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ARS TRACT 

- 
Measurements of the  average number of prompt neut rons  V (I?) emi t t ed  

P 

i n  neut ron  induced f i s s io r i  of 3 5 ~ ~  and 3 9 ~ ~  r e l a t i v e  t o  f o r  spon- 
P 

taneaus f i s s i o n  of 2 5 2 ~ f  have been made over  an i n c i d e n t  neutron energy 

range from 0,005 eV t o  10 MeV. The i n c i d e n t  neutrons were generated i n  

pulses  a t  the Oak Ridge Elec t ron  Linear  Acce lera tor  and t h e i r  ene rg i e s  

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

chambers l oca t ed  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 he  samples 

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

rays  i n  t he  s c i n t i l l a t o r  and a pu l se  from the  f i s s i o n  chamber. F i s s i o n  

neut rons  were i d e n t i f i e d  by the  d e t e c t i o n  of the  prompt gamma-ray cascade 

r e s u l t i n g  from neutron absorp 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 .  The va lue  of < (E) f o r  3 9 ~ ~  a t  0.0253 eV agrees  wi th  t h e  
P 

value  given i n  ENDFIR-IV, whereas t he  corresponding va lue  f o r  2 3 5 1 ~  i s  

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



I. INTRODUCTION 

Measurements have been made of t h e  neutron energy dependence of 

- 
Vp(E), t he  average number of prompt neutrons emi t ted  p e r  f i s s i o n ,  f o r  

2 3 5  
2 3 9 ~ ~  and U. These experiments covered t h e  neutron energy range 

from 0.005 eV t o  -10 MeV. The normalizat ion of 7 (I?) was made r e l a t i v e  

- 
P 

t o  V f o r  2 5 2 ~ f ;  t he re fo re ,  t h e  r e s u l t s  of t h i s  work a r e  r a t i o s  R(E) of  
- P 

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 f o r  5 2 ~ f .  
P P 

The prime n o t i v a t i o n  f o r  t h e  measurement was t o  o b t a i n  (I?) f o r  
P 

2 3 9 ~ ~  over  t he  neutron energy reg ion  of t h e  Fas t  Rreeder Reactor. 

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

t o  ;(E). The p re sen t  work was extended i n t o  t h e  thermal energy reg ion  

both t o  c o n t r i b u t e  t o  t he  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  t e s t  t he  

p r e s e n t  d a t a  wi th  the  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.  

 eme el' noted a 2% d i f f e r e n c e  between the  r e s u l t s  of eva lua t ions  

7 . 3 1  of 3 a t  2200 m / s  f u r  U and 2 a 5 ~  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  obta ined  a t  2200 m / s .  

Weinstein e t  observed a change i n  V(E) f o r  2 3 9 ~ ~  and 2 3 5 ~  of about 

1% and 0.6% re spec t ive ly  a s  t h e  energy increased  from 0.012 t o  0.3 eV. 

Var i a t ions  i n  J(E) of t h i s  magnitude should be inc luded  i n  r e a c t o r  ca l -  

c u l a t i o n s  and i n  eva lua t ions  of nuc lea r  da ta .  

11. EXPERIMENTAL METHOD 

The p re sen t  experiments of < (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  neut rons  (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  



even 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  a r e  given by Hopkins and niven3 and by Mather 

e t  The p re sen t  experiments were performed a t  neut ron  f l i g h t  pa ths  

of 21.6 m and 83.4 m wi th  most o f  t he  p re sen t  experiments be ing  per- 

formed a t  a neut ron  f l i g h t  pa th  of 21.6 m. The l i q u i d  s c i n t i l l a t o r  

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

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

neu t ron  energy range a.have 500 eV on 2 3 9 ~ ~  w a s  performed a t  a ~ ie t l t ron  

f l i g h t  p a t h  of 83.4 m us ing  a s i m i l a r  neut ron  d e t e c t o r  and a through 

tube 13.3 cm. in  diameter.  

