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ABSTRACT 

- 
The average number o f  prompt neutrons emi t ted  per  f i s s i o n ,  v (E)  , has 

P 
been measured f o r  2 3 5 U  r e l a t i v e  t o  f o r  t he  spontaneous f i s s i o n  o f  2 5 2 C f  

P 
over t h e  neutron energy range from 500 eV t o  10 MeV. The samples o f  235U 

and 2 5 2 C f  were contained i n  f i s s i o n  chambers located i n  the  center  o f  a 

l a r g e  1 i q u i d  s c i n t i l  l a t o r .  F i ss ion  neutrons were detected by the  1 arge 

l i q u i d  s c i n t i l l a t o r .  The present values o f  u (E) f o r  2 3 5 ~  a re  about 0.8% 
P 

l a r g e r  than those measured by Boldeman. I n  e a r l i e r  work w i t h  the  present  

system, i t  was noted t h a t  Boldeman's value o'f ; (E) f o r  thermal energy 
P 

neutrons was about 0.8% lower than obta ined a t  ORELA. I t  i s  suggested t h a t  

t h e  th ickness o f  the  f i s s i o n  f o i ' l  used i n  Boldeman's experiment may cause 

some o f  the  discrepancy between h i s  and the  present values o f  u (E) . For 
2 3 5 "  t h e  energy reg ion up t o  700 keV, the  present  values o f  7 (E) fo r  

P 
agree, w i t h i n  t h e  uncer ta in ty ,  w i t h  those g iven i n  ENDF/B-V. Above 1 MeV 

t h e  present r e s u l t s  f o r  '7 (E) range about the ENDF/B-V values w i t h  d i f f e r -  
P 

ences up t o  1.3%. 



I INTRODUCTION 

Measurements o f  t he  neutron energy dependence o f  7 (E), t h e  average 
P 

number o f  prompt neutrons emi t ted  pe r  f i s s i o n ,  have been made f o r  2 3 5 ~  

over t h e  energy range from 500 eV t o  10 MeV. The normal iza t ion  was made 

r e l a t i v e  t o  7 f o r  spontaneous f i s s i o n  o f  252~ f ;  therefore,  t h e  r e s u l t  
P 

g iven i n  t h i s  work i s  R ( E )  = [u ( E ) ~ ~ ~ u ] / ( \ ~ ~ ~ c ~ ) .  The present work 
P P 

i s  a con t i nua t i on  o f  experiments p rev ious l y  reported. I n  r e f .  1 values 

o f  R ( E )  f o r  2 3 9 P ~  and 2 3 5 ~  were g iven fo r  t h e  neutron energy range from 
P 

about 0.01 eV t o  a few MeV. It was noted, however, i n  re f .  1 t h a t  a 

l a r g e  systematic unce r ta in t y  o f  about 3% should be placed on t h e  r e s u l t s  

f o r  235U  i n  those measurements f o r  t h e  h igh  neutron energy reg ion  

(E 1 keV) because o f  an i napprop r ia te  method used f o r  determin ing t h e  

background i n  t h e  measurements on 2 3 5 ~ ,  as w i l l  be discussed l a t e r .  

It was a l so  noted i n  Ref. 1 t h a t  t h e  value der ived i n  t h e  thermal 

neutron energy reg ion  f o r  R (E) f o r  2 3 9 ~ ~  was i n  good agreement w i t h  t h a t  
P 

o f  B ~ l d e m a n , ~  bu t  f o r  2 3 5 ~  t h e  value presented i n  Ref. 1 was 0.8% l a r g e r  

than t h a t  o f   olde em an.^ 

The 2 3 9 P ~  f i s s i o n  chamber used by   old em an^ was s i m i l a r  t o  t h e  one 

used i n  r e f .  1 i n  t h a t  t h e  th ickness o f  t h e  f i s s i l e  depos i t  was l e s s  

than 1.5 g/m2. Boldeman's experiment on R f o r  2 3 5 ~  i n  t h e  thermal 
P 

energy reg ion  was performed us ing  a f i s s i l e  depos i t  o f  2 3 5 ~  o f  about 

8 g/m2. For a depos i t  o f  8 g/m2 o f  2 3 5 ~ ,  approximately 10 t o  15% o f  t h e  

f i s s i o n  fragments w i l l  no t  escape t h e  depos i t  w i t h  s u f f i c i e n t  energy t o  

be detected w i t h  a pu l se - ion i za t i on  chambers3 Because o f  geometr ical  con- 

s ide ra t i ons  t h e  s e l e c t i v e  l o s s  o f  f i s s i o n  fragments may cause a reduc t i on  

i n  t h e  observed T . 
, P 



I n  o rde r  t o  o b t a i n  experimental data on t h e  f o i l - t h i c k n e s s  e f f e c t  

on 3 measurements have been made using two f i s s i o n  chambers ; one cham- 
ps  

b e r  had a 2 3 5 U  coa t ing  th ickness o f  about 1 g/m2 and t h e  o ther  chamber 

had a coa t ing  th ickness o f  20 g/rn2. The measured value o f  T using t h e  
P 

t h i c k  coat ing,  20 g/m2, was about 3% l e s s  than t h a t  measured using t h e  

chamber having a 2 3 5 U  coa t ing  o f  1 g/m2. Asplund-Nilsson, Conde, and 

S t a r f e l t 4  est imated a c o r r e c t i o n  f a c t o r  o f  +1.1% f o r  t h e i r  measured < 
F 

f o r  2 3 8 ~  where t h e  coa t ing  th ickness was 40 g/m2. The a b o v ~  est lmate 

was based upon measurements o f  < f o r  252Cf  covered w i t h  vary ing t h i c k -  
P 

ness o f  238.U. 

Although 235U . i s  not  inc luded i n  cu r ren t  designs o f  f a s t  breeder 

reactors,  t h e  present da ta  are usefu l  i n  evaluat ions, ENDFIB-v,~ f o r  

example, where both d i f f e r e n t i a l  and i n t e g r a l  data are used. Lemrnel I s6  

eva lua t ion  o f  nuclear  parameters a t  2200 m/s i nd i ca ted  a 2% d i f f e r e n c e  

between t h e  r e s u l t s  o f  eva luat ions  o f  (.0253 eV) f o r  2 3 3 ~  and 2 3 5 ~  
P 

which used data from i n t e g r a l  measurements and those which used on ly  

dSffereilL.ia1 data obta ined a t  2200 m/s. An increase i n  t h e  r a t i o  R (E )  
P 

f o r  2 3 S ~  o f  0.8% would a i d  i n  reso lv ing  some o f  t h e  d i f f i c u l t i e s  i n  

e s t a b l i s h i n g  a cons is ten t  se t  o f  nuclear  parameters f o r  23511, 

I I .  EXPERIMENTAL METHOD 

The present experiments on 7 (E) u t i l i z e d  a l i q u i d  s c i  n t i l  l a t o r  
P 

con ta in ing  0.22% by weight n a t u r a l  gadol i  nium t o  detec t  f i s s i o n  neutrons 

( w i t h  an e f f i c i e n c y  of about 79%) and a f i s s i o n  cha~~lber  ( 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  events. A d e s c r i p t i o n  o f  t h e  basic experimental tech- 

niques and some co r rec t i ons  made on t h e  data are g iven by Hopkins and 



~ i v e n ~  and by Mather e t  a1 Many a u x i l i a r y  experiments used i n  t h e  anal - 
y s i  s of t h e  present  data are  d i  scussed by Spencer e t  a1.9 The present  

experiments were performed us ing  a neutron f l i g h t  path o f  83.4 m. The 

l i q u i d  s c i  n t i l  l a t o r  had a volume o f  about 0.910 m3 and t h e  diameter o f  

t h e  through tube was about 13.3 cm. 

