.  I n  t h e s e  experiments ( 8 3 . 4  m) t h e  background w a s  measured us ing  

both t h e  random and t h e  beam weighted techniques.  

Experimental  Resu l t s  f o r  239Pu and 235U, 50 e V  t o  1 0  MeV 

P 

The background w a s  measured us ing  t h e  random method of gene ra t ing  

Experiments f o r  239Pu were a l s o  performed a t  a f l i g h t  

Table  I1 g ives  R (E) f o r  239Pu and 235U der ived  from t h e  experiment 
P 

a t  21.6 m and Table  I11 lists R (E) f o r  239Pu from t h e  experiments a t  

8 3 . 4  m. 

background d a t a  obta ined  by beam weight ing.  The u n c e r t a i n t i e s  on t h e  

background are s t a t i s t i ca l  and are t h e  same w i t h i n  5 x 10  f o r  both 

methods of measuring t h e  background. A sys t ema t i c  u n c e r t a i n t y  of 0.37 

and 0.26% must be  fo lded  wi th  those  given i n  Tables  I1 and I11 f o r  t h e  

239Pu d a t a  obtained a t  t h e  21.6 and 8 3 . 4  m f l i g h t  pa th  r e s p e c t i v e l y .  A 

sys t ema t i c  u n c e r t a i n t y  of 0.33% should b e  app l i ed  t o  t h e  235U va lues  of 

P 

I n  Table  I11 t h e  u n c e r t a i n t i e s  shown were c a l c u l a t e d  us ing  t h e  

-4  
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TABLE 11. Experimental  Values of 7 (E) f o r  2 3 9 P u  and 235U R e l a t i v e  

t o  7 
0.05 keV t o  7.0 MeV. 

