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FINAL REPORT ON ARPA FISSION Y I E L D  PROJECT WORK, 

A P R I L  1970 - A P R I L  1973 

I. INTRODUCTION 

The o v e r a l l  o b j e c t i v e  of t h i s  p r o j e c t  has  been t o  measure 

' t h e  independent  and cumulat ive  f i s s i o n  y i e l d s  of s e l e c t e d  halogen 

and r a r e  gas  n u c l i d e s  f o r  a p p l i c a t i o n  t o  c h a r a c t e r i z a t i o n  of 

underground n u c l e a r  d e t o n a t i o n s .  The s t u d i e s  have inc luded  

f i s s i o n  y i e l d  measurements f o r  t he rma l ,  f i s s i o n  spectrum,  and 

15 MeV neutron-induced f i s s i o n  e v e n t s .  Ta rge t  m a t e r i a l s  i nc luded  

2 3 5 ~ ,  2 3 8 ~  and 2 3 9 ~ u .  

The r e s e a r c h  e f f o r t  was d i v i d e d  i n t o  two b a s i c  p a r t s .  I n  

one p a r t ,  t h e  n u c l i d e s  of i n t e r e s t  w e r e  s e p a r a t e d  r ad iochemica l ly  

and determined by gamma-ray spec t romet ry .  This  approach pro- 

v i d e s  i n fo rma t ion  on t h e  independent  and cumulat ive  y i e l d s  of 

n u c l i d e s  w i t h  h a l f - l i v e s  of  a few seconds o r  g r e a t e r .  The 

second p a r t  of ou r  e f f o r t  involved  the  use of on - l i ne  mass 

s e p a r a t i o n  t echn iques .  Th i s  approach y i e l d s  i n fo rma t ion  on 

independent  f i s s i o n  y i e l d s  of n u c l i d e s  w i th  h a l f - l i v e s  r a n g i n g  

. down t o  f r a c t i o n s  of a  second and provides  d a t a  on a l l  s i g n i -  

f i c a n t  i s o t o p e s  of a g iven  f i s s i o n  produc t  e lement  i n  one set  

of  measurements. 

A t  t h e  sponsor ' s  r e q u e s t ,  t h e  main e f f o r t  i n  t h e  r ad io -  

chemist ry  program was c e n t e r e d  on measurements of  t h e  cumula- 

t i v e  f i s s i o n  y i e l d  of " ~ r ,  and work on independent  y i e l d  

measurements of bromine i s o t o p e s  which had been i n i t i a t e d  



o r i g i n a l l y  was suspended a t  t h e  end of t h e  f i r s t  p r o j e c t - y e a r .  

~ u m u l a t i \ r e  f i s s i o n  y . ie lds  of 8 9 ~ r  w e r e  measured f o r  thermal-  

neu t ron  f i s s i o n  of  2 3 9 ~ ~  and f o r  f i s s ion - spec t rum and 15-MeV . . .  

235u' 238" and 
neu t ron  f i s s i o n  .of I 2 3 9 ~ u .  I n  a d d i t i o n ,  cumula- 

t i v e  f i s s i o n  y i e l d s  of t h e  o t h e r  r a r e  g a s  r a d i o n u c l i d e s ,  . 

8 5 m ~ r ,  8 7 ~ r ,  8 8 ~ r ,  1 3 7 ~ e ,  1 1 3 8 ~ e ,  were measured f o r  t h e  same . 

f i s s i o n  type  e v e n t s .  F r a c t i o n a l  independent  y i e l d s  of 8 9 ~ b  

and 1 3 8 ~ s  were a l s o  measured f o r  a l i m i t e d  number of  f i s s i o n  

s y s  t e m s  . 
On-line mass spec t rome te r  f a c i l i t i e s  w e r e  e s t a b l i s h e d  a t  

a  Van de Graaff  a c c e l e r a t o r  and a t  a  nucle ,ar  ' r e a c t o r .  Measure- 

ments w e r e  made of  r e l a t i v e  independent  f i s s i o n  y i e l d s  of 

rubidium i s o t o p e s  of masses 89 through 97 . and  of cesium i s o t o p e s  

of masses 139 th rough  145. Techniques f o r  g e n e r a t i o n  and measure- 

ment of n e g a t i v e  i o n s  of bromine and i o d i n e  f i s s i o n  p roduc t  

i s o t o p e s  w e r e  developed and demonstra ted.  

11. RADIOCHEMISTRY 

1. . ' Intro 'duc' t ion 

This  i s  the f i n a l  t e c h n i c a l  p r o g r e s s  r e p o r t  on t h e  ARPA 

f i s s i o n  y i e l d  p r o j e c t  work, and t h u s  t h e  o v e r a l l  rad iochemica l  

s tudy  w i l l  b e  reviewed b r i e f l y .  The rad iochemica l  s t u d i e s  f o r  

t h i s  p r o j e c t  w e r e  begun 20 A p r i l ,  1970. I n i t i a l l y  a  r a p i d  

sample t r a n s f e r  sys tem f o r  neu t ron  i r r a d i a t i o n s  was i n s t a l l e d  

a t  t h e  Hanford KE p roduc t ion  r e a c t o r ,  30 mi l e s  nor thwes t  of 

t h e  Bat te l le -Nor thwes t  Labora to r i e s .  Radiochemical s t u d i e s  

were c a r r i e d  o u t  t o  develop procedures  f o r  r a p i d  s e p a r a t i o n  of 

bromine from o t h e r  f i s s i o n  p;oducts and from t h e  bromine pre-  

c u r s o r s  a r s e n i c  and selenium. A s a t i s f a c t o r y  procedure  was 

.developed based on decomposit ion of u r a n y l  bromate which r e s u l t e d  

-2-  



i n  r ea sonab le  bron?ne recovery  i n  a s  l i t t l e  as two seconds.  

However,' f u r t h e r  work on bromine chemis t ry  was t e rmina t ed  due 

t o  a  r e q u e s t  from ARPA t h a t  s t u d i e s  of r a r e  gas  f i s s i o n  y i e l d s  

be g iven  h i g h e r  p r i o r i t y ,  w i t h  emphasis t o  be g iven  t o  d e t e r -  

mina t ion  of t h e  cumula t ive  f i s s i o n  y i e l d s  of 8 9 ~ r  f o r  f i s s i o n  

2 3 5 ~  and 2 3 9 ~ ~  w i t h  thermal  neu t rons  and of 
235u 

of , 2 3 8 ~  and 

2 3 9 ~ ~  w i t h  f  i s s ion-spec t rum and 15-MeV neut rons .  

I n  January ,  1971 t h e  KE p roduc t ion  r e a c t o r  was permanently 

s h u t  down, s o  f a c i l i t i e s  f o r  r a p i d  thermal  neu t ron  i r r a d i a t i o n s  

w e r e  i n s t a l l e d  a t  t h e  T R I G A  r e a c t o r  of  Washington S t a t e  Univer- 

s i t y  (WSU) a t  Pullman, Washington, 150 mi l e s  from Richland.  The 

t echn ique  used f o r  r a r e  gas  y i e l d  s t u d i e s  a t  WSU c o n s i s t e d  of 

i r r a d i a t i o n  of 30-50 mg of  n a t u r a l  uranium s t e a r a t e  i n  s e a l e d  

q u a r t z  ampoules f o r  approximately  30 seconds i n  a  f l u x  of 

-2 -1 2.5 x  1 0 1 2  nocm - s e c  . A f t e r  i r r a d i a t i o n  t h e  ampoule was 

crushed and t h e  f i s s i o n  gases  w e r e  swept i n t o  a  count ing  c e l l .  

The amount of each r a r e -gas  i s o t o p e  was determined by Ge(L i ) -  

d iode  gamma-ray spec t romet ry .  Computer programs were developed 

t o  p r o c e s s  t h e  l a r g e  amount of exper imenta l  d a t a .  A modif ied 

v e r s i o n  of t h e  GASPAN program was used t o  de te rmine  photopeak 

e n e r g i e s  and a r e a s .  

The cumulat ive  f i s s i o n  y i e l d  of 8 9 ~ r  was f i r s t  determined 

235u f o r  t h e  c a s e  of thermal-neutron i r r a d i a t i o n  of . Then 

methods were developed which a l s o  al lowed e s t i m a t i o n  of  t h e  

cumulat ive  y i e l d s  of 8 5 m ~ r ,  8 7 ~ r ,  8 8 ~ r t  1 3 7 ~ e  and 1 3 8 ~ e .  EX- 

pe r iments  t o  determine t h e  f r a c t i o n a l  independent  y i e l d s  of 

8 9 ~ b  and 1 3 8 ~ s  were a l s o  done. I n  October 1972 i r r a d i a t i o n s  

2 3 9 ~ U  w i th  thermal  neu t rons  were made a t  WSU, and ra re -gas  of 

-3- 



cumulat ive  f i s s i o n  y i e l d s  of t h e  above-mentioned r a d i o n u c l i d e s  

were measured. The exper imenta l  appa ra tus  w a s ' t h e n  modif ied 

e x t e n s i v e l y  i n  o r d e r  t o  pe rmi t  i r r a d i a t i o n  of  gram-sized 

q u a n t i t i e s  of bo th  u rany l  and p l u t o n y l  s t e a r a t e  w i th  f i s s i o n -  

spectrum and 1 5 - ~ e ~  neu t rons .  The equipment was moved t o  

t h e  Lawrence Livermore Laboratory i n  December, 1972. P lu tony l  

s t e a r a t e  was n e x t  syn thes i zed  f o r  t h e  ra re -gas  y i e l d  s t u d i e s .  

Between December, 1972 and A p r i l ,  1973 i r r a d i a t i o n s  of t h e  

t a r g e t  m a t e r i a l s  2 3 5 ~ ,  2 3 8 ~  and 2 3 9 ~ ~  were made w i t h  f i s s i o n -  

specturm neu t rons  a t  t h e  Lawrence Livermore Laboratory (LLL) 

F a s t  Neutron I r r a d i a t i o n  F a c i l i t y  (FNIF) and w i t h  15-MeV 

neut rons  a t  t h e  LLL I s o l a t e d  Core Transformer (ICT) f a c i l i t y .  

A d d i t i o n a l  s t u d i e s  i nc luded  de t e rmina t ion  of  - independent  and 

cumulat ive  y i e l d s  of 1 3 8 ~ e  and 1 3 8 ~ s  f o r  t h e  ca ses  of i r r a d i a -  

t i o n  of 2 3 9 ~ u  w i t h  f i s s ion - spec t rum and 15-MeV neu t rons  and of 

2 3 5 ~  w i t h  15-MeV neut rons .  

A f t e r  complet ion of t h e  i r r a d i a t i o n s  a t  Livermore, t h e  

equipment was r e t u r n e d  t o  Richland.  S e v e r a l  capsu le s  and a  

v i a l  c o n t a i n i n g  p l u t o n y l  s t e a r a t e  w e r e  donated t o  t h e  Los Alamos 

Radiochemistry group t o  be used by Kurt  Wolfsberg i n  h i s  r a r e -  

gas  f i s s i o n  y i e l d  s t u d i e s .  

The d a t a  p r e s e n t e d  i n  t h i s  r e p o r t  i s  i n  f i n a l  form and 

summarizes t h e  r e s u l t s  of t h e  ARPA rad iochemica l  s t u d i e s .  A l l  

of t h e  o b j e c t i v e s  of t h e  r a r e  gas  p a r t  of t h e  f i s s i o n  y i e l d  

s tudy  a s  o u t l i n e d  i n  t h e  p roposa l  f o r  A p r i l  1972-April 1973 

have been accomplished. I n  a d d i t i o n ,  y i e l d s  of s e v e r a l  o t h e r  
, '  

important radionuclides were s imul taneous ly  determined,  Work 



on t h e  lowes t  p r i o r i t y  i t e m  i n  t h e  p r o p o s a l ,  s t u d i e s  of 8 5 ~ r  

f i s s i o n  y i e l d s ,  was n o t  i n i t i a t e d .  

I n  t h e  fo l lowing  s e c t i o n s ,  w e  p r e s e n t  r e s u l t s  ob t a ined  s i n c e  

t h e  l a s t  q u a r t e r l y  r e p o r t  and a  summary of a l l  f i s s i o n  y i e l d  

r e s u l t s  ob t a ined  by t h i s  r e s e a r c h  p r o j e c t .  

2. P rog res s  on Radiochemical S t u d i e s  S ince  L a s t  Q u a r t e r l y  Report  

The l a s t  q u a r t e r l y  t e c h n i c a l  p r o g r e s s  r e p o r t  covered 

t h e  p e r i o d  1 November 1972 through 31 January  1973. S ince  t h a t  

t ime plutonium i r r a d i a t i o n s  a t  LLL were conducted f o r  measure- 

ment of r a r e -gas  y i e l d s  and t h e  independent  and cumulat ive  y i e l d s  

of 1 3 8 ~ e  and 138~s .  A d d i t i o n a l  measurements of ra re -gas  y i e l d s  

were made f o r  t h e  c a s e  of thermal  neu t ron  i r r a d i a t i o n  of ' 

235, 

A l l  d a t a  p roces s ing  has  been completed and equipment r e t u r n e d  

t o  Richland.  

I n  t h e  ' f o l l owing  sub-sections. ,  w e  d e s c r i b e  the f i s s i o n  

y i e l d  measurements made s i n c e  t h e  l a s t  q u a r t e r l y  r e p o r t .  

A. Cumulative F i s s i o n  Yie lds  of 8 5 m ~ r ,  8 7 ~ r ,  8 8 ~ r ,  8 9 ~ r ,  
137xe and 1 3 8 ~ e  f o r  F i s s i o n  of 2 3 9 P ~  w i t h  Fission-Spectrum 
Neutrons 

D e t a i l s  r e g a r d i n g  t h e  prepara t i . cn  of p l u t o n y l  s t e a r a t e  

and f a b r i c a t i o n  of s i n t e r e d - f r i t  c apsu le s  f o r  i r r a d i a t i o n  of 

s t e a r a t e  powder were g iven  i n  t h e  p rev ious  r e p o r t ( ' ) .  S p e c i a l  

. p r e c a u t i o n s  were taken  f o r  i r r a d i a t i o n  of 2 3 9 ~ u r  s i n c e  r e l a t i v e l y  

l a r g e  q u a n t i t i e s  of 2 3 9 ~ u  (0.5g 2 3 9 ~ u  p e r  c a p s u l e )  a s  very f i n e  

powder were be ing  handled.  An a lpha  probe (PAM) was i n s t a l l e d  

i n s i d e  t h e  g love  box, and a  feed- through connec tor  was used s o  

t h a t  r e a d o u t  and power supply  f o r  t h e  i n s t rumen t  were o u t s i d e  
I 

t h e  g love  box. A s i n t e r c d - f r i t  f i l t e r  w a s  employed 

down-'stream from t h e  i r r a d i a t i o n  c a p s u l e  punc' turing 



dev ice  s o  t h a t  p lutonium would n o t  be swept i n t o  t h e  count ing  

c e l l  . i n  t h e  e v e n t  t h a t  powder escaped from a  capsu le .  A 

wooden-framework " t e n t "  of po lye thy lene  7 f t  h igh  by 4 f t  wide 

by 5 f t  deep was f a s t e n e d  t o  t h e  hood i n  which t h e  g love  box 

was p l aced  t o  a c t  a s  an added b a r r i e r  i n  c a s e  plutonium escaped 

from t h e  g love  box. A f t e r  each  i r r a d i a t i o n  t h e  count ing  c e l l ,  

punc tu r ing  d e v i c e ,  and inne r '  and o u t e r  i r r a d i a t i o n  capsu le s  

were monitored f o r  a lpha  a c t i v i t y  and a  swipe sample of  t h e  

i n n e r  capsu le  was taken .  P r i o r  t o  i r r a d i a t i o n  each capsu le  

assembly was checked f o r  a i r  l eakage  by means of underwater 

immersion i n  a vacuum d e s i c c a t o r .  Leaky O-ring s e a l s  could be  

r e a d i l y  d e t e c t e d  i n  t h i s  manner s i n c e  a  s t r eam of  a i r  bubbles  

would evolve  when t h e  d e s i c c a t o r  was evacuated.  None o f t h e  

plutonium-containing c a p s u l e  assembl ies  leaked.  The s i n t e r e d -  

f r i t  t ype  c a p s u l e s  proved t o  be h i g h l y  s a f e  and r e l i a b l e  f o r  

i r r a d i a t i o n  of p l u t o n y l  s t e a r a t e .  

A t o t a l  of n i n e  2 3 9 ~ ~  i r r a d i a t i o n s  were made i n  t h e  

F a s t  Neutron I r r a d i a t i o n  F a c i l i t y  f o r  r a r e -gas  f i s s i o n  y i e l d  

s t u d i e s .  For t h r e e  02 t h e s e  r u n s ,  t h e  r a r e -gas  s e p a r a t i o n  was 

d e l i b e r a t e l y  de layed  f o r  15 minutes  a f t e r  i r r a d i a t i o n  t o  a l low 

decay of t h e  r a r e  gas  p r e c u r s o r s ,  8 5 ~ r  and 8 7 ~ r .  I t  was found 

t h a t  an i r r a d i a t i o n  i n t e r v a l  of one mlnute r e s u l t e d  i n  about  

t h e  same r a re -gas  a c t i v i t y  a s  a  30-second i r r a d i a t i o n  of t h e  

same q u a n t i t y  of 2 3 5 ~ .  The capsu le  assembly was manually 

t r a n s f e r r e d  from t h e  FNIF "mouse" capsu le  r e c e i v e r  s t a t i o n  

through an a i r  lock t o  t h e  g love  box i n  a  r ad iochemis t ry  labora-  

t o r y .  A f t e r  t h e  gas  sample was c o l l e c t e d ,  it was counted f o r  

up t o .  12 hours  wi th .  t h e  ~e ( ~ i )  -diode spec t rome te r  system. 



The r e s u l t s  of t h e s e  i r r a d i a t i o n s  a r e  s ~ ~ m m a r i z e d  i n  

Table  13.  The v a l u e s  a g r e e  r a t h e r  w e l l  w i th  t h o s e  p r e d i c t e d  by 

Meek and Rider  ( 2 ) ,  a s  shown. The g r e a t e s t  d i sc repancy  occu r s  

f o r  1 3 8 ~ e ,  and t h i s  i s  d i s c u s s e d  i n  s e c t i o n  2C.  General  comments 

on Tables  8-14 a r e  g i v e n  i n  s e c t i o n  3 .  