The f i s s i o n  chamber was l oca ted  a t  t h e  center  o f  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 t raverses  t h e  s c i n t i l l a t i o n  tank. Neutrons 

from a pulsed source produced by t h e  Oak Ridge E l e c t r o n  L inea r  Accelerator ,  

ORELA, were co l l ima ted  t o  impinge on ly  on t h e  f i s s i o n  f o i l s .  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  o f  t h e  prompt f i s s i o n  ' 

gamma rays by t h e  l a rge  l i q u i d  s c i n t i l  l a t o r  and a pulse from t h e  f i s s i o n  

de tec to r  system. 

A b ias  equ iva len t  t o  a pulse-height  of about 900 keV gamma-ray energy 

was app l ied  t o  t h e  neutron detector .  Pulses above t h i s  l ow  (900 keV) b i a s  

were used t o  d e f i n e  coincidence w i t h  pulses from t h e  f i s s i o n  chamber and 

pulses above t h i s  (neutron de tec to r )  b i a s  were recorded i n  an i n t e r v a l  

f o l l o w i n g  f i s s i o n .  I n  add i t ion ,  another  b ias  equ iva len t  t o  about 2.8-MeV 

gamma-ray energy was app l ied  t o  t h e  neutron de tec to r  and pulses above t h i s  

h igh  b i a s  were a l so  recorded dur ing  t h e  count ing gate. The purpose of 

t h i s  h igh  b i a s  was t o  e l i m i n a t e  o r  minimize t h e  c o n t r i b u t i o n  o f  delayed 

gamma rays t o  t h e  counts f o l l o w i n g  f i ss ion .  

F i s s i o n  neutrons are moderated i n  t h e  sc i  n t i l  l a t o r ,  d i f f use ,  and a r e  

absorbed i n  t h e  gadol in ium w i t h  t h e  neutron absorp t ion  r a t e  i n  t h e  sc i  n- 

t i 1  l a t o r  inc reas ing  a f t e r  f i s s i o n ,  reaching a peak a t  about 8 us, and 

then decreasing exponen t ia l l y  such t h a t  about 90% o f  t h e  neutrons are ab- 

sorbed i n  32 us. A f i x e d  dead t ime  o f  about 0.1 ps on t h e  neutron 



d e t e c t o r  system s e t s  t h e  minimum poss ib le  delay between f i s s i o n  and t h e  

s t a r t i n g  o f  t h e  neutron count ing  gate. 'The gate s t a r t i n g  t ime  used was 

se lec ted  on t h e  bas is  o f   olde em an's^ ana lys is  o f  t h e  delayed gamma-ray 

da ta  f o l l  owi ng f i s s i o n ,  t h e  measured t ime dependence o f  pul ses f o l l  owi ng 

f i s s i o n ,  and measurements o f  R (E )  f o r  d i f f e r e n t  s t a r t i n g  t imes o f  
P  

t h e  neutron count ing gate. 

Measurements o f  t h e  t ime d i s t r i b u t i o n s  a f t e r  f i s s i o n  o f  pulses from 

t h e  neutron de tec to r  showed a  decrease i n  t h e  count r a t e  f o r  t imes up t o  

about 1  us. This observat ion  i s  cons is ten t  w i t h  Bol deman"s2 suggest ion 

t h a t  delayed gamma rays e f f e c t  l a rge  l i q u i d  s c i  n t i l  l a t o r  measurements o f  
- 
v ~ *  

I n  Boldeman's2 eva lua t ion  o f  delayed gamma-ray data, t h e  h a l f  l i f e  

of t h e  delayed gamma-ray e m i t t e r s  ranges from 0.02 . t o  80 ps and one 

e m i t t e r  has a  h a l f - l i f e  o f  0.62 ps. 

A  se t  o f  a u x i l  i ary  experiments was performed t o  measure f o r  spon- 
P  

taneous f i s s i o n  o f  2"Pu r e l a t i v e  t o  f o r  2 5 Z ~ f .  Counting gate s t a r t i n g  

t imes o f  0.5 and .2.0 ps were used i n  these experiments and t h e  observed 

value f o r  R ( " + ~ P u )  was U.3% lower i n  t h e  case where t h e  s t a r t i n g  gate 
P 

was delayed 2.0 ps than observed when t h e  gate was s t a r t e d  0.5 ps f o l -  

lowing f i s s i o n .  Also i n  t h e  present work on 2 3 5 ~  gate s t a r t i n g  t imes o f  

0.6 and 2.0 ps a f t e r  f i s s i o n  were used and a  s t a t i s t i c a l l y  s i g n i f i c a n t  

sma l le r  (-0.2%) value of R was observed when t h e  s t a r t i n g  gate was de- 
P 

l ayed  2.0 us compared t o  R observed f o r  t h e  gate delayed f o r  0.6 US. 
P 

Because o f  these above observat ions most o f  t h e  measurements performed 

f o r  235U were made u.sing a  counting gate s t a r t i n g  2.0 ps f o l l o w i n g  f i s s i o n .  

F igu re  1  shows t h e  pulse-height  d i s t r i b u t i o n  i n  t h e  l a rge  l i q u i d  

s c i n t i l l a t o r  measured f o r  235U and 252Cf  f i s s i o n  neutrons. .Four ps a f t e r  
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F igu re  1. The measured pulse-height  d i s t r i b u t i o n  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  s stem due t o  t h e  absorb t ion  o f  neutrons from 
f i s s i o n  of 2 5 2 ~ f  and 335U. 



f i s s i o n  t h e  pulse-height analyzer  was enabled t o  record  an event from 

t h e  neutron detector .  The i n t e g r a t i n g  t ime  was about 1 ps, and thus 

some p i l e  up o f  events occurred. There i s  a l a r g e r  p r o b a b i l i t y  t h a t  a 

background event w i l l  be recorded f o l l  owing 2 3 5 ~  f i s s i o n  than f o r  2 5 2 ~ f  

f i s s i o n  s ince  7 f o r  2 3 5 ~  i s  l e s s  than 7 f o r  252~f ,  which can be seen 
P P 

i n  t h e  lower  pulse-height  channels o f  Fig. 1. The small d i f f e r e n c e  i n  

t h e  two pulse-height  d i s t r i b u t i o n s  above channel 125 may be due t o  t h e  

increased p r o b a b i l i t y  o f  neutron pulses p i1  i n p  up i n  1 rs f o r  2 5 2 ~ f  

f i s s i o n  compared w i t h  2 3 5 ~  f i s s i o n  because o f  t h e  d i f f e r e n c e  i n  t h e  two 

values o f  Y 
P 

Two f i s s i o n  chambers con ta in ing  2 3 5 ~  were used i n  t h e  experiments. 

One chamber, used t o  d e f i n e  R (E )  f o r  2 3 5 ~ ,  contained f o i l s  o f  aluminum - 
P 

0.0025-cm t h i c k  coated w i t h  2 3 5 ~  t o  a th ickness o f  about 1 g/m2. Exper i -  

ments were a1 so performed using a second chamber having p l a t e s  coated t o  

20 g/m2 o f  2 3 b ~ .  Normal iza t ion  o f  t h e  5; (E)  da ta  was made r e l a t i v e  t o  
- P 
v f o r  252~ f ,  contained i n  a f i s s i o n  chamber c a l l e d  t h e  primary standard 

I=' 
i n  r e f  1. A 2 5 2 ~ f  f i s s i o n  chamber used by Spencer e t  a1. i n  t h e  measure- 

ments of absolute 7 f o r  2 5 2 ~ f  served as a secondary standard t o  moni to r  
P 

t h e  present  experiments. It was noted i n  ref. 1 t h a t  t h e  observed T f o r  
P 

t h e  secondary standard was 0.25% greater  than t h a t  observed f o r  t h e  p r i -  

mary standard. Dur ing t h e  experiments t h e  2 5 2 ~ f  f i s s i o n  chamber, sec- ' 

ondary standard, was pos i t i oned  outs ide t h e  neutron beam a t  one end o f  

t h e  2 3 5 ~  f i s s i o n  chamber. 

