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FOREWORD

T h e  I A E A  S y m p o s i u m  o n  " A p p l i c a t i o n s  o f  N u c l e a r  D ata  in S c i e n c e  and 
T e c h n o l o g y "  w a s  c o n v e n e d  b y  the In te r n a t io n a l  A t o m i c  E n e r g y  A g e n c y  o n  
1 2 - 1 6  M a r c h  1973 in P a r i s  at the in v i ta t io n  o f  th e  F r e n c h  G o v e r n m e n t .  
T h e  m e e t i n g  w a s  h e ld  o n  the r e c o m m e n d a t i o n  o f  the  I n te r n a t io n a l  N u c l e a r  
D ata  C o m m i t t e e  (IN D C) and the I n te r n a t io n a l  W o r k i n g  G r o u p  o n  N u c l e a r  
S t r u c t u r e  and R e a c t i o n  D a ta  ( IW G N S R D ) . T h e  m a in  p u r p o s e  o f  th e  S y m p o s iu m  
w a s  to  i l lu m in a t e  the n e e d s  f o r  n u c l e a r  da ta  in th e  t e c h n o l o g i c a l  and s c i e n 
t i f i c  c o m m u n i t y .  O v e r  200 d e l e g a t e s  a t t e n d e d ,  r e p r e s e n t i n g  30 c o u n t r i e s  
and f i v e  in t e r n a t i o n a l  o r g a n i z a t i o n s .  A  t o t a l  o f  74 p a p e r s  w a s  p r e s e n t e d ,  
in c lu d in g  the K e y n o t e  A d d r e s s  and the S y m p o s i u m  S u m m a r y .

F o r  m a n y  y e a r s  the m e c h a n i s m s  f o r  s a t i s f y in g  the n u c l e a r  data  n e e d s  
r e l a t e d  to  n e u t r o n - i n d u c e d  r e a c t i o n s  h a v e  b e e n  f a i r l y  w e l l  o r g a n i z e d  b y  t h o s e  
c o n c e r n e d  w ith  n e u t r o n - r e a c t o r  t e c h n o l o g y ,  w h i c h  i s  a m a j o r  f i e l d  o f  a p p l i c a 
t i o n  f o r  th is  k ind  o f  d a ta .  H o w e v e r ,  f o r  s e v e r a l  y e a r s  it h a s  b e c o m e  i n 
c r e a s i n g l y  e v id e n t  that t h e r e  i s  a s t r o n g  n e e d  f o r  b e t t e r ,  u p - t o - d a t e  c o m 
p i l a t i o n s  o f  n u c l e a r  da ta  f o r  a l a r g e  n u m b e r  o f  o t h e r  a p p l i c a t i o n s .  T h e  IA E A  
w a s  t h e r e f o r e  r e q u e s t e d  to  c o n v e n e  a s y m p o s i u m  in o r d e r  to  r e v i e w  the 
s ta t u s  o f  and n e e d s  f o r  new  n u c l e a r  da ta  e v a lu a t io n  a c t i v i t i e s .  D u r in g  the 
p r e p a r a t i o n ,  it b e c a m e  e v id e n t  that the s y m p o s i u m  s h o u ld  e m p h a s i z e  da ta  
n e e d s  in  the v a r i o u s  a p p l i c a t i o n s  r a t h e r  th an  e x i s t i n g  da ta  c o m p i l a t i o n  
a c t i v i t i e s .

T h e  p r o g r a m  c o m m i t t e e  a t t e m p te d  to  a c h i e v e  a b a l a n c e  b e t w e e n  r e a c t o r  
and  n o n - r e a c t o r  a p p l i c a t i o n s  a s  w e l l  a s  a b a la n c e  b e t w e e n  the n e e d s  f o r  
v a r i o u s  a p p l i c a t i o n s  and the  n e e d s  f o r  c o m p i l a t i o n  w o r k .  A s  a r e s u l t ,  f o u r  
o f  th e  s ix t e e n  r e g u l a r  s e s s i o n s  w e r e  d e v o t e d  to  a p p l i c a t i o n s  r e l a t e d  to  
n u c l e a r  e n e r g y ,  s e v e n  to  o t h e r  a p p l i c a t i o n s  and f i v e  to  t o p i c s  r e l a t e d  to  
d a ta  c o m p i l a t i o n s .  In c o n t r a s t  to  the In te r n a t io n a l  C o n f e r e n c e s  o n  N u c l e a r  
D a ta  f o r  R e a c t o r s  ( P a r i s ,  17 -  21 O c t o b e r  1 9 6 6 ,  and H e ls in k i ,  15 -  19 June 
1 9 7 0 ) ,  th is  S y m p o s i u m  w a s  n ot  m e a n t  to  b e  a f o r u m  f o r  the p r e s e n t a t i o n  o f  
e x p e r i m e n t a l  da ta .