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

l a t o r  i n  a through tube  which t r a v e r s e s  t h e  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 imated  t o  impinge on the  f i s s i o n  

chamber. A f i s s i o n  event  was 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  gamma rays  by t h e  l a r g e  l i q u i d  s c h 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  deeecror sysLe111. Approximately 0.5 Ueec after 

f i s s i o n  a counting system w a s  enabled t o  record  pu l se s  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  f o r  a f i x e d  time i n t e r v a l .  I n  t he  p re sen t  work 

count ing  g a t e s  ( i n t e r v a l s )  of 32 usec and 50 usec  w e r e  used. Jt'lSsIon 

neu t rons  a r e  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 a r e  absorbed 

i n  t h e  gadolinium wi th  t h e  neut ron  absorp t ion  r a t e  i nc reas ing  a f t e r  f i s -  

s i o n ,  reaching  a peak a t  about  8 psec,  and then  decreas ing  exponen t i a l l y  

slich t h a t  about  90% of t h e  neutrons a r e  absorbed i n  32 psec. 

Seve ra l  f i s s i o n  chambers were used i n  t h e  course of t he  p re sen t  

experiments .  The f i s s i l e  i so topes  were depos i ted  on aluminum d i s c s  t o  

a s u r f a c e  dens i ty  of ,100 yg/cm . These p l a t e s  were than assembled t o  



make a  p a r a l l e l  p l a t e  pu l se  i o n i z a t i o n  chamber. For t h e  experiments 

covering the  thermal energy reg ion  a  chamber was assembled which com- 

p r i s e d  four  s epa ra t e  s e c t i o n s ;  one 2 3  5 ~ ,  two 2 3 9 ~ ~ ,  and one 2 5 2 ~ f  used 

a s  t h e  primary normalizat ion s tandard.  The 2 5 2 ~ f  was depos i ted  i n  a  

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

phys i ca l  geometry of t he  5 2 ~ f  s e c t i o n  of t he  f i s s i o n  chamber s i m i l a r  

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

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 so tope ,  a c t i v e  l eng th  

6 . 6  cm) were assembled f o r  measurements a t  neutron ene rg i e s  above a  few 

eV. A s epa ra t e  5 2 ~ f  f i s s i o n  chamber (secondary s t anda rd ) ,  smal l  enough 

t o  be  placed o u t s i d e  the  neutron beam was used a s  a  monitor f o r  t hese  

l a t t e r  experiments.  

Neutrons f o r  t h e  p re sen t  work were generated by t h e  Oak Ridge 

Elec t ron  Linear  Acce lera tor  (ORELA). Other measurements of 7 (I?) , those  
P  

of Weinstein e t  a l . '  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 

c c t s b l i s h e d  using t he  time-of-f li gh t methnd. 

111. CORRECTIONS TO THE DATA ANll UNCERTAINTIES IN THE RESULTS 

1. Unce r t a in t i e s  i n  7 f o r  t he  "Cf 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 was 0.25X l a r g e r  when the  secondary s t anda rd  '"Cf sample 

i n i t i a t e d  the  f i s s i o n  event  than when t h e  f i s s i o n  event  was 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  discrepancy 



h a s  been d e f i n i t e l y  e s t a b l i s h e d  al though geometric d i f f e r e n c e s  i n  t h e  

2 5 2  chambers may be  p a r t i a l l y  r e spons ib l e .  The Cf used a s  t h e  primary 

s t a n d a r d  w a s  c e r t i f i e d  m a t e r i a l  and t h a t  used i n  t h e  monitor was con- 

s i d e r e d  a s  acceptab le .  An unce r t a in ty  of 20.25% has  been appl ied  t o  

t h e  exper imenta l  r a t i o s  because of t h e  d i sc repan t  r e s u l t s  ob ta ined  us ing  

t h e  two 2 ~ f  f i s s i o n  chambers. 