P 
f o r  252Cf Obtained a t  a 20 M Neutron F l i g h t  P a t h ,  

P 

239Pu 2 3 5 ~  

0.050 
0.10 
0.20 
0.30 
0.40 

0.100 0.7701 
0.20 0.7750 
0.30 0.7716 
0.40 0.7650 
0.50 0.7668 

0.0021 
0.0038 
0.0040 
0.0050 
0.0044 

0.6339 
0.6310 
0.6341 
0.6345 
0.6410 

0.0037 
0.0067 
0,0073 
0.0058 
0.0048 

0.0039 
0.0098 
0.0086 
0.0078 
0.0071 

0.6435 
0.6458 
0.6346 
0.6314 
0.6295 

0.0053 
0.0072 
0.0069 
0.0073 
0.0070 

0.51 
0.61 
0.71 
0.80 
0.90 

0.61 0.7631 
0.71 0.7585 
0.80 0.7841 
0.90 0.7734 
1.00 0.7662 

1.0 
2.0 
3.0 
4.0 
5.0 

2.0 0.7690 
3.0 0.7848 
4.0 0.7676 
5.0 0.7661 
6.0 0.7577 

0.0035 
0.0110 
0.0080 
0,0109 
0.0131 

0.6440 
0.6439 
0.6442 
0.6220 
0.6400 

0.0043 
0.0055 
0.0137 
0.0143 
0.0128 

6.0 
7.0 
8.0 
9.0 

10.0 

7.0 - 0.7490 
8.0 0.7669 
9.0 0.7582 

10.0 0.7593 
20.0 0.7711 

0.0108 
0.0055 
0.0159 
0.0167 
0.0063 

0.6380 
0.6262 
0.6537 
0.6465 
0.6406 

0.0109 
0.0191 
0.0165 
0.0125 
0.0139 

0.0082 
0.0138 
0.0081 
0.0069 
0.0070 

0.6367 
0.6443 
0.6471 
0.6529 
0.6488 

0.0189 
0.0127 
0.0099 
0.0097 
0.0117 

20.0 
30.0 
40 
50 
60 

30.0 0.7715 
40.0 0.7598 
50 0.7609 
60 0.7675 
74 0.7665 

74 
85 
94 

100 
200 

85 0.7522 
94 0.7565 

100 0.7654 
200 0.7793 
300 0.7746 

0.0092 
0.0191 
0.0189 
0.0045 
0.0043 

0.6518 
0.6735 
0.6635 
0.6632 
0.6684 

0.0181 
0.0165 
0.0128 
0.0072 
0.0060 

300 
400 
500 
600 
710 

400 0.7764 
500 0.7870 
600 0.7892 
710 0.7903 
800 0.7936 

0.0042 
0.0043 
0.0046 
0.0047 
0.0048 

0.6738 
0.6753 
0.6752 
0.6731 
0.6717 

0.0094 
0.0094 
0.0083 
0.0085 
0.0121 
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TABLE 11. -continued- 

800 
920 

1000 
2100 
3100 

4100 
5100 
6400 

920 
1000 
2100 
3100 
4100 

5100 
6400 
7200 

0.7944 
0.8012 
0.8179 
0.8575 
0.8994 

0.9376 
0.9812 
1.0226 

0.0049 
0.0051 
0.0024 
0.0041 
0.0054 

0.0070 
0.0077 
0.0080 

0.6933 
0.6863 
0.6973 
0.7373 
0.7845 

0.7961 
0.8775 
0.9195 

0.0148 
0.0097 
0.0175 
0.0225 
0.0115 

0.0376 
0.0230 
0.0266 

a These u n c e r t a i n t i e s  r e f l e c t  t h e  s t a t i s t i c a l  e r r o r s  and t h e  known 
e r r o r s  which a f f e c t  t h e  neut ron  energy dependence of % ( E ) .  The 
u n c e r t a i n t i e s  are t h e  s tandard  d e v i a t i o n  from t h e  mean. 
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TABLE 111. Experimental Values of (E) f o r  239Pu 

Re la t ive  t o  5 f o r  252Cf Obtained a t  a 
P 

Neutron F l i g h t  Path of 85M, 0.005 t o  10  MeV.  

P 

9Pu 

(MeV E l  1 (MeV E2 1 A R ~ ( E ) ~  R ~ ( E ) ~  . 

0.0005 
0.001 
0.003 
0.005 
0.007 

0.01 
0.02 
0.03 
0.04 
0.05 

0.06 
0.07 
0.08 
0.09 
0 .1  

0.2 
0 .3  
0.4 
0.5 
0.6 

0.7 
0.8 
0.9 
1 .0  
2.0 

3.0 
4 . 1  
5.2 

0.001 
0.003 
0.005 
0.007 
0.010 

0.02 
0.03 
0.04 
0.05 
0.06 

0.07 
0.08 
0.09 
0.10 
0.2 

0 .3  
0.4 
0.5 
0.6 
0.7 

0.8 
0.9 
1 .0  
2.0 
3 . 0  

4 . 1  
5.2 
6 . 1  

0.774 
0.767 
0.761 
0.768 
0.756 

0.762 
0.782 
0.769 
0.779 
0.761 

0.772 
0.771 
0.761 
0.755 
0.764 

0.772 
0.776 
0.786 
0.782 
0.787 

0.806 
0.796 
0.796 
0.812 
0.856 

0.887 
0.922 
0.968 

0,010 
0.007 
0.009 
0.010 
0.009 

0.006 
0.008 
0.009 
0.010 
0.010 

0.011 
0.012 
0.013 
0.013 
0.004 

0.006 
0.006 
0.007 
0.007 
0.007 

0.008 
0,009 
0.009 
0.005 
0.008 

0.012 
0.016 
0.020 

0.774 
0.767 
0.761 
0.. 769 
0.757 

0.763 
0.784 
0.772 
0.783 
0.766 

0.776 
0.773 
0.764 
0.758 
0.767 

0.777 
0. 7.7 8 
0.790 
0.783 
0.790 

0.807 
0.802 
0.806 
0.818 
0.866 

0.897 
0.935 
0.988 

6 . 1  ' 7.2 1.011 0.021 1.032 
7 . 2  8 .2  1.060 0.023 1.071 
8.2 9 .2  1 . 1 1 2  0.027 1 . 1 2 1  
9.2 10.0 1.154 0.026 1.165 

Derived using beam weighted background. a 

bARp (E) a p p l i e s  t o  both techniques of measuring t h e  back- 
ground and ref lects  t h e  s t a t i s t i ca l  u n c e r t a i n t i e s  and t h e  
unce r t a in ty  i n  t h e  c o r r e c t i o n s  t o  t h e  d a t a  which a f f e c t  
t h e  energy dependence of Rp(E). 