T h e  S y m p o s i u m  d e m o n s t r a t e d  that the c o m p i l a t i o n  o f  s t r u c t u r e  and 
d e c a y  da ta  w o u ld  b e n e f i t  f r o m  c o n s i d e r a b l y  i n c r e a s e d  s u p p o r t .  T h e s e  data  
a r e  b a s i c  to  m o s t  o t h e r  d a t a - a p p l i c a t i o n - o r i e n t e d  c o m p i l a t i o n s .  T h e  lo n g  
d e l a y  in  b r i n g i n g  c o m p i l a t i o n s  o f  th is  ty p e  up to  d a te  c a u s e s  u n a c c e p t a b le  
h o l d - u p s  in  th e  p r o c e s s  o f  b r in g in g  s u c h  da ta  f r o m  p r o d u c e r s  t o  u s e r s .  
U n d e r  the h e a d in g  'S y m p o s i u m  S u m m a r y 1 , D r .  W .B .  L e w i s ,  at the end o f  
the m e e t i n g ,  d i s c u s s e d  th e  m o s t  im p o r t a n t  c o n c l u s i o n s  to  b e  d r a w n  f r o m  
the s y m p o s i u m  w ith  r e g a r d  to  da ta  n e e d s  and the s ta tu s  o f  c o m p i l a t i o n s .  
A  f u r t h e r  s u m m a r y  o f  th e  m e e t i n g ,  b y  L .  H jä r n e ,  a p p e a r s  in A t o m i c  E n e r g y  
R e v i e w ,  1 9 7 3 ,  V o l . 11 ,  N o . 2 ,  395 .

T h e  P r o c e e d i n g s  a r e  d iv id e d  in to  tw o  v o l u m e s ,  the f i r s t  o f  w h i c h  c o n 
t a i n s ,  b e s i d e s  th e  K e y n o t e  A d d r e s s ,  t h i r t y - t w o  p a p e r s  in  the f i e l d s  o f  
F u t u r e  T e c h n o l o g y  R e q u i r e m e n t s ,  R e a c t o r  T e c h n o l o g y ,  S a f e g u a r d s ,  L i f e  
S c i e n c e s ,  R a d i o i s o t o p e s  in  C h e m i s t r y ,  F i s s i o n - P r o d u c t  N u c l e a r  D ata  and



A c c e l e r a t o r  and S p a c e  S h ie ld in g .  T h e  s e c o n d  v o l u m e  -  w ith  f o r t y  c o n t r i b u 
t io n s ,  in  a d d i t io n  to  the S y m p o s i u m  S u m m a r y  -  c o v e r s  the f i e l d s  o f  F u s i o n  
R e s e a r c h ,  E v a lu a t e d  N e u tr o n  D ata  F i l e s ,  A c t i v a t i o n  A n a l y s i s  ( G e n e r a l  and 
N e u t r o n s ) ,  C o m p i la t i o n  and E v a lu a t io n  -  D ata  C e n t r e s ,  L a r g e - V o l u m e  
C o m p i l a t i o n s ,  V a r i o u s  A p p l i c a t i o n s ,  A c t i v a t i o n  A n a l y s i s :  C h a r g e d  P a r t i c l e s  
and  P h o t o n s ,  and A p p l i c a t i o n - O r i e n t e d  C o m p u t a t io n s  and E v a lu a t i o n s .

T h e  A g e n c y  w i s h e s  to  thank the F r e n c h  a u t h o r i t i e s  f o r  t h e i r  h o s p i t a l i t y  
and  a c t i v e  s u p p o r t  o f  the S y m p o s i u m ,  and th e  a u t h o r s  and p a r t i c ip a n t s  f o r  
t h e i r  v a lu a b le  c o n t r i b u t i o n s .  S p e c i a l  th a nk s  a r e  due  to  the C h a i r m e n  o f  the 
in d iv id u a l  s e s s i o n s  f o r  t h e i r  s u c c e s s f u l  e f f o r t s  in  g u id in g  the d i s c u s s i o n s .
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ЯДЕРНЫХ КОНСТАНТ 

ДЛЯ ТЕРМОЯДЕРНЫХ РЕАКТОРОВ

Е . А .К У З Ь М И Н ,  А . А . О Г Л О Б Л И Н ,
Н . И . С И Д О Р О В ,  А . Р . Ф А Й З И Е В ,
Л . В . Ч У Л К О В ,  Г . Б . Я Н Ь К О В
И н с т и т у т  а т о м н о й  эн е р г и и  им .И .В  .К у р ч а т о в а ,
М о с к в а ,
С о ю з  С о в е т с к и х  С о ц и а л и с т и ч е с к и х  Р е с п у б л и к

Abstract- Аннотация

PROBLEMS OF MEASURING NUCLEAR CONSTANTS FOR THERMONUCLEAR REACTORS.
F ro m  th e  a v a i la b le  n u c le a r  d a ta  i t  appea rs  th a t a t r i t iu m  b re e d in g  c o e f f ic ie n t  g re a te r th a n  u n ity  c a n  

be  o b ta in e d  in  a  th e rm o n u c le a r  re a c to r  u s ing  th e  D - T  c y c le  and w it h  a  b re e d in g  zo n e  co n s is t in g  o f  a 

m ix tu re  o f  l i t h iu m  iso topes . H o w e v e r , the  pre sen t in a c c u r a c ie s  in  th e  n u c le a r  da ta  m ay  c o n s id e ra b ly  i n 

f lu e n c e  t r i t iu m  b re e d in g  and  th e  o p t im u m  re la t io n sh ip  b e tw e e n  b re e d e r and  c o n s t ru c t io n  m a te r ia ls .  A  

f a ir ly  e x te n s iv e  p ro g ra m m e  o f  neu tron  re sea rch  in  th e  n eu tron  en e rg y  ran g e  7 -1 4  M e V  is  th e re fo re  necessary . 