2. Correc t ion  f o r  Displacement of t h e  F i s s ion  Samp1.e.s 

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

Measurements of t h e  neutron detect j -on e f f i c i e n c y  of t he  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  va r ious  displacements  of t h e  2 5 2 ~ f  s tandard  

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

surements were used t o  c o r r e c t  'the r a t i o  measurements f o r  t h e  d isp lace-  

ment of t h e  f i s s i l e  i s o t o p e  o r  t he  2 5 2 ~ f  monitor from t h e  cen te r  of t h e  

s c i n t i l l a t o r .  The maximum c o r r e c t i o n  r equ i r ed  ( 2  'PU experiments a t  t h e  

85 meter  s t a t i o n )  was 0.15% wi th  an es t imated  unce r t a in ty  of 0.03%. 

3 .  Correc t ion  f o r  Fa l se  F i s s i o n s  

The random coinc idence  of  a pu l se  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 

false f i s s i o n s  rate w a s  es t imated  by gene ra t ing  a  random s i g n a l  (mock 

a l p h a )  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 a s  a  f i s s i o n  chamber 

pu l se .  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  

pe rmi t t ed  a measure of t h e  f a l s e  f i s s i o n  r a t e  a s  a  func t fon  of time 

a f t e r  t h e  neutron b u r s t .  The requi red  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 

t h e  neu t ron  i n t e n s i t y  dec reases  below 0.01 eV. 



4. Correc t ions  f o r  Backgrounds i n  t h e  Neutron Detec tor  

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  dur ing  t h e  f i s s i o n  

cotmting ga t e  a r e  due t o  l o c a l  r a d i o a c t i v i t y ,  counts  in t roduced  by opera- 

t i o n  of t he  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.  The e f f e c t  of delayed neut rons  on t h e  p re sen t  

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 i v e s  (> lo  3 s e c )  of t he  delayed neut ron  precursors .  

Delayed gamma rays  a r e  no t  measured i n  t h e  methods of e s t ima t ing  

t h e  background used i n  t h e  p re sen t  work. Data on t h e  h a l f  l i v e s  and 

cascade energ ies  of delayed gamma rays  from f i s s i o n  suggested by 

I3oldeman6 were fo lded  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 he  p r e s e n t  work. 

Correc t 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  

2 3 9 ~ ~  and 2 3  'u, r e spec t ive ly .  An u n c e r t a i n t y  of f50% of  t he  c o r r e c t i o n  

has bee11 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 gamma rays  were generated by a random (random background) s ig-  

n a l  and by a s i g n a l  from a neut ron  f l u x  monitor (BF3 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  appropr i a t e  f o r  ana lyz ing  t h e  2 5 2 ~ f  da ta .  Since f o r  t h e  

f i s s i l e  i s o t o p e s  the  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 r y  of 

ncutron s c a t t e r i n g  are p ropor t iona l  t o  t h e  neutron f l u x ,  rhe  backgiuuad 

measured us ing  a randomly generated g a t e  would no t  be a p p r o p r i a t e  i f  

the  neutron i n t e n s i t y  of t h e  source  v a r i e s  from pu l se  t o  pulse .  It 



w a s  observed t h a t  t h e  beam weighted background was l a r g e r  than the  random 

background a s  w i l l  b e  d i scussed  l a t e r .  

5 .  Cor rec t ion  f o r  Pu l se  P i l e  Up 

The recovery time 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  fo l lowing  a  p u l s e  was about  0.075 Usec. A f i x e d  dead time of 

0 .1 Usec w a s  imposed upon t h e  neutron d e t e c t o r  system. Correc t ion  of 

t h e  d a t a  f o r  p u l s e  p i l e  up (dead time) wac mcldc i n  t h e  manner give11 by 

Ribrag e t  a1.7 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  

2 3 9 ~ ~  and 2 3  5~ 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 reg ion) .  Boldeman and ~ a l t o n '  ob ta ined  a  c o r r e c t i o n  of -0.3% f o r  

t h e i r  work on R(E) f o r  2 3 5 ~  . An unce r t a in ty  of 30% has  been assumed f o r  

