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I. INTRODUCTION 

Measurements o f  the  neutron energy dependence of $(El, the  average 

number o f  prompt neutrons emit ted per  f i s s i o n ,  have been made f o r  2 3 3 ~  over 

the  neutron-energy range from 500 eV t o  10 MeV. The normal iza t ion  o f  the  

data was made r e l a t i v e  t o  \ for  the  spontaneous f i s s i o n  o f  252~f ;  there-  

fore the  r e s u l t  o f  the present  work i s  the r a t i o  K (E) = ; ( E ) ~ ~ ~ u / ; ~ ~ ~ ~ c ~ .  
P  P 

Another s e t  o f  measurements was made which y i e l d s  an est imate o f  f o r  
P 

2 3 3 ~  i n  t he  neutron-energy reg ion  below 0.3 eV. 

The present  work i s  a  cont inuat ion  o f  an experimental program t o  

measure ( E l  f o r  2 3 3 ~ ,  235~, and 2 3 9 ~ u  i n  the  thermal neutron energy reg ion  
P 

and i n  the  energy reg ion  o f  the neutron spectrum o f  f a s t  breeder reac tors .  

A l a r g e  l i q u i d  s c i n t i l l a . t o r  i s  used t o  de tec t  f i s s i o n  neutrons and a  

f i s s i o n  chamber conta in ing  the  f i s s i l e  isotope i s  used t o  de f ine  f i s s i o n  

events. Val ues o f  ( E l  obta ined f o r  2 3 5 ~  and 2 3 9 ~ u  i n  the  thermal - 
P 

energy range and from about 500 eV t o  10 MeV have been repor ted  pre- 

v i  ously  . 192 

The value f o r  R (E) obta ined i n  the  present  work f o r  t he  neutron- 
P 

energy reg ion  below 0.3 eV was 

which i s  i n  agreement w i t h  the value 

Rp(Ethermal ) = 0.6601 f 0.0015 

ob ta i  ned by Bol deman and ~ a l  ton3 and subsequently r e v i  ~ e d . ~ ' ~  Bol deman 4  

rev ised the  r e s u l t s  of Boldeman and Dal ton t o  account f o r  more recent  

data on delayed galnlna rays from f i s s i o n  and on f i ss ion -neu t ron  energy 

spectra. Bol deman and ~ r e h a u t '  f u r t h e r  r e v i  sed those resu l  t s 3  t o  account 



f o r  the e f f e c t  of f o i l  th ickness on ( E )  measurements. Because o f  a lack  
P 

4 o f  data on 233~, Boldeman based t h e  parameters f o r  delayed gamma rays 

from 2 3 3 ~  f i s s i o n  on the  evaluated parameters f o r  2 3 5 ~ .  Measurements i n  

the  present  work of the t ime d i s t r i b u t i o n  o f  events f o l l o w i n g  2 3 3 ~  and 

2 5 2 ~ f  f i s s i o n  suggest s i g n i f i c a n t l y  more ( f a c t o r  o f  5)  events f o l l o w i n g  

2 3 3 ~  f i s s i o n  than 2 5 2 ~ f  f i s s i o n  f o r  a delayed gamma-ray emi t te r  having a 

h a l f  l i f e  o f  -0.6 us. This w i l l  be discussed i n  a sec t ion  g i v i n g  the  

e f f e c t  on T o f  delayed gamma rays. Both the  present  va lue a (E 0.3 eV)= 
P P 

0.663 f 0.002 and the  rev ised value R ( E  ) = 0.6601 2 0.0015 o f  Boldeman 
P t h  

and Dal ton a re  i n  accord w i t h  t h a t  der ived i n  t he  eva lua t i on  by Lemmel; 6 

IT ( E  = 0.0253 eV) = 0.662 f 0.002. The unce r ta in t y  o f  0.002 g iven by 
P 

Lemmel i s  the  standard dev ia t i on  r e s u l t i n g  fran the least-squares ana lys is  

o f  nuclear  data obtained us ing  monoenergetic neutrons (2200 m/sl  as we l l  

as data obta ined w i t h  neutrons having a Maxwell i a n  energy d i  s t r i  bution. 

7 The value o f  Fp(E = 0.0253) given i n  ENDF/B-Y i s  a1 so 0.662. I n  t he  

neutron-energy reg ion  from a few keV t o  about 2 MeV, t he  present  r e s u l t s  

f o r  'R (E) are  l a r g e r  by 1 o r  2 percent  than o the r  e x i s t i n g  data. For 
P 

example, t he  present  data are about 1.7% l a r g e r  than the  values g iven i n  

7 ENDFIB-V i n  the  neutron energy reg ion  around 300 keV. Since f a s t  breeder 

reac tors  have a neutron spectrum which covers the  300-keV energy reg ion  

the l a r g e r  values of ( E l  f o r  2 3 3 ~  obta ined i n  t h i s  p resent  work may 
P 

have some s ign i f i cance  f o r  reac to r  design. 

The present  values o f  K ( € 1  i n d i c a t e  a l i n e a r  dependence on neutron 
P 

energy up t o  about 2 MeV which i s  cont rary  t o  the  suggest ion o f  Boldeman, 

e t  a1 .8 Boldeman e t  a1 .8 presented measurements o f  t he  energy dependence 

of bo th  T (E) and the  average k i n e t i c  energy o f  t he  f i s s i o n  fragments fo r  
P 



2 3 3 ~  and concluded t h a t  these measurements were mutua l ly  cons i s ten t  and 

t h a t  a  minimum i n  5 (El was expected a t  about 150 keV. (See F ig .  3. ) 
P  

11. EXPERIMENTAL METHOD 

The present  experiments on J ( 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 na tura l  gadul i n i  um t o  de tec t  f i s s i o n  neutrons 

( w i t h  an e f f i c i e n c y  o f  79%) and a  f i s s i o n  chamber ( e f f i c i e n c y  -95%) t o  

de f ine  f i s s i o n  events. R. R. Spencer e t  a1 .' used t h e  same l a r g e  l i q u i d  

sc i  n t i l  1  a t o r  i n  t h e i r  measurement o f  the  absolute va lue  o f  ; f o r  252~ f .  
P 

A d e s c r i p t i o n  o f  t he  basic  experimental techniques and some co r rec t i ons  

made on t h e  data are  given by Hopki ns and ~ i v e n "  and by Mather e t  a1 . 11 

A u x i l i a r y  experiments used i n  the ana lys i s  o f  the present  data are d i s -  

cussed by Spencer e t  a1 .' The present  experiments were performed using 

a  neutron f l i g h t  path o f  84.2 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 mJ and the  diameter o f  t he  through tube was 8.9 cm. 