T h e  m a in  fe a tu re  o f  n eu tron  m easu rem en ts  w it h in  th is  ran g e  is  th a t th e re  a re  no  m o n o e n e rg e t ic  n eu tron  

sources a v a i la b le .  T h e  authors c o n s id e r  the  p o s s ib i l it y  o f u s ing  n o rm a l sources  -  th e  re a c t io n s  D  + D , D  + T ,  

T  + p . M e a su re m e n t d a ta  a re  p resen ted  o n  th e  co n t in u ou s  neu tron  sp e c tru m  in  th e  r e a c t io n  T  + p, w h ic h  

l im it s  th e  use o f  th is  re a c t io n  as a  sou rce  o f  m o n o e n e rg e t ic  n eu tron s. N e u tro n  sources based on  the  use o f  

a lp h a  p a r t ic le s  and ^He ion s  a re  co n s id e re d  and  c u r re n t ly  a v a i la b le  sources o f  co n t in u o u s -sp e c tru m  neutrons 

are  d iscu ssed . I t  is show n  th a t the  o p t im u m  sou rce  o f  a c o n t in u ou s  sp e c tru m  o f  neu trons in  th e  re q u ire d  

e n e rg y  range  is  d e u te ro n  d is in te g ra t io n  a t  E ^  2 5 -4 0  M e V .  T h e  authors c o n s id e r  w h ic h  n u c le a r  constants 

c a n  b e  used in  c o n t in u ou s  neu tron  sp e ctru m  m easu rem en ts .

Н Е К О Т О Р Ы Е  П Р О Б Л Е М Ы  И З М Е Р Е Н И Я  Я Д Е Р Н Ы Х  К О Н С Т А Н Т  Д Л Я  Т Е Р М О Я Д Е Р Н Ы Х  

Р Е А К Т О Р О В .

И з  с у щ е с т в у ю щ и х  в  н а с т о я щ е е  в р е м я  я д е р н ы х  д а н н ы х  с л е д у е т ,  ч т о  в  т е р м о я д е р н о м  

р е а к т о р е ,  и с п о л ь з у ю щ е м  D - Т  ц и к л  и  з о н у  в о с п р о и з в о д с т в а  и з  с м е с и  и з о т о п о в  л и т и я ,  м о ж е т  

б ы т ь  п о л у ч е н  к о э ф ф и ц и е н т  в о с п р о и з в о д с т в а  т р и т и я  б о л ь ш е  е д и н и ц ы .  О д н а к о ,  и м е ю щ и е с я  

н е т о ч н о с т и  в  я д е р н ы х  д а н н ы х  м о г у т  с у щ е с т в е н н о  п о в л и я т ь  н а  в о с п р о и з в о д с т в о  т р и т и я  и  на  

о п т и м а л ь н о е  с о о т н о ш е н и е  м е ж д у  в о с п р о и з в о д я щ и м и  и  к о н с т р у к ц и о н н ы м и  м а т е р и а л а м и .

Э т о  д е л а е т  н е о б х о д и м ы м  п р о в е д е н и е  д о в о л ь н о  б о л ь ш о й  п р о г р а м м ы  н е й т р о н н ы х  и с с л е д о в а 

н и й  в  д и а п а з о н е  э н е р г и й  н е й т р о н о в  7 - 1 4  М э В .  О с н о в н а я  о с о б е н н о с т ь  н е й т р о н н ы х  и з м е р е 

н и й  в  э т о й  о б л а с т и  с о с т о и т  в  т о м ,  ч т о  д л я  н е е  о т с у т с т в у ю т  м о н о э н е р г е т и ч е с к и е  и с т о ч н и к и  

н е й т р о н о в .  Р а с с м а т р и в а е т с я  в о з м о ж н о с т ь  и с п о л ь з о в а н и я  о б ы ч н ы х  и с т о ч н и к о в  — р е а к ц и й  

D  + D ,  D + T ,  Т  + р ,  о г р а н и ч и в а ю щ е г о  и с п о л ь з о в а н и е  э т о й  р е а к ц и и  к а к  и с т о ч н и к а  м о н о -  

э н е р г е т и ч е с к и х  н е й т р о н о в . Р а с с м а т р и в а ю т с я  и с т о ч н и к и  н е й т р о н о в  с  и с п о л ь з о в а н и е м  

а - ч а с т и ц  и  и о н о в  3 Н е .  А н а л и з и р у ю т с я  с о в р е м е н н ы е  и с т о ч н и к и  н е й т р о н о в  с п л о ш н о г о  с п е к т р а .  