B. Cumulative F i s s i o n  Yie lds  of 85rnKr 8 7 ~ r ,  8 8 ~ r ,  8 9 ~ r ,  

137xe and 1 3 8 ~ e  i n  F i s s i o n  of 2 3 9 ~ ;  w i t h  15-MeV Neutrons 

The s e p a r a t i o n  procedure  f o r  t h e  15-MeV i r r a d i a t i o n s  

of 2 3 9 ~ ~  was s i m i l a r  t o  t h a t  used f o r  t h e  . . f i s s ion - spec t rum 

neut ron  i r r a d i a t i o n s .  The most s i g n i f i c a n t  d i f f e r e n c e  was' t h a t  

f o r  t h e  15-MeV runs  t h e  BNW pneumatic sample t r a n s f e r  system 

was used t o  t r a n s f e r  t h e  sample capsu le  d i r e c t l y  i n t o  t h e  g love  

box, s o  t h a t  t h e  sample d i d  n o t  have t o  be  manually t r a n s p o r t e d .  

A t o t a l  of t e n  2 3 9 ~ ~  i r r a d i a t i o n s  were made a t  t h e  I C T  f a c i l i , t y  

f o r  r a r e -gas  f i s s i o n  y i e l d  s t u d i e s .  I n  f o u r  of t h e  runs  t h e  

r a r e -gas  s e p a r a t i o n  was d e l i b e r a t e l y  de layed  f o r  15  minutes 

a f t e r  i r r a d i a t i o n .  I r r a d i a t i o n  i n t e r v a l s  w e r e  two minutes ,  

which y i e l d e d  about  t h e  same r a r e  gas  a c t i v i t y  a s  one-minute 

i r r a d i a t i o n s  a t  t h e  FNIF. 

R e s u l t s  of t h e  15-MeV i r r a d i a t i o n s  of  239 Pu a r e  si3.m- 

marized. i n '  Tab le .  1 4 .  Values of t h e  cumulat ive  f i s s i o n  y i e l d  

of  t h e  r e f e r e n c e  n u c l i d e s  8 8 ~ r  and 1 3 8 ~ e  could n o t  be  found i n  

t h e  l i t e r a t u r e .  The v a l u e  f o r  t h e  c a s e  of 8 8 ~ r  was e s t i m a t e d  

by m u l t i y l i c a t i o n  of t h e  88 chain  y i e l d  va lue  f o r  14.8 MeV 

neut ron  i r r a d i a t i o n  of 2 3 9 ~ ~ ,  1 . 6 3  p e r c e n t ,  t aken  from t h e  

r e c e n t  t a b u l a t i o n  of ~ e t h a w a ~ '  3, , by a  computed f r a c t i o n a l  cumula- 

t i v e  y i e l d  e s t i m a t e  f o r  8 8 ~ r ,  0.894, ob t a ined  from Wolfsberg ( 4 ) .  



. The cumulat ive  y i e l d  of 1 3 8 ~ e  ivas determined from t h e  exper iments  

d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  - 

The v a l u e s  o b t a i n e d  f o r  8 5 m ~ r  and 8 7 ~ r  are low r e l a t i v e  t o  

t h e  comparison v a l u e s  by 15  and 17 p e r c e n t  r e s p e c t i v e l y .  The com- 

p a r i s o n  v a l u e s  a r e  based on Wolfsberg ' s ( 4 )  c a l c u l a t e d  f r a c t i o n a l  

y i e l d s  and Nethaway ' s (3)  cha in  y i e l d s  and may i n v o l v e  u n c e r t a i n t y  

of  t h i s  magnitude. The r e s u l t s  f o r  8 8 K r  and 8 9 K r  a r e  c l o s e  t o  t h e  

comparison va lues .  Those f o r  1 3 7 ~ e  and 1 3 8 ~ e  a r e  ve ry  low i n  

r e l a t i o n  t o  the comparison v a l u e s ,  and t h i s  i s  d i s c u s s e d  i n  t h e  

fo l lowing  pages.  

C. Determinat ion of t h e  F r a c t i o n a l  Independent and Cumulative 

Yie lds  of 138-Chain Members f o r  F i s s i o n  Spectrum and 15  MeV 

Neutron I r r a d i a t i o n  of 2 3 9 ~ u  

An examinat ion of the pub l i shed  l i t e r a t u r e  r e v e a l s  ' t h a t  

t h e r e  i s  ve ry  l i t t l e  d a t a  a v a i l a b l e  f o r  e s t i m a t i o n  o f  t h e  cumu- 

l a t i v e  y i e l d s  of 8 8 ~ f  o r  1 3 8 ~ e  f o r  e i t h e r  f i s s i o n  spectrum o r  15  

MeV neu t ron  i r r a d i a t i o n  of 2 3 9 ~ u .  For  the c a s e  o£ f i s s ion - spec t rum 

neutron-induced f i s s i o n ,  e s t i m a t e s  a r e  g iven  i n  Meek and R i d e r ' s  

f i s s i o n  y i e l d  t a b u l a t i o n ( 2 )  f o r  t h e  88-mass cha in ,  b u t  no e x p e r i -  

mental  v a l u e s  are r e f e r e n c e d  excep t  f o r  8 8 ~ r .  For  t h e  1 3 8  c h a i n ,  

experimental cumulat ive  y i e l d  v a l u e s  f o r  
138 ~ e .  , 1 3 8 ~ s  and. 1 3 8 ~ a  

a r e  c i t e d  ( I7) ,  b u t  t h e  u n c e r t a i n t i e s  f o r  t h e  1 3 8 ~ e  and 1 3 8 ~ s  v a l u e s  

a r e  g iven  as 37 and 4 1  p e r c e n t  r e s p e c t i v e l y .  No v a l u e s  a r e  g iven  

i n  Meek and R i d e r ' s  t a b u l a t i o n  f o r  15 MeV f - i s s i o n  of 2 3 9 ~ u .  Chain 

y i e l d s  f o r  15  MeV f i s s i o n  of  ( 3 )  2 3 9 ~ ~  have been g iven  by Nethaway . 



NO experimental  f r a c t i o n a l ,  y i e l d  va lues  for '  8 8 ~ r  o r  1 3 8 ~ e  a r e  

publ ished.  

We have performed experiments t o  measure t h e  f r a c t i o n a l  

independent y i e l d  of l3 8 ~ s ,  from which t h e  f r a c t i o n a l  cumulative 

y i e l d  of 1 3 8 ~ e  may be computed. I r r a d i a t i o n s  were performed 

with both f iss ion-spectrum and 15-MeV neutrons.  P lu tonyl  s t e a r a t e  

was i r r a d i a t e d  i n  t h e  capsules  descr ibed  i n  e a r l i e r  r e p o r t s  (13) 

A f t e r  i r r a d i a t i o n  t h e  capsule  was t r a n s f e r r e d  t o  a  glove box and 

t h e  o u t e r  con ta ine r  was punctured and r a r e  gases  were swept o u t  

a s  was done f o r  t h e  r a r e  gas s t u d i e s .  However i n  t h i s  experiment 

t h e  i n n e r  capsule  conta in ing  t h e  i r r a d i a t e d  s t e a r a t e  was gamma 

counted i n s t e a d  of the emanated f i s s i o n  gases .  The 138~s  a c t i v i t y  

i n  t h e  sample was thereby determined. A comparison was made of t h e  

138~s  a c t i v i t y  f o r  r u n s  i n  which t h e  gases were f lushed ou t  a s  

qu ick ly  a s  p o s s i b l e  a f t e r  i ' r r a d i a t i o n  and runs i n  which puncture 

of t h e  o u t e r  capsule  w a s  delayed f o r ' u p  t o  80 minutes. I n  t h e  

l a t t e r  case  t h e  1 3 8 ~ s  a c t i v i t y  was due t o  both l3 8 ~ s  produced 

d i r e c t l y  and 1 3 8 ~ s  produced through decay of 1 3 8 ~ e .  I n  t h e  former, 

most of t h e  1 3 8 ~ s  was due t o  independent product ion from 2 3 9 ~ u  

f i s s i o n .  Two runs of each type were made a t  t h e  FNIF and two of 

each were made a t  t h e  I C T  f a c i l i t y .  The 9 7 ~ r  gamma a c t i v i t y a  i n  

each sample was a l s o  measured i n  o rde r  t o  determine t h e  r e l a t i v e  

neutron exposure of each capsule .  The 1436 keV photopeak of 

1 3 8 ~ s  was used f o r  t h e  1 3 8 ~ s  a c t i v i t y  e s t ima t ions ,  and both t h e  

743 and 658 keV photopeaks of 9 7 ~ r - 9 7 ~ b  were used f o r  9 7 ~ r  

es t ima t ion .  

I n  order t o  cs t ima te  t h e  13*xe and 138~s  f r a c t i o n a l  y i e l d s  

from t h i s  experimental  d a t a  it i s  necessary t o  make an assumption 

-9- 



as t o  t h e  charge d i s t r i b u t i o n  f o r  t h e  138-mass chain.  This 

d i s t r i b u t i o n  was assumed t o  be  ~ a u s s i a n  wi th  a  width parameter 

a  of 0.56, a s  has  been es t imated  f o r  o t h e r  f i s s i o n  systems by 

Wahl e t  a l e  (6) ., and a s  i s  assumed i n  t h e  f i s s i o n  y i e l d  t a b u l a t i o n s  

of both Meek and Rider  ( 2 )  and Wolfsberg ( 4 )  . A program was w r i t t e n  

f o r  t h e  UNIVAC 1 1 0 8  computer. i n  B A S I C .  language t o  compute f r a c t i o n a l  

independent and f r a c t i o n a l  cumulative f i s s i o n  y i e l d  e s t ima tes  f o r  

1381, 1 3 8 ~ e  and 1 3 8 ~ s  based on t h e  above charge d i s t r i b u t i o n  assumption 

and t h e  experimental  d a t a .  The r e s u l t s  a r e  presented  i n  Tables 1 

.23!lPu 
and 2.  For t h e  case of f iss ion-spectrum neutron i r r a d i a t i o n  of 

( 4  
t h e  c a l c u l a t e d  va lues  agree very we l l  with Wolfsbergrs  p r e d i c t i o n s  , 

somewhat b e t t e r  than  with Meek and Ride r ' s  e s t ima tes  (') . Fqr t h e  

15-MeV neutron i r r a d i a t i o n s  t h e  experimental  r e s u l t s  i n d i c a t e  t h a t  

t h e  independent f i s s i o n  y i e l d  of 1 3 8 ~ s  may be h igher  than  Wolfsberg 

p r e d i c t s ,  and t h a t  of 1 3 8 ~ e  may be lower. This would imply t h a t  

Z t h e  maximum value  of t h e  charge d i s t r i b u t i o n  curve f o r  t h e  
P I  

138-mass chain ,  may be h igher  by 0.78 Z u n i t s  than  Wolfsberg's 

p r e d i c t e d  va lue  of 53.79. 

A s  a  check on t h e  experimental  method, one p a i r  of i r r a d i a -  

t i o n s  of 2 3 5 ~  with 15-MeV neutrons was a l s o  liidcle. Comparisons 

wi th  t h e  t a b u l a t i o n s  of Meek and Rider and of Wolfsberg a r e  given 

i n  Table 3. The \ 138~s  independent y i e l d  va lue  f o r  t h i s  case i s  

1 4  pe rcen t  h iyhes  khan Wolfaherg's va lue ,  b u t  t h e  independent 

y i e l d  value f o r  1 3 8 ~ e ,  0.590, agrees we l l  wi th  Wolf s b e r g ' s  va lue  

Table 4 shows t h e  e f f e c t  t h a t  a  v a r i a t i o n  i n  t h e  charge d i s -  

t r i b u t i o n  width parameter,  a ,  would have on t h e  1 3 8 ~ ,  1 3 8 ~ e  and 

138~s  y i e l d s  f o r  t h e  case of 15  MeV f i s s i o n  of 2 3 9 ~ ~ .  A s  t h e  

charge d i s t r i b u t i o n  curve is  widened ( l a r g e r  a ) ,  t h e  f r a c t i o n a l  



TABLE 1. F r a c t i o n a l  f i s s i o n  y i e l d s  for '  13 8-mass cha in ,  
239 

Pu i r r a d i a t e d  wi th  f i s s ion-spec t rum energy neu t rons  

F r a c t i o n a l  Independent Yield  F r a c t i o n a l  Cumulative Yie ld  

t h i s  work Meek & Rider  ( 2 )  Wolf sbe rg  ( 4  ' t h i s  wo'rk Meek' & Rider  ( 2 )  Wolfsberg ( 4 )  



TABLE 2. F r a c t i o n a l  F i s s i o n  Yie lds  f o r  138-Mass Chain 

2 3 9 p ~  I r r a d i a t e d  w i t h  1 '5-~eV Neutrons 

F r a c t i o n a l  Independent Yie ld  

' t h i s  wo'rk Wolfsberg ( 4 )  

F r a c t i o n a l  Cumulative Yield  

t h i s  work Wo'lf sbe'rg 14)  



TABLE 3 .  F r a c t i o n a l  f i s s i o n  y i e l d s  f o r  138-mass chain,  

23521 i r r a d i a t e d  with 15-MeV neutrons 

F r a c t i o n a l  Independent Yield F rac t iona l  Cumulative Yield 

( 4  t h i s  work Meek & RLder (2) Wo,lfsberg ' th i s '  work Meek & Rider ( 4 )  ( 2 )  wolfisberg 



TABLE 4 .  E f f e c t  of Charge-Distr ibut ion Width-Parameter 

u on Computed F i s s i o n  Yield Values f o r  138- 

Chain, 2 3 9 ~ ~  I r r a d i a t e d  wi th  15-MeV Neutrons 

Independent Cumulative 
F i s s i o n  Yield F i s s i o n  Yie ld  

138= 138xe 
cf - - l3 8 ~ e  138~s  1381. 13*cs 



independent  and cumulat ive  y i e l d s  o f  Xe and C s  bo th  d e c r e a s e ,  

whereas i f  o i s  decreased  t o  0.3 t h e  va lues  i n c r e a s e  scmewhat. 

Although f r a c t i o n a l  y i e l d  v a l u e s  could  be  determined d i r e c t l y  

from the 
9 7  

138~s  and Z r  measurements, t h e  i b s o l u t e  cumulat ive  y i e l d  

v a l u e s  could n o t  be  c a l c u l a t e d  because the GeCLi)  d iode  was n o t  

c a l i b r a t e d  f o r  t h e  c o n d i t i o n s  under which t h e  capsu le  was counted.  

I n  o r d e r  t o  do  t h i s  c a l i b r a t i o n ,  t h r e e  i r r a d i a t i o n s  w e r e  performed 

i n  which capsu le s  c o n t a i n i n g  2 3 5 ~  w e r e  i r r a d i a t e d  f o r  one minute 

8 -2 -1 i n  a the rma l  neu t ron  f l u x  of  about  3  x  10 n-cm - s e c  . A f t e r  

80 minutes  d e l a y  t h e  f i s s i o n  gases  w e r e  swept out , '  and 1 3 8 ~ s  and 

9 7 ~ r  a c t i v i t i e s  w e r e  determined w i t h  t h e  Ge(Li)  d iode  under iden-  

t i c a l  c o n d i t i o n s  t o  t hose  e s t a b l i s h e d  f o r  t h e  c a s e  o f 2 3 9 ~ ~  

t a r g e t s .  For  t h e s e  2 3 5 ~  exper iments  the cumulat ive  f i s s i o n  y i e l d s  

o f  bo th  1 3 8 ~ s  and 9 7 ~ r  are w e l l  known. I t  i s  t h u s  p o s s i b l e  t o  

r e l a t e  t h e  observed 1 3 8 ~ s / 9 7 ~ r  coun t - r a t e  r a t i o  ( e x t r a p o l a t e d  t o  

t i m e  of  f i s s i o n  gas  s e p a r a t i o n )  t o  1 3 8 ~ s / 9 7 ~ r  cumulat ive  y i e l d  

r a t i o .  The f a c t o r  r e l a t i n g  t h e s e  two r a t i o s  can be used w i t h  t h e  

observed 1 3 8 ~ s / 9 7 ~ r  a c t i v i t y  r a t i o s  f o r  t h e  2 3 9 ~ u  r u n s  t o  de te rmine  

t h e  a b s o l u t e  cumulat ive  y i e l d  of  1 3 8 ~ s  i f  t h e  9 7 ~ r  cumulat ive  y i e l d  

i s  known f o r  t h e  ca se  of t h e  2 3 9 ~ u C i r r a d i a t i o n s .  The v a l u e  4.82 

p e r c e n t  f o r  t h e  9 7 ~ r  cumulat ive  y i e l d  f o r  f i s s ion - spec t rum neut ron-  

induced f i s s i o n  of  2 3 9 ~ u  w a s  o b t a i n e d  from Nethaway ('l) . The v a l u e  

4.31 p e r c e n t  w a s  used f o r  t h e  ca se  o f  15-MeV i r r a d i a t i o n s ,  and w a s  

a l s o  o b t a i n e d  from Nethaway. For t h e  c a s e  of  thermal  neu t ron  i r r a d i a -  

235u t i o n s  o f  , cumulat ive  y i e l d  v a l u e s  of  5.93 and 6.74 p e r c e n t  

were used f o r  9 7 ~ r  and 1 3 8 ~ s  r e s p e c t i v e l y ,  (from Meek and R ide r )  . 
The a b s o l u t e  f i s s i o n  y i e l d  v a l u e s  shown i n  'Yable 5  w e r e  o b t a i n e d .  

by use  of t h e  exper imenta l  1 3 8 ~ s / 9 7 ~ r  d a t a  and t h e  f r a c t i o n a l  y i e l d  



Neutron 
Energy 

TABLE 5 .  2 3 9 ~ u  F i s s i o n  Y i e l d s  f o r  138-Mass Chain 

Cumulative F i s s i o n  Y ie ld  ( % )  
t h i s  work l i t e r a t u r e  

f i s s i o n  
spec t rum 0.92 

1 5  MeV 0.09 1 .51  3.24 3 .41 -- -- 4.4 ( 7 )  4.6 ( 3 )  



v a l u e s  determined as d i s c u s s e d  ear l ier .  The 138-chain y i e l d  e s t i m a t e  

f u r  t h e  c a s e  of f i s s ion - spec t rum neut ron  induced f i s s i o n  i s  18  pe r -  

c e n t  h i g h e r  t h a n  t h e  v a l u e  recommended by Meek and Rider .  This  

d i f f e r e n c e  i s  more than would be  expec ted  on t h e  b a s i s  of uncer-  

t a i n t i e s  i n  t h e  exper imenta l  d a t a ,  and b e a r s  f u r t h e r  i n v e s t i g a t i o n .  