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

6 .  Cor rec t ion  f o r  FiasPsn Spcitrulii DIZTerences 

A c a l c u l a t i o n  of t h e  r e l a t i v e  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  cap tu r ing  f i s s i o n  neut rons  from " ' ~ f  , 2 3 9 ~ u ,  and 2 3 5 ~  was made by 

John J. u l lo . '  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  f o r ,  R(E) of 

-0.13 -+ 0.04% and -0.03 + 0.03%' f o r  2 3 5 ~  and 2 3 9 ~ ~ ,  r e s p e c t i v e l y .  

7. Correc t ion  f o r  Cross Talk i n  thp M i l l  t i , - Isotope Chnmbcr 

Experiments were performed iising the  m u l t i - i ~ o t o p c  f  iasian cllcilu~ber 

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 the  p r o b a b i l i t y  t h a t  f i s s i o n  neut rons  from t h e  2 5 2 ~ f  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  chsmbcr. 

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. 



I V  PRESENTATION OF THE RESIJLTS 

1. Experimental Resul t s  f o r  2 3 9 ~ ~  and 2 3 5 ~  0.005 t o  60 eV 

Table 1 shows the  r e s u l t s  ob ta ined  f o r  R (E) f o r  3 9 ~ ~  and 2 3  5~ from 
P 

0.005 t o  60 eV. 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 c a l  e r r o r ,  

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  es t imated  t o t a l  uncer- 

t a i n t y  f o r  t he  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 be  fo lded  wi th  t h e  e r r o r s  given i n  Table 1 

f o r  'PU and 5 ~ ,  r e spec t ive ly .  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  

were compounded from the  e r r o r s  d i scussed  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 c a l  e r r o r s  were c a l c u l a t e d  us ing  t h e  method given 

by Mather e t  a1.4 and cons i s t ed  of t he  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 i s s i l e  i s o t o p e  and 2 5 2 ~ f .  

Values of R(E) obtained i n  t h e  p re sen 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  a r e  weighted i n  t h e  experimental  p rocess  wi th  t h e  

neutron f l u x  and t h e  neutron c ros s  s ec t ion .  

F igure  1 shows a p l o t  o.f R(E) f o r  2 3  (from Table 1 )  as a  func- 

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

i n  t he  va lue  of R(E) was observed f o r  neut rons  i n  t h e  energy reg ion  of 

2 3 3  rhe  0 . 3  eV resonance of Pu. A s i m i l a r  behavior  has  been measured by 

Weinstein e t  a ~ . ~  A f i t  of t h e  d a t a  shown i n  Fig. 1 was made t o  a  l i n e a r  

func t ion  of t he  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 * 0.003 f o r  t h e  energy i n t e r v a l  0.02 t o  

0.03 eV which agrees  wslthin errors with t he  0.7647 f 0.17018 suggested 

f o r  2 3 9 ~ ~  by B ~ l d e m a n , ~  the  0.764 * 0.002 recommended by Lemmel,' and t h e  

0.7632 given i n  ENDFIB-IV. 
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TABLE I. Experimental Values of 5 (E) for 'U and * 3 9 ~ u  
P 

Relative to T for 2 5 2 ~ f ,  0.005 to 60.0 eV 
P 

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



F i g u r e  2 shows R(E) f o r  2 3 5 ~  (from Table 1 )  over  t h e  neut ron  energy 

range  from 0.001 eV t o  1 . 0  eV. The u n c e r t a i n t i e s  shown inc lude  only 

t h o s e  due t o  s t a t i s t i c s  and those which depend upon the  neut ron  energy 

( i n  t h e  p re sen t  work). Weinstein e t  a 1 . 2  r epo r t ed  a v a r i a t i o n  of R(E) 

f o r  2 3 5 ~  of a few t e n t h s  of a percent  over t h e  energy reg ion  of F igure  2. 