П о к а з а н о ,  ч т о  о п т и м а л ь н ы м  и с т о ч н и к о м  с п л о ш н о г о  с п е к т р а  н е й т р о н о в  в  т р е б у е м о м  д и а п а 

з о н е  э н е р г и й  я в л я е т с я  п р о ц е с с  р а з в а л а  д е й т р о н а  п р и  E d = 2 5 - 4 0  М э В .  Р а с с м а т р и в а е т с я  

в о п р о с  о  т о м ,  к а к и е  я д е р н ы е  к о н с т а н т ы  м о г у т  б ы т ь  п о л у ч е н ы  в  и з м е р е н и я х  н а  н е й т р о н н о м  

с п л о ш н о м  с п е к т р е .

1 .  В В Е Д Е Н И Е

Т е р м о я д е р н ы е  р е а к т о р ы  б у д у щ е г о  т р е б у ю т  знания я д е р н ы х  к о н с т а н т  
для реш ения д в у х  о с н о в н ы х  з а д а ч :  о п р ед ел ен и я  х а р а к т е р и с т и к  г о р ю ч е г о  
в п л а з м е  и р а ц и о н а л ь н о г о  и с п о л ь з о в а н и я  о б р а з у ю щ е г о с я  в р е а к ц и я х  с и н 
т е з а  п р он и к аю щ его  и зл у ч е н и я .  Х о т я  п а р а м е т р ы  п л а з м ы ,  н е о б х о д и м ы е  
для п р от ека н и я  т е р м о я д е р н ы х  реакций ещ е не пол у чен ы  и п у ть  п олучения

3
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э н е р г и и  б л а го д а р я  реакции  с и н т е з а  не в ы б р а н ,  у ж е  в е д е т с я  ш ир ок ое  о б 
су ж д е н и е  р а з л и ч н ы х  м о д е л е й  т е р м о я д е р н о г о  р е а к т о р а  [1 ] .

А н а л и з  с о в р е м е н н о г о  с о с т о я н и я  д а н н ы х  о  п р от ека ю щ и х  в п л а з м е  
р е а к ц и я х  м е ж д у  л е г к и м и  я д р а м и  п о к а з ы в а е т  [2 ], ч т о  д о с т а т о ч н о  полно 
и з в е с т н ы  х а р а к т е р и с т и к и  т о л ь к о  для п р о ц е с с о в  d + d , d  + t и d + 3 Н е .

За р е д к и м  и ск л ю чен и ем , как  наприм ер  реакция  3 Не + d , в с е  реакции 
с и н т е з а ,  по крайней  м е р е  в одн ой  из в е т в е й ,  п р и в о д я т  к о б р а з о в а н и ю  
б ы с т р ы х  н е й т р о н о в .  В  н а с т о я щ е е  в р е м я  с ч и т а е т с я , ч т о  н а и б о л е е  д о с т и 
ж им ы м  я в л я е т с я  п л а зм ен н ы й  цикл, о сн о в а н н ы й  на го р е н и и  р а в н о к о м п о 
нен тной  с м е с и  д ей те р и я  и тр ития  . В  э т о й  первичн ой  реакции о б р а з у ю т с я  
ней тр он ы  с  э н е р г и е й  о к о л о  14 М э В .  О д н ак о  и з - з а  в т о р и ч н ы х  п р о ц е с с о в  
в п л а з м е  м о г у т  п р и с у т с т в о в а т ь  н ей трон ы  и бол ьш и х  э н е р г и й .  В  п л а з м е  
и в м а т е р и а л а х ,  окруж аю щ их п л а з м у ,  н ей тр он ы  тер яю т  с в о ю  эн ер г и ю  в 
р е з у л ь т а т е  у п р у г и х  и н е у п р у г и х  со у д а р е н и й ,  с о з д а ю т  з н а ч и т е л ь н ы е  п о 
т о к и  7 -и з л у ч е н и я ,  в о с п р о и з в о д я т  и сп о л ь з о в а н н у ю  в р е а к ц и я х  с и н т е з а  
к о м п о н е н т у  г о р ю ч е г о ,  о т с у т с т в у ю щ е г о  в п р и р о д е ,  с о з д а ю т  д р у г и е  и з о т о п ы  
и т . п .  Х а р а к т е р и с т и к и  у к а з а н н ы х  п р о ц е с с о в ,  т а к и е  как у г л о в ы е  р а с п р е 
деления  у п р у г о - р а с с е я н н ы х  н е й т р о н о в ,  у г л о в ы е  и э н е р г е т и ч е с к и е  р а с п р е 
деления  в т о р и ч н ы х  н е й т р о н о в  для п р о ц е с с о в  н е у п р у г о г о  р а с с е я н и я  и 
реакции  ( п ,  2 п ) ,  с е ч е н и я  о б р а з о в а н и я  7 -л у ч е й  и их  э н е р г е т и ч е с к и е  
с п е к т р ы ,  се ч е н и я  реакций в о с п р о и з в о д с т в а  и конкурирую щ их п р о ц е с с о в ,  
се ч е н и я  о б р а з о в а н и я  р а з л и ч н ы х  и з о т о п о в  и д р у г и е  — для ш и р о к о г о  к р у г а  
э л е м е н т о в  и и з о т о п о в  н е о б х о д и м о  зн а т ь  для р а ц и о н а л ь н о г о  и с п о л ь з о в а 
ния н е й т р о н о в  в т е р м о я д е р н ы х  р е а к т о р а х .