The l3 8 ~ e  a b s o l u t e  cumulat ive  y i e l d  v a l u e  determined from t h e s e  

exper iments  w a s  used as the l3 8 ~ e  r e f e r e n c e  v a l u e  f o r  computation 

of rare g a s ,  y i e l d s  p r e s e n t e d  i n  Table  13.  This  table shows t h a t  

about  t h e  same r a r e  gas  cumulat ive  y i e l d  v a l u e s  were ob ta ined  w i t h  

1 3 8 ~ e  as r e f e r e n c e  nuc l ide '  a s  w i t h  8 8 ~ r  ( 8 8 ~ r  cumulat ive  y i e l d  

v a l u e  1.37, t aken  from Meek and R ide r )  ( 2 )  . I t  t h u s  appears  t h a t  

d a t a  from t h e  f i s s i o n - g a s  exper iments  s u p p o r t s  t h e  1 3 8 ~ e  cumula- 

t i v e  y i e l d  v a l u e  of 4.56. 

The 138~s  y i e l d  v a l u e  and 138-chain y i e l d  g iven  i n  Table  5 

f o r  t h e  15  MeV neu t ron  i r r a d i a t i o n s  a r e  ve ry  low compared w i t h  

Nethaway's v a l u e s ( 3 ) .  One might t h u s  e x p e c t  t h e  cumulat ive  y i e l d  

va lue  f o r  138~e ,  1.51,  t o  a l s o  be  low. Examination of  Table  1 4 ,  

however, shows tha t  the r e s u l t s  c a l c u l a t e d  w i t h  t h e - v a l u e  1 .51  f o r  

the r e f e r e n c e  n u c l i d e  1 3 8 ~ e  are on t h e   average on ly  7 p e r c e n t  

lower than those c;llco!ated w i t h  881<r as referr~lce n u c l i d e .  I n  t h e  

l a t t e r  ca se  t h e  8 8 ~ r  v a l u e  was ob ta ined  by m u l t i p l i c a t i o n  of 

t h e  88-chain y i e l d  v a l u e  of Nethaway (3)by t h e  c a l c u l a t e d  f r a c t i o n a l  

8 8 ~ r  y i e l d  v a l u e  of  wolf s b e r g  . Had Nethaway I s  138-mass cha in  

y i e l d  and Wolfsberg 's  f r a c t i o n a l  cumulat ive  1 3 8 ~ e  y i e l d  been used 

t o  e s t i m a t e  t h e  cumulat ive  y i e l d  of  t h e  r e f e r e n c e  n u c l i d e  1 3 8 ~ e ,  

t h e  r a r e  gas  y i e l d  e s t i m a t e s  would have been 74 p e r c e n t  h i g h e r  

t han  f o r  8 8 ~ r  as r e f e r e n c e  n u c l i d e .  Note from Table  1 4  t h a t ' t h e  

1 3 7 ~ e  cumulat ive  y i e l d  estimate i s  a l s o  ve ry  low r e l a t i v e  t o  t h e  



comparj.son va lue  which might be expec ted  i f  t h e  1 3 8 ~ e  y i e l d  i s  

low. F u r t h e r  s tudy  of f i s s i o n  y i e l d s  f o r  t h e  137 and 138 mass 

cha ins  f o r  f i s s ion - spec t rum and 15-MeV neutron-induced f i s s i o n  

of 2 3 9 ~ u  i s  needed. 

D. Reevaluat ion of C a l i b r a t i o n  F a c t o r s  f o r  Krypton and 
Xenon S t u d i e s  

A s  d i s c u s s e d  i n  an e a r l i e r  report,.(8) because of 

. u n c e r t a i n t i e s  a s s o c i a t e d  wi th  knowledge of  photopeak branching  

f r a c t i o n s ,  Ge(Li ) -d iode  a b s o l u t e  count ing  e f f i c i e n c i e s ,  e t c . ,  

e m p i r i c a l  count ing  r a t e  r a t i o s  w e r e  e s t a b l i s h e d  f o r  each g iven  

p a i r  of r a r e -gas  photopeaks by means of exper iments  i n  which t h e  

r a r e  gases  were produced and i s o l a t e d  from thermal  neu t ron- i r rad-  

i a t e d  2 3 5 ~ .  The f a c t o r s  r e l a t i n g  count ing  r a t e  r a t i o s  t o  r e l a t i v e  

numbers of  atoms were d e r i v e d  from t h e  known f i s s i o n  y i e l d  v a l u e s  

as  g iven  by Meak and Rider .  These a r e  shown i n  Table  7. A s  a  

check on t h e s e  v a l u e s  f o r  t h e  ca ses  of 8 9 ~ r  and 1 3 8 ~ e  t h e  f r a c t i o n a l  

cumulat ive  y i e l d s  of 8 9 ~ b  and 1 3 8 ~ s  were measured by rad iochemica l  

means, and t h e  cumulat ive  y i e l d s  of  *'Kr and 1 3 8 ~ e  were c a l c u l a t e d  

(8  from knownchain y i e l d s  t o  be  4.50 and 6.35 p e r c e n t  r e s p e c t i v e l y  . 
Since  c o n s i d e r a b l e  changes were made t o  t h e  

o r i g i n a l  expe r imen ta l  p rocedure  f o r  t h e  i r r a d i a t i o n s  ' a t  Livermore,  

i t  was dec ided  t o  re-determine t h e  c a l i b r a t i o n  f a c t o r s  under t h e  

235u 
expe r imen ta l  c o n d i t i o n s  a t  Livermore. E igh t  i r r a d i a t i o n s  of 

a s  u r a n y l  s t e a r a t e  (about  1.5g s t e a r a t e )  were made a t  t h e  Livermore 

Pool Type Reac tor  (LPTR) w i t h  the rmal  neu t rons  a t  a  w e l l  moderated 

8  - 
beam p o r t  ( thermal  f l u x  about  3  ' x 1 0  n o  c m  2*kec-1).  T a r g e t s  p l aced  

i n s i d e  t h e  BNW "mouse" c a p s u l e  were i n s e r t e d  i n t o  t h e  beam p o r t  by 

means .of a  po lye thy lene  rod f o r  one i ~ ~ i n u t e  exposure .  For t h r e e  of t h e  

r u n s ,  r a r e  gas  s e p a r a t i o n  was de layed  f o r  15 minutes a f t e r  i r r a d i a -  

-18- 



f i s s i o n -  8 8 ~ r .  3.485 
spectrum 1 3  sxe. 6.228 

TABLE 6. Cumulative f i s s i o n  y i e l d  

15  MeV 8 8 ~ r  3.470 113 

va lues  f o r  r e f e r e n c e  n u c l i d e s  

Rare Gas 

238u f i s s i o n -  8~ 2.36 121 

Neutron Reference Cumulative 
Targe t  Ener'gy Nuclide F i s s i o n  Yield ( % )  Reference 

235u thermal  8 8 ~ r .  3.642 111 
13axe. 6.235 111 

, spec t rum l3 8 ~ e ,  5.908 111 

1 5  MeV 8 ~ r  2.234 111 

2 3 9 ~ u  thermal  8 8 ~ r  1.340 [ 11 
138~e  5.144 111 

f i s s i o n -  8 ~ r  1.368 
spectrum l3 8 ~ e  4.558 

1 5  MeV 8 8 ~ r  1.457 

l3 8 ~ e  1.507 

111 Meekand R i d e r ( 2 ) ,  recommended c . f .y .  

121 Assumed equa l  t o  88-chain y i e l d  va lue  of  Flynn and Glendenin (18 

131 88-chain y i e l d  of Nethaway (3) , m u l t i p l i e d  by f r a c t i o n a l  c. f .y. 

o f  Wolfsberg ( 4 )  

[41 t h i s  r e p o r t ,  Table 5 



Table  7 .  Values  of  cumula t ive  f i s s i o n  y i e l d s  from Meek and R ide r  ( 2  

23521 
f o r  t he rma l  neutron-inducec2 f i s s i o n  o f  

Cumulat ive 
F i s s i o n  Yie'ld' ' ( '%)  



t i o n .  Two sets of c a l i b r a t i o n  f a c t o r s  w e r e  e s t a b l i s h e d ,  one s e t  

t o  be  used w i t h  runs  i n  which t h e  r a r e  gases  . w e r e  s e p a r a t e d  as 
.. 

/. soon as p o s s i b l e  a f t e r  i r r a d i a t i o n ,  and one se t  f o r  runs  i n  which 
I 

s e p a r a t i o n  w a s  de layed .  The de layed  s e p a r a t i o n  runs  were p r i m a r i l y  . 
r- l  

f o r  measurement of 8 5 m ~ r  and 8 7 ~ r  which have r e l a t i v e l y  long- 

l i v e d  p r e c u r s o r s .  

The new c a l i b r a t i o n  f a c t o r s  are l i t t l e  changed from t h e  p re -  

v ious  v a l u e s .  This  v e r i f i e s  t h a t  major changes t o  t h e  exper iments ,  

such a s  i n c r e a s i n g  the amount o f  u r a n y l  s t e a r a t e  50 f o l d  ove r  t h e  

amount used f o r  t h e  WSU exper iments ,  d i d  n o t  s i g n i f i c a n t l y  change 

t h e  r e s u l t s .  

The c a l i b r a t i o n  f a c t o r s  p r e v i o u s l y  determined a t  WSU have 

been used f o r  t h e  2 3 9 ~ ~  i r r a d i a t i o n s  w i t h  thermal  neu t rons  s i n c e  

t h e s e  runs  w e r e  a l s o  c a r r i e d  o u t  a t  WSU,  whereas t h e  new f a c t o r s  

have been used f o r  t h e  Livermore i r r a d i a t i o n s .  

3. Summary of Cumulative F i s s i o n  Yie ld  Es t imates  from Meas-u'r'e- 
ment of F i s s i o n  Gas A c t i v i t i e s  

Tables  8-14 summarize t h e  cumulat ive  y i e l d  v a l u e s  o b t a i n e d  

i n  t h e s e  s t u d i e s  f o r  each of t h e  f i s s i o n i n g  systems.  I n  each t a b l e ,  

cumulat ive  y i e l d  e s t i m a t e s  f o r  two r e f e r e n c e  n i c l i d e s ;  8 8 ~ r  and 

1 3 8 ~ e ,  were us.ed t o  o b t a i n  t h e  cumula t ive  f i s s i o n  y i e l d  v a l u e s  f o r  

t h e  o t h e r  n u c l i d e s  and f o r  each o t h e r .  These r e f e r e n c e  n u c l i d e  

va lues  a r e  ob ta ined  from o t h e r  exper iments  o r  from e s t i m a t e s  of 

o t h e r  workers.  They a r e  summarized i n   a able 6 .  

For  8 8 ~ r ,  8 9 ~ r  and 1 3 8 ~ e ,  e s t i m a t e s  can be o b t a i n e d  through 

e i t h e r  measurement of t h e  parent ox daugh te r  a c t i v i t i e s , ' a n d  e s t i m -  

a t e s  are inc luded  f o r  bo th  ca ses .  For  8 8 ~ r  and 1 3 8 ~ e  , t h e  cumula t ive  . 

y i e l d  e s t i m a t e  i s  on ly  meaningful  i f  8 8 ~ r  i s  used a s  r e f e r e n c e  
-21- 



TABLE 8. Cumulative f i s s i o n  y i e l d s  of  r a r e  ga s  n u c l i d e s  from f i s s ion - spec t rum 
neutron- induced f i s s i o n  of  Uranium-235. 

Cumulative F i s s i o n  Yie ld  ( % )  

Reference  Nucl ides  Nucl ide  Nucl ide  
8 ~ r  8 8Rb 1 3 8 ~ e  1.3 8cs C a l c u l a t e d  Measured 

Recommended L i t e r a t u r e  
Mean Values 

" r e f e r e n c e  va lue s ,  rounded o f f  from v a l u e s  i n  Tab le  6 .  



TABLE 9 .  Cumulative f i s s i o n  y i e l d s  of r a r e  gas nuc l ides  from 15 MeV neutron-induced 
f i s s i o n  of Uranium-235 

Cumclative F i s s i o n  Yield ( % )  

Nuclide Nuclide Reference Nuclides 
. .88Rb , .13.8xe .13.8cs Recommended L i t e r a t u r e  Calcu la ted  Measured * 8Kr Mean Values 

+ experimental  va lue  updated by Meek and Rider 

" re ference  v a l u e s ,  rounded o f f  from va lues  i n  Table 6 .  



.TABLE 10.  Cumulative f i s s i o n  y i e l d s  o f  r a r e  gas  n u c l i d e s  from f i s s ion - spec t rum neu t ron-  
induced f i s s i o n  o f  Uranium-2 38 

Cumulative F i s s i o n  Y ie ld  (%)  

NucPi.de Nucl ide  Recommended ~ i t e r a t u r e  Reference  Nuc l ides  

8~ 13 8.cs C a l c v l a t e d  &asu red  - 8 ~ b  8 ~ e  Mean - Values 

* r e f e r e n c e  v a l u e s ,  rounded o f f  from v a l u e s  i n  Table  6. 



TABLE 11. Cumulative f i s s i o n  y i e l d s  of  r a r e  gas nuc l ides  from 15 MeV neutron-induced 
f i s s i o n  of  Uranium-238 

Cumulative F i s s i o n  Yield (%)  
- 

Nuclide Nuclide Reference Nuclides 

'Ca'l'cu l'ated ' Me'a's u r e  d . .8.8Kr 8.8% 1.3.8Xe 1.3.8cs - 
Recommended L i t e r a t u r e  

M e  an' Values 
I 

+experimental  va lue  updated by Meek and Rider 
*reference  value,  rounded o f f  from va lues  i n  Table 6 



TABLE 12. Cumulative f i s s i o n  y i e l d s  of r a r e  gas  nuc l ides  from thermal  neutron-induced 
f i s s i o n  of Plutoni-um-239 

Cumulative F i s s i o n  Yield  ( % )  

Reference ~ u c l i d e s  Nuclide N.~lclide -8  8Rb 13.8xe .138cs Recommended L i t e r a t u r e  
8 ~ r  Ca lcu la t ed  'Msas'ured Mean Values 

+experimental  va lue  updated by Meek and Rider 

* re fe rence  va lue ,  rounded o f f  from va lues  i n  Table 6 .  



TABLE 13. Cumulative f i s s i o n  y i e l d s  of r a r e  gas  n u c l i d e s  from f i s s ion-spec t rum neutron-  
induced f i s s i o n  of Plutonium-239 

Cumulative F i s s i o n  Yield  ( % )  

Reference Nuclides Nu.clide Nuclide Recommended L i t e r a t u r e  
Ca lcu la t ed  Measured 8 8 ~ r  88Rb l3 8 ~ e  l3 8 ~ s  M e  an Values 

?exper imenta l  va lue  updated by Meek and Rider  
* re fe rence  va lues ,  rounded o f f  from va lues  i n  Table 6 .  



TABLE 1 4 .  cumulative f i s s i o n  y i e l d s  of  r a r e  gas nuc l ides  from 15 MeV neutron-induced 
f i s s i o n  of Plutonim-239 

Cumulative F i s s i o n  Yield ( % )  

Reference Nuclides L i t e r a t u r e  
Nuclide Nuclide . 1.38cs Recommended Derived 
Calcu la ted  Yeasured 8 8 ~ r  8 ~ b  1 3 8 ~ e  Mean Values 

t c h a i n  y i e l d  o f  N e t h a ~ a y ( ~ ) m u l t i ~ l i e d  by c a l c u l a t e d  f r a c t i o n a l  cumulative y i e l d  of 

Wolfsberg ( 4  1 

*re fe rence  va lues ,  rounded o f f  from va lues  i n  Table 6 .  



n u c l i d e  f o r  1 3 8 ~ e  and 1 3 8 ~ e  i s  used f o r  8 8 ~ r .  A s t e r i s k s  a r e  

given i n  t h e  t a b l e s  f o r  t h e  c a s e s  where t h e  cumulat ive  f i s s i o n  y i e l d  

i s  e q u a l  t o  t h e  r e f e r e n c e  v a l u e  by d e f i n i t i o n .  S ince  measurement 

of a daughte r  a c t i v i t y  g i v e s  a s l i g h t l y  d i f f e r e n t  r e s u l t  from t h a t  

o f  i t s  p a r e n t ,  e s t i m a t e s  f o r  8 8 ~ r  from 8 8 ~ r / 8 8 ~ b  a c t i v i t y  r a t i o s  

and 1 3 8 ~ e  from 1 3 8 ~ e / 1 3 8 ~ s  a c t i v i t y  r a t i o s  are n o t  q u i t e  equa l  t o  

t h e  chosen r e f e r e n c e  n u c l i d e  y i e l d s .  For i n s t a n c e ,  i n  Table 1 4  

t h e  r e f e r e n c e  cumulat ive  y i e l d  v a l u e  f o r  1 3 8 ~ e  i s  1.51. I f  t h e  

paren t -daughte r  a c t i v i t y  r a t i o  was a s  expec ted  from t h e  h a l f -  

l i v e s ,  t h e  measured l3 8 ~ e / 1 3 8 ~ s  a c t i v i t y  r a t i o  and i t s  i n v e r s e  

would bo th  a l s o  y i e l d  a 1 3 8 ~ e  cumulat ive  y i e l d  of 1.51. Due t o  

exper imenta l  u n c e r t a i n t i e s  i n  de te rmin ing  t h e  paren t -daughte r  

a c t i v i t y  r a t i o  t h e  v a l u e s  1.48 and 1.54 were ob ta ined .  

The recommended mean v a l u e  given i n  t h e  t a b l e s  i s  g e n e r a l l y  

t h e  a r i t h m e t i c  mean of t h e  d i f f e r e n t  estimates f o r  t h e  g iven  nu- 

c l i d e .  I n  t h e  c a s e  of  t h e  r e f e r e n c e  n u c l i d e  8 8 ~ r  t h e  recommended 

mean i s  t h e  average o f  t h e  r e f e r e n c e  8 8 ~ r  cumulat ive  y i e l d  and 

t h e  mean of  t h e  v a l u e s  ob ta ined  w i t h  1 3 8 ~ e  a s  r e f e r e n c e  n u c l i d e .  