The f i s s i o n  chamber was l oca ted  a t  the  center  o f  the l i q u i d  s c i n t i l -  

l a t o r  i n  a beam tube which t raverses  the neutron detec tor .  Neutrons frorn a  

pul  sed source (1  9 - 30 ns i n  dura t ion)  produced by t h e  Oak Ridge E lec t ron  

L inear  Accelerator,  ORELA, were co l l ima ted  t o  a  5.1-cm diameter beam t o  

impinge on the 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 the  s imul-  

taneous de tec t i on  o f  the 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 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 tor  system, A Cd l i n e r  0.8-rnm 

t h i c k  was i nse r ted  i n t o  the  through tube and the  f i s s i o n  chamber was p laced 

i n s i d e  t h i s  Cd l i n e r .  The purpose o f  t he  Cd l i n e r  was t o  reduce the  number 

of low-energy neutrons passing from t h e  s c i  n t i l  1  a t o r  i n t o  t h e  through tube; 

the gamma-ray cascade r e s u l t i n g  from neutron capture i n  Cd i s - 9  MeV, which 

compares w i t h  8 MeV f o r  neutron capture i n  Gd. 



A b i a s  equ iva len t  t o  a pu lse  h e i g h t  o f  about 0.9-MeV gamma-ray energy 

was app l ied  t o  t h e  neutron detector.  Pulses above t h i s  b i a s  were used t o  

de f i ne  coinc idence w i t h  pulses from t h e  f i s s i o n  chamber and t o  r e g i s t e r  

neutron events i n  t he  i n t e r v a l  f o l l o w i n g  f i s s i o n .  A graph o f  the pulse-  

he igh t  spectrum r e s u l t i n g  from neutron absorp t ion  i n  the l a r g e  l i q u i d  

s c i n t i l l a t o r  i s  g iven i n  F ig.  2 o f  Ref. 2. 

Both the  2 3 3 ~  sample and the  252~ f  source were contained i n  the  same 

f i s s i o n  chamber. A t o t a l  o f  40 mg o f  2 3 3 ~  was deposi ted on one s ide o f  1 8  

a1 uminum f o i l s  t o  a diameter of 5.1 cm and had an average coat ing  t h i c k -  

2 ness o f  1.1 g/m w i t h  the  v a r i a t i o n  i n  th ickness from center  t o  edge 

being 5%. Two coated p l a t e s  separated Iy an uncoated p la te ,  t h e  anode, 

made one sec t i on  of the  chamber, w i t h  the p l a t e  spacing being 0.32 cm. 

The chamber was f i l l e d  t o  a pressure o f  76-cm Hg w i t h  90% argon and 10% 

methane. An app l i ed  p o t e n t i a l  o f  60 V on two p l a t e s  gave t h e  smal les t  

spread i n  the  c o l l e c t i o n  t ime and was used f o r  a1 1 sect ions.  The U sample 

was 99.97% 2 3 3 ~ ,  0.02% 2 3 5 ~ ,  0.001% 2 3 6 ~ ,  and 0.009% 2 3 8 ~ .  Ten a m p l i f i e r  

and d i sc r im ina to r  systems were used, one f o r  the  2 5 2 ~ f  sect ion  and 9 fo r  

the  2 3 3 ~  sect ions o f  the  chamber. The d i v i s i o n  o f  the f i s s i o n  chamber 

i n t o  separate ly  instrumented sec t ions  was made t o  reduce t h e  p i l e -up  o f  

pulses caused by alpha p a r t i c l e  emission o f  t h e  2 3 3 ~  source ma te r ia l .  The 

pu l  se-height response o f  the  2 5 2 ~ f  sect ion  was moni tored cont inuously  

dur ing  the experiments. I n  a d d i t i o n  the  pu 1 se-hei gh t  spectrum from one 

of the  2 3 3 ~  sect ions was a l so  recorded. During the  experiment the  pulse- 

h e i g h t  spectrum o f  each sec t ion  was measured a t  l e a s t  one time. 

F igure  .- 1 shows f i s s i o n  fragment pu lse-he igh t  d i s t r i  but ions f o r  t he  

2 5 2 ~ f  sec t ion  and a 2 3 3 ~  sect ior l  (No. 6 )  o f  t h e  f i s s i o n  chamber. ~ u s h "  

c u r r e n t  a m p l i f i e r s  were used f o r  a l l  10 sect ions. 
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Fig. 1. Pulse-height  d i s t r i b u t i o n  o f  f i s s i o n  fragments from 2 3 3 ~  and 

2 5 2 ~ f  f i s s i o n .  The data w i t h  t he  para1 l e l  peak 35 are f o r  2 3 3 ~ .  The b ias  

app l ied  t o  t h e  2 3 3 ~  f i s s i o n  sec t i on  respons ib le  f o r  t he  smal l  peak i n  

the  2 3 3 ~  data. 



Gated i n t e g r a t o r s  were used on the  f a s t  output  pulse o f  these a m p l i f i e r s  

t o  produce a pu lse  s u i t a b l e  f o r  pulse-height  analys is .  A coincidence 

between a f i s s i o n  chamber pu lse  and a pu lse  produced by prompt f i s s i o n  

gamma rays 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  was requ i red  f o r  the  

pulse-height  measurement. The b ias on the  2 5 Z ~ f  sect ion  was s e t  a t  

one-half  t he  pu lse  he igh t  o f  the  peak of  the  f a s t  c u r r e n t  pu lse  d i s t r i -  

but ion. Because of t he  alpha p a r t i c l e  a c t i v i t y  o f  the  2 3 3 ~  the  e lec-  

t r o n i c s  b ias  was s e t  h igher  than f o r  2 5 Z ~ f  as shown i n  F ig.  1. The 

alpha p a r t i c l e  count r a t e  increases as the bias i s  decreased and t h e  

small peak seen i n  F ig.  1 f o r  the 2 3 3 ~  pulse-height  d i s t r i b u t i o n  r e -  

s u l t s  from a coincidence of alpha p a r t i c l e  pulses w i t h  pulses from the  

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

F i ss ion  neutrons are  moderated i n  the s c i n t i l l a t o r ,  d i f f u s e ,  and 

are  absorbed p r i m a r i l y  i t1  the Gd w i t h  the  neutron absorp t ion  r a t e  i n  

the  s c i n t i l 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 exponent ia l l y  such t h a t  90% o f  t he  neutrons are  

absorbed i n  the 40 PS count ing gate used i n  the  experiments. Two ga te  

s t a r t i n g  t imes were used, 0.75 and 2.4 P S  a f t e r  f i s s i o n ,  and were 

4 selected on the  basis o f  Boldeman's ana lys is  o f  the delayed gamtna rays 

f o l l o w i n g  f i s s i o n ,  the  measured t ime dependence o f  pulses f o l l o w i n g  

f i s s i o n  and measurements of (El f o r  d i f f e r e n t  s t a r t i n g  tirnes o f  the  
P 

neutron count ing gate ( see Ref- 1 1. Data were recorded sitnu1 taneously 

f o r  the  two gates used i n  the  present  experiments. These two gates 

w i l l  be r e f e r r e d  t o  ds delayed gates o f  0.75 and 2.4 us. A f i x e d  non- 

extending dead t ime o f  0.12 vs  on the  neutron detec tor  system se ts  the  

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  the neutron 

count ing gate. 