П о т р е б н о с т и  в я д е р н ы х  д ан ны х  для начальной  ст а д и и  изучения т е р 
м о я д е р н ы х  р е а к т о р о в ,  п о д р о б н о  о б с у ж д а л и с ь  в р а б о т а х  1 2 -4 ] .  Х о т я  
оп р ед е л е н н а я  ч а с т ь  э т и х  п о т р е б н о с т е й  я в л я е т с я  общ ей  с  п о т р е б н о с т я м и  
р е а к т о р о в  д ел е н и я ,  з н а ч и т е л ь н о  б о л е е  широкая о б л а с т ь  эн е р г и й  н е й т р о н о в ,  
и с п о л ь з у е м ы х  в т е р м о я д е р н ы х  р е а к т о р а х ,  в ы д в и г а е т  с у щ е с т в е н н о  н о в ы е  
за д а ч и  и зм е р е н и я  я д е р н ы х  к о н с т а н т . Д а н н ы х  о  в з а и м о д е й с т в и и  н е й т р о 
нов  с  р а зл и чн ы м и  я д р а м и  о с о б е н н о  м а л о  для о б л а с т и  эн е р г и й  н е й т р о н о в  
7 -1 4  М э В  . В  т о  же в р е м я  и зм ер ен и я  на н е й т р о н н ы х  п у ч к а х  в э т о й  о б 
л а с т и  явл яю тся  н а и б о л е е  с л о ж н ы м и .  О с о б е н н о с т ь  и зм е р е н и й  с о с т о и т  в 
т о м ,  ч т о  п о ч ти  для в с е х  значений эн е р г и й  н е й т р о н о в  з д е с ь  о т с у т с т в у ю т ,  
в о б ы ч н о м  пони м ани и , пучки м о н о э н е р г е т и ч е с к и х  н е й т р о н о в ,  к о т о р ы е  
ш ир око  и с п о л ь з у ю т с я  для и зм ер ен и й  я д е р н ы х  д ан ны х , в первую  о ч е р е д ь  
для и зу чен и я  у г л о в ы х  и э н е р г е т и ч е с к и х  р а сп р е д е л е н и й  в т о р и ч н о г о  н е й 
т р о н н о г о  и зл учен и я  .

О б су ж д е н и ю  о с о б е н н о с т е й  и зм ер ен и я  я д е р н ы х  к о н с т а н т ,  гл а в н ы м  
о б р а з о м  в о б л а с т и  э н е р г и й  н е й т р о н о в  7 -1 4  М э В ,  п о с в я щ е н а  данная р а 
б о т а  .

2 . И С ТО Ч Н И К И  М О Н О Э Н Е Р Г Е Т И Ч Е С К И Х  Н Е Й Т Р О Н О В *

В  к а ч е с т в е  м о н о э н е р г е т и ч е с к и х  и с т о ч н и к о в  н е й т р о н о в  в р а з л и ч н ы х  
ч а с т я х  э н е р г е т и ч е с к о й  о б л а с т и  7 -1 4  М э В  о б ы ч н о  и с п о л ь з у ю т с я  реакц и и , 
п р отекаю щ ие м е ж д у  и з о т о п а м и  в о д о р о д а  : T ( p , n ) 3 H e ( Q  = -  0 ,7 6 4  М э В ) ,  
D ( d , n ) 3He ( Q = 3 ,2 7  М э В )  и T ( d , n ) 4 H e ( Q =  1 7 ,59  М э В ) .  На р и с .  1 - 3  
п р е д с т а в л е н ы  д и ф ф е р е н ц и а л ь н ы е  се ч ен и я  о б р а з о в а н и я  н е й т р о н о в  на

Р а с с м а т р и в а е м ы е  н и ж е  р е а к ц и и  н а з ы в а ю т с я  м о н о э н е р г е т и ч е с к и м и  и с т о ч н и к а м и  у с л о в н о .
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и з о т о п а х  в о д о р о д а  п од  у г л о м  0 ° в л а б о р а т о р н о й  с и с т е м е  к о о р д и н а т  в з а 
в и с и м о с т и  о т  э н е р г и и  п р о т о н о в  и д е й т р о н о в  [5 ] .  П о д р о б н ы е  св е д е н и я
о б  э т и х  р е а к ц и я х ,  включая та б л и ч н ы е  данны е о  з а в и с и м о с т и  э н е р г и и  
вы л ета ю щ и х  н е й т р о н о в  о т  э н е р г и и  падающих ч а с т и ц  и у г л а  в ы л е т а  н е й 
т р о н а ,  п р и в о д я т с я  в р а б о т а х  [ 6 ,7 ] .  Я дра  3Не и 4Не не имеют н и з к о л е ж а -  
щих у р о в н е й  в о з б у ж д е н и я ,  п о э т о м у  вы л етаю щ ие н ей тр он ы  обл ад аю т с т р о 
г о й  м о н о э н е р г е т и ч н о с т ь ю .  О д н ак о ,  начиная с  о п р е д е л е н н ы х  эн е р г и й  з а 
р я ж е н н ы х  ч а с т и ц ,  в п у ч к е  м о н о э н е р г е т и ч е с к и х  н е й т р о н о в  п оя вл я ю тся  
н ей тр он ы  м е н ь ш и х  э н е р г и й ,  в с л е д с т в и е  п р о ц е с с о в  р а з в а л а  сн а ча л а  на три 
( а  з а т е м  и на б о л ь ш е е  ч и сл о )  ч а ст и ц ы  с о г л а с н о  р е а к ц и я м  T ( p , p n ) D ,

Е п (МэВ) ИЗ РЕАКЦИИ Т |р ,п )3Не

Р и с . 1 .  С е ч е н и я  о б р а з о в а н и я  н е й т р о н о в  п о д  0 п р и  в з а и м о д е й с т в и и  п р о т о н о в  с  т р и т и е м .  