T r e a t i n g  t h e  p re sen t  d a t a  shown i n  F igure  2 a s  a cons tan t  y i e l d s  a va lue  

f o r  ( x 2 / D ~ )  chi-square d iv ided  by degrees of freedom of 2 .  I n c l u s i o ~ l  of 

a l i n e a r  term i n  energy t o  d e s c r i b e  t h e  d a t a  does not  improve t h e  f i t .  

A s i m i l a r  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 neu t rons  observed fo l lowing  f i s s i o n  of t h e  5 2 ~ f  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  2 3 5 ~  i n  t he  thermal energy reg ion  der ived  from 

t h e  p r e s e n t  work i s  

which ag rees  wi th  t h e  va lue  of 0.642 2 0.002 recommended by ~emmel '  b u t  

is  0.8% l a r g e r  t han  t h e  r e s u l t  0.6386 * 0.0010 suggested by Boldeman, 6 

and 0.7% l a r g e r  t han  t h e  ENDFIB-IV va lue .  

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

ranged from the  ambient background of 2, 0.04 c t s l g a t e  a t  about OtOl/eV 

t o  2, 1 c t s l 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 ehe c a s e s  measured i n  t h e  p re sen t  work ( see  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 
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2 3 5 c t s / g a t e  l e a d s  t o  a  1% change i n  R(E) f o r  U .  An examination of Table  

I shows no ev idence  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  2 3 5 ~  a s  t h e  

neu t 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  neu t ron  beam t o  t h e  background i s  about  0.02 c t s l g a t e  and a  5% 

u n c e r t a i n t y  on t h i s  q u a n t i t y  i n t roduces  a  0.04% e r r o r  i n  R(E) f o r  5 ~ .  

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 eV an 

u n c e r t a i n t y  of I t o  2% ahould h e  included as a syscetnat ic  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  not used. 

2. Experimental  R e s u l t s  f o r  2 3 9 ~ ~  and 3 5 ~ ,  50 eV t o  1 0  MeV 

Measurements of R (E) were made f o r  bo th  3 9 ~ ~  and a t  a  f l i g h t  
P 

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

7 MeV.  The background was measured us ing  t h e  random method of gene ra t i ng  

t h e  count ing  g a t e .  Experiments f o r  2 3 9 ~ ~  were a l s o  performed a t  a f l i g h t  

p a t h  of 83.4 m and covered t h e  ncut rou  energy range from about  50 e V  t o  

10 MeV. In these  experiments  (83.4 m)  t h e  bac.kgrqund was measured using 

both t h e  randulu and t h e  b e a m  weighted techniques.  

Table  I1 g i v e s  R (E) f o r  2 3 9 ~ ~  and 2 3 5 ~  der ived  from t h e  experiment 
P 

a t  21.6 m and Table  111 l i s t s  R (E) f u r  2 3 9 ~ ~  from the ~ x p ~ r i m e n t s  A L  
P 

83.4 m. 111 Table 111 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  u s ing  t h e  

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

Lackgrouxid a r e  s t a t i s t i c a l  and a r e  t h e  same w i t h i n  5 x f o r  b v ~ h  

methods of measuring t h e  background. A sy s 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  w i t h  those  g iven  i n  Tables  I1 and I11 f o r  t h e  

2 3 9 ~ ~  d a t a  ob ta ined  a t  t h e  21.6 and 83.4 m f l i g h t  pa th  r e s p e c t i v e l y .  A 

s y s t e m a t i c  u n c e r t a i n t y  of 0.33% should be  app l i ed  t o  t h e  2 3 5 ~  va lues  of 



TABLE 11. Experimental Values of 7 (E) f o r  3 9 ~ ~  and * 3 5 ~  Re la t ive  
P 

t o  7 f o r  2 5 2 ~ f  Obtained a t  a 20 M Neutron F l i g h t  Pa th ,  
P 

0.05 keV t o  7.0 MeV. 