Data obta ined f o r  gates du r ing  which a f i ss ion  pu lse  occurred were 

stored separate ly  from the  o ther  data. I n  a d d i t i o n  an extending dead t ime 

o f  100 us was app l ied  t o  the  gate generator when a f i s s i o n  pu lse  occurred. 

Measurements o f  the 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 

the neutron detec tor  shor~ed a decrease i n  t he  count r a t e  f o r  t imes l e s s  

4 than about 2 MS.  Th is  observat ion i s  cons i s ten t  w i t h  Boldeman's sug- 

ges t ion  t h a t  delayed gamma rays from f i s s i o n  are detected i n  l a r g e  l i q u i d  

s c i n t i l  l a t o r  measurements o f  5 I n  Bol deman's eva lua t ion  o f  delayed 
P 

gamma-ray data, t h e  ha1 f 1 i f e  o f  t h e  delayed gamma-ray emi t te rs  ranges 

from 0.02 t o  80 HS and one emi t te r  has a h a l f - l i f e  of  0.62 ps. No d i f -  

ference was observed i n  t he  t ime d i s t r i b u t i o n  o f  pulses f o l l o w i n g  f i s s i o n  

by 2 3 3 ~  o r  2 5 2 ~ f  except i n  the  t ime i n t e r v a l  below -2 us. 

Two methods were used t o  est imate the  background recorded from a l l  

sources except t h a t  due t o  delayed gamma rays  from f i s s i o n  i n  the  fo re-  

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

rad ioac t i ve  source, i s o l a t e d  from t h e  neutron detector ,  s t a r t e d  the  

count ing gate t o  measure t h e  background t o  be used f o r  t h e  data obtained 

fo r  2 5 2 ~ f .  In t he  second method a neutron detec tor  pos i t i oned  i n  the  

neutron beam was used t o  generate a counting gate t o  use f o r  the  data 

obtained f o r  2 3 3 ~ .  Neutron bu rs t s  produced by the  ORELA may be expected 

t o  vary from pulse-to-pulse. Par t  o f  the  background i n  the  experiments 

i s  due t o  neutrons sca t te red  from t h e  f i s s i o n  chamber, and t h i s  back- 

ground rnay be expected t o  be propor t iona l  t o  t he  neutron i n t e n s i t y .  

Since the  p r o b a b i l i t y  o f  a f i s s i o n  i s  p ropor t iona l  t o  the  neutron i n -  

t e n s i t y  i n  a burst ,  a neutron detec tor  was used t o  generate a gate fo r  

background ana lys is  of the  2 3 3 ~  data. A neutron detec tor  cons i s t i ng  o f  



a pu lse  i o n i z a t i o n  chamber f i l l e d  w i t h  argon (80%) and BF3 (20%) was 

placed 82 m from the  neutron source and used as a "beam weighted" back- 

ground gate generator. 

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

t i o n  was adjusted such t h a t  t he  maximum background was 0.5 counts per  

40 PS. I n  t he  neutron-energy reg ion  above 1 MeV, where the  background was 

0.5 counts per  40 ps, t h e  corresponding number o f  neutrons detected from 

2 3 3 ~  f i s s i o n  was i n  excess o f  2.5 counts i n  the  40 us count ing  gate. 

111. DATA ANALYSIS AND UNCERTAINTIES 

The data were recorded us ing  800 t i m e - o f - f l i g h t  channels w i t h  20 

channels a l l oca ted  t o  record ing  the  number o f  events occu r r i ng  i n  the 

count ing gate i n i t i a t e d  by a f i s s i o n  event o r  a random source. I n  the 

ana lys is  the data were reduced t o  20 cont iguous energy i n t e r v a l s  where 

the  average value o f  ( E l  i n  an i n t e r v a l  was obta ined by weight ing each 
P - 

R (E) f o r  a g iven channel w i t h  the  energy w id th  o f  t h a t  t ime channel and 
P 

d i v i d i n g  by the w id th  o f  the  energy i n t e r v a l  . 
Figure 2 shows the t ime d i s t r i b u t i o n  o f  events i n  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  f o l l o w i n g  f i s s i o n .  These t i w e  d i s t r i b u t i o n s  were then cor -  

rec ted  f o r  p i l e - u p  as described l a t e r .  For t he  2 3 3 ~  a random coincidence 

of alpha p a r t i c l e  pulses w i t h  pulses from the  l a r g e  l i q u i d  s c i n t i l l a t o r  

produces " f a l s e  f i ss ions . "  The background due t o  the  fa1 se f i s s i o n s  was re -  

moved ds described l a t e r .  I n  the  present  work t h e  2 3 3 ~  events were con- 

taminated w i t h  2 5 2 ~ f  f i s s i o n s  which r e s u l t e d  i n  0.002 f i ss ions /s ,  which 

were accounted f o r  i n  the  ana lys i s  o f  the data. 
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F ig .  2. D i s t r i b u t i o n  o f  pu lses  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 l l o w i n g  f i s s i o n  o f  2 3 3 ~  and 252~f .  I n  curves A c o r r e c t i o n  was made 

f o r  events r e s u l t i n g  f rom delayed gamma rays  us ing  t h e  da ta  on de layed 

gamma rays compi led by   old em an.^ In curves 0 t h e  y i e l d  o f  t h e  pa ren t  

i so tope  .wi th  t h e  0.62 us h a l f - 1  i f e  was inc reased  by a f a c t o r  o f  about 

8 f o r  2 3 3 ~  f i s s i o n .  The Y a x i s  no rma l i za t i on  i s  a r b i t r a r y .  



Uncerta inty  i n  Using a 2 5 2 ~ f  Standard Sample -- 
A 252~ f  source d i s t r i b u t e d  over a sec tor  o f  a c i r c l e  t o  s imulate the  

r a d i a l  d i s t r i b u t i o n  of the f i s s i l e  i so tope on a c i r c u l a r  a1 uminum p l a t e  

formed one sec t i on  i n  t he  f i s s i o n  chamber. The observed number o f  counts 

i n  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 l l o w i n g  a detected f i s s i o n  from t h i s  

source was the  same w i t h i n  0.03% as t h a t  detected from the  2 5 2 ~ f  source 

used by R. R. Spencer e t  a?.' i n  an absolute measurement o f  f o r  252~f .  
P 

Only one 2 5 2 ~ f  source o u t  o f  5 used i n  t he  present  experimental program1 s 2  

has shown a s i g n i f i c a n t  d i f f e r e n c e  i n  the  number o f  counts detected f o l -  

low ing f i s s i o n  and t h a t  source was t h e  one chosen as the pr imary standard 

i n  Refs. 1 and 2. That pr imary standard showed about 0.25% fewer counts 

(neutrons)  per  f i s s i o n  than the  o ther  sources f o r  t he  experimental condi- 

t i o n  o f  Ref. 1. 

The observed value o f  f o r  a g iven 2 5 2 ~ f  source ma te r ia l  may depend 
P 

upon the  manner i n  which the  source i s  used. Var ia t ions  i n  t h e  observed 
- 
v may be expected if the sources a re  n o t  i n  the  same p o s i t i o n  i n  the  

P 
through tube o f  the neutron detector .  Some v a r i a t i o n  i n  T may a l s o  

P 
be expected i f  the  2 5 Z ~ f  deposi ts  on the  f i s s i o n  f o i l s  d i f f e r  from one 

chamber t o  the  next. 