For i n s t a n c e  i n  Table  1 4 ,  t h e  recommended mean = 1 l . 4 6  + ( 1 . 3 3  + 

1.38 I- 1..35 + 1.37)/4]/2.  The l3 8 ~ e  recommended mean v a l u e s  w e r e  

d e r i e d  i n  t h e  same way. 

The u n c e r t a i n t y  v a l u e s  shown i n  Tables  8-14 r e p r e s e n t  t h e  

l o  v a r i a t i o n  i n  the e s t i m a t e s  f o r  a l l  t h e  runs  of each  type .  These 

u n c e r t a i n t y  va lues  should  be cons idered  a s  lower l i m i t s  t o  t h e  

o v e r a l l  u n c e r t a i n t y  i n  t h e  e s t i m a t e s .  An u n c e r t a i n t y  o f  a t  l e a s t  

+5 p e r c e n t  should  be  a s s igned  t o  t h e  recommended mean v a l u e s  due - 

t o  exper imenta l  e r r o r s .  I n  many cases  the u n c e r t a i n t y  i n  t h e  

*mean v a l u e s  i s  l a r g e r  than  t h i s ,  a t  l e a s t  - + 1 0  p e r c e n t ,  s i n c e  t h e  



reference  n u c l i d e . y i e l d  va lues  a r e  n o t  w e l l  known. 

I n  t h e  event  t h a t  mors accura te  va lues  f o r  t h e  cumulative 

y i e l d s  of t h e  r e fe rence  nucl ides  become a v a i l a b l e ,  t h e  experimental  

r e s u l t s  may be updated by m u l t i p l i c a t i o n  of t h e  recommended mean 

value by t h e  r a t i o  (new re fe rence  nuc l ide  c . f .y .  v a l u e ) / ( o l d  r e -  

fe rence  nuc l ide  c . f .y .  v a l u e ) .  

A d e t a i l e d  d i scuss ion  of t h e  va lues  i n  Tables 13-14 has 

been given e a r l i e r  i n  t h i s  r e p o r t .  Discussion of the' va lues  i n  

Table 1 2  was covered i n  an e a r l i e r  r e p o r t ( * ) .  The v a l u e s  r epor ted  

i n  Tables 9 - 1 1  may have changed somewhat over  previous ly  r epor ted  

va lues  due t o  a d d i t i o n a l  experimental  d a t a  and new c a l i b r a t i o n  

f a c t o r s ,  b u t  t h e  d a t a  i n t e r p r e t a t i o n  presented.  i n  t h e  previous 

r e p o r t  (1 i s  b a s i c a l l y  unchanged. 



111. ON-LINE MASS SPECTROMETRY 
* 

I n t r o d u c t i o n  1. - 
W e  have  used  t h e  t e c h n i q u e  o f  o n - l i n e  mass s p e c t r o m e t r y  t o  

. "' 
measure r e l a t i v e  i n d e p e n d e n t  f i s s i o n  y i e l d s  f o r  t h e  i s o t o p e s  o f  

Rb and C s  produced i n  t h e r m a l  n e u t r o n  f i s s i o n  o f  2 3 3 ~ .  ~ r e l i m i -  

n a r y  e x p e r i m e n t s  have shown t h e  p o s s i b i l i t y  o f  measur ing  indepen-  

d e n t  f i s s i o n  y i e l d s  of  I and B r  by n e g a t i v e - i o n  mass s p e c t r o m e t r y .  

The o n - l i n e  t e c h n i q u e  c o n s i s t s  o f  p l a c i n g  t h e  235U t a r g e t  m a t e r i a l  

' i n s i d e  a  Ta oven which forms t h e  i o n  s o u r c e  o f  a  mass s p e c t r o m e t e r .  

When t h e  i o n  s o u r c e  and  t a r g e t  assembly i s  i r r a d i a t e d  w i t h  n e u t r o n s  

t h e  f i s s i o n  p r o d u c t s  d i f f u s e  o u t  o f  the t a r g e t ,  a r e  i o n i z e d  on 

t h e  h o t  Ta s u r f a c e  and a r e  mass a n a l y z e d  by a magne t i c  mass s p e c t r o -  

m e t e r .  

On-l ine mass s p e c t r o m e t r y  was f i r s t  deve loped  by R. K l a p i s c h  

and R. Bernas  who showed t h a t  a l k a l i  m e t a l  e l e m e n t s  d i f f u s e  r a p i d l y  

from h o t  g r a p h i t e .  ( lgl These e l e m e n t s  a're i o n i z e d  w i t h  h i g h  e f -  

f i c i e n c y  on h o t . T a  o r  Re s u r f a c e s .  When combined w i t h  i o n  p u l s e  

c o u n t i n g  t e c h n i q u e s ,  t h e  t e c h n i q u e  h a s  g r e a t  s e n s i t i v i t y  and i s  

r a p i d  enough t o  measure n u c l i d e s  w i t h  m i l l i s e c o n d  h a l f - l i v e s .  

A.  S u r f a c e  I o n i z a t i o n  

For  s i n g l e  c o l l i s i o n s  o f  n e u t r a l  atoms w i t h  a  h o t  s u r f a c e ,  

t h e  r a t i o  o f  t h e  number o f  atoms l e a v i n g  t h e  s u r f a c e  a s  p o s i t i v e  

i o n s  t o  t h e  number l e a v i n g  a s  n e u t r a l  atoms i s  g i v e n  by t h e  Saha- 

Langmuir e q u a t i o n :  



n+ Y+ - = -  W - I  
0 exp  

n  Wo kT 

n+ = number o f  p o s i t i v e  i o n s  

0 
n  = number o f  n e u t r a l  atoms 

w+ = s t a t i s t i c a l  w e i g h t  f o r  p o s i t i v e  i o n  

wo = s t a t i s t i c a l  w e i g h t  f o r  n e u t r a l  i o n  

W = work f u n c t i o n  o f  m e t a l  s u r f a c e  

I = i o n i z a t i o n  p o t e n t i a l  o f  n e u t r a l  atoms 

k  = Boltzmann c o n i t a n t  

T = a b s o l u t e  t e m p e r a t u r e  

To c a l c u l a t e  t h e  e x p e c t e d  i o n i z a t i o n  e f f i c i e n c i e s  f o r  Rb 

and  C s  w e  u s e  t h e  v a l u e  o f  4.19 e V  f o r  t h e  work f u n c t i o n  o f  

t h e  Ta s u r f a c e  and t h e  v a l u e s  o f  4.18 and 3.89 e V  f o r  t h e  

i o n i z a t i o n  p o t e n t i a l s  o f  Rb and C s  r e s p e c t i v e l y .  The r a t i o  

. of s t a t i s t i c a l  w e i g h t s  is' 1/2 f o r  Rb and C s .  F o r  a t e m p e r a t u r e  

o f  1500°C, t h e  i o n i z a t i o n  e f f i c i e n c y ' (  "+ ) i s  c a l c u l a t e d  t o  b e  
r?:++n.-O - 

0.38 and ,0.78 f o r  Rb and C s  r e s p e c t i v e l y .  These e f f i c i e n c i e s  a r e  

c a l c u l a t e d  f o r  a  s i n g l e  a tomic  c o l l i s i o n  w i t h  t h e  s u r f a c e  and 

s i n c e  m u l t i p l e  c o l l i s i o n s  a r e  v e r y  l i k e l y  under  t h e  t a r g e t  cond i -  

t i o n s  u s e d ,  t h e  a c t u a l  i o n i z a t i o n  . ~ e f f i c i e n c i e s  a r e  even h i g h e r .  

The d i s c r i m i n a t i o n  a g a i n s t , n e i g h b o r i n g  e l e m e n t s  i s  e x c e l l e n t  s i n c e  

t h e y  . a l l  have h i g h e r  i o n i z a t i o n  p o t e n t i a l s .  For  example,  t h e  r a t i o s  

of  i o n i z a t i o n  e f f i c i e n c i e s  a r e  6000 and 1000 f o r  Rb/Sr and f o r  Cs/Ba 

r e s p e c t i v e l y  u n d e r  t h e s e  c o n d i t i o n s .  The u s e  of  R e  w i t h  w o r k .  :' 

f u n c t i o n  o f  5.2 e V  would g i v e  g r e a t e r  e f f i c i e n c i e s  f o r  Rb and C s  



b u t  would i n c r e a s e  t h e  e f f i c i e n c i e s  f o r  ne ighbor ing  e lements  

even more. Thus Ta provides  t h e  b e s t  s u r f a c e  f o r  o b t a i n i n g  

h igh  Rb and C s  e f f i c i e n c i e s  and good d i s c r i m i n a t i o n  a g a i n s t  , 

o t h e r  e lements .  

An exp res s ion  s i m i l a r  t o  t h e  Saha-Langmuir equa t ion  i s  used 

t o  d e s c r i b e  t h e  format ion of n e g a t i v e  i o n s  on a  h o t  s u r f a c e .  

n- - w' - - A-W - exp- o  o  n  w kT 

n- = number o f  n e g a t i v e  i o n s  

w- = s t a t i s t i c a l  weight  of t h e  n e g a t i v e  i o n  

A .  = e l e c t r o n  a f f i n i t y  of  t h e  n e u t r a l  atom 

< 

The o t h e r  symbols a r e  d e f i n e d  e x a c t l y  a s  given above. 

The halogen e lements  .have t h e  h i g h e s t  e l e c t r o n  a f f i n i t i e s  arid 

t h u s  should  have good d i s c r i m i n a t i o n  a g a i n s t  o t h e r  e lements  when. 

analyzed a s  n e g a t i v e  i o n s .  For  B r  and I t h e  e l e c t r o n  a f f i n i t i e s  

a r e  3.36ev and 3.06eV r e s p e c t i v e l y  and t h e  s t a t i s t i c a l  weigh t  

f a c t o r  i s  0.16. A t  1500°C'on a Ta s u r f a c e  t h e  i o n i z a t i o n  

- 4  e f f i c i e n c i e s  a r e  c a l c u l a t e d  , t o  be  7 x 1 0  and 1 x r e s p e c t i v e l y .  

Thus t h e  e f f i c i e n c y  f o r  B r  r e l a t i v e  t o  Rb i s  lower by a  f a c t o r  of  

about 500 a n d  t h e  e f f i c i e n c y  of  I r e l a t i v e  t o  C s  i s  lower by 

a  f a c t o r  of abou t  8000. I n  a d d i t i o n  t o  t h e  lower i o n i z a t i o n  

e f f i c i e n c i e s ,  t h e  use  of  n e g a t i v e  i o n s  i s  made even more d i f f i c u l t  



due t o  t h e  problem of thermionic  emiss ion of  e l e c t r o n s .  W e  

have t r i e d  t o  c i rcumvent  t h e s e  two problems by u s i n g  a su r -  

f ace  w i t h  a  lower work f u n c t i o n  ( i . e . ,  Hf w i t h  W = 3.53 e V )  

t o  i n c r e a s e  t h e  i o n i z a t i o n  e f f i c i e n c y  and by sur rounding  o u r  

oven wi th  a  Ta h e a t  s h i e l d  t o  p reven t  thermionic  e l e c t r o n  

emiss ion from i n t e r f e r i n g - ,  w i t h  t h e  i o n  o p t i c s .  These t o p i c s  

w i l l  be covered i n  more d e t a i l  below. 

s B.  Ta rge t s  and Di f fus ion  

The 2 3 5 ~  t a r g e t  m a t e r i a l  was U 0 2  powder e n r i c h e d  t o  93.15% 

i n  2 3 5 ~ .  I n  o r d e r  t o  o b t a i n  very f a s t  d i f f u s i o n  o f  Rb and C s ,  

it i s  neces sa ry  t o  have t h e  f i ~ s i o n ~ p r o d u c t s  r e c o i l  o u t  of  t h e  U 0 2  

m a t r i x  and i n t o  a  g r a p h i t e  mat r ix .  I n  a d d i t i o n  we wished t o  maxi- 

mize t h e  amount of 2 3 5 ~  i n  t h e  oven. W e  t h e r e f o r e  i n t ima te , l y  

mixed e q u a l  weigh ts  of  -325 mesh U 0 2  powder w i th  -325 mesh 

g r a p h i t e  powder. Smal l  amounts of t h i s  mix ture  were , p l aced  i n  

a  d i e  and were p r e s s e d  t o  g i v e  t h i n  w a f e r s .  These wafe r s  were 

then cooked a t  1200°C f o r  a t  l e a s t  24 hours  t o  g i v e  compact sam- 

p l e s  which could  be  handled e a s i l y  w i t h o u t  crumbling.  S t acks  

o f  t h e s e  wafers  w e r e  p l a c e d  i n  t h e  Ta oven t o  g i v e  t h e  d e s i r e d  

amount of t a r g e t  m a t e r i a l .  The d iameter  of  t h e  wafe r s  was abou t  

10% s m a l l e r  t han  t h e  i n s i d e  d iameter  of t h e  oven c y l i n d e r  i n  o r d e r  t o  

p rov ide  space  f o r  d i f f u s i o n  of t h e  f i s s i o n  p roduc t s .  Two d i f -  

f e r e n t  s ize wafe r s  were U S C ~  a t  v a r i n ~ ~ s  times i n  t h e  cou r se  o f  

t h i s  work. One set  of wafe r s  was 0 . 3 4  i n .  di.ameter and was 

used wi th  3/8 i n .  d iameter  ovens.  , These wafers  con ta ined .  about  

SO 210 mg "1' U 0 2  each.  The o t h e r  s i z e  wafers  w e ' r e  0.219 i n .  . 



diameter  and were used .  i n  1 / 4  i n .  d iameter  ovens. These wafe r s  

conta ined  about  25 k 5  mg o f  U02  each.  A t  t h e  tempera tures  used 

i n  t h e s e  exper iments ,  i t  i s  probable  t h a t  t h e  UO 2  r e a c t e d  w i t h  . 

exces s  g r a p h i t e  t o  form UC w i t h  some l o s s  of CO and C 0 2 .  

The d i f f u s i o n  of  Rb and C s  i s  much f a s t e r  i n  g r a p h i t e  

than  i n  U02  o r  UC. I t  i s  i n t e r e s t i n g  t o  e s t i m a t e  what f r a c t i o n  

of t h e  f i s s i o n  produc ts  can r e c o i l  d i r e c t l y  o u t  of a  p a r t i c l e  of 

U02 .  The maximum p a r t i c l e  s i z e  f o r  -325 mesh powder i s  4 4 p m .  I f  
. . 

we assume a  f i s s i o n  p roduc t  range of about  7pm and s a y  t h a t  a l l  £ i s -  

s i o n  produc ts  born w i t h i n  7pm of t h e  s u r f a c e  have a  50% p r o b a b i l i t y  

I ' 
of e scap ing ,  then  we e s t i m a t e  t h a t  about  1/3  of  t h e  f i s s i o n  pro- 

d u c t s  e scape  from t h e  UO 2  d i r e c t l y  due t o  t h e  k i n e t i c  energy i n  , 

t h e  f i s s i o n  a c t .  For s m a l l e r  p a r t i c l e s ,  t h e  f r a c t i o n  e scap ing  i s  

cons ide rab ly  g r e a t e r .  I t  i s  c l e a r  t h a t  a f t e r  t h e  f i s s i o n  p roduc t s  

have l o s t  t h e i r  energy from t h e  f i s s i o n  a c t ,  t hey  may be l o c a t e d  

i n  a  p a r t i c l e  of  UO 2 i n  a  p a r t i c l e  of  g r a p h i t e ,  o r  i n  a  vo id  ' 

space.  In .  o r d e r  t o  reach  t h e  h o t  s u r f a c e  of  t h e  Ta oven, t h e  

f i s s i o n  p roduc t s  have t o  d i f f u s e  by thermal  p roces ses .  The d i f -  

fu s ion  r a t e s  a r e  q u i t e  d i f f e r e n t  f o r  U02  (UC) , g r a p h i t e ,  o r  vo ids .  

Thus it w a s  necessary  t o  measure t h e  d i f f u s i o n  r a t e s  expe r imen ta l ly  

f o r  each e lement .  This  was done by f i x i n g  t h e  a c c e l e r a t i o n  v o l t a g e  

and magnetic f i e l d  f o r  a  p a r t i c u l a r  long- l ived  f i s s i o n  p roduc t  

and r eco rd ing  t h e  i on  count ing  r a t e  a s  a  f u n c t i o n  of  t ime f o l -  

lowing a  p u l s e  of  neu t rons .  The r e s u l t i n g  d i sappearance  curve  

was f i t t e d  t o  a sum o f  exponential :  components 'by . a = l e a s t - s q u a r e  

computer program (CLSQ) . Although t h e r e  i s  no d i r e c t  c o r r e s -  

- pondence between t h e  e x p o n e n t i a l  components and d i f f u s i o n  r a t e s  



i n  p a r t i c u l a r  media, t h e  f i t t i n g  p rocedu re  d i d  e n a b l e  us  t o  

o b t a i n  e f f e c t i v e  r a t e  c o n s t a n t s  and abundances f o r  u se  i n  

c o r r e c t i n g  t h e  observed  r e l a t i v e  y i e l d s .  

C .  Independen t  Y i e l d s  

A b a s i c  requ i rement  o f  an independen t  y i e l d  measurement i s  

t h a t  t h e  y i e l d  o f  a  p a r t i c u l a r  n u c l i d e  be  measured b e f o r e  b e t a  

decay of i t s  p r e c u r s o r  h a s  t aken  p l a c e .  Because w e  a r e  d e a l i n g  

w i t h  n u c l i d e s  q u i t e  f a r  from s t a b i l i t y  which have h a l f - l i v e s  

a s  s h o r t  as a  f r a c t i o n  of  a  second ,  w e  used  pulsed-beam t echn iques .  

F i s s i o n  p r o d u c t s  w e r e  formed d u r i n g  a  s h o r t  p u l s e  o f  neu t ron  ir- 

r a d i a t i o n  ( abou t  1 sec) and y i e l d s  were measured w i t h i n  abou t  1 

sec d u r i n g  and a f t e r  the p u l s e .  