С п л о ш н а я  к р и в а я  -  с е ч е н и е  р е а к ц и и  Т ( р ,  п) 3Н е  (5 ] .

•  -  с е ч е н и е  р е а к ц и и  Т ( р , п )  3Н е  -  д а н н ы е  И А Э .  

x  -  в е р х н и й  п р е д е л  с е ч е н и я  р а з в а л а  т р и т и я  [101 . 

о  -  с е ч е н и е  р а з в а л а  т р и т и я  -  д а н н ы е  И А Э .

Е п {МэВ) ИЗ РЕАКЦИИ D(d,n)3He

Р и с . 2 .  С е ч е н и я  о б р а з о в а н и я  н е й т р о н о в  п о д  0 п р и  в з а и м о д е й с т в и и  д е й т о н о в  с  д е й т е р и е м  [5 ] .
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Еп (МэВ)ИЗ РЕАКЦИИ T(d,n)4He

Р и с . З .  С е ч е н и я  о б р а з о в а н и я  н е й т р о н о в  п о д  0° п р и  в з а и м о д е й с т в и и  Д е й т о н о в  с  т р и т и е м  [5 ] .

D ( d , p n ) D ,  T ( d , p n ) T .  Н ейтрон ы  р а з в а л а  п р е и м у щ е с т в е н н о  л е т я т  в 
направлении движ ения у с к о р я е м ы х  ч а с т и ц .  При планировании э к с п е р и м е н 
т о в ,  а т а к ж е  при о б р а б о т к е  п о л у ч е н н ы х  д а н н ы х  н е о б х о д и м ы  св е д е н и я  о  
с е ч е н и я х  п р о ц е с с о в  р а з в а л а ,  о б  у г л о в ы х  р а с п р е д е л е н и я х  и э н е р г е т и ч е с 
к и х  с п е к т р а х  вы л ета ю щ и х  н е й т р о н о в  .

2 . 1  . Н е й т р он ы  из реакций п р о т о н о в  с  т р и т и е м

Д и ф ф е р е н ц и а л ьн ы е  се ч е н и я  реакции Т ( р , п ) 3Не в н а с т о я щ е е  в р е м я  
и з в е с т н ы  в о б л а с т и  э н е р г и й  п р о т о н о в  о т  п о р о г о в о г о  значения 
( E thr = 1 ,0 1 9  М э В )  п р и м ер н о  д о  13,5 М э В  с  т о ч н о с т ь ю  о к о л о  1 5 % .  Э ф 
ф е к т и в н о е  с е ч е н и е  п од  у г л о м  0° и з м е р е н о  с  п о г р е ш н о с т ь ю  5 -7 %  [8,9.1.
При э н е р г и и  п р о т о н о в  8 ,3 6  М э В  д о с т и г а е т с я  п о р о г  реакции  р а з в а л а  т р и 
тия  T ( p , p n ) D ( Q  = -  6 ,2 6  М э В )  и п о я в л я е т с я  гр у п п а  н е й т р о н о в  с  н е п р е 
р ы в н ы м  э н е р г е т и ч е с к и м  р а с п р е д е л е н и е м .  При э н е р г и и  п р о т о н о в  вы ш е
1 1 ,34  М э В  в п у ч к е  в о з м о ж н о  п р и с у т с т в и е  н е й т р о н о в  из  реакции 
Т ( р , р  2n ) Н . Д о  п о с л е д н е г о  в р е м е н и  л и т е р а т у р н ы е  д ан ны е о  величине 
с е ч е н и я  п р о ц е с с а  р а з в а л а  тр ития  на в о д о р о д е  о т с у т с т в о в а л и .  В  р а б о 
т а х  [1 0 , 1 1 ] п р и в о д и л а сь  лишь оценка  в е р х н е г о  пр ед ел а  се ч е н и я  при 
э н е р г и я х  п р о т о н о в  1 1 -1 2  М э В .