Two methods were used t o  est imate t h e  background recorded i n  t h e  fo re-  

ground count ing gates. I n  one technique a random pulse generated by a 

r a d i o a c t i v e  source s t a r t e d  a 32 ps count ing gate t o  measure t h e  background. 



I n  t h e  second method a neutron detec tor  pos i t i oned  i n  the  neutron beam 

was used t o  generate a count ing gate. Neutron b u r s t s  generated by the  

ORELA may be expected t o  vary from pulse-to-pulse. Par t  o f  t h e  back- 

ground i n  t h e  experiments i s  due t o  neutrons, f o r  example, neutrons scat-  

t e r e d  from t h e  f i s s i o n  chamber, and t h i s  background may be expected t o  be 

p ropo r t i ona l  t o  t h e  neutron i n t e n s i t y .  Since t h e  p r o b a b i l i t y  o f  a f i s -  

s i on  i s  p ropo r t i ona l  t o  t h e  neutron i n t e n s i t y ,  t h e  use o f  a neutron de- 

t e c t o r  t o  generate a gate f o r  background ana lys i s  o f  t h e  2 3 5 ~  data i s  

appropriate. For  252~f ,  a spontaneous f i s s i o n  source, t h e  random back- 

ground method i s  appropriate. A pu lse  i o n i z a t i o n  chamber f i  1 l e d  w i t h  

argon (80%) and BF3 (20%) was placed about 82 m f rom t h e  neutron source 

and used as a "beam weighted'' background gate generator. 

I n  t h e  present experiments t h e  neutron i n t e n s i t y  a t  t h e  sample pos i -  

t i o n  was adjusted such t h a t  t h e  maximum background was about 0.5 counts 

per  32 us. I n  t h e  neutron energy reg ion  where t h e  background was 0.5 

counts per  32 PS, t h e  corresponding number o f  neutrons detected f rom 

2 3 5 ~  f i s s i o n  was i n  excess o f  2.5 counts i n  t h e  32 PS count ing  gate. 

111. UNCERTAINTIES IN  AND CORRECTIONS TO THE DATA 

Uncer ta in ty  i n  Using a 2 5 2 ~ f  Standard Sample 

I n  re f .  1 i t  was noted t h a t  t h e  observed value o f  f o r  2 5 2 ~ f  was 
P 

d i f f e r e n t  by 0.2% f o r  two f i s s i o n  chambers which had d i f f e r e n t  geometry. 

This  discrepancy has s t i l l  not  been expla ined and a systematic uncer- 

t a i n t y  of 0.25% should be app l ied  t o  t h e  present measurements because o f  

t h i s  discrepancy. 



Cor rec t i on  f o r  D isp l  acement o f  t h e  F i s s i o n  Samples 

from t h e  Center o f  t h e  Larse' L i a u i d  S c i n t i l l a t o r  
- - -  

Measurements o f  t h e  average neutron detect  i o n  e f f i c i e n c y  f o r  2 5 2 ~ f  

f i s s i o n  neutrons were made f o r  var ious displacements o f  t h e  252Cf stan- 

dard  sample from t h e  cen te r  o f  t h e  through tube. The r e s u l t s  o f  these 

measurements were used t o  co r rec t  t h e  measured values o f  R' (E) f o r  d i s -  
P  

placement o f  t h e  f i s s i l e  iso tope and t h e  252Cf from t h e  center  o f  t h e  . 

through tube. A c o r r e c t i o n  t o  R ( E )  o f  -0.3 f 0.06% was es tab l ished f o r  
P 

t h e  low b i a s  and -0.5 f 0.10% f o r  t h e  h igh  b i a s  f o r  t h e  geometry used i n  

t h e  present  work. For  comparison, a  10-cm d i  splacement o f  t h e  252Cf 

source from t h e  center  reduced t h e  observed values o f  7 by about 0.5% 
P 

and 0.9% f o r  t h e  low and h i g h  bias, respect ive ly ,  and t h e  corresponding 

values f o r  a  25-cm displacement were 6% and 8.4% f o r  t h e  low and h igh  

b i  as, respect ive ly .  

F igu re  2 shows t h e  pulse-height d i s t r i b u t i o n s  frm t h e  larqe l i q u i d  

s c i n t i l  l a t o r  system due t o  neutron absorption. Two cases are shown; i n  

one case t h e  neutron source was located a t  t h e  center  o f  t h e  through tube 

and i n  t h e  o ther  one t h e  source was d isp laced about 23 cm from t h e  center. 

Note t h a t  f o r  an e l e c t r o n i c  b i a s  around channel 40 (-2.8 MeV equivalent  

pu lse  he igh t )  t h e  f r a c t i o n  o f  t h e  pulses above t h a t  b i a s  i s  l e s s  i n  t h e  

case where t h e  neutron source i s  d isp laced f rom t h e  center  o f  t h e  through 

tube. 

The uncer ta in ty  on t h e  c o r r e c t i o n  t o  t h e  h igh b i a s  r e s u l t s  f o r  d i  s- 

placement o f  t he  2S2Cf from t h e  center  of t h e  through tube i s  about t h e  

same s i z e  as t h e  c o r r e c t i o n  t o  R (E) f o r  delayed gamma rays when t h e  
P 

count ing  gate s t a r t  t ime i s  2  us a f t e r  f i s s i o n .  
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Cor rec t i on  f o r  Fa1 se F iss ions  

The random coinc idence o f  a pulse from t h e  f i s s i o n  chamber caused by 

t h e  known alpha p a r t i c l e  a c t i v i t y  o r  noise w i t h  a pulse from t h e  neutron 

d e t e c t o r  i n i t i a t e s  a count ing  gate which i s  c a l l e d  a f a l s e  f i ss ion .  The 

f a l s e  f i s s i o n  r a t e  was est imated by generat ing a random s igna 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 issi 'on chamber 

pulse. A coincidence o f  t h i s  mock alpha pulse and a s c i n t i l l a t o r  pulse 

pe rm i t ted  a measure o f  t h e  f a l s e  f i s s i o n  r a t e  as a func t i on  o f  t ime 

a f t e r  t h e  neutron burst.  The required c o r r e c t i o n  increases r a p i d l y  as 

t h e  neutron i n t e n s i t y  decreases a t  1 ow neutron energy due t o  t h e  ~ O B  

p laced i n  t h e  neutron beam t o  serve as a neutron over lap f i l t e r .  A t  

500 eV t h e  c o r r e c t i o n  f a c t o r  f o r  f a l s e  f i s s i o n s  was about 2.5% and a t  

2.5 MeV i t  was about 0.3%. An uncer ta in ty  o f  10% o f  . the c o r r e c t i o n  has 

been incorporated i n t h e  uncer ta in ty  analys is .  

Correct  Ions  f o r  Backgrounds i n  t h e  Neutron Detector 

Backyrounds 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  counting 

gates s t a r t e d  by f i s s i o n  events are  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 ion  o f  t h e  ORELA (sca t te red  neutrons f n r  example) 

t o  delayed gamma rays, and t o  delayed neutrons. The e f f e c t  o f  delayed 

neutrons on t h e  present  r e s u l t s  i s  n e g l i g i b l e  because o f  t h e  low y i e l d  o f  

delayed neutrons (1%) and t h e  long h a l f  l i v e s  (>lO'3 s) o f  t h e i r  pre- 

cursors. 