I t  s h o u l d  be  n o t e d  t h a t  t h e  mass s p e c t r o m e t r i c  t e chn ique  d i d  

n o t  measure a b s o l u t e  y i e l d s .  I n s t e a d  w e  o b t a i n e d  r e l a t i v e  y i e l d s  

of  one i s o t o p e  t o  a n o t h e r .  However, s i n c e  a b s o l u t e  independen t  

y i e l d s  a r e  known by r ad iochemica l  t e chn iques  f o r  some of  t h e  

b n g e r - l i v e d  i s o t o p e s ,  it was p o s s i b l e  t o  no rma l i ze  o u r  r e l a t i v e  

y i e l d s  t o  t h e  known y i e l d s  and t h u s  o b t a i n  a b s o l u t e  y i e l d s  f o r  

a l l  t h e  i s o t o p e s  observed  h e r e .  

The r e l a t i v e  y i e l d  o f  one i s o t o p e  t o  a n o t h e r  was o b t a i n e d  by 

h o l d i n g  t h e  a c c e l e r a t i o n  v o l t a g e  c o n s t a n t  and sweeping t h e  magne t ic  

f i e l d  as r a p i d l y  a s  p o s s i b l e  o v e r  a  s m a l l  range which i n c l u d e d  t h e  

p a r t i c u l a r  masses of  i n t e r e s t .  Usua l ly  on ly  3 o r  4 masses were i n -  

c luded  i n  a  given'  mass spec t rum sweep s o  as t o  res t r ic t  t h e  r ange  of 

coun t ing  r a t e s  and h a l f - l i v e s .  I n d i v i d u a l  i o n s  were d e t e c t e d  by 

an e l e c t r o n  m u l t i p l i e r  o p e r a t e d  i n  a  pu l s e - coun t ing  mode.. Ion- - 



p u l s e s  were recorded  i n  a  400-channel m u l t i s c a l e r  whose channe l  

advance was.  synchronized w i t h  t h e  sweeping of  t h e  magnet ic  f i e l d .  

A t r i a n g u l a r  waveform was used i n  sweeping t h e  magnetic f i e l d  

and mass s p e c t r a  were recorded  f o r  bo th  sweep-up f i e l d  and sweep- 

down f i e l d .  The sweep-rate was t y p i c a l l y  about  2 4  s cans  p e r  ' 

second.  

Typ ica l  o p e r a t i n g  c o n d i t i o n s  f o r  an independent  y i e l d  ex- 

per iment  a r e  i l l u s t r a t e d  i n  F igu re  1. The f i g u r e  shows a  neu t ron  

p u l s e  l a s t i n g  0 .5  s e c  which i s  r e p e a t e d  4 . 0  s e c  l a t e r .  The i o n  

c u r r e n t  f o r  f i s s i o n  p roduc t s  i n c r e a s e s  d u r i n g  t h e  neu t ron  p u l s e  

and then  dec reases  a f t e r  t h e  p u l s e  due t o  d i f f u s i o n  of f i s s i o n  

p roduc t s  o u t  of t h e  oven and t o  r a d i o a c t i v e  decay of t h e  s h o r t -  

l i v e d  i s o t o p e s .  During t h e  neu t ron  pu l se .  and a  s h o r t - i n t e r v a l  

t h e r e a f t e r ,  t h e  magnet ic  f i e l d  i s  r a p i d l y  swept and a  "beam-on" 

mass spectrum i s  s t o r e d  i n  a  m u l t i s c a l e r .  J u s t  bef0r.e t h e  n e x t  

neu t ron  p u l s e ,  t h e  "beam-off" mass spectrum i s  o b t a i n e d  f o r  a  

t ime i n t e r v a l  e q u a l  t o  t h e  "beam-on" mass spectrum. T h i s  c y c l e  

of beam-on and beam-off d a t a  c o l l e c t i o n  i s  r e p e a t e d  a s  long  a s  

neces sa ry  t o  accumulate t h e  d e s i r e d  number of e v e n t s .  The number 

of coun t s  a t  t h e  t o p  of a p a r t i c u l a r  mass peak i n  t h e  "beam-on'' 

mass spectyum minus t h e  number o f  counts  a t  t h e  t o p  o f  t h e  cor -  

responding peak i n  t h e  "beam-of f "  mass spectrum is  p r o p o r t i o n a l  

t o  t h e  independent  y i e l d  t imes a c o r r e c t i o n  f a c t o r  f o r  d i f f u s i o n  

and r a d i o a c t i v e  decay. The c o r r e c t i o n  f a c t o r s  f o r  each  mass 

number w e r e  c a l c u l a t e d  by t a k i n g  i n t o  account  t h e  known r a d i o a c t i v e  
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h a l f - l i v e s  of  t h e  n u c l i d e  and i t s  p r e c u r s o r ,  t h e  t iming  con- 

d i t i o n s ,  and t h e  d i f f u s i o n  h a l f - l i v e s  and abundances d e r i v e d  

from t h e  d i sappearance  curves  f o r  each e lement  ob ta ined  i n  

s e p a r a t e  exper iments  a s  desc r ibed  above. 

2.  Exper imental  F a c i l i t i e s  

Two s e p a r a t e  f a c i l i t i e s  f o r  on - l i ne  mass spec t romet ry  were 

e s t a b l i s h e d  du r ing  t h e  course  of t h i s  work. The f i r s t  f a c i l i t y  

l o c a t e d  a t  Ba t te l le -Nor thwes t  L a b o r a t o r i e s  i n  ~ i c h l a n d ,  Washington 

made use  of an e x i s t i n g  mass spec t rome te r  and a 2-MeV Van de 

Graaff  a c c e l e r a t o r  f o r  a neu t ron  sou rce .  This  f a c i l i t y  was used 

f o r  p re l imina ry  independent f i s s i o n  y i e l d s  of  Rb and C s  i s o t o p e s  

and f o r  t e s t i n g  of ion-source/target-assemblies f o r  n e g a t i v e  

i o n  mass spec t romet ry .  The second o n - l i n e  f a c i l i t y  was s p e c i -  

f i c a l l y  des igned  f o r  i n s t a l l a t i o n  a t  a  TRIG24 r e a c t o r  . l o c a t e d  

a t  Washington S t a t e  U n i v e r s i t y  a t  Pullman, Washington where a ' 

1 0 0 0  f o l d  i n c r e a s e  i n  neutr0n.f lu .x  could  be  ob ta ined .  

A .  Van de Graaff  . F a c i l i t i e s  

A schemat ic  drawing of  t h i s  f a c i l i t y  i s  shown i n  F igu re  2. 

The Van de Graaff  a c c e l e r a t o r  produced a beam of  2-MeV deu te rons  
d 

which was s e n t  through an l l - f o o t l o n g  beam p i p e  t o  a Be t a r g e t .  

F a s t  neu t rons  produced by t h e  9 ~ e  (d , n )  ''13 r e a c t i o n  were slowed 

t o  thermal  e n e r g i e s  i n  a po lye thy lene  moderator which surrounded , 

t h e  ion-source/target-assembly f o r  t h e  mass spec t rome te r .  The 

thermal  neu t ron  f l u x  a t  t h e  t a r g e t  ; p o s i t i o n  f o r  100pA o f  2.0- 

MeV deute rons  w a s  measured by t h e  gold  w i r e  a c t i v a t i o n  method 
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2 t o  b e  a b o u t  2 x  l o 7  neut rons /cm sec. However, t h e  e p i t h e r m a l  

2 
f l u x  above t h e  Cd c u t o f f  was a b o u t  4 x  l o 7  neut rons /cm sec. 

The l a r g e  f a s t  n e u t r o n  f l u x  migh t  have  a f f e c t e d  t h e  y i e l d s  o f  

o f  low-y ie ld  p r o d u c t s  a t  t h e  wings o f  t h e  i s o t o p i c  y i e l d  d i s -  

t r i b u t i o n s .  The n e u t r o n  f l u x  c o u l d  be  t u r n e d  on o r  o f f  by 

p u t t i n g  a  2-kV p o t e n t i a l  a c r o s s  t h e  d e f l e c t i o n  p l a t e s  i n  t h e  

deu t e ron  beam l i n e .  Th i s  p o t e n t i a l  s t e e r e d  t h e  deu t e ron  beam 

o n t o  a  wa te r -coo led  copper  beam-stop midway a l o n g  t h e  beam l i n e .  

The r i se  t i m e  and f a l l  t i m e  o f  t h e  n e u t r o n  f l u x  was measured by 

m u l t i s c a l i n g  t h e  o u t p u t  o f  a  BFJ i o n  chamber l o c a t e d  j u s t  under  

t h e  p o l y e t h y l e n e  modera tor .  These t i m e s  were of  t h e  o r d e r  o f  a  

few mil l isec .  Thus t h e  rise and f a l l  o f  t h e  n e u t r o n  f l u x  c o u l d  

be i g n o r e d  i n  t h e  c o r r e c t i o n  f a c t o r s  f o r  d i f f u s i o n  and decay.  

The mass s p e c t r o m e t e r  was a  s i m p l e  Nie r - type  60 deg. magne t ic  

s e c t o r  w i t h  a  12- inch bend ing  r a d i u s .  The ion-beam t r a v e l e d  

i n  t h e  v e r t i c a l  p l a n e  t o  an e l e c t r o n  m u l t i p l i e r  d e t e c t o r  l o c a t e d  

above t h e  beam l i n e .  The magnet was a  permanent  magnet w i t h  

sweep c o i l s  l o c a t e d  w i t h i n  t h e  magnet gap t o  p e r m i t  s c a n n i n g  t h e  

mass spect rum.  Scanning r a t e s  up t o  50 c y c l e s / s e c  cou ld  be used  

. f o r  magne t ic  f i e l d  sweeping w i t h o u t  s e r i o u s l y  d i s t o r t i n g  t h e  

t r i a n g u l a r  waveform. 

B. SOLAR F a c i l i t y  

The Spec t rome te r  f o r  - On-Line - A n a l y s i s  - of  - Rad ionuc l i de s  

(SOLAR) f a c i l i t y  was de s igned  s p e c i f i c a l l y  f o r  measurement o f  

independen' t  f i s s i o n  y i e l d s  w i t h  s p e c i a l  emphasis  on o b t a i n i n g  

n e g a t i v e  ion-beams o f  B r  and I .  Because o f  t h e  low e f f i c i e n c y  



expected f o r  B r  and I it was necessary  t o  i n s t a l l  the . ion-source /  
I 

. . 

target-assembly i n  a s  h igh  a  neut ron  f l u x  a s  p o s s i b l e .  I n  a d d i - .  

t i o n  w e  wanted a  w e l l  thermal ized  f l u x  t o  i n s u r e  t h a t  ou r  mea- 

s u r e d  y i e l d s  were n o t  pe r tu rbed  by f a s t  neutron f i s s i o n .  The 

thermal  column of  t h e  1 MW TRIGA r e a c t o r  a t  Washington S t a t e  

Un ive r s i ty  m e t  t h e s e  requirements .  However, it was necessa ry  t o  

surround t h e  t a r g e t  p o s i t i o n  w i t h  a  cadmium s h u t t e r  i n  o r d e r  t o  

achieve pulsed  beam. ope ra t ion .  

1. Mass Spectrometer  

The g e n e r a l  l a y o u t  of  t h e  SOLAR f a c i l i t y  i s  shown i n  

F igure  3 .  The ion-source/target-assembly was locate 'd  i n  a  h o l e  

deep i n  t h e  g r a p h i t e  thermal  column. Ion-beams w e r e  brought  o u t  

through t h e  l e a d  and wa te r  s h i e l d i n g  by means of an 2.3-meter 

long  evacuated p i p e  which inc luded  two e i n z e l  l e n s e s  used t o  

focus t h e  beam. The i o n  beam was b e n t  90  degrees  i n  t h e  h o r i -  

z o n t a l  p l a n e  by means of an e l e c t r o s t a t i c  m i r r o r  device.  Thus 

the mass spec t rometer  i t s e l f  was n o t  l o c a t e d  i n  t h e  r ad i ' a t ion  

f i e l d  emanating from t h e  thermal  column. 

The magnet f o r  t h e  SOLAR mass spec t rometer  c o n s i s t e d  o f  a  

45 degree magnetic s e c t o r  w i t h  a  60 degree bend., The i o n  beam 

e n t e r e d  and e x i t e d  t h e  magnetic f i e l d  a t  a  7.5 degree ang le  t o  

t h e  normal. This  magnet des ign  was chosen i n  o r d e r  t o  provide  

some degree o f  focus ing  i n  t h e  Z d i r e c t i o n  ( v e r t i c a l ) .  A 30% 

enhancement of t h e  t r ansmiss ion  was expected t h e o r e t i c a l l y  f o r  

t h i s  design al though no exper imenta l  prodf o f  t h i s  was a t tempted.  
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Figure 3.  Floor  p lan  of SOLAR f a c i l i t y  a t  Washington S t a t e  Univers i ty  



The SOLAR magnet was an e lec t romagnet  i n  c o n t r a s t  t o  t h e  perma- 

n a n t  magnet used w i t h  t h e  Van de Graaff  f a c i l i t y .  Thus it was 

much s imp le r  t o  r e v e r s e  t h e  p o l a r i t y  of t h e  maggetic f i e l d  i n  

swi t ch ing  from p o s i t i v e  t o  n e g a t i v e  i o n s .  Magnetic f i e l d  

sweeping was accomplished by s e p a r a t e  sweep c o i l s  l o c a t e d  w i t h i n  

t h e  magnet gap. However t h e  d i s t o r t i o n  of t h e  t r i a n g u l a r  waveform 

used i n  sweeping was more s e v e r e  w i t h  t h e  e lec t romagnet  s o  t h a t  

t h e  maximum sweep r a t e  used i n  t h e  SOLAR f a c i l i t y  was 2 4  c y c l e s /  . 

s e c .  i n s t e a d  of 50 c y c l e s / s e c  which could  be used w i t h  t h e  Van 

de Graafr ,  f a c i l i t y .  

Two e l e c t r o n  m u l t i p l i e r s  were i n c o r p o r a t e d  i n t o  t h e  SOLAR 

f a c i l i t y  f o r  i ~ n  d e t e c t i o n .  One was l o c a t e d ,  on a x i s  w i t h  r e s p e c t  

t o  t h e  i o n  beam l e a v i n g  t h e  magnet wh i l e  t h e  o t h e r  was l o c a t e d  

60 degrees  o f f  a x i s .  A curved p l a t e  e l e c t r o s t a t i c  d e f l e c t o r  

was used t o  send t h e  ion-beam t o  t h e  o f f - a x i s  d e t e c t o r  when de- 

s i r e d .  Otherwise t h e  ion-beam passed  through a  s l o t  i n  t h e  e l e c t o -  

s t a t i c  d e f l e c t o r  and e n t e r e d  t h e  on-axis d e t e c t o r .  Prev ious  ex- 

pe r i ence  w i t h  t h e  Van de Graaff  f a c i l i t y  had shown t h a t  t h e  b u i l d -  

up uf r a d i o a c t i v e  atoms on t h e  f i r s t  dynode o f  t h e  e l e c t r o n  mul t i -  

p l i e r  could l e a d  t o  a  b e t a  p a r t i c l e  background . . which was 1 0 %  of 

t h e  most abundant f i s s i o n  produc t  i on  peak. S ince  t h i s  back- 

ground could i n t e r f e r e  w i t h  t h e  d e t e c t i o n  of low y i e l d  f i s s i o n  

p roduc t s ,  w e  used t h e  o f f - a x i s  d e t e c t o r  f o r  ' t un ing  t h e  mass 

spec t rome te r  on r a d i o a c t i v e  peaks.  The on-axis  d e t e c t o r  was r e -  

s e rved  f o r  a c t u a l  independent  f i s s i o n  y i e l d  measurements. 



One of t h e  requirements  f o r  an "on- l ine"  mass spec t rome te r  

i s  a  h igh  t r ansmis s ion  e f f i c i e n c y  of  t h e  ion-beam from t h e  t a r -  

g e t  t o  t h e  d e t e c t o r .  Thus r e l a t i v e l y  wide s l i t s  were used through- 

o u t  t h e  system t o  maximize t h e  t r ansmis s ion  from a  l a r g e  t a r g e t .  

I'n t h e  SOLAR f a c i l i t y  t h e  t a r g e t  m a t e r i a l  was con ta ined  i n  a  1 / 4  

i n .  d iameter  t an ta lum oven which could be from 3/8 i n .  t o  3/4 i n .  

long.  The oven was surrounded by a 1/2 i n .  d iameter  h e a t - s h i e l d  

composed of  1 0  m i l  t h i c k  tan ta lum.  An 0.020 i n .  wide " l i p "  ex- 

tended from t h e  oven through a  s l o t  i n  t h e  h e a t  s h i e l d .  Th i s  l i p  

p ro t ruded  1/32 i n .  beyond. t h e  h e a t  s h i e l d  and could  be from 1/8- 
I 

t o  1/2-in.  long depending on t h e  l e n g t h  o f  t h e  oven c a v i t y .  Th i s  

-020 i n .  wide l i p  t h u s  r e p r e s e n t e d  t h e  a c t u a l  sou rce  of i o n s .  

The i o n s  were a c c e l e r a t e d  from t h e  oven p o t e n t i a l  through a  

Nier-Dietz t h i c k  l e n s  t o  a .024 i n .  wide s l i t  a t  ground p o t e n t i a l .  

Th i s  s l i t  was t h e  o b j e c t  f o r  t h e  f i r s t  e i n z e l  l e n s .  The f i r s t  

e i n z e l  l e n s  brought  t h e  i on  beam t o  a  focus  halfway a long  t h e  2'.3 

meter p ipe .  This  f o c a l  p o i n t  was t h e  o b j e c t  f o r  t h e  second e i n z e l  

l e n s  which focused t h e  i on  beam on t h e  e n t r a n c e  s l i t  of  t h e  e l e c t r o -  

s t a t i c  m i r r o r .  The e n t r a n c e  and e x i t  s l i t s  of  t h e  m i r r o r  were 

0.050 i n .  which was wide enough t o  p a s s  most of t h e  i o n  beam 

undis turbed .  A t  t h e  e x i t  of t h e  m i r r o r  was ano the r  ,024 i n .  s l i t  

which r e p r e s e n t e d  t h e  o b j e c t  f o r  t h e  bending magnet. A t  t h e  f o c a l  

p o i n t  of t h e  magnet was a  0.040 i n .  . s l i t  w i t h  t h e  e l e c t r o n  m u l t i p l i e r s  

d i r e c t l y  behind it. Both t h e  l a t t e r  two s l i t s  could  be  a d j u s t e d  

i n  p o s i t i o n  and wid th  w i thou t  b reak ing  t h e  vacuum. 