Derived us ing  random background. C 
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R(E) shown i n  Table  11. The above u n c e r t a i n t i e s  were compounded 

from those  given i n  p r i o r  s e c t i o n s  of t h i s  paper .  

F igure  3 shows a p l o t  of R (E) from 1 keV t o  10 MeV f o r  239Pu der ived  
P 

from t h e  p re sen t  experiments.  The d a t a  shown f o r  t h e  experiments a t  t h e  

8 3 . 4  m f l i g h t  pa th  w e r e  analyzed using t h e  beam weighted background. Also 

shown i n  F igure  3 are t h e  va lues  of R (E) from ENDF/B-IV. 

i n  F igure  3 sugges t  a l i n e a r  r e l a t i o n , b e t w e e n  R (E) and E ,  however, t h e  

d a t a  do no t  prec lude  s t r u c t u r e .  

d a t a  on 239Pu w a s  made us ing  t h e  assumption t h a t  a l i n e a r  r e l a t i o n  

The d a t a  shown 
P 

P 

An a n a l y s i s  of t h e  p r e s e n t  experimental  

R ( E ) = A + B x E  
P 

does d e s c r i b e  t h e  d a t a  shown i n  F igure  3 .  Table I V  l i s ts  t h e  parameters  

A and B and t h e i r  u n c e r t a i n t i e s  der ived  i n  t h e  a n a l y s i s .  Parameters A 

and B were der ived  us ing  t h e  energy r eg ion  up t o  0 . 7  MeV,  t h e  r eg ion  above 

0 . 7  M e V ,  and us ing  t h e  e n t i r e  energy r eg ion  covered by t h e  experiments.  

Note t h a t  f o r  t h e  energy r eg ion  up t o  0.7 MeV corresponding va lues  of A 

and B der ived  w i t h  t h e  d a t a  obta ined  a t  both f l i g h t  pa ths  us ing  t h e  random 

background method ag ree  w i t h i n  t h e i r  u n c e r t a i n t i e s .  The d i f f e r e n c e  i n  t h e  

s l o p e  B der ived  using t h e  d a t a  obtained a t  t h e  l a r g e r  f l i g h t  pa th  f o r  t h e  

two background cases i s  s t a t i s t i c a l l y  s i g n i f i c a n t .  I n t e r p r e t a t i o n  of 

t h e  i n t e r c e p t  A as t h e  va lue  of v (0) is  n o t  s t r a i g h t f o r w a r d ,  however, 

t h e  va lues  of A given  i n  Table  I V  do ag ree  wi th  t h e  va lue  R (0.025 eV) 

obta ined  from t h e  measurements a t  thermal energy wi th in  t h e  g iven  uncer- 

t a i n t i e s .  The p r e s e n t  d a t a  f o r  R (E) f o r  239Pu ag ree  wi th  t h e  ENDF/B-IV 

va lues  t o  about 2 MeV w i t h i n  experimental  e r r o r  and f o r  t h e  case us ing  

t h e  beam weighted background f a l l  about 1% less (about t h e  t o t a l  known 

unce r t a in ty  of t h e  p re sen t  d a t a )  than t h e  ENDF/B-IV v a l u e  a t  4 MeV. 