An uncer ta in ty  o f  0.07% has been assigned t o  the  present  work f o r  t he  

uncer ta in ty  i n  t he  use o f  a 2 5 2 ~ f  standard neutron source. This uncer- 

t a i n t y  app l ies  t o  a l l  the energy i n t e r v a l s .  It i s  emphasized t h a t  t h e  

* '*~f source uncer ta in ty  o f  0.25% used i n  Refs. 1 and 2 should be re ta ined  

pending f i n a l  p u b l i c a t i o n  o f  the r e s u l t s  o f  those works. Although i t  has 

not  been def i  n i  t e l y  es tab l  i shed, t h e  experimental  evidence suggests some 

f a u l t  i n  t he  primary 2 5 2 ~ f  source o f  Refs. 1 and 2. 



Correc t ion  f o r  D i  sp7 acement o f  t he  F i s s i o n  Samples f rom - 
The Center o f  the  Large L i q u i d  S c i n t i l l a t o r  -- 

A c o r r e c t i o n  o f  -0.05% was made t o  t h e  measured value o f  K (E) t o  
P 

account f o r  the  d i s t r i b u t i o n  of the f i s s i o n  samples about t he  center  o f  

the de tec tor .  The v a r i a t i o n  i n  the observed counts f o l l o w i n g  f i s s i o n  o f  

2 5 2 ~ f  was measured as a f u n c t i o n  o f  t he  p o s i t i o n  o f  the  sample about t he  

center  o f  the  through tube and was found t o  be 0.015% per  cm and t h i s  

in fo rmat ion  was used t o  c o r r e c t  the measured 'R (E). A *0.05% uncer- 
P 

t a i n t y  has been assigned t o  t h i s  c o r r e c t i o n  and t h i s  unce r ta in t y  app l i es  

t o  a1 1 energy i n t e r v a l s .  

Correct ions - f o r  False F iss ions  ------ 
A f a l s e  f i s s i o n  i s  de f ined as the  random coincidence o f  a pulse f r o n  

the f i s s i o n  chamber w i t h  a pulse from the  l a r g e  l i q u i d  s c i n t i l l a t o r .  Since 

a l ow-e lec t ron i c  b i a s  was des i red  f o r  opera t ion  o f  t he  f i s s i o n  chamber i n  

order n o t  to  e l im ina te  nany f i s s i o n  fragment pulses, some pulses generated 

by alpha decay o f  the source mater ia l  were detected. I n  order  t o  est imate 

the number o f  f a l s e  f i s s i o n s  as a f u n c t i o n  o f  t ime a f t e r  the  neutron burs t ,  

random pul  ses, "mock a1 pha, " were in t roduced i n t o  the  e l e c t r o n i c  system i n  

the same manner as pulses froin the  f i s s i o n  chamber. The t ime dependence 

r e l a t i v e  t o  the  neutron b u r s t  o f  the coincidence between these "mock alpha" 

pulses and pulses from the  neutron detec tor  was recorded enabl ing a d i r e c t  

measurement o f  the f r a c t i o n  o f  the  events recorded as f i s s i o n s  which were 

fa lse  f i s s i o n s .  The f r a c t i o n  o f  the events which are f a l s e  f i s s i o n s  

var ies  i nve rse l y  w i t h  the  neutron f l u x .  For one experiment t he  fa1 se 



f i s s i o n s  comprised 0.6% of t he  recorded f i s s i o n  events near 500 eV and 

about 0.1% a t  1  MeV and the unce r ta in t y  i n  assoc ia t i ng  the  2 3 3 ~  alpha 

p a r t i c l e  r a t e  w i t h  the "mock alpha" pulses was 0.02%. I n  p r i n c i p l e  t h e  

c o r r e c t i o n  f o r  f a l s e  f i s s i o n s  does n o t  in t roduce c o r r e l a t e d  unce r ta in t i es .  

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

The recovery t ime of the de tec tor  syste~rl f o r  the l a r g e  l i q u i d  sc in -  

t i 1  l a t o r  f o l l o w i n g  a  pu lse  was about 0.075 vs and a  f i x e d  nonextending dead- 

t ime o f  0.12 p s  was imposed upon the  neutron detector  system t o  insure  

recovery o f  the system. Cor rec t ion  o f  the data f o r  pu lse  p i l e  up (dead- 

t ime) was made i n  the  manner given by Ribrag e t  a1 . I 3  The co r rec t i on  

factor obtained f o r  t he  r a t i o  ( € 1  f o r  233Ll was about 0.35% i n  the low- 
P 

energy reg ion  (E g 100 key) and about 0.18% a t  3.5 MeV o f  the  present  work. 

Ribrag e t  a1 . assume t h a t  t he  background d i s t r i b u t i o n  measured i s  a1 so 

present  i n  foreground measurements, t h a t  i s ,  count ing gates generated by 

f i s s i o n  and t h e i r  f i r s t  step i s  t o  c a l c u l a t e  the  p r o b a b i l i t y  t h a t  an event 

produced by a neutron w i l l  p i l e  up w i t h  a  background event.  The r e s u l t s  o f  

the f i r s t  step o f  t h e i r  ana lys is  then y i e l  ds the neutron d i s t r i b u t i o n ,  

which would be observed i n  t he  absence o f  background. F i n a l l y ,  t h e  neu- 

t r o n  d i s t r i b u t i o o  i s  cor rec ted  f o r  pu lse  p i l e  up. Spencer e t  a1 .' give 

a more complete d iscussion o f  t he  c o r r e c t i o n  o f  data f o r  pulse p i l e  up. 

Uncertai  tqties i n  t he  method of making the  pulse p i 1  e-up c o r r e c t i o n s  

l ead  t o  systematic e r r o r s  wh ic !~  are energy dependent through the  v a r i a t i o n  

o f  % ( E )  It has been assumed t h a t  t he  r e l a t i v e  unce r ta in t y  w i l l  be zero 

a t  the  neutron energy, about 10.5 MeV, where ; (E) f o r  233il equal s  i7 f o r  
P  P 



252~f .  Th is  assumption may n o t  be t r u e  because the  d i s t r i b u t i o n  P ( N ) ,  t h e  

f r a c t i o n  o f  the  f i s s i o n  events which emi t  N prompt f i s s i o n  neutrons, may 

n o t  be t h e  same even though 'R ( E )  = 1. An unce r ta in t y  o f  20% o f  the  
P 

c o r r e c t i o n  has been assumed f o r  the  pulse p i l e - u p  c o r r e c t i o n  and t h i s  

unce r ta in t y  i s  shown i n  Table I. 