Delayed gamma rays are  not  measured i n  t h e  methods o f  es t imat ing  

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

cascade energies o f  delayed gamma rays from f i s s i o n  suggested by Boldeman 



were fo lded  w i t h  t h e  measured response o f  t h e  present 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  present  work. 

A  c o r r e c t i o n  f a c t o r  o f  -0.1% was ca l cu la ted  f o r  R (E) f o r  235U (gate 
P 

s t a r t i n g  2.0 ps a f t e r  f i s s i o n )  and an unce r ta in t y  o f  f50% o f  t h e  correc-  

t i o n  has been assumed. An opt iona l  h igh  e l e c t r o n i c  b i a s  was a l so  used 

i n  t h e  neutron detec tor  system which was s u f f i c i e n t l y  h igh  t o  r e j e c t  

pulses r e s u l t i n g  f rom known delayed gamma rays. 

Cor rec t i on  f o r  Pulse P i l e  Up 

The recovery t ime o f  t h e  de tec to r  system f o r  t h e  l a rge  l i q u i d  sc in -  

t i l l a t o r  f o l l o w i n g  a  pulse was about 0.075 ps. A  f i x e d  deadtime o f  

0.095 ps was imposed upon t h e  neutron de tec to r  system. C o r r e c t i o n  o f  

t h e  data f o r  pu lse  p i l e  up (deadtime) was made i n  t h e  manner g iven by 

Ribrag e t  a1 . l o  The c o r r e c t i o n  f a c t o r  obtained f o r  t h e  r a t i o  R (E) f o r  
P 

235U was about 0.3% i n  t h e  low-energy reg ion  (E < 100 keV) o f  t h e  present 

work. Boldeman2 obtained a  c o r r e c t i o n  o f  -0.3% f o r  R (E)2235U i n  t h e  
P 

thermal energy region. An unce r ta in t y  o f  30% has been assumed f o r  t he  

deadt ime co r rec t  i o n  fac tors .  

Cor rec t  i o n  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  o f .  t h e  r e l a t i v e  e f f i c i e n c y  o f  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 i ng  f i s s i o n  neutrons from 252Cf  and 235U was made by Ullo.11'1 

These c a l c u l a t i o n s  y i e l d  a  c o r r e c t i o n  f a c t o r  f o r  R (E )  o f  -0.13 f 0.04% 
P 

f o r  t h e  present work us ing average f i s s i o n  neutron energies E  o f  2.11 and 

1.99 MeV f o r  252Cf  and 2351)' respect ive ly .  A  c o r r e c t i o n  f a c t o r  o f  -0.16% 

o was est imated f o r  R (E) us ing  values o f  E  g iven i n  ENDFIB-V5 o f  2.18 and 
P 



2.03 f o r  2 5 2 ~ f  and 2 3 5 ~ ,  respect ive ly .  The c o r r e c t i o n  f a c t o r  o f  

-0.13 f .04% has been used i n  t h e  present work. 

C o r r e c t i o n  f o r  Missed Fiss ions 

F i s s i o n  events may be missed because e i t h e r  t h e  f i s s i o n  chamber d i d  

not  de tec t  t h e  fragments o r  because t h e  l a rge  l i q u i d  s c i n t i l l a t o r  d i d  not 

de tec t  t h e  prompt gamma rays from f i s s i o n .  F i s s i o n  fragments may no t  be 

detected because they do not escape t h e  source deposi t  o r  t h e  b ias  on the  

f i s s i o n  chamber i s  h ighe r  t h a n  t h e  pulse produced by t h e  fragments which 

do escape t h e  deposit. 

Measurements by  Spencer e t  a1 .9 f o r  2 5 2 ~ f  show t h a t  f o r  t h e  b ias  used 

on 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  i n  t h e  present work t h e  requirement of 

d e t e c t i n g  t h e  prompt f i s s i o n  gamma rays r e s u l t s  i n  an increase o f  about 

0.03% i n  t h e  observed 7 No uncer ta in ty  has been assigned t o  R (E) f o r  
P' P 

Z 3 b U  due t o  f i s s i o n s  missed by t h e  neutron detector .  Cor rec t ions  t o  

R (E) f o r  f i s s i o n s  not detected by t h e  f i s s i o n  chamber are more complex 
P 

than  f o r  t h e  case where t h e  prompt f i s s i o n  gamma rays are missed. 

Neutrons enter ing  t h e  l a rge  l i q u i d  s c i n t i l l a t o r  have p r o b a b i l i t i e s  

o f  being absorbed i n  t h e  s c i n t i l  l a t o r  which depend upon both t h e  energy o f  

t h e  neutron and t h e  angle w i t h  respect t o  t h e  through tube from which 

t h e  neutrons enter  t h e  s c i n t i l l a t o r .  cramer12 performed Monte C a r l o  

c a l c u l a t i o n s  w i t h  neutrons representa t ive  o f  t h e  2 5 2 ~ f  f i s s i o n  spectrum 

o r i g i n a t i n g  a t  t h e  center  o f  t h e  s c i n t i l l a t o r  and en te r ing  t h e  tank a t  

var ious  angles w i t h  respect t o  t h e  a x i s  o f  t h e  through tube. These 

c a l c u l a t i o n s  showed t h a t  t h e  absorpt ion probabi 1  i ty var ied  from a  value 

of 99.5% a t  90' t o  93%,a t  18O. For an i s o t r o p i c  saurce t h e  p r o b a b i l i t y  
. . 



of neutron absorp t ion  was 97.3%. The above c a l c u l a t i o n s  d i d  n o t  i n c l u d e  

t h e  poss ib le  v a r i a t i o n  i n  t h e  escape o f  t h e  neutron capture  gamma rays 

nor  t h e  poss ib le  change i n  t h e  l i g h t  c o l l e c t i o n  e f f i c i e n c y  o f  t h e  de- 

t e c t o r  w i t h  angle. F igure  3  shows t h e  r e s u l t s  o f  Cramer1s12 c a l c u l a t i o n s  

along w i t h  a  schematic drawing o f  t h e  neutron de tec to r  and t h e  f i s s i o n  

chamber system. An exploded view i n  Fig. 3  o f  a  f i s s i o n  f o i l  shows how 

a  f i n i t e  depos i t  o f  t h e  f i s s i l e  isotopes r e s u l t s  i n  an a n i s o t r o p i c  d i s -  

t r i b u t i o n  o f  f i s s i o n  fragme'nts escaping t h e  depos i t  and, there fo re ,  an 

a n i s o t r o p i c  d i s t r i b u t i o n  o f  neutrons about t h e  f i s s i o n  source f o r  de- 

t e c t e d  f i s s i o n  events i f  t h e  pa th  o f  f i s s i o n  neutrons i s  c o r r e l a t e d  w i t h  
' 

t h e  pa th  o f  t h e  f i s s i o n  fragments. Experimental data obta ined by F r a s e r l 3  

on 2 3 9 P ~  shows a  c o r r e l a t i o n  o f  t h e  neutron ,path w i t h  t h e  pa th  o f  t h e  I 

f i s s i o n  fragment and about a  f a c t o r  o f  f o u r  more neutrons t r a v e l i n g  along 

t h e  pa th  o f  t h e  fragment than a t  90° t o  t h e  pa th  o f  t h e  fragment. 