P 

P 

P 
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TABLE I V .  Parameters of Linear Re la t ions  of R (E) f o r  239Pu wi th  Neutron Energy 
P 

R (E) = A + B * . E  
P 

A AA” B  AB^ DF‘ 

0.0 
0.7 
0.0 
0.0 
0.7 

0.0 
0.0 
0.7 
0.0 
0.0 

9.0 
9.0 
0.7 
9 .0  
9.0 

0.7 
7 .O 
7 .O 
0.7 
7.0 

85M, BW 0.7634 
85M, BW 0‘. 7607 
85M, BW 0.7643 
85M, R 0.7656 
85M, R 0.7645 

85M, R 0.7663 
20M, R 0.7669 
20M, R 0.7609 
20M, R 0.7676 
ENDF/B-IV 0.7613 

0.0017 
0.0045 
0.0024 
0.0017 
0.0043 

0.0024 
0.0009 
0.0026 
0.0010 

0,0365 
0.0373 
0.0335 
0.0387 
0.0392 

0.0359 
0.0364 
0.0383 
0.0358 
0.0394 

0.0013 
0.0018 
0.0084 
0.0013 
0.0017 

0.0083 
0.0007 
0.0010 
0.0050 

29 
9 

18 
29 

9 

18 
45 

7 
36 

0.8 
0.9 
0.7 
0.8 
0 .7  

0 .8  
1.1 
0 .3  
1.1 

a 
BW r e f e r s  t o  Beam Weighted Background Data. 

R refers t o  Random Background Data. 

S t a t i s t i c a l  u n c e r t a i n t i e s  combined wi th  those  t h a t  a f f e c t  t h e  shape ( s lope )  of 
t h e  d a t a .  

Degrees of freedom, f o r  a l i n e a r  f i t  DF = Data P o i n t s  - 2. 

x2 = chi-square.  

C 

d 

i ‘* 
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i 
An a d d i t i o n a l  u n c e r t a i n t y  of about 1% should be  fo lded  wi th  t h e  

r e s u l t s  f o r  239Pu shown i n  Table  I1 s ince  t h e  beam weight ing method was 

n o t  used t o  o b t a i n  those  r e s u l t s .  

F igu re  4 shows a p l o t  of R (E) f o r  235U taken from Table  I1 as a 
P 

func t ion  of neut ron  energy. 

were analyzed us ing  t h e  background es t imated  by t h e  random g a t e  method. 

Also shown are t h e  ENDFIB-IV va lues  and i t  i s  noted t h a t  t h e  p r e s e n t  

d a t a  are 1 t o  3% l a r g e r  than  t h e  ENDFIB-IV va lues .  A least  squares  f i t  

of t h e  d a t a  on R (E)  f o r  235U t o  a l i n e a r  r e l a t i o n  of t h e  neut ron  energy 
P 

y i e l d s  t h e  r e s u l t  

These d a t a  f o r  235U (shown i n  Table  11) 

R (E) = 0 . 6 4 1  f 0.002 + (0 .040 f 0 .003)  x E 
P 

where t h e  u n c e r t a i n t i e s  have been expanded by t h e  square  r o o t  of 

x2/DF(x2/DF = 2 . 6 ) .  

which a f f e c t  t h e  s l o p e  of R (E) were inc luded  i n  t h e  leas t  squares  f i t t i n g  

Only t h e  s t a t i s t i c a l  e r r o r s  and those  u n c e r t a i n t i e s  

P 

procedure.  A sys t ema t i c  u n c e r t a i n t y  of 5 0 .33% must be  included t o  d e r i v e  

t h e  t o t a l  known e r r o r .  

During t h e  experiments on 235U t h e  neut ron  i n t e n s i t y  w a s  v a r i e d  f o r  

i n d i v i d u a l  runs  such t h a t  t h e  background counts  pe r  g a t e  v a r i e d  from about  

0 . 4  t o  1 . 4 .  A s e p a r a t e  a n a l y s i s  of t hese  i n d i v i d u a l  runs  i n d i c a t e d  l a r g e r  

va lues  of R (E) f o r  t h e  experiments having t h e  h igher  background counts .  