E f f e c t  o f  t he  Anisotropy of F i s s i o n  - Fragment Emission on 

As t h e  i n c i d e n t  neutron energy increases the  f i s s i o n  fragment aniso- 

t ropy increases and more o f  t he  fragments have f l i g h t  paths c o r r e l a t e d  

w i t h  the  d i r e c t i o n  of the neutron beam. Since most o f  the  neutrons are 

emi t ted  f rom the  fragments a f t e r  f i s s i o n ,  t h e  neutrons w i l l  a l so  have 

an an i so t rop i c  d i s t r i b u t i o n .  For neutron induced f i s s i o n  o f  2 3 3 ~ ,  

Blumberg and ~ e a c h m a n ' ~  repo r t  values o f  the  anisotropy f a c t o r  g rea ter  

than u n i t y  f o r  neutron energies above 1  MeV. 

Using a  f i s s i o n  chamber which de tec ts  a l l  f i s s i o n  events, t he  e f f e c t  

o f  anisotropy , A 3 1, i s  t o  decrease the  observed value o f  7 ( E l  since more 
P 

o f  the  neutrons w i l l  have d i r e c t i o n s  which r e s u l t  i n  absorbt ion i n  regions 

where the  l a r g e  1 i q u i d  s c i n t i l  l a t o r  has lower de tec t i on  e f f i c i e n c y  (see 

Fig.  3, Ref. 2).  

I n  a d d i t i o n  o the r  physical  changes i n  the  f i s s i o n i n g  nucleus such as a 

change i n  the neutron f i s s i o n  spectrum may take p lace w i t h  the increase i n  

anisotropy which should a1 so be considered i n  the  ana lys i s  o f  data on ( E l  
P 

obtained us ing  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 .  However, as w i l l  be presented 

l a t e r ,  t he  present  de tec tor  system has 1  i t t l e  s e n s i t i v i t y  t o  v a r i a t i o n s  i n  

the  f i s s i o n  neutron spectrum. 



Table  I .  Exper imental  Values o f  y ( E )  f o r  2 3 3 ~  R e l a t i v e  t o  f o r  2 5 2 ~ f .  
P P 

a. S t a t i s t i c a l  u n c e r t a i n t y .  
b. Standard d e v i a t i o n  f rom t h e  mean (29  values).  
c .  Uncer ta in t y  i n  t h e  p i 1  e up c o r r e c t i o n .  
d. Uncer ta in t y  due t o  c o r r e c t i n g  f o r  delayed gamma rays.  
e. To ta l  es t imated u n c e r t a i n t y .  
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Assuming an anisotropy of 1.1 f o r  t he  f i s s i o n  fragments, i t  has been 

est imated from geometric considerat ions t h a t  t he  observed $- (E )  would de- 
P 

crease by about 0.25%. A t  neutron energies above 6 MeV, t h e  fragment an- 

l so t ropy  f o r  2 3 3 ~  reaches 1.3 (Ref. 17) and a d e t a i l e d  c a l c u l a t i o n  i s  

probably needed t o  make the  co r rec t i on  t o  the  observed (E), b u t  the  
P 

approximate ca l  c u l a t i o n a l  method y i e l d s  a decrease i n  t h e  observed value 

of 1%. Mather e t  a1 .ll est imated t h a t  f o r  neutron (7.5 MeV) induced f i s -  

s ion  of 2 3 5 ~  t h e  co r rec t i on  f o r  an is t ropy  was 0.2% a t  7.5 MeV where the  

anisotropy o f  t h e  f i s s i o n  fragments i s  dbout 1.3. No unce r ta in t y  has been 

inc luded f o r  t h e  e f f e c t  o f  anisotropy on the  measured (E). 
P 

E f f e c t  o f  Delayed Gamma Rays on TT ( E l  
--- ---- P 

Delayed gamma rays from f i s s i o n  produce pulses i n  t h e  neutron de- 

t ec to r .  Roldeman compiled a s e t  o f  delayed gamma-ray parameters f o r  

2 5 2 ~ f ,  2 3 5 ~ ,  and 2 3 9 ~ ~ ,  w h i c l ~  inc luded the  ha1 f 1 i fe, energy o f  t he  gamma 

cascade, and t h e  y i e l d  per  f i s s i o n  o f  the  parent  isotope.  I n  c o r r e c t i n g  

4 values o f  K (E) f o r  2 3 3 ~  Boldeman used the  delayed gamma-ray data f o r  
P 

both 2 3 3 ~  and 
235u 

I n  the  present  experiment two count ing  gates were used t o  record  

s c i n t i l  l a t a r  pul ses. Gates were opened 0.75 i.is and 2.4 u s  a f t e r  t h e  

i n i t i a t i n g  event. Data were obta ined simultaneously i n  both gates dur ing  

t h e i r  over lapping p e r i o d  up t o  40 us. The observed values o f  K ( E )  us ing  
P 

data obtained w i t h  the  2.4-PS delayed gate was about 0.25% l e s s  than t h a t  

obta ined us ing  a gate delayed 0.75 cls. Using t h e  delayed gamma-ray data 

suggested by  olde ern an,^ a n e t  0.1% reduc t i on  i n  t h e  observed value o f  



R ( E )  would be expected f o r  data obtained us ing  a 2.4-us delayed gate 
P 

r e l a t i v e  t o  data taken w i t h  a gate delayed 0.75 us. 

F igure  2 shows the  t ime d i s t r i b u t i o n  of pulses from the  neutron de- 

t e c t o r  f o l l o w i n g  f i s s i o n  o f  2 3 3 ~  and 2 5 2 ~ f .  The lower curves i n  F ig .  1 

represent  t h e  t ime-to-detect ion data cor rec ted  f o r  delayed gamma rays 

us ing  the  parameters suggested by Boldeman f o r  23511 and 252~f .  I n  the  

upper curves o f  F ig.  1, t he  2 3 3 ~  data were f u r t h e r  mod i f i ed  by assuming 

t h a t  t he  y i e l d  o f  the  iso tope having a 0.62-us h a l f - l i f e  was about e i g h t  

t imes l a r g e r  than fo r  2 3 5 ~ .  I n  t he  de tec t ion  of the gamma rays, t he  

y i  e l  d and e f f i c i e n c y  o f  the  de tec tor  are mu1 t i p 1  i c a t i  ve f a c t o r s  and the  

fac tor  o f  f i v e  g iven above i s  in f luenced by the  unce r ta in t y  (-25%) i n  t he  

de tec tor  e f f i c i e n c y  f o r  a p a r t i c l r l  a r  gamma-ray cascade. This  unce r ta in t y  

der ives from both the  assumed desc r ip t i on  of t he  gamma-ray cascade as 

we1 1 as the  es t imat ion  o f  t he  de tec tor  e f f i c i e n c y  fo r  a known gamma-ray 

cascade. Y ie lds  of t he  parent  isotopes e m i t t i n g  the  delayed gamma rays 

may be expected t o  vary w i t h  the  energy o f  t he  neutron induc ing  f i s s i o n .  