С целью изучен и я  х а р а к т е р и с т и к  пучка  н е й т р о н о в ,  в о з н и к а ю щ е го  при 
в з а и м о д е й с т в и и  п р о т о н о в  с  т р и т и е м ,  в о  в с е й  о б л а с т и ,  п редставл яю щ ей  
и н т е р е с  для т е р м о я д е р н ы х  р е а к т о р о в ,  на ц и к л о тр о н е  в И А Э  и м . И . В  . К у р 
ч а т о в а  была п р о в е д е н а  в 1972 г о д у  с о о т в е т с т в у ю щ а я  р а б о т а .  О п р е д е л я 
л и сь  д и ф ф е р е н ц и а л ь н ы е  се ч е н и я  под у г л о м  0° реакции  Т ( р , п ) 3Не  в ин
т е р в а л е  э н е р г и й  п р о т о н о в  6 - 1 5 , 3  М э В ,  с е ч е н и я  п р о ц е с с а  о б р а з о в а н и я  
н е й т р о н о в  р а з в а л а  и э н е р г е т и ч е с к и е  с п е к т р ы  э т и х  н е й т р о н о в  т а к ж е  под 
у г л о м  0° для э н е р г и й  п р о т о н о в  11,2  М э В ,  14,2  М э В  и 1 5 ,3  М э В .  О т н о 
с и т е л ь н ы й  ход  се ч е н и я  и з м е р я л с я  м е т о д о м  в р е м е н и  п р о л е т а ,  п о р о г  р е 
г и с т р а ц и и  н е й т р о н о в  с о с т а в л я л  1,5 М э В .  А б с о л ю т н ы е  значения  се ч е н и я  
реакции  Т ( р , п ) 3Не о п р е д е л я л и с ь  н о р м и р о в к о й  по  дан ны м  р а б о т ы  [9 ] .
На р и с . 1  п р е д с т а в л е н ы  р е з у л ь т а т ы  и зм е р е н и й  для Т ( р , п ) 3 Не и для п р о -
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ц е с с а  р а з в а л а  т р и т и я .  К р у ж к а м и  с  э к с п е р и м е н т а л ь н ы м и  ош и бк а м и  
( 6 % для Т ( р , п ) 3 Не) у к а за н ы  данны е И А Э ,  к р е с т а м и  — д ан ны е [10], 
кривая — д а н ны е [5 ] .  В ер х н и й  п р е д е л  се ч е н и я  р а з в а л а  тр ития  при э н е р 
гии  п р о т о н о в  11,2  М э В  о ц е н и в а е т с я  р а в н ы м  3 ,5  м б а р н / с р ,  при э н е р г и я х  
п р о т о н о в  14,2  М э В  и 1 5 ,3  М э В  се ч е н и я  с о о т в е т с т в е н н о  равны
10,1 ±  1 ,6  м б а р н / с р  и 10,0  ± 1 , 4  м б а р н / с р .  Э н е р г е т и ч е с к и е  с п е к т р ы  н е й 
т р о н о в  р а з в а л а  тр ития  на в о д о р о д е  под у г л о м  0 ° (для н е й т р о н о в  с  э н е р 
ги ей  вы ш е 2 М э В )  п ок а за н ы  на р и с . 4 .  Р а з б р о с  э к с п е р и м е н т а л ь н ы х  
значений  сеч е н и й  в о  в с е х  о б л а с т я х  у ср е д н е н и я  шириной .0,5 М э В ,  за и с 
клю чением  в ы с о к о э н е р г е т и ч н о й  гр ан и чной  о б л а с т и ,  не п рев ы ш ал  2 0 % .
На о с н о в а н и и  п о л у ч е н н ы х  д а н н ы х  м о ж н о  с к а з а т ь ,  ч т о  при э н е р г и я х  п р о 
т о н о в  вы ш е п р и м е р н о  11 М э В  в и с п о л ь з о в а н и и  м о н о э н е р г е т и ч е с к о г о  
пучка  н е й т р о н о в  из  реакции  Т ( р , п ) 3Не возни каю т д о п о л н и т е л ь н ы е  т р у д 
н о с т и ,  в с л е д с т в и е  п р и с у т с т в и я  в п у ч к е  т а к ж е  и н е й т р о н о в  р а з в а л а  т р и т и я ,  
дол я  к о т о р ы х  с о с т а в л я е т  о к о л о  2 0 % .

О п р е д е л е н н ы м  в ы х о д о м  из  э т о г о  полож ения  я в л я е т с я  и с п о л ь з о в а н и е  
т о й  же р еакц и и  H (t , п ) 3 Н е, но при у с к о р е н и и  не п р о т о н о в ,  а я д е р  т р и 
тия [1 1 ] .  Х о т я  у с к о р е н и е  я д е р  тр ития  с о п р я ж е н о  с и з в е с т н ы м и  т е х н и 
ч е с к и м и  т р у д н о с т я м и ,  и с п о л ь з о в а н и е  у к а за н н ой  реакции в к а ч е с т в е  и с 
то ч н и к а  н е й т р о н о в  и м е е т  с в о и  п р е и м у щ е с т в а :  зн а ч и т е л ь н о  в о з р а с т а е т  
в ы х о д  н е й т р о н о в  под у г л о м  0 ° ;  п о р о г  реакции  H (t , n p )  D д о с т и г а е т с я  
з д е с ь  при э н е р г и и  тр и т и я  E thr = 2 5 ,0 3  М э В ,  п о э т о м у  н ей тр он ы  из реакции

Р и с . 4 .  Э н е р г е т и ч е с к и е  с п е к т р ы  н е й т р о н о в  и з  р е а к ц и и  р а з в а л а  т р и т и я  п р и  в з а и м о д е й с т в и и  