TABLE 11. -continued- 

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  a r e  t h e  s tandard  dev ia t ion  from the.mean. 



TABLE 111. Exper imental  Values  of 7 (E) f o r  3 9 ~ ~  
P 

R e l a t i v e  t o  f o r  2 5 2 ~ f  Obtained a t  a 
P 

Neutron F l i g h t  P a t h  of 85M, 0 .005 t o  1 0  MeV. 

a 
Derived u s i n g  beam weighted background. 

b ~ ~ p ( ~ )  a p p l i e s  t o  b o t h  t e c h n i q u e s  o f  measur ing t h e  back- 
ground and r e f l ec t s  the  s t a t i s t i c a l  u n c e r t a i n t i e s  and t h e  
u n c e r t a i n t y  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). 

C 
Derived u s i ag  random background,  



R(E) shown i n  Table 11. The above sys t ema t i c  u n c e r t a i n t i e s  were compounded 

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

F igu re  3 shows a  p l o t  of R (E) from 1 keV t o  10 MeV f o r  3 9 ~ ~  der ived  
P 

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

8 3 . 4  m f l i g h t  p a t h  were analyzed using t h e  beam weighted background. Also 

shown i n  F igure  3 a r e  t h e  va lues  of R (E) from ENDFIB-IV. The d a t a  shown 
P 

i n  F igu re  3 sugges t  a  l i n e a r  r e l a t i o n  between R (E) and E ,  however, t h e  
P 

d a t a  Ju n o t  p r ~ c l l i r l e  s t r u c t u r e .  An a n a l y s i s  u f  the presen t  experimental  

d a t a  on 2 3 9 ~ ~  was 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  

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 t s  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 n  0 .7  MeV, t h e  reg 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 de r 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  us ing  t h e  d a t a  obtained a t  the l a r g e r  f l i g h t  pa th  f o r  t h e  

Lwu 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 (0) i s  n o t  s t r a igh t fo rward ,  however, 
P 

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

ob ta 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 re sen t  d a t a  f o r  R (E) f o r  2 3 9 ~ ~  ag ree  wi th  the ENDFIB-IV 
P 

v a l u e s  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% l e s s  (about t h e  t o t a l  known 

u n c e r t a i n t y  of t h e  p re sen t  d a t a )  than  t h e  ENDFIB-IV va lue  a t  4  MeV. 
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2 3 9  TABLE I V .  Parameters of L inezr  Re la t i ons  of R (E) f o r  Pu wi th  Neutron Energy 
P  

E 1 E2 
(MeV (MeV) 

a  
Data 

a 
BW r e f e r s  t o  Beam Weighted B~ckground Data. 

R r e f e r s  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  t hose  t h a t  a f f e c t  t h e  shape ( s lope )  0.f 
t h e  da t a .  

C 
Degrees cf Ereedom, f o r  a  l i r e a r  f i t  Dl? = Data P o i n t s  - 2 .  

d 
X2 = c h i - s q ~ a r e .  



An a d d i t i o n a l  u n c e r t a i n t y  of abou t  1% should  be  f o l d e d  w i t h  t h e  

r e s u l t s  f o r  3 9 ~ ~  shown i n  Tab le  I1 s i n c e  t h e  beam w e i g h t i n g  method w a s  

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

F i g u r e  4 shows a  p l o t  of R (E) f o r  2 3 5 ~  t a k e n  from T a b l e  I1 as a  
P  

f u n c t i o n  o f  n e u t r o n  energy.  These  d a t a  f o r  2 3 5 ~  (shown i n  T a b l e  '11) 

were  ana lyzed  u s i n g  t h e  background e s t i m a t e d  by t h e  random g a t e  method. 