The data shown i n  F ig .  2 f o r  2 3 3 ~  were obta ined f o r  neutron energies 

extending from 500 eV t o  10 MeV. Using the  data shown i n  the  lower curves 

o f  F ig.  2 and assuming t h a t  the  d i f f e r e n c e  i n  t he  shape f o r  2 3 3 ~  and the  

2 5 2 ~ f  data i s  due t o  delayed gamma rays, t he  observed value o f  IT ( E )  
P 

would be -0.3% smal ler  f o r  t he  2.4-11s delayed gate than f o r  t h e  0.75-us 

delayed gate, which i s  i n  reasonable agreement w i t h  the  observat ions. The 

data presented i n  F ig .  2 a re  n o t  good enough f o r  e s t a b l i s h i n g  data f o r  

delayed gamma rays, however, f o r  2 3 3 ~  the  da ta  do i n d i c a t e  a l a r g e r  y i r l  d 

per  f i s s i o n  of t he  parent  i so tope having the  0.62-us h a l f  l i f e  than 

Boldeman and Frehaut r e p o r t  f o r  235u 



Spencer e t  a1. ,' measured the  absolute value o f  C f o r  2 5 2 ~ f  uslng a  
P 

low, about 0.9 MeV, equ iva len t  pulse he igh t  and a  high, 3  MeV, b ias  on the  

neutron detec tor  and obta ined agreement f o r  t he  two r e s u l t s  w i  t h i n  0.1% 

a f t e r  c o r r e c t i n g  t h e  low-bias data f o r  delayed gamma rays  us ing  t h e  delayed 

gamma-ray da ta  suggested by Boldeman and Frehaut. 

I n  t h e  present  work, t he  data obtained us ing  the  gate delayed 2.4 u s  

a f t e r  t he  i n i t i a t i n g  event were used t o  e x t r a c t  (E) f o r  
P 

2 3 3 ~ .  The data 

o f  Boldeman f o r  t he  delayed gamma rays from 2 3 5 ~  and 2 5 2 ~ f  were used t o  

est imate the  c o n t r i b u t i o n  o f  delayed gamma rays t o  R (E) f o r  t he  i n t e r -  
P 

va l  2.4 t o  40 u s  f o l l o w i n g  f i s s i o n .  A c o r r e c t i o n  o f  -0.1% was ca l cu la ted  

and an unce r ta in t y  o f  0.15% has been assigned f o r  the  e f f e c t  o f  delayed 

gamma rays on K (E) f o r  2 3 3 ~ ,  w i t h  no neutron energy dependence o f  
P 

delayed gamma rays considered. 

Cor rec t ion  --- f o r  F i s s i o n  Neutron Spectrum Di f fe rences 
------.PA 

A f i s s i o n  spectrum f o r  2 3 3 ~  neutrons was c a l c u l a t e d  us ing  t h e  Watt 

formula and the  parameters g iven i n  ENDF/B-V f o r  neutron energies from 

thermal t o  10 MeV. These spectra were then used i n  a Monte Car lo  code, 

used by Spencer e t  a1 .' f o r  the  2 5 2 ~ f  77 measurements, t o  ob ta in  the  e f f i -  
D 

ciency o f  de tec t i ng  2 3 3 ~  f i s s i o n  neutrons r e l a t i v e  t o  2 5 2 ~ f  f i s s i o n  neu- 

t rons.  Spencer e t  a l .  used a Maxwell ian d i s t r i b u t i o n  having an average 

energy o f  2.09 MeV f o r  t he  2 5 2 ~ f  neutrons. The c o r r e c t i o n  obta ined was 

(0.076 f 0.004)5 ( s t a t i s t i c a l  unce r ta in t y )  except a t  5 MeV where the  fac to r  

was .0284. A systematic unce r ta in t y  o f  0.03% has been assigned t o  the 

c o r r e c t i o n  f a c t o r  f o r  f i s s i o n  spectrum d i f fe rences,  which were a p p l i e d  

t o  the data i n  a1 1  energy i n t e r v a l s .  



Correc t ion  f o r  Missed F iss ions  

Because o f  the  th ickness o f  t he  f i s s i l e  deposi t ,  t h e  b i a s  on t h e  f i s -  

s ion  chamber e lec t ron ics ,  and the  requirement o f  a coinc idence between a 

f i s s i o n  chamber pulse and a pu lse  from the  l a r g e  l i q u i d  s c i n t i l l a t o r ,  

( r e s u l t i n g  from de tec t i ng  the  prompt gamma rays from f i s s i o n )  some f i s -  

s ions are missed. For a d iscussion o f  missed f i s s i o n s ,  t h e  reader i s  

r e f e r r e d  t o  Ref. 2. For  f i s s i l e  deposi ts  of 1 g/n2, 95% o r  mare o f  the  

f i s s i o n  fragments are  detected. Dickens e t  a1 .15 measured t h e  e f f i -  

2 ciency of a f i s s i o n  chamber having a coa t i ng  th ickness o f  1.4 g/m o f  Pu 

t o  be 98.5 * 0.38%. Missed f i s s i o n s  r e s u l t  from fragments dh ich  do n o t  

escape the  depos i t  and from fragments which escape the  depos i t  b u t  do n o t  

produce a detected pulse. Most o f  the  fragments which do n o t  escape the  

deposi t  have angles w i t h  respect  t o  the through tube which are la rge .  

Since f i s s i o n  neutron d i r e c t i o n s  are c o r r e l  a ted w i t h  the  1 aboratory d i  rec-  

t i o n  of the  fragments, i t  i s  t o  be expected t h a t  these missed f i s s i o n s  

tend t o  decrease (Ref. 2 )  t h e  measured value of ( € 1  due t o  geometric 
P 

considerat ions.  I n  add i t ion ,  an e l e c t r o n i c  b i a s  may r e s u l t  i n  t he  p r e f e r -  

e n t i a l  s e l e c t i o n  o f  p a r t i c u l a r  f i s s i o n  modes thereby changing t h e  measured 

5 value o f  7 Boldeman and Frehaut have measured t h e  v a r i a t i o n  i n  
P ' 

- 
v f o r  2 5 2 ~ f  covered w i t h  d i f f e r e n t  thicknesses o f  lead. For t h e i r  p a r t i c -  

P 
2 u l a r  s c i n t i l l a t o r  they est imate t h a t  f o r  a 1 g/m depos i t  o f  2 3 3 ~  t h e  

measured value o f  7 ( E l  would be decreased by 0.03%. Since some o f  t he  
P 

experimental v a r i a t i o n  i n  Y ( E )  w i t h  depos i t  th ickness  may depend upon 
P 

the  k i n e t i c  energy o f  the fragments and some upon the  geometry of the  



detec tor  system (see Ref. 21 a model seems needed t o  apply the  r e s u l t s  ob- 

t a ined  by Boldeman and Frehaut on f o i l  th ickness e f f e c t s  t o  o ther  exper i -  

mental systems. 

No c o r r e c t i o n  t o  the  present data has been made t o  account f o r  missed 

f i s s i o n s ;  however, an uncer ta in ty  o f  0.05% a t  a l l  energy i n t e r v a l s  has been 

assigned f o r  t h i s  e f f e c t .  