The r e s o l u t i o n  expec ted  f o r  a  mass spec t rome te r  w i t h  a  

1 2  i n .  bending r a d i u s ,  0 . 0 2 4  i n .  o b j e c t  s l i t  and 0.040 image 

s l i t  i s  175 where r e s o l u t i o n  i s  d e f i n e d  a s  M/AM wi th  AM e q u a l  

t o  t h e  f u l l  width  of t h e  mass peak a t  1 / 1 0  t h e  maxium h e i g h t .  

I n  p r a c t i c e  we ob ta ined  a  r e s o l u t i o n  o f  208 a t  mass 138. Higher  

r e s o l u t i o n  could be ob ta ined  by narrowing t h e  o b j e c t  and image 

s l i t s .  However t h i s  was n o t  d e s i r a b l e  f o r  t h e  independent  y i e l d  

measurements a s  w i l l  be d e s c r i b e d  below i n  t h e  s e c t i o n  on d a t a  

c o l l e c t i o n  and a n a l y s i s .  

One a d d i t i o n a l  e lement  i n  t h e  ion-beam f l i g h t  p a t h  was a  
I - 

p a r a l l e l  p l a t e  e l e c t r o s t a t i c  d e f l e c t o r  l o c a t e d  immediately a f t e r  

t h e  o b j e c t  s l i t  a t  t h e  e l e c t r o s t a t i c  mi r ro r .  This  p rov ided  a 

c o r r e c t i o n  i n  t h e  v e r t i c a l '  p l a n e  i n  ca se  of  a  s l i g h t  d e v i a t i o n  

from c o p l a n a r i t y  i n  any of t h e  components. Th i s  d e f l e c t o r  was 

n o t  o r d i n a r i l y  used s i n c e  it in t roduced  a defocus ing  e f f e c t  and 

was n o t  necessary  when a l l  e lements  w e r e  p r o p e r l y  a l i g n e d .  

Another f e a t u r e  s p e c i f i c  f o r  an on - l i ne  system was an auto-  

ma t i c  ion-beam s h u t  o f f  dev ice .  This  c o n s i s t e d  of an e l e c k r o n i c  

swi t ch  which could  drop one o f  t h e  beam c e n t e r i n g  p l a t e s  i n  t h e  

i o n  lens -  assembly t o  ground p o t e n t i a l  when d e s i r e d .  One a p p l i c a -  

t i o n  of  t h i s  dev ice  was t o  r e t a i n  a l l  f i s s i o n  produc t  i o n s  w i th -  

i n  t h e  ion-source  wh i l e  s t i l l  ma in t a in ing  a l l  o t h e r  components 

i n  an ope rab le  s t a t e .  This  was u s e f u l  t o  p reven t  unnecessary 

r a d i o a c t i v i t y  from b u i l d i n g  up e lsewhere  i n  t h e  system. A more 

d i r e c t  a p p l i c a t i o n  was i n  c e r t a i n  exper iments  where it was de- 

s i r e d  t o  fo l low t h e  b e t a  decay on t h e  f i r s t  dynode o f  t h e  . e l e c t r o n  

' m u l t i p l i e r  fo l lowing  a  s h o r t  c o l l e c t i o n  of  r a d i o a c t i v e  n u c l i d e s .  



These exper iments  could  i d e n t i f y  t h e  h a l f - l i f e  o f  t h e  n u c l i d e  

be ing  d e t e c t e d .  The procedure  was t o  c o l l e c t  r a d i o a c t i v e  

n u c l i d e s  of  a  s i n g l e  mass number on t h e  f i r s t  dynode, t u r n  o f f  

t h e  ion-beam, and then fo l low t h e  b e t a  decay by s t o r i n g  t h e  

count ing  r a t e  as a  func t ion  of t i m e  i n  a m u l t i s c a l e r .  

2 .  Radia t ion  S h i e l d i n g  

An o n - l i n e  f a c i l i t y  a t  a  r e a c t o r  r e q u i r e s  e x t e n s i v e  

r a d i a t i o n  s h i e l d i n g  from t h e  r e a c t o r  co re  wh i l e  t h e  system i s  

o p e r a t i n g  and from t h e  induced r a d i o a c t i v i t y  p r e s e n t  du r ing  and 

a f t e r  on - l i ne  o p e r a t i o n .  The WSU r e a c t o r  o p e r a t e d  on a  t h r e e  
I ' 

8-hour-shif ts -  a-week b a s i s .  This  was f o r t u n a t e  f o r  o u r  purposes  

s i n c e  t h i s  s chedu le  prov ided  ample t ime f o r  acces s  t o  t h e  t he rma l  

column f o r  i n s t a l l a t i o n  and check-out of t h e  system. I n  a d d i t i o n  

t h e  SOLAR system'was des igned  t o  f i t  on a  r o l l i n g  t a b l e .  Thus 

t h e  ion- sou rce / t a rge t -  assembly and f l i g h t  tube  cou ld  be  p u l l e d  

o u t  of t h e  thermal  column t o  minimize unnecessary exposure  of 

t h e s e  components t o  t h e  h igh  r a d i a t i o n  f i e l d s .  Another f e a t u r e  

which he lped  t o  reduce exposure  o f  t h e  system was t h e  a b i l i t y  

t o  . m o v e  t h e  r e a c t o r ,  co re  away from t h e  thermal  column when d e s i r e d .  

I n  s p i t e  o f  t h e s e  f a c t o r s ,  it was s t i l l  neces sa ry  t o  c a r e f u l l y  

des ign  t h e  s h i e l d i n g  around t h e  SOLAR system t o  minimize t h e  

neu t ron  and qmma r a d i a t i o n  f i e l d s  p r e s e n t  i n  t h e  exper imental  a r e a  

du r ing  on- l ine  ope ra t ion .  I n  a d d i t i o n  s p e c i a l  p r e c a u t i o n s  were 

r e q u i r e d  t o  minimize r a d i a t i o n  e.xposure t o  pe r sonne l  du r ing  t h e  

convers ion from on- l ine  t o  o f f - l i n e  o p e r a t i o n  .and du r ing  main- 

tenance procedures  f o r  t h e  ion- ' source/ target-  assembly. 



The f l i g h t  - t ube  cadmium-shutter assembly, and ion-source/  

target-assembly were a l l  des igned  t o  f i t  i n t o  a  6- in .  d iameter  

h o l e  57-in. deep w i t h i n  t h e  g r a p h i t e  thermal  column. The normal 

s h i e l d  f o r  t h e  thermal  column c o n s i s t s  of  a  1/4-in.  t h i c k  Bora l  

p l a t e  fol lowed by a  12- in .  t h i c k  l e a d  s h i e l d ,  and then  a  9-in.- 

t h i c k  wa te r - sh i e ld  on t h e  o u t s i d e .  S p e c i a l  s h i e l d i n g  p i e c e s  were 

f a b r i c a t e d  t o  d u p l i c a t e  t h e s e  s h i e l d s  b u t  having s tepped-diameter  

c o a x i a l  h o l e s  hr acces s  t o  t h e  h o l e  i n  t h e  g r a p h i t e .  C y l i n d r i c a l  

g r a p h i t e ,  l e a d  and p a r a f f i n  s h i e l d s  were mounted c o a x i a l l y  on t h e  

f l i g h t  tube  t o  f i t  snugly  i n t o  t h e s e  h o l e s .  These l a t t e r  s h i e l d s  

reduced ,the e f f e c t i v e  d i ame te r  of t h e  h o l e  through t h e  s h i e l d i n g  

t o  3 1/2 i n .  A d d i t i o n a l  s h i e l d i n g  c o n s i s t i n g  of  a  2 - in . - th ick  

l e a d  w a l l  and a  4 - in . - th ick  w a l l  o f  b o r a t e d  p a r a f f i n  surrounded 

t h e  e l e c t r o s t a t i c  m i r r o r .  The beam o f  neu t rons  and gamma r a y s  

emerging from t h e  3 1 / 2  i n .  d i ame te r  h o l e  was s topped  a f t e r  t h e  

e l e c t r o s t a t i c  m i r r o r  by a. w a l l  c o n s i s t i n g  o f  1 2  i n .  o f  b o r a t e d  

p a r a f f i n ,  12- in  o f  l e a d ,  and f i n a l l y  4-in.  o f  b o r a t e d  p a r a f f i n .  

.The e l e c t r o s t a t i c  m i r r o r  was covered by a  roof  o f  b o r a t e d  p a r a f f i n  

4-in. t h i c k .  Radia t ion  leakage a t  t h e  t he rma l  column f a c e  was 

e l i m i n a t e d  by an e x t r a  s h i e l d  of  l e a d  b r i c k s  s t a c k e d  up from 

t h e  f l o o r .  

A r a d i a t i o n  survey was conducted w i t h  t h e  s h i e l d i n g  i n  p l a c e  

and t h e  r e a c t o r  running a t  f u l l  power (1 MW) a g a i n s t  t h e  t he rma l  

column. The h i g h e s t  r a d i a t i o n  f i e l d  of  betaLgamma was 6  mR and 

t h e  h i g h e s t  neu t ron  r a d i a t i o n  f i e l d  was 3.5 mR. Thus t h e  

s h i e l d i n g  was q u i t e  e f f e c t i v e  and p e r m i t t e d  pe r sonne l  t o  walk 

around t h e  i n s t rumen t  while it  was i n  o p e r a t i o n .  However, an 



a d d i t i o n a l  s h i e l d  w a l l  c o n s t r u c t e d  f rom'8 1/4- in  t h i c k  s t e e l  

and masonite l amina t e  was p l aced  between t h e  SOLAR f a c i l i t y  

and t h e  e l e c t r o n i c  c o n t r o l  r acks  f o r  f u r t h e r  r educ t ion  o f  t h e  

r a d i a t i o n  background a t  t h e  o p e r a t i o n s  s t a t i o n .  

The induced r a d i o a c t i v i t y  of t h e  f l i g h t  tube ,  s h u t t e r  and ion-  

s o u r c e / t a r g e t  a f t e r  a  weeks o p e r a t i o n  o f  t h r e e  8-hour s h i f t s  was 

c a l c u l a t e d  t o  be about  1 0  c u r i e s .  Procedures  have been adopted 

f o r  hand l ing  t h e  f a c i l i t y  i n  s p i t e  o f  t h e s e  h igh  r a d i a t i o n  l e v e l s  t 

a l though  such l e v e l s  have n o t  y e t  been encounte red ,  The r o l l i n g  

t a b l e  w i t h  t h e  mass spec t rome te r  and p a r t  of t h e  s h i e l d i n g  can 
I ' 

be  moved t o  b r i n g  t h e  f l i g h t  tube ,  e t c . ,  o u t  of t h e  thermal  

column w i t h o u t  exposure  t o  pe r sonne l .  A 55-gallon b a r r e l  w i t h  
-0 

5-in .  t h i c k  c o n c r e t e  and 2.-in. t h i c k  l e a d  w a l l s  can then  be pos i -  

t i o n e d  over  t h e  end of t h e  f l i g h t  tube  t o  p rov ide  s h i e l d i n g  when 

t h e  f a c i l i t y  i s  o f f - l i n e .  When t h e  oven and t a r g e t  assembly needs  

maintenance,  t h e  end of  t h e  f l i g h t  t ube  w i t h  t h e  oven f l a n g e  can 

be moved i n t o  a  l u c i t e  g love box. The oven f l a n g e  can t h u s  be 

removed and manipulated i n  a  c o n t r o l l e d  environment. '  The same 

glove box i s  used f o r  l a a d i n g  t h e  e n r i c h e d  1 3 5 ~  t a r g e t  wafers  

i n t o  t h e  oven. 

3 .  Neutron Flux Measurements and Cadmium S h u t t e r  

Before  i n s t a l l a t i o n  of t h e  complete SOLAR f a c i l i t y ,  t h e  

neu t ron  f l u x  was measured by t h e  go ld  w i r e  a c t i v a t i o n  technique  a t  
' 

t h e  t a r g e t  p o s i t i o n  and e l sewhere  i n  t h e  h o l e  i n  t h e  thermal  column 

. ( T . C . ) .  Measurements were made wi th  t h e  r e a c t o r  c o r e  l o c a t e d  

as c l o s e  t o  t h e  thermal  column a s  p o s s i b l e  and a t  a p o s i t i o n  6 
. , 

i nches  :away. L a t e r ,  ano the r  s e t  of  measurements was made us ing  



an aluminum c y l i n d e r  covered  w i t h  -020 i n .  t h i c k  cadmium t o  simu- 

l a t e  t h e  c o n d i t i o n s  w i t h  t h e  s h u t t e r .  These f l u x  measurements a r e  

summarized i n  Tab le  1 5 .  

Tab le  15.. Neutron f l u x  measurements a t  t a r g e t  p o s i t i o n  i n  t h e r m a l  
column w i t h  r e a c t o r  a t  1 Md. 

-- - -  

T o t a l  F lux  Cadmium Thermal Flux F a s t  F lux  
(n/crn2sec.) R a t i o  (n/cm2sec.) (n/cm2sec. ) 

Reac tor  a t  T.C. 6 . 7 9 ~ 1 0  lo 19.9 6 . 4 5 ~ 1 0  10  .34x10 10 

Reac tor  6 i n .  
from T . C .  .46x10 lo 14.5 .43x10 10 .03x10 10 

Reac tor  a t  T.C. 
s h u t t e r  open .80x10 lo, 3.48 .57x1010 .23x10 10 

Reac tor  a t  T.C. 
s h u t t e r  c l o s e d  .22x10 lo 1.02 . 0 0 4 3 x 1 0 ~ ~  .22x10 

10 

From t h e  d a t a  g iven  i n  Tab l e  15,we see t h a t  moving t h e  re- 

a c t o r  c o r e  6 i n .  away from t h e  t he rma l  column reduces  t h e  t he rma l  

f l u x  by a f a c t o r  o f  15  and t h e  f a s t  f l u x  by a f a c t o r  of  10.6 .  W e  

a l s o  n o t e  t h a t  when t h e  cadmium s h u t t e r  i s  used ,  t h e  t h e r m a l  f l u x  

i s  reduced by a f a c t o r  o f  1 1 . 4  from t h e  unpe r tu rbed  c o n d i t i o n .  

When t h e  s h u t t e r  was c l o s e d ,  t h e  t he rma l  neu t ron  f l u x  dropped 

by a f a c t o r .  of  131  compared t o  t h e  s h u t t e r  open c o n d i t i o n .  . 



To improve t h i s  f a c t o r ,  t h e  a c t u a l  s h u t t e r  was t hen  covered w i t h  

. 0 4 0  i n .  t h i c k  cadmium and e x t r a  cadmium was p l aced  i n s i d e  t h e  beam 

p ipe  t o  p reven t  backstreaming of neu t rons  a long  t h e  ion-beak p a t h .  

These improvements l e d  t o  a  f i n a l  r a t i o  of  800 f o r  t h e  thermal  

neu t ron  f l u x  wi th  t h e  s h u t t e r  open t o  thermal  f l u x  w i t h  t h e  

s h u t t e r  c l o s e d  c o n d i t i o n s .  This  l a t t e r  f i g u r e  was measured 

w i t h  a  s m a l l  BF3 coun te r  temporar. i ly mounted a t  t h e  t a r g e t  

p o s i t i o n .  

The BF3 coun te r  was a l s o  used t o  g i v e  i n fo rma t ion  on t h e  t ime 

dependence o f  t h e  neu t ron  f l u x  when t h e  s h u t t e r  was opened o r  ' 

c losed .  The s h u t t e r  was d.riven by pneumatic c y l i n d e r s  w i t h  a  

3-in.  s t r o k e .  Pure He was used t o  d r i v e  t h e  c y l i n d e r s .  The 

H e  flow was c o n t r o l l e d  by two s o l e n o i d  va lves  mounted on t h e  

r o l l i n g  t 'able .  A f t e r  t h e  s h u t t e r  t r i g g e r  s i g n a l ,  a t ime d e l a y  

of  about  40 msec occur red  b e f o r e  t h e  s h u t t e r  began t o  move. I t  

then  took from 80 t o  120 msec depending on t h e  He p r e s s u r e  f o r  

t h e  s h u t t e r  t o  complete i t s  t r a v e l .  I n  o r d e r  t o  p r e v e n t  t h e  s h u t t e r  

from hitting t h e  beam p i p e  t o o  ha rd ,  a  s h o r t  b u r s t  of He i n  t h e  op- 

p o s i t e  d i r e c t i o n . w a s  given n e a r  t h e  end of t h e  s t r o k e  t o  p rov ide  

a  cushioned s t o p .  The t ime d i s t r i b u t i o n  of t h e  thermal  neu t ron  

f l u x  was o b t a i n e d  by m u l t i s c a l i n g  t h e  o u t p u t  of t h e  BF3 coun te r  

wh i l e  t h e  s h u t t e r  was be ing  a c t u a t e d .  Once t h e  s h u t t e r  began 

t o  move, t h e  neu t ron  f l u x  i n c r e a s e d  l i n e a r l y  u n t i l  t h e  maximum 

opening and maximum f l u x  was achieved.  The t r a n s i t  t ime and 

hence t h e  rise-time of t h e  neu t ron  f l u x  was comparable t o  t h e  

h a l f - l i v e s  of some o f  t h e  i s o t o p e s  s t u d i e d  s o  it was neces sa ry  



t o  t a k e  t h e  .neutron f l u x  r i s e - t i n e  i n t o  account  when ,making 

c o r r e c t i o n s  t o  t h e  raw d a t a  ob ta ined  wi th  the' SOLAR f a c i l i t y .  

3 .  Data ~ n a l y s i s  

A s  shown i n  F igure  1, r e l a t i v e  independent  y i e l d s  were ob- 

t a i n e d  i n  pu l sed  beam exper iments  i n  which "beam-on" and "beam- 

o f f "  mass s p e c t r a  were o b t a i n e d  i n  a  c y c l i c  f a sh ion .  The d i f -  

f e r e n c e  between t h e  peak i n t e n s i t y  i n  t h e  "beam-on" and "beam-off" 

s p e c t r a  had t o  be c o r r e c t e d  f o r  d i f f u s i o n  and r a d i o a c t i v e  decay.  

W e  d e s c r i b e  below f i r s t  how t h e  r e l a t i v e  independent  y i e l d  ex- 
I ' 

p r e s s i o n s  w e r e  de r ived ,  n e x t  how t h e  d i f f u s i o n  and decay cor -  

r ec t ionswere  made and then  p r e s e n t  t h e  i n p u t  d a t a  c o n s i s t i n g  of  

r a d i o a c t i v e  ha l f - l i ve ' s ,  d i f f u s i o n  t imes and abundances, and c a l -  

c u l a t e d  f i s s i o n  y i e l d  d a t a .  