Also shown a r e  t h e  ENDFIB-IV v a l u e s  and i t  i s  n o t e d  t h a t  t h e  p r e s e n t  

d a t a  a r c  1 t o  3% l a r g e r  t h a n  t h e  ENDFIB-IV v a l u e s .  A least s q u a r e s  f i t  

of t h e  d a t a  on R (E) f o r  3 5 ~  t o  a  l i n e a r  r e l a t i o n  o f  t h e  n e u t r o n  energy 
P  

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

R (E) = 0.641 k 0.002 + (0.040 k 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  s q u a r e  r o o t  of 

X 2 / ~ ~ ( X 2 / ~ ~  = 2 . 6 ) .  Only t h e  s t a t i s t i c a l  e r r o r s  and t h o s e  u n c e r t a i n t i e s  

which a f f e c t  t h e  s l o p e  of R (E) were  i n c l u d e d  i n  t h e  l e a s t  s q u a r e s  f i t t i n g  
P  

p rocedure .  A s y s t e m a t i c  u n c e r t a i n t y  of k 0.33% must b e  i n c l u d e d  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  exper iments  on 2 3 5 ~  t h e  n e u t r o n  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  r u n s  such  t h a t  t h e  background c o u n t s  p e r  g a t e  v a r i e d  from a b o u t  

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

v a l u e s  of R (E) f o r  t h e  exper iments  having t h e  h i g h e r  background counts .  
P  

Measure~nents o f  t h e  background u s i n g  t h e  beam w e i g h t i n g  method were  

2 3 5-- s t a r t e d  i a  the s r L  ul: exper imenrs  on u a t  21 .6  M. Although i n s u f f i c i e n t  

d a t a  were  o b t a i n e d  t o  c o r r e c t  t h e  d a t a ,  backgrounds recorded  f o r  t h e  beam 

weighted c a s e  were  % 5 t o  10% l a r g e r  t h a n  t h o s e  o b t a i n e d  when t h e  back- 

grni.inrl g a t e  w a s  g e n e r a t e d  by a random s i g n a l .  For a Lackg~uul lc l  uL 0 . 5  
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c t s l g a t e  a 5% unce r t a in ty  i n  t h e  background genera tes  an  u n c e r t a i n t y  of 

about 1% i n  R (E) f o r  '"u . The p r e s e n t  d a t a  on 2 " ~  have t h e r e f o r e  a 
P 

sys t ema t i c  unce r t a in ty  which may b e  a s  l a r g e  a s  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  'U n o t  be  cons idered  i n  evalua- 

t i o n s  u n t i l  t h e  problems i n  t h e  e s t i m a t i o n  of t h e  background a r e  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 re sen t  experimental  va lues  R (E) f o r  3 9 ~ ~  con£ i r m  t h e  energy 
P 

dependence below 1 e V  observed by Weinstein e t  a1 .2  No energy dependence 

of R (E) f o r  'U was 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 

p re sen t  experiments.  The p re sen t  va lue  of R (E) f o r  3 9 ~ ~  between 0.02 
P 

and 0.03 eV agrees  w i th  t h e  ENDFIB-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. For 'u, however, t h e  p re sen t  v a l u e  of R (E) ' 

P 

(0.02 - 0.03 eV) i s  0.7% l a r g e r  than t h e  ENDFIB-IV v a l u e  w i t h  an est imated.  

u n c e r t a i n t y  of about  0.3% i n  t h e  p r e s e n t  r e s u l t s .  Below 1 .0  e V  t h e  main 

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 neu t rons  

de t ec t ed  fo l lowing  f i s s i o n  i n  t h e  two 2 5 2 ~ f  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 2 3 9 ~ ~  

ag ree ,  w i t h i n  e r r o r s ,  w i t h  t h e  ENDFIB-IV va lues  up t o  2 M e V .  Above 2 MeV 

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

For 3 5 ~  t h e  p re sen t  r e s u l t s  do n o t  i nc lude  an e s t i m a t e  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 

percent  (Q 3%).  
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