Measurements of  t h e  background us ing  t h e  beam weight ing method were 

s t a r t e d  i n  t h e  s e t  of experiments on 235U a t  21.6  M. 

d a t a  were obta ined  t o  corirect t h e  d a t a ,  backgrounds recorded f o r  t h e  beam 

weighted case were 2, 5 t o  10% l a r g e r  than  those  obta ined  when t h e  back- 

ground g a t e  w a s  genera ted  by a random s i g n a l .  

P 

Although i n s u f f i c i e n t  

For a background of 0 .5  
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1 1 I I I 1 I 

PROMPT NbBQR OF U235 ?EL. T O  CF252, E V  OF 1976 

I 

I 
13 ORNL I .6 m (RANDOM BACKGROUND 

- ENDFIB-IV 

IIII I I I 
101 1.001 2.001 3.001 q.001 5.001 6.001 7.C 

NEUTRON ENERGY IMFVI \ 

Y .  

..- 

Fig.  4 .  V a r i a t i o n  i n  ;; (E) f o r  235U r e l a t i v e  t o  f o r  252Cf from 
P P 

0.001 t o  7 MeV. 
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c t s l g a t e  a 5% u n c e r t a i n t y  i n  t h e  background gene ra t e s  a n  u n c e r t a i n t y  of 

about 1% i n  R (E) f o r  

sys t ema t i c  u n c e r t a i n t y  which may b e  as l a r g e  as 3%. For t h i s  reason i t  

i s  suggested t h a t  t h e  d a t a  on R(E) f o r  235U n o t  be  cons idered  i n  evalua- 

. The p resen t  d a t a  on 235U have t h e r e f o r e  a 23SU 

P 

t i o n s  u n t i l  t h e  problems i n  t h e  e s t ima t ion  of t h e  background are  c l a r i f i e d .  

The i n t e r c e p t  0.641 ? 0.002 j u s t  ove r l aps  t h e  va lue  0.644 ? 0.001, 

common sys t ema t i c  u n c e r t a i n t i e s  n o t  inc luded ,  ob ta ined  i n  t h e  experiments 

covering t h e  thermal  energy reg ion .  

V. CONCLUSIONS 

The p resen t  experimental  va lues  R (E) f o r  239Pu confirm t h e  energy 
P 

dependence below 1 e V  observed by Weinstein e t  a1.2 

of R (E) f o r  235U w a s  e s t a b l i s h e d  i n  t h e  energy r eg ion  below 1 e V  by t h e  

p re sen t  experiments.  

and 0.03 e V  ag rees  w i t h  t h e  ENDF/B-IV v a l u e  w i t h i n  t h e  % 0.3% u n c e r t a i n t y  

of t h e  p re sen t  work. 

(0.02 - 0.03 eV) is  0.7% l a r g e r  than  t h e  ENDF/B-IV v a l u e  w i t h  an es t imated  

u n c e r t a i n t y  of about  0 . 3 %  i n  t h e  p re sen t  r e s u l t s .  

p o i n t  t o  be  reso lved  concerns t h e  d i f f e r e n c e  i n  t h e  number of neut rons  

No energy dependence 

P 
The p resen t  va lue  of R (E) f o r  239Pu between 0.02 

P 

For 2 3 5 U ,  however, t h e  p re sen t  v a l u e  of R (E)  
P 

Below 1 . 0  e V  t h e  main 

de t ec t ed  fo l lowing  f i s s i o n  i n  t h e  two 252Cf f i s s i o n  chambers used i n  

t h e  p re sen t  work. 

I n  t h e  energy r eg ion  above 1 keV t h e  p re sen t  measurements on 239Pu 

ag ree ,  w i t h i n  e r r o r s ,  w i th  t h e  ENDF/B-IV values up t o  2 MeV. 

t h e  p r e s e n t  r e s u l t s  tend t o  lower va lues  than  those  g iven  i n  ENDFIB-IV. 

For 235U t h e  p re sen t  r e s u l t s  do n o t  i nc lude  an  estimate of t h e  background 

by t h e  beam weight ing method and have a t e n t a t i v e  u n c e r t a i n t y  of a few 

pe rcen t  (% 3 % ) .  

Above 2 MeV 
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