Since t h e  2 5 2 C f  f i s s i o n  chamber used t o  normal ize t h e  present  da ta  d " .  

on 7 (E) f o r  235U has a  h igh  e f f i c i e n c y ,  about 98%, i t  i s  expected t h a t  
P  

t h e  f i s s i o n  neutron d i s t r i b u t i o n  w i l l  be c lose  t o  i s o t r o p i c .  Usua l l y  - ( . , %  

f i s s i o n  f o i l s  are o r i en ted  such t h a t  t h e  normal t o  t h e  sur face  o f  t h e  

r i s b ' i l e  Tujl i s  pa t -a l l e l  t o  t h e  a x i s  o f  t h e  through tube. For  f o i l s  o f  

f i n i t e  th ickness  f i s s i o n  fragments movi ng w i t h  angles between 90' and 

some sma l l e r  angle (Fig. 3)  w i l l  no t  escape from t h e  f o i l  w i t h  su f f i - '  

c i e n t  energy t o  be detected. Therefore, gates f o r  count ing ,  f i s s i o n  neu- 

t r o n s  w i l l  no t  be generated f o r  those f i s s i o n s  i n  which t h e  p r o b a b i l i t y  

o f  de tec t i ng  t h e  neutrons i s  t h e  la rges t .  

For  a  f i s s i l e  depos i t  o f  1  g/m2 o f  2 3 5 ~ ,  i t  has been est imated 

t h a t  about 5% o f  t h e  f i s s i o n  events a re  missed. I f  !X of t h e  f i s s i o n  
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events are missed and i f  the neutrons i n  these events were moving a t  

angles near 90°, see Fig. 3, then the corresponding neutron absorption 

probabil i ty estimated from Cramer's12 calculations was 97.2% i n  contrast 

t o  the 97.3% obtained f o r  the isot ropic  d i s t r i bu t i on  of neutrons. Because 

of the uncertainty i n  the above estimate no correct ion t o  the present data 

has been made. A precise ca lcu lat ion of the e f fec t  -of f o i l  thickness on 

iT w u l d  require a descr ipt ion o f  the fragment losses i n  the f o i l ,  a de- 
P 

sc r ip t ion  o f  the actual neutron angular d i s t r i bu t i on  about the path of 

the fragment (such as given by Fraserl3 f o r  239Pu), and a detai led cal i- 

brat ion o f  the neutron detector. 

Auxi l iary  measurements i n  the present work have shown tha t  f o r  252Cf 

f i ss ion  chambers the pulse-height d i s t r i b u t i o n  varies, as would be ex- 

pected, with the angle the path o f  the fragment makes with respect t o  the  

normal t o  the f o i  1 . The fragment angle i n  the experiment was selected by 

mounting a NE-213, pul se-shape discriminator neutron detector about 1 m 

from a 252Cf f i ss ion  chamber and varying the  normal t o  the plane of the 

f i ss ion  f o i l  w i th  respect t o  the l i n e  j o in ing  the  neutron detector and 

the f i s s i o n  f o i l .  Figure 4 shows the pulse-height d i s t r i b u t i o n  measured 

f o r  the f i ss ion  chamber system f o r  angles o f  0°, 60°, and 99' and these 

three d is t r ibu t ions  have been normal ized t o  the same number of  observed 

counts, The three pulse-height d is t r ibu t ions  shown i n  Fig. 4 have a 

s imi la r  shape but the data do suggest t ha t  the appl icat ion of a bias t o  

the f i ss ion  chamber can change the neutron d is t r ibut ion,  f o r  detected 

f issions, about the source and therefore may change the observed 3 P* 

It i s  noted i n  Fig. 4 tha t  more pulses are observed i n  the low pulse- 

height region, between channel 6 and 20, f o r  the d is t r ibu t ions  measured 
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Figure 4. The measured pul se-height d is t r ibu t ion  from the 254f f iss ion  chamber 
system f o r  selected f i ss ion  neutron directions. 



a t  60' and 90' than  f o r  t h e  one measured a t  OO. Th is  above observa t ion  

may be due t o  t h e  sur face  c o n d i t i o n  o f  t h e  f i s s i o n  f o i l .  For  a b ias  on 

t h e  f i s s i o n  chamber, a t  approximately channel 12 i n  Fig. 4, a pu lse  from 

t h e  chamber was observed 97.1 f .I% o f  t h e  t imes a neutron was de tec ted  

f o r  an angle o f  0°, and t h e  corresponding value f o r  an angle o f  90' was 

96.1 f -1%. 

Va r ia t i ons  i n  Y f o r  252Cf w i t h  f i s s i o n  chamber b ias  have been mea- 
P 

sured by Boldeman,2 Mather 'e t  al.,8 and i n  t h e  present  experiments. I n  
- 

desc r i b ing  t h e  r e s u l t s  o f  t h e  experiments w i l l  be g iven  r e l a t i v e  t o  
v~ 

t h a t .  measured i n  t h e  p a r t i c u l a r  experiment a t  "zero" b i a s  on t h e  f i s -  
- 

s i o n  chamber. Mather e t  al.8 observed a monotonic decrease i n  as t h e  
v~ 

b i a s  on t h e  f i s s i o n  chamber was increased and f o r  a b i a s  equ iva len t  t o  
- 

0.8 o f  t h e  maximum pulse-height  t h e  observed decreased by %. Boldeman 
V~ 

observed a 0.2% increase i n  Y when 50% o f  t h e  f i s s i o n s  were below t h e  
P - 

b i a s  and f o r  60% o r  more, up t o  95%, o f  t h e  f i s s i o n s  below t h e  b fas  
- v~ 

was t h e  same as observed w i t h  "zero" bias. I n  t h e  present  work de- 
v~ 

creased 0.1% when t h e  b i a s  on t h e  f i s s i o n  chamber system e l im ina ted  10% 
- 

o f  t h e  f i s s i o n  events, increased by 0.2% when 50% o f  t h e  f i s s i o n s  
P - 

were detected, and f o r  80% o f  t h e  f i s s i o n  events below t h e  L i d s  de- 
"P 

creased by 1%. 
- 

The r e s u l t s  o f  t h e  above experiments on t h e  v a r i a t i o n  o f  f o r  
v~ 

2 5 2 C f  w i t h  t h e  e l e c t r o n i c  b i a s  app l i ed  t o  t h e  f i s s i o n  chamber de tec to r  

system may over lap  w i t h i n  t h e i r  r espec t i ve  unce r ta in t i es .  Mather e t  al.8 
- 

suggest t h a t  t h e  v a r i a t i o n  o f  w i t h  f i s s i o n  chamber b ias  i s  probably 
P 

a consequence o f  t h e  r e l a t i o n  between t h e  fragment k i n e t i c  energy and t h e  

number o f  neutrons emi t ted  by t h a t  fragment. I f  t h e  'above suggest ion by 



Mather e t  a1 i s  respons ib le  f o r  t h e  observed v a r i a t i o n  i n  7 w j t h  f i s -  
P  

s i o n  chamber b i a s  then t h e  experimental r e s u l t s  above should agree s ince 

t h e  measured q u a n t i t y  was t h e  source s t reng th  for a given bias. It 
P 

seems es tab l i shed  t h a t  t h e  f i s s i l e  depos i t  i n  f i s s i o n  chambers and t h e  

b i a s  on t h e  f i s s i o n  chambers can in f l uence  t h e  observed 7 The s i z e  
P. 

o f  t h e  p e r t u r b a t i o n  w i l l  depend upon t h e  p roper t i es  o f  the. p a r t i c u l a r  

l a r g e  l i q u i d  sc i  n t i l  l a t o r  and t h e  f i s s i o n  chamber. 