Presentat ion o f  the  Data --- ---- 
Table I shows t h e  r e s u l t s  obta ined i n  t he  present  work fo r  energy i n -  

t e r v a l  s  extending f rom 500 eV t o  10 MeV. The values o f  'R (El shown i n  
P 

Table I were obta ined us ing  the  2.4-vs delayed gate. Also g iven i n  Table I 

are the  s t a t i s t i c a l  uncer ta in ty ,  the standard dev ia t i on  o f  the  medn (29  

separate runs),  the unce r ta in t y  i n  the pulse p i l e u p  co r rec t i on ,  t he  uncer- 

t a i n t y  i n  t he  c o r r e c t i o n  f o r  delayed galma rays, and the  t o t a l  est imated 

uncer ta in ty .  The value o f  chi-square d i v i d e d  by the  degrees o f  freedom 

was 1.05 f o r  t he  data o f  Table I. 

Figure 3 s h o ~ s  a p l o t  o f  a ( E )  f o r  t he  energy range 0 t o  2 MeV. I n -  
P 

cluded i n  F ig .  3 w i t h  the  present r e s u l t s  are the  data o f  Diven e t  a1 . , 16 

Col v i n  and sowerby ,' and Bol deman e t  a1 .4*8 a1 ong w i t h  the  values g iven 

i n  ENDF/B-V. The present data (F ig.  3 )  show an approximately 1 i n e a r  de- 

pendence o f  'R ( E l  on the  neutron energy up t o  about 1 MeV, whereas the  
P 

o the r  data i n d i c a t e  a near ly  constant  o r  decreasing value up t o  about 0.5 

MeV. The dashed l i n e  i n  Fig.  3 represents a weighted l i n e a r  f i t  t o  the  

present  data over the energy range 0 t o  2 ?-lev. The r e l a t i o n  der ived was 



where E i s  i n  MeV. Chi-square obta ined i n  t he  f i t  was 21 f o r  13 degrees 

o f  freedom. 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 the  energy dependent uncer- 

t a i n t i e s  were used i n  weight ing f o r  t he  l e a s t  squares ana lys is .  Fo ld ing  

the  systematic uncer ta in ty  w i t h  t h a t  of the  i n t e r c e p t  o f  the  equat ion above 

y i  e l  ds 

The above value o f  5(0) and the  i nd i ca ted  uncer ta in ty  a r e  the  r e -  

s u l t s  o f  the  ana lys is  o f  t he  data f o r  E & 0.5 keV assuming a l i n e a r  depen- 

dence o f  ?? (El on the  neutron energy and i s  no t  the  resul  t o f  a d i  r e c t  
P 

measurement. 

A measurement o f  K f o r  2 3 3 ~  was made f o r  the energy i n t e r v a l  below 
P 

0.3 eV and a value 

was derived, I n  the  measurement o f  (E c 0 . 3  eV), the  neutron b u r s t  r a t e  
P 

was 8001s and t h e  neutron f l i g h t  path was 84.2 m. Two separate experiments 

were performed. I n  one, no over lap f i l t e r  was used and the  neutron spec- 

trum i n c i d e n t  on the 2 3 3 ~  sample extended fran neutron energies 1 ess than 

0.01 eV t o  greater  than 10 MeV. I n  the  second experiment a Cd over lap 

f i l t e r  was placed i n  t he  neutron beam and neutrons w i t h  energies l e s s  than 

about 0.3 eV were absorbed by the  Cd. The r e s u l t s  o f  the  second experiment 

were used t o  p rov ide  a measure o f  the  f i s s i o n s  i n  the  f i r s t  experiment 

which were due t o  neutrons having energies above 0.3 eV. About 46% o f  t he  

f i s s i o n s  i n  the experiment n o t  us ing  the  Cd over1 ap f i 1 t e r  were due t o  

6 neutrons having energies above the  Cd c u t  o f f  energy. Lemmel obtained 

a value o f  0.662 f 0.002 f o r  Fp(E = 0.0253 eV) i n  h i s  eva lua t ion  o f  



thermal neutron parameters. ~ e m r n e l ~  noted t h a t  a t  2200 m/s der ived 
P 

us ing  2200 m/s data ( f i s s i o n  cross sec t ion  e t c )  and g ive a value about 
P 

1 .3% l e s s  than 7 der ived us ing  Maxwell i a n  data a1 one. The value of 
P 

Kp(E = 0.0253 eV) given i n  ENDF/B-v7 i s  0.662. 

The r e s u l t s  f o r  R (E 0.3 eV) der ived i n  the  present work are  i n  
P 

agreement w i t h  the  resul  t s  

3 o f  Boldeman and Dal ton as mod i f ied  by   old en an^ and by Boldenan and 

~ r e h a u t . '  The d i f ference i n  the present value of TI (E) and t h a t  o f  
P 

Boldeman and Dal ton i s  about 0.4% ( w i t h i n  the  added t o t d l  u n c e r t a i n t i e s )  

f o r  t h e  thermal energy region. Based upon s t a t i s t i c a l  u n c e r t a i n t i e s  only,  

the  present  data a t  thermal d i f f e r  froln t h a t  o f  Boldeman and Dal ton by 

about 1  .5 standard deviat ions.  

A t  300 keV the present  r e s u l t s  f o r  R ( E l  are 1.7% l a r g e r  than those 
P 

o f  Boldeman e t  a1 .,8 and as can be seen i n  F ig.  3, the  present  r e s u l t s  

are cons i s ten t l y  l a r g e r  than most o f  the  o the r  data up t o  1  MeV. Above 

-1 MeV the data o f  Boldeman e t  a1 ., and the  present  r e s u l t s  f o r  ( E l  
P 

over1 ap w i t h i n  t h e i  r t o t a l  uncer ta i  n t i e s .  

The authors have no explanat ion f o r  t he  l ack  o f  agreement o f  t h e  pres- 

en t  values o f  (El and t h e  o ther  experimental data shown i n  F ig .  2  between 
P 

80 keV and 1  MeV. Both the  average k i n e t i c  energy rk(E) o f  the  f i s s i o n  

fragments and the  angular d i s t r i b u t i o n  of the  f i s s i o n  fragments have been 

shown t o  vary i n  a  nonl i n e a r  manner w i t h  neutron energy i n  the  range from 

0 eV t o  t he  MeV region. Sergachev e t  a1 and Bol dernan e t  a1 .' observed 



an increase i n  t he  average k i n e t i c  energy o f  t he  2 3 3 ~  f i s s i o n  fragments 

f o r  t h e  energy i n t e r v a l  0 t o  a few hundred keV. Boldeman e t  a1 .8 p o i n t  o u t  

t h a t  t h e i r  measurements o f  the energy dependence o f  Ek(E) and T (E) are  
P 

cons is ten t .  They s t a t e  t h a t  i f  the  mass and charge d i v i s i o n  i n  f i s s i o n  o f  