A. R e l a t i v e  Independent Y ie lds  

While t h e  neu t ron  beam i s  on, t h e  i o n - c u r r e n t  f o r  a p a r t i -  

c u l a r  f i s s i o n  produc t  mass i s  i n c r e a s i n g .  The number of  i o n s  due 

t o  independent  p roduc t ion  d e t e c t e d  d u r i n g  t h i s  t i m e  i n t e r v a l  

(tl) i s  c a l l e d  N l .  When t h e  neu t ron  beam i s  t u r n e d  o f f ,  t h e  ion-  

c u r r e n t  dec reases  due t o  l o s s  o f  f i s s i o n  p roduc t  i o n s  by d i f -  

f u s i o n  and r a d i o a c t i v e  decay. The number of  i o n s  due t o  inde- 

pendent p roduc t ion  d e t e c t e d  from t h e  t i m e  t h e  neu t ron  beam i s  

s h u t  o f f  t o  t h e  end of t h e  beam-on mass spectrum (t2) i s  c a l l e d  

N2. A f t e r  an a d j u s t a b l e  de l ay  t i m e  fo l lowing  t h e  end of  t h e  

beam-on mass spectrum, a  background mass spectrum i s  o b t a i n e d  



i n  a  s e p a r a t e  m u l t i s c a l e r .  This  beam-off mass spectrum i s  taken  

over  a  t ime i n t e r v a l  e q u a l  t o  t 1 + t2 and t h e  number o f  i o n s  de- 

t e c t e d  i s  c a l l e d  N,.  For each  t ime i n t e r v a l  t h e r e  i s  a  c o r r e s -  

ponding number of i o n s  d e t e c t e d  .which a r e  produced i n d i r e c t l y  

by b e t a  decay of  t h e  nob le  gas  p r e c u r s o r s .  These numbers of i o n s  

a r e  c a l l e d  N 1 ', N~~ and N , ~ ~  r e s p e c t i v e l y .  The t o t a l  numbers of  

counts  observed i n  t h e  beam-on spectrum (A)  and i n  t h e  beam-off 

spectrum ( B )  a r e  given by: 

A = N1 + N1 P  + N 2  + N 2  P  + Bgd + E 
I - (Eq. 1) 

Bgd i s  t h e  background due t o  s t a b l e  mass peaks and t o  b e t a  

decay of long- l ived  r a d i o a c t i v e  i s o t o p e s  on t h e  f i r s t  dynode of  

t h e  e l e c t r o n  m u l t i p l i e r .  E i s  t h e  background due t o  ve ry  s h o r t -  
I 

l i v e d  r a d i o a c t i v i t y  on t h e  e l e c t r o n  m u l t i p l i e r  and t o  gamma-ray 

' induced p u l s e s  i n  t h e  e l e c t r o n  m u l t i p l i e r  which occur  only  w i t h  

.the neu t ron  beam on. 

W e  then  form t h e  exp res s ion  

A -  B - E = ( N '  1 + N 2 . -  N3)  + ( N ~ P  + N2P - N3P) (Eq. 3) 

&ere t h e  f i r s t  t e r m  on t h e  r i g h t  s i d e  of t h e  equa t ion  c o n t a i n s  a l l  

t h e -  independent ly  produced i o n s  and t h e  second t e r m  i n c l u d e s  a l l  

t h e  i o n s  from p r e c u r s o r  decay. Each t e r m  Ni can be equa ted  t o  a 

q u a n t i t y  e n f o f i .  , 



where: 

e = mass s p e c t r o m e t e r  e f f i c i e n c y  . . 

n  = number of  t a r g e t  2 3 5 ~  atoms 

f  = f l u x  o f  n e u t r o n s  

a = c r o s s - s e c t i o n  f o r  p roduc t i on  of i ndependen t ly  
formed f i s s i o n  p r o d u c t  

Fi = growth,  decay ,  and d i f f u s i o n  f a c t o r  

Likewise  each  t e r m  N i can be  equate'd t d  a  q u a n t i t y  e n f a  
F i 

where e ,  n ,  and f a r e  t h e  s.ame a s  above, o P i s  t h e  cumula t ive  

y i e l d  of t h e  p r e c u r s o r ,  and FiP i s  a  growth, decay,  and d i f f u s i o n  

f a c t o r  f o r  p r o d u c t s  o f  p r e c u r s o r  decay.  W e  t h e n  o b t a i n  t h e  ex- 

p r e s s i o n  : 

+ 

S i n c e  en f  i s  a  c o n s t a n t ,  t h e  r e l a t i v e  independen t  y i e l d  i s  g iven  

by (en£)  a = a  ' and 

A - B - E  0 '  = 
F +F - F ~ + O  n P ~ ~ + . ~ ~ - . ~  ) dl  P 

1 2  

' W e  have d e r i v e d  e x p r e s s i o n s  f o r  each of t h e  F f a c t o r s  i n  t e r m s  of  the. 

p u l s i n g  t i m e s ,  rs.d.i.nacti..ve h a l f - l i v e s ,  d i f f u s i o n  t i m e s  and d i f f u s i o n  

component abundances.  The r a t i o  of p r e c u r s o r  cumulq t ive  y i e l d  t o  

/ p.roduct independen t  y i e l d  (a  a )  i s  t aken  from Wahl 's  c a l c u l a t i o n '  
P -- . 



o f  "normal" f i s s i o n  y i e l d s  f o r  t h e r m a l  n e u t r o n  f i s s i o n  o f  2 3 5 ~ .  ( 1 6 )  

A l l  t h e  t e r m s  i n  t h e  denominator  can  b e  c a l c u l a t e d  whereas  t h e  

t e r m s  i n ,  t h e  . numera to r  a r e  o b t a i n e d  from t h e  beam-on and beam- 

o f f  mass s p e c t r a .  The background term E i s  g i v e n  by t h e  d i f -  

f e r e n c e  a t  t h e  v a l l e y s  o f  t h e  beam-on spec t rum and beam-off 

spect rum.  

Under i d e a l  c o n d i t i o n s ,  t h e  m a s s  s p e c t r o m e t e r  g i v e s  peaks  

w i t h  f l a t  t o p s .  S i n c e  r e l a t i v e  peak h e i g h t s  a r e  r e q u i r e d  ( n o t  

t h e  a r e a  under  a  peak)  a  few c h a n n e l s  (3-5)  a t  t h e  t o p  o f  e a c h  

peak were summed t o  g i v e  t h e  r e l a t i v e  number o f  e v e n t s  a t  e a c h  

peak ( A I B ) .  The v a l u e  o f  E '  was o b t a i n e d  by summing o v e r  t h e  

same number o f  c h a n n e l s  a t  t h e  v a l l e y  r e g i o n s  and  t a k i n g  t h e  

d i f f e r e n c e  between t h e  beam-on and beam-off s p e c t r a .  T h i s  

q u a n t i t y  E was due p r i m a r i l y  t o  s h o r t - l i v e d  b e t a  a c t i v i t y  i n  t h e  

c a s e  o f  t h e  SOLAR s y s t e m  s i n c e  t h e r e  was v e r y  l i t t l e '  change i n  

t h e  r a d i a t i o n  f i e l d  a t  t h e  d e t e c t o r  when t h e  s h u t t e r  was open 0.r 

c l o s e d .  The s t a t i s t i c a l  u n c e r t a i n t y  i n  t h e  n e t  c o u n t s  (A-B-E) 

was used a s  a  measure of  t h e  e r r o r  a s s o c i a t e d  w i t h  a  s i n g l e  

measurement o f  a  r e l a t i v e  y i e l d .  

The q u a n t i t y  o p P  o b t a i n e d  from Wahl' s c a l c u l a t i o n  i s  a d e q u a t e  

f o r  a  f i r s t !  approx imat ion .  I f  n e c e s s a r y  t h e  i n d e p e n d e n t  y i e l d s  

c o u l d  b e  r e c a l c u l a t e d  u s i n g  t h e  e x p e r i m e n t a l  r e s u l t s .  f rom t h e  

f i i . s t  c a l c u l a t i u i i  .I;u e s t i m a t e  t h e  y i e l d  r a t i o s .  

B. D i f fus ion /Decay  C o r r e c t i o n  

W e  g i v e  h e r e  a  b r i e f  d e s c r i p t i o n  o f  t h e  o r i g i n  of  t h e  d i f -  

fus iu l l /decay equa.ticrns t o  i l l u s t r a t e  ' t h c  n a t u r c  of  t h i s  i m p o r t a n t  

c o r r e c t i o n .  Because t h e  d a t a  r e p o r t e d  h e r e  w e r e  o b t a i n e d  o n l y  

w i t h  t h e  Van d e  G r a a f f  f a c i l i t y , w e  can  i g n o r e  any c o r r e c t i o n  due  

t o  t h e  r ise and f a l l  t i m e  o f  t h e  n e u t r o n  f l u x .  
- 55- 



The f i r s t  s t e p  was t o  d e r i v e  equa t ions  f o r  t h e  number of 

r a d i o a c t i v e  atoms of a  p a r t i c u l a r  n u c l i d e  p r e s e n t  i n  t h e  ion-  

source  a s  a  func t ion  'o f  t i m e  fo l lowing  t h e  s t a r t  of a p u l s e  

of  n e u t r o n s . .  These e q u a t i o n s  v a r i e d  accord ing  t o  t h e  t ime i n -  

t e r v a l  of  concern.  For t h e  Van de Graaff  exper iments ,  t h r e e  

t ime i n t e r v a l s  were neces sa ry ,  one f o r  t h e  p e r i o d  w i t h  t h e  ' 

neut ron  f l u x  on, one f o r  t h e  p e r i o d  w i t h  t h e  neu t ron  beam o f f  

b u t  d a t a  s t i l l  be ing  s t o r e d  i n  t h e  "beam-ont1 mass spectrum, 

and one f o r  t h e  p e r i o d  of  t h e  "beam-off" mass spectrum. The 

equa t ions  f o r  t h e  l a t t e r  two were e s s e n t i a l l y  i d e n t i c a l  excep t  
I ' 

f o r  t h e  t ime range considered.  

Each of t h e  e q u a t i o n s  f o r  t h e  number of  atoms p r e s e n t  a s  a  

func t ion  of t ime inc luded  'a c o r r e c t i o n  f o r  t h e  bu i ldup  of  addi -  

t i o n a l  atoms from prev ious  neu t ron  p u l s e s .  . The e q u a t i o n s  a t  

t h i s  s t a g e  assumed t h a t  a  s i n g l e  d i f f u s i o n  component was p r e s e n t .  

I n  a d d i t i o n  t o  t h e  e q u a t i o n s  f o r  t h e  d i r e c t  p roduc t ion  of 

r a d i o a c t i v e  atoms from t h e  independent  f i s s i o n  y i e l d ,  it was 

neces sa ry  t o  d e r i v e  a d d i t i o n a l  equa t ions  t o  d e s c r i b e  t h e  growth 

01 t l re  radioa.ctive atoms of  i n t e r e s t  from b e t a  decay of  p r e c u r s o r  

n u c l i d e s .  Again s e p a r a t e  e q u a t i o n s  were r e q u i r e d  f o r  each  of t h e  

t ime i n t e r v a l s .  Thus t h e r e  were a  t o t a l  of  s i x  equa t ions  r e q u i r e d  

f o r  t h e  Van de Graaff  exper iments .  

The equa t ions  d i s c u s s e d  have s o  f a r  r e f e r r e d  on ly  t o  t h e  de- 

s c r i p t i o n  of  t h e  number of  r a d i o a c t i v e  atoms p r e s e n t  i n  t h e  

sou rce  a s  a  func t ion  of t i m e  w i t h  t h e  assumption of  a  s i n g l e  d i f -  

f u s i o n  r a t e  c o n s t a n t .  The n e x t  s t e p  was t o  c o n v e r t  t h e s e - e q u a t i o n s  



t o  d e s c r i b e  t h e  i o n  c u r r e n t  a s  a  f u n c t i o n  of  t ime.  This  was 

s imply done by m u l t i p l y i n g  t h e  number of  atoms p r e s e n t  by t h e  

d i f f u s i o n  r a t e  c o n s t a n t  and t h e  mass spec t rome te r  e f f i c i e n c y  

f a c t o r .  The ion- c u r r e n t s  cor responding  t o  each  d i f f u s i o n  com- 

ponent were then  weighted by t h e  r e l a t i v e  abundances o f  t h a t  

d i f f u s i o n  component. The weighted i o n - c u r r e n t s  w e r e  added t o  

g i v e  t h e  t o t a l  i o n - c u r r e n t  of  t h a t  i s o t o p e  a s  a  f u n c t i o n  of t ime.  

A s  de sc r ibed  p r e v i o u s l y ,  t h e  "beam-on" and "beam-off" mass 

' s p e c t r a  c o n s i s t e d  of  a  f i x e d  number of r a p i d  scans  f o r  each 

spectrum dur ing  each  c y c l e  of  neu t ron  p u l s e  and d a t a  c o l l e c t i o n .  

The e q u a t i o n s  o u t l i n e d  above gave t h e  i on -cu r r en t  of a  p a r t i c u l a r  

n u c l i d e  a s  a  func t ion  of  t i m e  from t h e  s t a r t  o f .  t h e  neu t ron  p u l s e  

t o  t h e  end of  t h a t  cyc l e .  Because s e v e r a l  masses w e r e  covered i n  

each mass scan ,  t h e  i o n - c u r r e n t  of a  p a r t i c u l a r  mass was n o t  

measured con t inuous ly ,  b u t  was sampled a t  p e r i o d i c  i n t e r v a l s  - once 

du r ing  each  sweep-up f i e l d  and once du r ing  each  sweep-down f i e l d .  

Because of t h e  r a p i d  scanning  used,  it was aisumed t h a t  t h e  ob- 

s e r v e d  counts  a t  a  'given mass peak were p r o p o r t i o n a l  t o  t h e  i n -  

t e g r a l  of t h e  i o n  beam-current over  t h e  t ime i n t e r v a l s  of mass 

scanning  w i t h i n  each cyc l e .  These i n t e g r a l s  over  t h e  t ime f a c t o r s  
/ 

a r e  t h e  Fi terms appear ing  i n  Eqs. 4 and 5. 

C. I n p u t  Data 

I n  t h i s  s e c t i o n  w e  summarize t h e  i n p u t  d a t a  needed f o r  t h e  

c a l c u l a t i o n  of t h e  independent f i s s i o n  y i e l d s .  Tables  16and 17 

p r e s e n t  t h e  h a l f - l i v e s  and f i s s i o n  y i e l d  r a t i o s  f o r  Rb and C s  



r e s p e c t i v e l y .  I n  Tab l e s  18  and 19 we p r e s e n t  t h e  r e s u l t s  of  

d i f f u s i o n  measurements on Rb and C s .  These measurements were 

performed a t  t h e  Van de Graaf f  f a c i l i t y  and app ly  o n l y  t o  

t h e  t a r g e t  m a t r i x  .and t empe ra tu r e  s p e c i f i e d . .  Independen t  

y i e l d  measurements w e r e  performed c o n c u r r e n t l y  w i t h  t h e s e  

d i f f u s i o n  measurement s o  t h e s e  d i f f u s i o n  pa r ame te r s  a r e  v a l i d  

f o r  c o r r e c t i n g  t h e  Van d e  Graa f f  y i e l d  d a t a .  

TA6LE 16 .  H a l f - l i f e  pa ramete rs  and y i e l d  r a t i o s  f o r  Rb i s o t o ~ e s  i n  t h e r m a l  
n e u t r o n  f i s s i o n  o f  351~. 

Rb H a l f - l i f e  P r e c u r s o r  Ha l  f -1  i f e  
(set Mass ( s e c )  Y i e l d  !?a t i oa  

a 
Y i e l d  r a t i o  = C u m u l a t i v e  y i e l d  o f  K r  i s o t o p e / I n d e p c n d e n t  y i e l d  o f  Rh 
i s o t o p e .  A. C. W a h l ' s " N o r m a 1  Y i e l d s , "  1963. 

b ~ o r n p o s i  t e  o f  i somer ha1 f - 1  i ves o f  156-and 258-scc.  

 m mi el , e t  a1 , r e p o r t  tl12 = 0 .20  - + 0.01 sec f o r  Kr9 '+  . (Ref .  2 0 )  . 
d ~ s s u m e d  v a l  ues . 



TABLE 1 7 .  Half-l ife parameters and yield rat ios  fo r  Cs isotopes in thermal 
neutron f iss ion of * 35U. 

- 

C S " H ~ I ~  i f e  . Precursor Hal f-1 i  f e  
Mass ( sei \  k c )  yield rat ioa 

a Yield r a t io  = Cumulative yield of Xe isotope/Independent yield of Cs 
isotope. A . C .  Wahl ' s  "Normal Yields," 1969. 

Amiel , e t  a1 , report t = 0;30 + L O 3  fo r  1 4 3 X e  (Ref.. 20') . 
/z - 



TABLE 18. D i f f u s i o n  components f o r  Rb a t  1580°C (measured a t  mass 91 o n l y ) .  

-- 
t la l  f- t ime a Abundance 

A; 
a Abundance = 

i where A. i s  t he  i n i t i a l  count  r a t e  of t he  
L A0 i - t h  conponent; 

TABLE 1 9 .  D i f f u s i o n  components f o r  Cs a t  1480°C (measured a t  mass 141 o n l y ) .  

a Abundance = A' whets A: i s  the  i n i t i a l  count  r a t e  of t h e  i - t h '  i 

i 

d i f f u s i o n  component. 



4 .  R e s u l t s  

A.  Rb and C s  Independent Yie lds  

The independent  y i e l d  measurements on Rb and C s  r e p o r t e d  

h e r e  a r e  based e n t i r e l y  on , exper iments  done w i t h  t h e  Van de 

Graaff  f a c i l i t y .  An example o f  t h e  mass s p e c t r a  ob ta ined  i n  an 

independent  y i e l d  exper iment  f o r  400 min. i s  shown i n  F igu re  4 .  