Cor rec t io r i  Due t o  Anisotropy o f  F i s s i o n  Fragment Emission 

Davis e t  a1. l4 made an est imate of t h e  e f f e c t  t h a t  anisotropy o f  t h e  

f i s s i o n  fragments has on t h e  e f f i c i e n c y  o f  2 3 5 ~  f i s s i o n  chambers. I n  t h i s  

ana lys is13 t h e  an iso t ropy  f a c t o r  A  was est imated t o  increase from near 

u n i t y  a t  400 keV t o  more than 1  .I a t  936 keV. A value o f  1.1 f o r  A pre- 

d i c t s  10% more f i s s i o n s  w i t h  an angle o f  O0 w i t h  respect t o  t h e  beam than  

a t  90° w i t h  respect t o  t h e  beam. This change i n  anisotropy has an e f f e c t  

on which i s  s i m i l a r  t o  t h a t  discussed f o r  missed f i ss ions .  Mather 
P 

er a1 . O  g ive  a  d iscuss ion o f  t h e  e f f e c t  o f  anisotropy o f  t h e  f i s s i o n  f rag-  

ments on l i q u i d  s c i n t i l l a t o r  measurements, and est imate t h a t  a  c o r r e c t i o n  

o f  +0.2% should be made t o  t h e i r  data a t  7 MeV because of changes i n  an- 

i s o t r o p y  o f  t h e  f i s s i o n  fragments. Below 7 MeV Mather e t  a1 considered 

t h a t  no c o r r e c t  i o n  f o r  f i s s i o n  fragment an iso t ropy  was needed. Wal sh and 

~ o l  deman15 assu~rled t h a t  no co r rec t  i on was needed f o r  ani  sot ropy o f  t h e  

f i s s i o n  fragments over  t h e  range o f  t h e i r  experiments up t o  about 2 MeV. 

I n  t h e  present experiments d i f f e r e n t  values f o r  R (E)  a re  obtained 
P 

f o r  neutron energies above 5 MeV using t h e  low and t h e  h igh  b ias  on t h e  

neutron detector .  As w i l l  be discussed l a t e r ,  t h i s  above discrepancy 



may be e l e c t r o n i c  i n  o r i g i n ;  however i t may be due t o  phys ica l  d i f f e r -  

ences i n  t h e  f i s s i o n i n g  nucleus i n c l u d i n g  an iso t ropy  o f  t h e  f i s s i o n  f rag -  

ments o r  t o  delayed gamma rays. No cor rec t ions  f o r  anisotropy have been 

made f o r  t h e  present data. 

The systematic u n c e r t a i n t i e s  combine t o  y i e l d  an unce r ta in t y  o f  

about 0.3%. 

I V .  PRESENTATION OF THE DATA 

Table 1 l i s t s  measured values o f  R (E), us ing t h e  low b i a s  on the  
P 

neutron detector ,  f o r  235U f o r  neutron energy i n t e r v a l s  i n  t h e  range 

500 eV t o  10 MeV. Unless s p e c i f i c a l l y  s ta ted  otherwise t h e  values o f  

R (E) p e r t a i n  t o  data obtained us ing  t h e  low b i a s  on t h e  neut ronde-  
P 

tec to r .  The unce r ta in t y  shown f o r  each value o f  R (E) i s  comprised of 
P 

t h e  s t a t i s t i c a l  unce r ta in t y  as we l l  as t h a t  due t o  f a l s e  f i ss ions .  The 

0.3% systematic unce r ta in t y  should be fo lded  w i t h  t h a t  g iven i n  .Table 1% 

t o  o b t a i n . a n  est imate o f  t h e  t o t a l  uncer ta in ty .  For  t h e  lowest energy 

i n t e r v a l  i n  Table 1, t h e  unce r ta in t y  i n  R (E) due t o  f a l s e  f i s s i o n s  i s  
P 

about 0.25%, wh i le  a t  about 600 keV t h e  corresponding unce r ta in t y  on 

Rp(E) i s  0.02%. 

F igure  5 shows the  present  experimental values f o r  R (E)  f o r  235U 
P 

as a f u n c t i o n  o f  neutron energy over  t h e  range 500 eV t o  2 MeV. Also 

shown i n  Fig. 5. a r e  values o f  R (E) g iven by Boldeman, Frehaut, and 
P 

Walsh.16 Th is  l a t t e r  w o r k l ~ n c l u d e s  t h e  r e s u l t s  o f  measurements by Walsh 

and Boldeman, l5 and So le i l hac  e t  a1 .I7 The experimental values o f  R (E) 
P 

from re f .  16, which are shown i n  Fig. 5., have been m u l t i p l i e d  by t h e  

f a c t o r  1.008 as explained below. F igu re  6 shows t h e  present  values f o r  



Table 1. Experimental Values o f  v p ( ~ )  for  2 3 s ~  R e l a t i v e  

t o  t; f o r  2 5 2 ~ f .  
P 

E l  (MeV) E2 (MeV) 
* 

D e l t a  R (E) 

* 
A systernatic uncer ta fn ty  of 0.3% must be 

fo lded wi th  d e l t a  Rp(E) t o  obta in  t h e  t o t a l  
uncer ta i  nty.  
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range 0 t o  2 MeV. The r e s u l t s  o f  ENDF/B-V a re  a l so  shown. 



Figure 6. Experimental  Values o f  K (E )  for over t h e  energy 
P 

range 0 t o  10 MeV.. The r e s u l t s  o f  ENDFIB-v a r e  a lso shown. 
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R (E) over t h e  neutron energy range 500 eV t o  10 MeV. Also shown i n  
P 

Fig. 6 a re  t h e  experimental values o f  Po i tou  e t  al .  18 and'these l a t t e r  

r e s u l t s  have a l so  been m u l t i p l i e d  by t h e  f a c t o r  1.008. 

Values o f  R (E) obtained f rom ENDF/B-Vs a re  a1 so shown i n  Figs. 5 
P 

and 6 as. the.dashed l i n e .  For t h e  neutron energy reg ion  up t o  about 

300 keV t h e  present  experimental data shown i n  Figs. 5 and 6 agree w i t h i n  

t h e i r  u n c e r t a i n t i e s  w i t h  t h e  values o f  R (E) obta ined from ENDF/B-V. For  
P 

neutron energies above 7 0 0 ' k e ~ ,  t h e  present da ta  d i f f e r  f rom ENDF/B-V 

values by more than the  experimental u n c e r t a i n t i e s  around 1.5, 4, and 

7 MeV. The s o l i d  . s t r a i g h t  l i n e  shown i n  Figs. 5 and 6 represent  t h e  re -  
' 

s u l t s  o f  t h e  weighted l e a s t  squares f i t t i n g  o f  t h e  da ta  g iven i n  Table 1 

up t o  2 MeV and i s  g iven by t h e  equat ion 

Inc lud ing  t h e  thermal value f o r  R (E) o f  0.6441 f 0.0006 g iven i n  re f .  1 
P 

t o  t h e  data o f  Table 1 and f i t t i n g  from thermal t o  2 MeV gives t h e  r e l a t i o n  

It was observed t h a t  t h e  parameters o f  t h e  l i n e a r  f i t  va r ied  as t h e  en- 

ergy range o f  t h e  f i t  was changed. A l i n e a r  f i t  t o  t h e  data o f  So le i l hac  

e t  a1.15' 17 up t o  2 MeV gave t h e  re1 a t  i o n  

and t h e  work of Walsh and Boldemanl5'16 i n c l u d i n g  t h e  thermal va lue o f  