2 3 3 ~  + n do no t  change w i t h  energy, then conservat ion o f  k i n e t i c  energy 

requi  r e s  a v a r i a t i o n  i n  \ t o  be r e f 1  ected i n  5 (El. Bol dernan e t  a1 . 8 
P 

f i n d  t h a t  bo th  t h e i r  ; ( E )  and rk(E) measurements i n d i c a t e  a 
P 

minimum i n  ( E l  a t  about 150 keV. 
P 

Nurpei sov e t  a1 .' measured the energy dependence o f  G ( E )  for 233,, 
P 

using a mu1 t i p 1  a t e  i o n i z a t i o n  chamber t o  detect f i s s i o n  and ' ~ e  counters 

conta ined i n  a p a r a f f i n  block t o  de tec t  neutrons. A1 though the uncer- 

t a i n t i e s  on 7 ( E l  repo r ted  i n  Ref. 15 are about 0.6% o r  more, t he  authors 
P 

do r e p o r t  r a t i o s  7 ( E ) / v  (0 )  which suggest a broad minimum i n  ( E )  f o r  
P P P 

2 3 3 ~  between 80 and 500 key. I n  t he  neutron energy reg ion  below about 

80 keV, t he  present  r e s u l t s  f o r  R (El agree w i t h  the  o the r  data shown 
P 

i n  F ig.  3 w i t h i n  the combined unce r ta in t i es .  Between 80 keV and 1 MeV, 

the present  r e s u l t s  are cons i s ten t l y  h igh  by an amount (-1%) which i s  

outs ide  t h e  known systematic u n c e r t a i n t i e s  o f  t he  present  experiment 

by about f o u r  standard deviat ions.  I f  i t  i s  assulned t h a t  there  i s  no s i g -  

n i f i c a n t  s t r u c t u r e  i n  %(El f o r  2 3 3 ~  between 1 and 2 MeV, then the  present  

data and t h a t  o f  Boldeman e t  a1 .8 agree w i t h i n  u n c e r t a i n t i e s  f o r  t h a t  

i n t e r v a l  . 
Blumberg and ~ e a c h m a n , ' ~  Nesterov e t  61. ,*' Smlrenkin e t .  a1. ,*I and 

Bertram e t  a1 .22 have observed an increase (g rea te r  than u n i t y )  i n  the  

anisotropy o f  the  f i s s i o n  fragments as the  neutron energy increases from 0 

t o  a few hundred keV. A t  300 keV, f o r  example, t h e  anisotropy i s  about 



1.07 and increases t o  1  .I o r  more a t  500 keV and these changes i n  aniso- 

t ropy  can cause changes i n  t he  observed -3 ( E l  i n  measurements us ing  l a r g e  
P 

l i q u i d  s c i n t i l l a t o r s .  It i s  poss ib le  t h a t  a  combination o f  energy depen- 

dent phys ica l  processes i n  2 3 3 ~  f i s s i o n  i n f l uence  the  measurement o f  7 ( E )  
P 

i n  ways which have not  been considered. I n  Ref. 2, i t  was suggested t h a t  

d i f fe rences i n  I? (E) observed f o r  2 3 5 ~  us ing  a low b i a s  (-1 MeV equ iva len t  
P 

pulse h e i g h t )  and a  h igh  b ias  ( 2 . 3  MeV) on the  neutron de tec t i on  system 

was due t o  changes w i t h  neutron energy o f  the  anisotropy o f  t he  f i s s i o n  

fragments, For a  l a r g e  l i q u i d  s c i n t i l l a t o r  s i m i l a r  t o  t h a t  used i n  t he  

present  work, t he  maximum ca lcu la ted  change i n  'R ( E l  f o r  a  change i n  aniso- 
P  

t ropy from 1  t o  1.1 would be 0.7% (upper l i m i t ,  see F ig .  3, Ref, 2).  

As the  anisotropy increases above u n i t y  w i t h  increas ing  energy the  ob- 

served value o f  (El would be expected t o  decrease i f  labora tory  neutron 
P 

d i r e c t i o n s  a re  s t rong ly  c o r r e l a t e d  w i t h  the  fragment d i  r e c t i  on. 

The present  data ( E l  and AE (E) were fo lded  w i t h  a  neutron spec- 
P P 

trum c h a r a c t e r i s t i c  o f  ZPR6/7 23y24  and the  neutron f i s s i o n  cross sec t ion  

t o  ob ta in  an est imate o f  the unce r ta in t y  i n  the c r i t i c a l i t y  constant  k due 

t o  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  i n  (E l .  An unce r ta in t y  o f  0.001 i n  
P 

k  was obtained. Fo ld ing  ( E )  from ENDF/B-V w i t h  the  same spectrum and 
P 

cross sec t ion  y i e l d s  a  value of k  0.5% lower than t h a t  obta ined w i t h  the  

present  data. 

I V .  CONCLUSIONS 

The present  measurements are  i n  accord w i t h  the  r e s u l t s  o f  Roldeman 

e t  a l .  334,5 i n  t he  thermal energy range w i t h  the  d i f f e r e n c e  i n  t he  two 

values being about r3.4%. I n  the  neutron energy reg ion  between 100 keV and 



1 MeV, the  present  r e s u l t s  are 1% o r  g reater  above those o f  Boldeman e t  

a1 .8 and no d e f i n i t e  explanat ion has been given f o r  t h i s  d i f f e rence .  

In t he  neutron energy reg ion  up t o  2 MeV, t h e  present  data are  des- 

c r i  bed by a  1  i near func t i on  o f  the neutron energy w i t h  a  value o f  x o f  

14 f o r  13 degrees o f  freedom. Although a  l i n e a r  r e l a t i o n  o f  IT (El w i t h  
P 

energy may n o t  be p h y s i c a l l y  co r rec t ,  t he  present  r e s u l t s  are described 

adequately by a  l i n e a r  f unc t i on  o f  energy up t o  2  MeV. 

Measurement o f  t he  t ime d i s t r i b u t i o n  o f  pulses from the  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 l l o w i n g  f i s s i o n  show more events per  f i s s i o n  i n  the  e a r l y  

t ime reg ion  ( t  < 2  p s )  f o r  2 3 3 ~  than f o r  252~f .  The t ime d i s t r i b u t i o n  o f  

neutron events fo l l ow ing  f i s s i o n  o f  2 3 3 ~  can be reconc i l ed  w i t h  those f o l -  

lowing f i s s i o n  o f  2 5 2 ~ f  i f  i t  i s  assumed t h a t  the  delayed gammas emi t ted  

having a  h a l f - l i f e  o f  about 0.62 P S  (Ref. 4) has a  y i e l d  about a  f a c t o r  o f  

5 l a r g e r  f o r  2 3 3 ~  than 252~ f .  

No explanat ion f o r  t h e  d i f f e rence  between the  present  values o f  K ( E )  
P  

and those o f  t he  o ther  experimenters 8910911 ,I4 has been found. I n  par-  

t i c u l a r ,  the  experiments o f  Boldeman e t  a1 .8 are  very s i m i l a r  t o  the  pres- 

en t  ones and most o f  the  known co r rec t i ons  requi red,  such as f o r  the  e f f e c t  

o f  delayed gamma rays, t o  der ive  are o f  the same s ign  and about the  
P 

same s i z e  fo r  each experiment. 
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