These s p e c t r a  w e r e  ob t a ined  wi th  a  beam p u l s e  of 0.4 s e c . ,  a scan- 

n i n g  t ime of  0.9 s e c . ,  and a  d e l a y  t ime of  1.484 sec .  The peaks i n  

t h e  beam-off spectrum a t  masses 93 and 94 a r e  due t o  r e s i d u a l  

f i s s i o n  produc t  93Rb and 9 4 ~ b  whereas t h e  peak a t  mass 96 i s  

probably due t o  a  s t a b l e  i s o t o p e .  The c y c l e  t i m e  i n  t h i r e x p e r i -  

ment was on ly  3.284 s e c .  which i s  comparable t o  t h e  r a d i o a c t i v e  

h a l f - l i v e s  of 93Rb and 94Rb. I n  o t h e r  exper iments  t h e  c y c l e  

t ime was se t  a t  6.50 sec. t o  a l low more complete d i sappearance  

of  t h e  Rb' f i s s i o n  produc ts  between t h e  beam-on and beam-of f  

s p e c t r a .  

I n  F igu re  5 w e  show a s i m i l a r  "experiment ,done. w i t h  t h e  SOLAR 

f a c i l i t y  f o r  10 min. Tn t h i s  c a s e  t h e  neu t ron  f l u x  was on f o r  1 . 0  

s e c . ,  t h e  scanning  t ime w a s  0.95 s e c .  and t h e  d e l a y  t ime was 2.0 s e c .  

I t  i s  obvious i n  comparing t h e  mass 97 Peak i n  t h e  Van de Graaff  

d a t a  and i n  t h e  SOLAR d a t a  t h a t  t h e  SOLAR f a c i l i t y  p rov ides  

g r e a t e r  accuracy due t o  i t s  h i g h e r  count ing  r a t e s .  

The r e s u l t s  f o r  t h e  r e l a t i v e  independent  y i e l d s  of Hb i s o -  

t opes  i n  thermal  neu t ron  f i s s i o n  o f  2 3 5 ~  a r e  shown i n  Table  2 0 .  

a long  w i t h  d a t a  from o t h e r  workers f o r  comparison. The column 
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CHANNEL NUMBER 
FIGURE 4 .  Data from indenendent yield measurement of short-1 i ved Rb fission nroducts 



100 150 200 
CHANNEL NUMBER 

F i g u r e  5 .  Mass s p e c t r a  o b t a i n e d  i n  R h  i ndependen t  y i e l d  exper iment ,  
a t  SOLAR f a c i l i t y .  S o l i d  curve  = beam-on mass spect rum.  
Dot ted  cu rve  = bearn-off spect rum.  Data  c o l l e c t i o n  t ime  = 
abou t  2 0  minu tes .  
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l a b e l e d  Wahl (Calc.  ) i.s t aken  from A. C .  Wahl's "Normal Y ie lds"  

c a l c u l a t e d  i n  1969 based on t h e  b e s t  e s t i m a t e s  of parameters  

f o r  a  Gaussian charge d i s t r i b u t i o n  f u n c t i o n .  ( 6 )  The column 

l a b e l e d  Wahl (Exp.) a r e  numbers which Wahl p rov ided  t o  Chaumont ( 2 1 )  

and a r e  ob ta ined  from rad iochemica l  measurements. The independent  

y i e l d  of t h e  Rb i s o t o p e s  a s  r e p o r t e d  by Wahl was n o t  measured 

d i r e c t l y ,  b u t  was ob ta ined  by s u b t r a c t i n g  t h e  measured K r  cumula- 

t i v e  y i e l d  and measured S r  independent  y i e l d  from t h e  t o t a l  c h a i n  

y i e l d .  

(2  1) Our exper iment  i s  v i r t u a l l y  i d e n t i c a l  t o  t h a t  of J .  Chaumont' 

e x c e p t  f o r  t h e  s o u r c e . o f  neu t rons  and t h e  U t a r g e t .  There i s  ex- 

c e l l e n t  agreement w i t h i n  t h e  u n c e r t a i n t i e s  f o r  a l l  t h e  expe r imen ta l  

d a t a  e x c e p t  f o r  ou r  9 6 ~ b  and 9 7 ~ b  y i e l d s  which t e n d  t o  be h igh .  

By normal iz ing  our. r e l a t i v e  y i e l d s  t o  t h e  rad iochemica l  y i e l d s ,  

w e  can o b t a i n  t h e  independent  f i s s i o n  y i e l d s  i n  p e r c e n t .  For 

each i s o t o p e  from mass 89 t o  93, t h e  r ad iochemica l ly  determined ' 

y.-ield was d i v i d e d  by t h e  r e l a t i v e  y i e l d  from t h e  mass spec t rome te r  

exper iment  t o  g i v e  a  no rma l i za t ion  f a c t o r  a t  each mass. The un- 

c e r t a i n t y  i n  t h e  no rma l i za t ion  f a c t o r  a t  each mass was c a l c u l a -  

2 
t e d  s t a t i s t i c a l l y  as~d was then  a p p l i e d  aE a l / o  weigh t ing  

f a c t o r  f o r  t h e  c a l c u l a t i o n  of t h e  weighted average  normaliza- 

t i o n  f a c t o r .  . Each r e l a t i v e  y i e l d  was then  m u l t i p l i e d  by t h e  

weighted average no rma l i za t ion  f a c t o r  t o  g i v e  t h e  independent  

y i e l d s  shown i n  Table  21. The expe r imen ta l  v a l u e s  a r e  a l l  lower 

t han  Wahl's c a l c u l a t i o n  of "Normal Yield .  " This  f a c t  has  been 

noted by Wahl, ( 6 )  Chaurnont and Amiel. ( 2 2 )  I t  i s  a t t r i b u t e d  

t o  a  p ro ton  p a r i n g  e f f e c t  which enhances t h e  y i e l d s  of  even Z 

e lements  and reduces  t h e  y i e l d s  of  odd Z e lements .  

The indapendcant yields o f  Cs i s o t o p e s  from mass 139 t o  145 

have been measured i n  t h e  same manner a s  f o r  t h e  Rb f i s s i o n  p roduc t s*  



.:,, , . - TABLE 20. Re1 a t i v e  i n d e p ~ n d e n t  y i e l d s  o f  Rb i s o t o p e s  from the rma l  n e u t r o n  
f i s s i o n  o f  2 3 % .  

- - 

.AJ IJa h 1 Wahl Reeder Chaurnont 
Mass (Ca lc .  ) (Expo (Fass Spec. ) (Mass Soec. ) 

J 

TASLE 21. Independent  v i e l d s  ( p e r c e n t )  o f  Rb i s o t o p e s  f r o m  the rma l  n e u t r o n  
f i s s i o n  o f  2 3  SU 

i l a h l  \..la h 1 Reeder Chaumont 
Fass i c a l c . )  {EXP. )  (!lass Spec. ) (Pass Spec. ) 

09 .31 .19 t .1)2 . I ?  -? .54 - 2 2  ?; -07 

90 1 .23  :78 + . I 3  .78 j: .r)7 . 7 5  + .38  

9 1 2.61) 2.25 + .20 2.31 1. .15 2.37 2 .0? 

9 2 3.62 3.20 t .54 2.'95 2 . 2 0  3.29 ? .07 

9'3 3.65 3.17 ? .33 3.1'5 i: -19  2.37 + .Q7 

94 2.39 1.73 + .ll 1.52 2 .r15 

9 5 .96 -89 _+ .06 ..64' i .03 
-.u 96 ,26 .19 i .03 . I 3 1  !: .007 

3 7 .'045 .10 + .04 .!I35 z .004 



TABLE 22, Relative independent yields  of Cs isotopes from thermal 
L 

neutron f iss ion of 2 3 5 U .  

Wahl Wahl Reeder Chaumont Forman, e t  a l .  
Mass (Calc.) ( E x p o )  (Mass Spec. ) (Mass Spec. ) . (Vass Spec. ) 

TAGLE 23. Independent yields  (percent) of Cs is0tope.s from thermal neutron 
f iss ion of 35U. 

Wahl \la h 1 Reeder Chaumont Forman, e t  a l .  
Mass ( ~ a l c . )  ( ~ x p i )  (Mass Spec.)   ass spec.)  (Mass Spec.) 



F i s s i o n  produc t  C s  i s o t o p e s  below mass 139 a r e  n o t  observed be- 

cause  of  t h e  h igh  background from s t a b l e  i s o t o p e s  of  Ba p r e s e n t  

a s  an impur i ty  i n  t h e  t a r g e t  and oven. 

The r e l a t i v e  independent  y i e l d s  a r e  p r e s e n t e d  i n  Table  22  

a long  w i t h  s i m i l a r  d a t a  from Chaumont (21) and Forman, e t  a l .  4 2 3) 

Comparison of our  r e s u l t s  w i th  t h e  o t h e r  d a t a  aga in  shows good 

agreement f o r  t h e  l i g h t e r  masses, b u t  o u r  r e s u l t s  a r e  h i g h e r  f o r  

t h e  h e a v i e s t  C s  i s o t o p e s  (masses 1 4 4  and 1 4 5 ) .  

Conversion of our  r e l a t i v e  y i e l d s  t o  independent  y i e l d s  ( p e r -  

c e n t )  was aga in  done by no rma l i za t ion  t o  the radiochemical  y i e l d s  
I 

s u p p l i e d  by Wahl t o  Chaumont. The rad iochemica l  y i e l d s  a s  r e -  

p o r t e d  by Wahl were ob ta ined  a s  t h e  d i f f e r e n c e  between t h e  cha in  

y i e l d  and t h e  sum of t h e  Xe cumulat ive  y i e l d  and Ba independent  

y i e l d  i n  t h e  same manner a s  f o r  t h e  Rb i s o t o p e s .  Forman, e t  a l .  ( 2  3 )  

used, a  d i f f e r e n t  no rma l i za t ion  method s o  t h e i r  a b s o l u t e  r e s u l t s  

a r e  n o t  e x a c t l y  comparable. The a b s o l u t e  independent  y i e l d s  a r e  

g iven  i n  Table 2 3 .  

B. Negative Ions  

A s  mentioned i n  . ' t h e  i n t r o d u c t i o n  t h e  e f f i c i e n c y  f o r  

n e g a t i v e  i o n  format ion o f  halogens  on a  h o t  Ta s u r f a c e  i s  about  

3  1 0  t i m e s  lower than  f o r  p o s i t i v e  i o n  format ion  o f  a l k a l i  me ta l s .  

We thus s p e n t  considerable  t ime and e f f o r t  i n  s e a r c h i n g  f o r  ways 

.Lo improve t h e  n e g a t i v e  i o n  eff . ici ,ency.  I n  on ly  one exper iment  

a t  t h e  Van de Graaff  w e r e  w e  a b l e  t o  observe  B r  f i s s i o n  p roduc t s .  

This  was achieved w i t h  a  Ta oven surrounded w i t h  a  T a  h e a t  s h i e l d .  

Thc count ing  r a t e  f o r  8 7 ~ r  was about  20 counts / sec .  w h i c h w a s  



c l o s e  t o  t h e  expec ted  count ing  r a t e  based on c a l c u l a t e d  e f f i c i e n c i e s .  

The background was about  10 counts / sec .  due t o  neu t ron  induced 

background i n  t h e  e l e c t r o n  m u l t i p l i e r  d e t e c t o r  p l u s  about  25 

counts / sec .  due t o  a  stable peak i n  t h e  background mass spectrum. 

The mass spectrum o b t a i n e d  unde,r c o n d i t i o n s  of cont inuous bom- 

bardment and cont inuous sweeping of  t h e  mass ,  spectrum i s  shown ' 

i n  F igure  6 .  C lea r  evidence f o r  a  d i f f e r e n c e  i n  beam-off and 

beam-on s p e c t r a  between t h e  peak h e i g h t s  of  a t  l e a s t  t h r e e  i s o -  

t opes  (87,  88, 89) i s  shown. ~ h e s e  t h r e e  peaks correspond t o  . 

t h e  bromine i s o t o p e s  having t h e  h i g h e s t  expec ted  f i s s i o n  y i e l d  

under t h e s e  hombardment c o n d i t i o n s .  S i m i l a r  d a t a  w e r e  o b t a i n e d  

f o r  t h e  i o d i n e  i s o t o p e s  b u t  w i t h  even lower count ing  r a t e s ,  a s  

expected.  

Ad .d i t i ona l . da t a  on t h e  B r  f i s s i o n  p roduc t s  were ob ta ined  4 ' 

days l a t e r  a f t e r  cooking t h e  oven and t a r g e t  t o  reduce background 

peaks.  For t h i s  exper iment  a  8 7 ~ r  count ing  r a t e  o f  120 counts /  

s e c .  was achieved w i t h  a  background continuum of  180 counts / sec .  

A d i f f u s i o n  curve w i t h  poor s t a t i s t i c s  was ob ta ined  a t  mass 87 

and a  d i f f u s i o n  t i m e  of about  1 4  s ec .  was measured. A l l  t h e s e  B r  

d a t a  were ob ta ined  a t  an oven tempera ture  o f  about  1500°C. 

The l a r g e  background peaks seen  i n  F igu re  6 were ' a t t r i b u t e d  

t o  C,-, CnH- and Cn h i o n s .  These i o n s  a p p a r e n t l y  a r e  formed 

by secondary p roces ses  i n v o l v i n g  e l e c t r o n  a t tachment  i n  t h e  gas  

phase. I n  l a t e r  exper iments  w i th  a  sma l l  magnet mounted j u s t  

beyond t h e  oven s l i t ,  it was found t h a t  stable Br' and I' peaks 



Counts 

, F i g .  6. Mass s p e c t r u m  o f  n e g a t i v e  i o n s  i n  B r  f i s s i o n  p r o d u c t  r e g i o n .  
Beam on  = . Beam o f f  = * *  ! . Beam o f f  s p e c t r u m  normal i -  
zed a t  v a l l e y s  b e s i d e  e a c h  peak.  Run t i m e  = 3500 s e c  on  
9-8-72. 



. 

were n o t  d i s t u r b e d  by t h e  sma l l  magnet ic  f i e l d ,  whereas t h e  back- 

ground peaks were g r e a t l y  a l t e r e d  by t h e  same magnet ic  f i e l d .  The 

magnetic f i e l d  was i n s t a l l e d  t o  p r e v e n t  thermionic  e l e c t r o n s  

from i n t e r f e r i n g  wi th  t h e  v o l t a g e s  and e l e c t r i c  f i e l d s  of t h e  

i on  o p t i c s .  Cu t t i ng  o f f  t h e  e l e c t r o n  c u r r e n t  w i t h  t h e  magnet ic  

f i e l d  a l s o  c u t  o f f  t h e  background peaks.  

For t h e  oven and h e a t  s h i e l d  assembly 'used w i t h  t h e  SOLAR 

system, t h e s e  background peaks were neve r  seen .  Th i s  i s  a t t r i b u t e d  

t o  t h e  g r e a t l y  reduced e l e c t r o n  c u r r e n t  which could  on ly  escape  

from t h e  sma l l  r eg ion  of  t h e  l i p  which p ro t ruded  through t h e  

h e a t  s h i e l d .  
. . 

One p o s s i b i l i t y  f o r  i n c r e a s i n g  t h e  e f f i c i e n c y  f o r  n e g a t i v e  

i o n  format ion i s  t o .  use  a  s u r f a c e . w i t h  a  low work f u n c t i o n .  The 

work func t ion  f o r  Ta i s  4.19 e V .  I t  would be f a r  b e t t e r  t o  u se  

a  s u r f a c e  w i t h  a  work f u n c t i o n  c l o s e  t o  o r  s l i g h t l y  less than  t h e  . 

e l e c t r o n  a f f i n i t y  of B r  and I ( 3 . 3 6  eV and 3 . 0  e V  r e s p e c t i v e l y ) .  

A promising cand ida t e  f o r  t h e  i o n i z i n g  s u r f a c e  i s  Hf. The work 

func t ion  of Hf me ta l  i s  3 . 5 3  and t h a t  of  HfC i s  2 . 0 4 .  We were 
b L  

n o t  a b l e  i n  t h e  course  of t h i s  work t o  o b t a i n  f i s s i o n  p roduc t s  

B r  and I from a  Hf s u r f a c e .  However, w e  were g r e a t l y  encouraged 

by t h e  obse rva t ion  of s t a b l e  i s o t o p e s  of Se and, T e  i n  n e g a t i v e  

i n n  mass s p e c t r a  from a  Hf s u r f a c e .  Such peaks were n o t  seen  - 
. . 

w i t h  Ta ovens even a t  h i g h e r  t empera tures .  The e l e c t r o n  a f f i n i t i e s  

of Se and T e  a r e  about  2 . 0  eV and thus  have a  n e g l i g i b l e  i o n i z a -  

t i o n  e f f i c i e n c y  from a  Ta s u r f a c e . .  The Se and T e  s een  i n  t h e s e  

exper iments  were p r e s e n t  . only a s  i m p u r i t i e s  i n  t h e  t a r g e t  and 

oven m a t e r i a l s .  



The i ndependen t  f i s s i o n  y i e l d s  f o r  i s o t o p e s  o f  Rb'and C s  

from the rma l  n e u t r o n  induced  f i s s i o n  of  2352) t h a t  a r e  r e p o r t e d  

h e r e  a r e  g e n e r a l l y  i n  good agreement  w i t h  expec t ed  v a l u e s  from 

Wahl ' s  "normal y i e l d s "  p rov ided  t h e  p r e d i c t e d  y i e l d s  a r e  reduced  
, . 

by abou t  2 5 % .  Good agreement w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  o f  

Chaumont i s  a l s o  no t ed .  

The SOLAR f a c i l i t y  was de s igned  t o  p rov ide  h i g h e r  beam in -  

t e n s i t i t i e s  t h a n  t h e  Van de Graaf f  f a c i l i t y  i n  o r d e r  t o  measure 

t h e  B r  and I f i s s i o n  p r o d u c t s  which a r e  less e f f i c i e n t l y  i o n i z e d  

t h a n  t h e  Rb and C s  f i s s i o n  p r o d u c t s .  The SOLAR f a c i l i t y  i s  now 

o p e r a t i o n a l  and h a s  m e t  i t s  d e s i g n  s p e c i f i c a t i o n s  r e g a r d i n g  

i o n  beam t r a n s m i s s i o n ,  e f f i c i e n c y ,  and r e s o l u t i o n .  Measurement 

o f  i ndependen t  f i s s i o n  y i e l d s  o f  B r  and '  I w i t h  t h e  SOLAR f a c i l i t y  

a p p e a r s  t o  be q u i t e  f e a s i b l e .  
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