Bol demanz y i  e l  ds 



A t  1 MeV t h e  va lue o f  R (E) as g iven by t h e  equation f o r  t h e  present 
P 

data  was about 1.008 l a r g e r  than t h a t  g iven by t h e  o ther  two r e l a t i o n s  

which i s  t h e  reason f o r  t h e  upward normal iza t ion  o f  t h e  data g iven i n  

r e f .  15. The d i f f e r e n c e  o f  0.8% between t h e  present values o f  R (E) and 
P 

t h a t  o f   olde em an^ i s  about t w i c e  t h e  combined uncer ta in ty  o f  t h e  exper i -  

mental r e s u l t s .  The u n c e r t a i n t i e s  shown i n  Figs. 5 and 6 'do not inc lude 

t h e  systemat ic  u n c e r t a i n t y  o f  0.3% f o r  t h e  present work. It should be 

r e c a l l e d  t h a t  t h e  r e s u l t s  obta ined a t  thermal neutron energy, as g iven 

i n  r e f .  1, were about 0.8% l a r g e r  than measured by Boldeman. I he f i s t  

s i o n  f o i l  ( 2 3 5 ~ )  used by Walsh and b old em an'^ was t h e  same as used i n  

t h e  measurements a t  thermal energy by  olde em an.^ A f i s s i o n  chamber 

d i f f e r e n t  from t h a t  used i n  r e f .  1. was used i n  th.e present work, bu t  

t h e  th ickness o f  t h e  2 3 5 ~  f o i l  coat ing  (1  cJ/m2) was t h e  same. The 2 3 5 ~  

coa t ing  th ickness used i n  t h e  f i s s i o n  chambers o f  Walsh and b old em an, l6 

S o l e i l  hac e t  a1. ,17"8 was 8 g/m2, 7:5 g/m2 , and 7.5 g/m2, respect ive ly .  

Tt i s  suggested t h a t  t h e  measured values o f  R (E) are in f luenced by t h e  
P 

t.hickness o f  t he  source f o i l  and t h a t  t h i s  e f f e c t  may account f o r  t h e  

systemat ic  d i f f e r e n c e  between t h e  present data f o r  R (E) f o r  2 3 5 ~  and 
P 

t h a t  q iven i n  re f .  16. 

As seen i n  Fig. 6 t h e  present r e s u l t s  f o r  the eneryy deper~der~ce 

R (E) f o r  2 3 5 ~  a re  cons is ten t  w i t h  t h a t  o f  S o l e i l  hac e t  a1. l8 which have 
P 

been renormalized by t h e  f a c t o r  1.008. Recal l  t h a t  t h e  systematic uncer- 

t a i n t y  o f  0.3% has not been inc luded f o r  t h e  present resu l ts .  

The l i n e a r  l e a s t  squares f i t  up t o  2 MeV o f  t h e  data g iven i n  Table 1 

and shown as the  s o l i d  l i n e  i n  Fig. 5 r e s u l t e d  i n  a chi-squared d i v ided  by 

degrees o f  freedom o f  1.33. Three o f  t h e  measured values o f  R (E) 
P 



deviated from t h e  r e s u l t s  o f  t h e  f i t  by more than 1.5 a, h e r e  a  i s  t h e  

standard dev ia t ion .  For  t h e  energy i n t e r v a l s  centered a t  about 0.08 

0.26, and 1.0 MeV, t h e  measured values were 1.5, 2.9, and 1.6 standard 

dev ia t i ons  r e s p e c t i v e l y  from t h e  r e s u l t s  o f  t h e  fit. Boldernan e t  a1 .I6 

s t a t e  t h a t  t h e  data of Walsh and ~ o l d e m a n l ~  and So le i l hac  e t  a1.17 shown 

i n  Fig. 5  a r e  i ncons i s ten t  w i t h  f i n e  s t r u c t u r e  o r  broad s t e p - l i k e  s t ruc -  

t u r e  i n  ; (E) f o r  2 3 5 ~  b u t  t h a t  there,may be a  s l i g h t  f l a t t e n i n g  o f  t h e  
P 

data between 0.25 and 0.60'MeV. No evidence o f  i n s t a b i l i t y  i n  t h e  pres- 

en t  neutron de tec to r  system was i nd i ca ted  by. t h e  measured values o f  
P 

f o r  2 5 2 ~ f  i n  t h e  t ime i n t e r v a l s  f o l l o w i n g  t h e  neutron b u r s t  corresponding 

t o  t h e  energy i n t e r v a l s  of Table 1  which cou ld  account f o r  dev ia t ions  

i n  R (E) o f  more than 0.1%. 
P 
The eva lua t i on  of (E )  f o r  2 3 5 ~  by Manero and  ons shin'^ shows a. 

P  
non l inear  dependence o f  u (E) on t h e  neutron energy. From 0.05 MeV t o  

P 
about 0.3 MeV 7 (E) f o r  2 3 5 ~  from t h e  above e v a l u a t i o n l g  r i s e s  more 

P 
s teep ly  than t h e  l i n e a r  representa t ions  shown i n . F i g .  5 and t h e  present 

r e s u l t s  correspond w i t h i n  t h e  u n c e r t a i n t i e s  t o  those o f  t h e  eva lua t i on  

i n  t h i s  energy i n t e r v a l .  The present va lue o f  R (E) a t  0.36 MeV f a l l s  
P  

about 3  a  below t h a t  g iven by t h e  eva lua t i on  o f  Manero and Konshin.lg 

Ca lcu la t i ons  were performed t o  i n v e s t i g a t e  t h e  d i f f e r e n c e  i n  neutron 

product ion  i n  a  p a r t i c u l a r  reac to r  spectrum us ing  t h e  measured values o f  

R (E )  g iven i n  Table 1  and i n  us ing  t h e  r e s u l t s  c a l c u l a t e d  f rom t h e  f i t  
P  

t o  t h e  those data. The neutron f l u x  +(E) determined20 f o r  ZPR-617 Fast  

Reactor Benchmark No. 12,21 t h e  235U f i s s i o n  cross sec t i on  af(E) and 

R (E) were used t o  c a l c u l a t e  t h e  q u a n t i t i y  
P 



where t h e  summation i s  over  t h e  energy groups o f  t h e  reac to r  c a l c u l a t i o n ;  

R (I) was s e t  t o  0.0 f o r  groups having neutron energies l a r g e r  than 
P 

measured i n  t h e  present  work. I n  one case A(R ) was determined using 
P 

t h e  present  experimental values o f  R (E)  (Table 1 ) and i n  another case 
P 

values o f  R (E) f o r  neutron energies below 2 MeV were der ived from t h e  
P 

f i t  t o  t h e  present da ta  and experimental values used above 2 MeV. There 

was a 0.02% d i f f e r e n c e  i n  t h e  value o f  A(R ) . c a l c u l a t e d  f o r  t h e  two cases 
P 

c i t e d  above and t h e  u n c e r t a i n t y  on A(R ) due t o  t h e  s t a t i s t i c a l  uncer- 
P 

t a . i n t i e s  on R (E) was 0.1%. 
P 

Measurements o f  R (E) were a1 so made i n  t h e  present work using a 
P 

2 3 5 ~  f i s s i o n  chamber having a coat ing  th ickness o f  20 g/m2. The value o f  

R (E) us ing these f o i l s  (20 g/m2) was about 3% less. than observed using 
P 

t h e  t h i n  (1 g/m2) f o i l s .  Using cramer's12 resu l ts ,  as described e a r l i e r  

f o r  t h e  e f f i c i e n c y  o f  t h e  present neutron detec tor  as a f u n c t i o n  o f  t h e  

angle neutrons en te r  t h e  s c i n t i l l a t o r  and assuming t h a t  t h e  f i s s i o n  neu- 

t r o n s  t r a v e l  i n  t h e  d i r e c t i o n  of t h e  f i s s i o n  fragments a reduct ion  o f  

about 2% i n  i s  ca l cu la ted  f o r  t h i c k  (20 g/m2) f o i l s .  Considerat ions 
P 

concerning t h e  s e l e c t i v e  d i s c r i m i n a t i o n  against  p a r t i c u l a r  f i s s i o n  f rag -  

ments was n o t  made i n  t h e  above appl i c a t i o n  o f  ~ r a m e r ' s ' ~  ca lcu la t ions .  

F igures 5 and 6 show two values obtained i n  t h e  present work, one 

f o r  t h e  low b ias  ( 4 0 0  keV) s e t t i n g  on t h e  neutron de tec to r  and t h e  o ther  

f o r  a h igh  (2.8 MeV) b i a s  on t h e  neutron detector.  The high- and low- 

b i a s  data were recorded simultaneously and t h e  d i f f e r e n c e  between t h e  two 

values o f  R (E) due t o  count ing  s t a t i s t i c s  i s  no g rea te r  than 0.1% A 
P 

.. . 
h i g h  b i a s  was used on t h e  neutron de tec to r  t o  minimize, o r  e l iminate,  t h e  

c o r r e c t i o n  t o  R (E) f o r  delayed gammas f o l l o w i n g  f i ss ion .2" ls  For  t h e  
P 



neutron energy reg ion  below about 400 keV t h e  present da ta  (count ing ga te  

s t a r t i n g  2.0 s  a f t e r  f i s s i o n )  f o r  t h e  measurements w i t h  t h e  h i g h  and l ow  

biases a re  cons i s ten t  w i t h   olde em an's^ '15 i n t e r p r e t a t  i o n  o f  delayed gammas 

f o l l o w i n g  f i s s i o n  of 252C.f and 2 3 5 ~  as r e f l e c t e d  i n  R (E). 
P  

The present experiments us ing t h e  h igh  b i a s  were not understood su f -  

f i c i e n t l y  t o  use d i r e c t l y ,  t h e r e f o r e  t h e  data obta ined w i t h  t h e  low b i a s  

were used and c o r r e c t i o n  o f  those d a t a . f o r  t h e  e f f e c t  o f  delayed gamma 

rays was made us ing  t h e  decay schemes suggested by  olde em an.^ 

I n  Fig. 6 i t  i s  noted t h a t  t h e r e  are  s i g n i f i c a n t  d i f f e r e n c e s  (>0.1%) 

i n  t h e  r e s u l t s  obtained f o r  R (E )  us ing t h e  low and h igh  b i a s  i n  t h e  en- 
P  

ergy reg ion  around 700 keV and above 5 MeV. I n  t h e  energy reg ion  above 

5 MeV t h e  d i f f e rence  between 1  ow- and h igh-b ias values f o r  R (E )  reaches 
P 

1%.  h his observed d i f f e rence  between low- and h igh-b ias values o f  R (E)  P 
i n  t h e  present work may be due t o  an increas ing  number o f  delayed gamma 

rays from f i s s i o n ,  o r  t o  e l e c t r o n i c  problems, such as l ack  , o f  s t a b i l i t y .  
L 

c .  

One check on t h e  r e l a t i v e  s t a b i l i t y  o f  t he  neutron de tec to r  f o r  t h e  low 

and h igh  biases i s  t he  r a t i o  RHL o f  t h e  observed neutron counts f o l l o w i n g  

2 5 2 C f  f i s s i o n  f o r  t h e  h igh  b i a s  t o  those observed f o r  t h e  low bias. The 

nlaximum d i f f e r e n c e  observed i n  RHL ( 2 5 2 ~ f )  f o r  t h e  t ime  i n t e r v a l s  a f t e r  

t h e  neutron b u r s t  which correspond t o  t h e  energy i n t e r v a l s  o f  t h e  ana lys i s  

and shown i n  Table 1  was 0.15% from t h e  average value f o r  i l l  i n te rva l s .  

It i s  suggested t h a t  anisotropy o f  f i s s i o n  fragment angular d i s t r i b u t i o n s  

produces t h e  divergence o f  t h e  values o f  R (E)  as measured i n  t h e  present 
P  

work us ing  t h e  h igh  and low biases on t h e  neutron detector .  As s ta ted  

p rev ious l y  t h e  probabi 1  i ty  f o r  de tec t  i ng 2 S 2 C f  f i ssi'on neutrons decreases 

more r a p i d l y  f o r  t h e  h igh-b ias r e s u l t s  than f o r  t h e  l'ow-bias r e s u l t s  when 



t h e  2 5 2 ~ f  source i s  d isp laced from t h e  center  o f  t h e  l a rge  l i q u i d  s c i n t i l -  

l a t o r .  Displacement o f  t h e  f i s s i o n  source along t h e  through tube r e s u l t s  

i n  changing t h e  s p a t i a l  d i s t r i b u t i o n  o f  t h e  neutron f l u x  i n  t h e  l a rge  

l i q u i d  s c i n t i 1 , l a t o r  as does a change i n  t h e  anisotropy o f  t h e  f i s s i o n  

fragments. It may be t h a t  experimental evidence o f  physical  s t r u c t u r e  i n  
- 
v (E) f o r  2 3 5 ~  i s  due i n  p a r t  t o  incomplete c o r r e c t i o n  o f  experimental 

P 
data  f o r ' a n i s o t r o p y  o f  t h e  f i s s i o n  fragments. The same changes i n  t h e  

f i s s i o n i n g  ' jbu  nucleus t h a t  lead t o  increas ing an iso t ropy  o f  t h e  f i s s i o n  

fragments may in t roduce o t h e r  f a c t o r s  which i n f l uence  t h e  measured val  ues 

, o f  (E), f o r  example changes i n  t h e  f i s s i o n  neutron energy spectrum. A 
P 

d e t a i l e d  c o r r e c t i o n  o f  experimental data on R (E)  f o r  anisotropy may 
P 

r e q u i r e  an experimental c a l i b r a t i o n  o f  t h e  neutron' de tec t i on  e f f i c i e n c y  as 

a f u n c t i o n  o f  t h e  p o s i t i o n  t h e  neutron was absorbed i n  t h e  s c i n t i l l a t o r .  

V. CONCLUSIONS 

The main p o i n t  der ived f rom these experiments i s  t h a t  t h e  neutron 

energy dependence of R (E) f o r  2 3 5 ~  as measured i n  t h e  present work i s  
P 

cons is ten t  w i t h  t h a t  o f   olde em an e t  a1. l5 up t o  2 MeV. The normal iza t ion  

d i f f e r e n c e  o f  0.8 f 0.4% i s  about t h e  same as observed f o r  t h e  measure- 

ments i n  t h e  thermal energy reg ion  ( re f .  1). Experiments using coat ings 

o f  2 3 5 ~  o f  20 g/m2 f o r  f i s s i o n  f o i l s  have shown a reduct ion  (-3%) i n  R (E) 
P 

compared t o  t h a t  observed us ing f o i l s  w i t h  depos i ts  o f  1 g/m2. 

The r e s u l t s  f o r  R (E)  us ing t h e  h igh  b i a s  on the  neutron de tec to r  
P 

were obta ined t o  check ~ o l  deman's2 '15 suggest ion t h a t  delayed gamma's 

f o l l o w i n g  f i s s i o n  p e r t u r b  t h e  l i q u i d  s c i n t i l l a t o r  method o f  measuring 
- 
v and t h e  r e s u l t s  of t h e  present experiments i n  t h e  energy  reg ion  below 

P 
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400 keV are cons is ten t  w i t h   olde em an's^'^^ suggestion. Above 500 keV 

t h e  divergence o f  t h e  r e s u l t s  fo r  R (E) using t h e  two biases has not been 
P  

s a t i s f a c t o r i l y  explained. It has been t e n t a t i v e l y  suggested t h a t  changes 

i n  t h e  angular d i s t r i b u t i o n  o f  t h e  f i s s i o n  fragments, and thus  t h e  f i s s i o n  
I 

neutrons, may exp la in  t h i s  observed d i  screpancy. 
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