т р и т и я  с  п р о т о н а м и  с  э н е р г и е й  1 1 ,2 ,  1 4 ,2  и  1 5 ,3  М э В .  С т р е л к а м и  (1 ) и (2 ) о б о з н а ч е н ы ,  

с о о т в е т с т в е н н о ,  р а с ч е т н а я  Е т а х  н е й т р о н о в  и з  р е а к ц и и  р а з в а л а  т р и т и я  и  E n  н е й т р о н о в  и з  

р е а к ц и и  Т ( р , п )  Н е .  П р и с у т с т в и е  н е й т р о н о в  п р а в е е  с т р е л к и  (1 ) в ы з в а н о  о ш и б к а м и  в  у ч е т е  

ф о н а .
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H (t , п ) 3Не  в п л о т ь  д о  э н е р г и и  17,5 М э В  с в о б о д н ы  о т  п р и с у т с т в и я  р а з в а л ь 
ной г р у п п ы . П о р о г о в о е  зн а ч ен и е  э н е р г и и  я д е р  тр ития  в реакции 
H (t , п ) 3Не  р а в н о  E thr = 3 ,0 6  М э В ,  при э т о м  н ей тр он ы  п од  у г л о м  0° имеют 
эн ер г и ю  0 ,5 7 5  М э В .  В ы ш е  п о р о г а  н ей тр он ы  заключены в к о н у с е  с о  з н а 
ч е н и е м  п о л о в и н н о г о  у гл а  при вер ш и н е ,  о п р е д е л я е м ы м  из  с о о т н о ш е н и я  
s in  в = ( E t - E thr ) l / 2 g - l / 2  _ п р И в о з р а с т а н и и  E t з н а ч ен и е  в с т р е м и т с я  
к п р е д е л у ,  р а в н о м у  90° . За с ч е т  движения ц ен тра  м а с с  под к а ж д ы м  у г 
л о м  в л а б о р а т о р н о й  с и с т е м е  к о о р д и н а т  и с п у с к а ю т с я  н ей трон ы  д в у х  р а з 
личны х э н е р г и й .  На р и с . 5 п р е д с т а в л е н ы  с е ч е н и е  о б р а з о в а н и я  н е й т р о н о в  
в направлении 0° и э н е р г и и  с о о т в е т с т в у ю щ и х  н е й т р о н н ы х  г р у п п .  Н е й т р о 
ны н и з к о э н е р г е т и ч е с к о й  гр у п п ы  имеют в е с ь м а  малую эн ер ги ю  и и н т е н 
с и в н о с т ь ,  п о э т о м у  и х  п р и с у т с т в и е  в  п у ч к е  для ряда э к с п е р и м е н т о в  м о ж е т  
б ы т ь  н е с у щ е с т в е н н ы м .  В ы х о д  под у г л о м  0° н е й т р о н о в  в ы с о к о й  эн е р г и и  
о к а з ы в а е т с я  г о р а з д о  бол ьш е  в ы х о д а  в р е а к ц и я х  Т ( р , п ) 3Не  и D ( d , n ) 3 He .  
Т а к ,  н а п р и м е р ,  при E t = 15 М э В  эн е р г и я  н е й т р о н о в  в ы с о к о э н е р г е т и ч н о й  
гр уп п ы  с о с т а в л я е т  10 М э В ,  а в ы х о д  н е й т р о н о в  45 0  м б а р н / с р ;  эн е р г и я  
н е й т р о н о в  н и з к о э н е р г е т и ч е с к о й  группы  с о с т а в л я е т  при э т о м  о к о л о  
0 ,0 3  М э В .  Р еа к ц и и  Т ( р , п ) 3Не и D ( d , n ) 3He  для н е й т р о н о в  с  э н е р г и е й  
10 М э В  им ею т в ы х о д  28 м б а р н / с р  и 83 м б а р н / с р ,  с о о т в е т с т в е н н о .

Р и с .  5 .  Э н е р г и я  г р у п п  н е й т р о н о в  и з  р е а к ц и и  H ( t  ,п ) 3Н е  п о д  0 ( п у н к т и р н а я  к р и в а я ) .  С е ч е 

н и е  о б р а з о в а н и я  в ы с о к о э н е р г и т и ч н о й  г р у п п ы  н е й т р о н о в  и з  р е а к ц и и  H ( t  ,п ) 3Н е  п о д  0° ( с п л о ш 

н а я  к р и в а я ) .
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2 . 2 .  Н ей т р он ы  из реакций в з а и м о д е й с т в и я  д е й т р о н о в

Р е а к ц и я  D ( d , n ) 3He ш ироко и с п о л ь з у е т с я  как  и ст о ч н и к  м о н о э н е р г е 
т и ч е с к и х  н е й т р о н о в  с  э н е р г и е й  п р и м е р н о  д о  7,5 М э В  . Х а р а к т е р и с т и к и  
реакц и и  п о д р о б н о  и зу ч е н ы  в п л о т ь  д о  э н е р г и й -д е й т р о н о в  19 М э В .  Д и ф 
ф е р ен ц и а л ь н ы е  се ч е н и я  и з м е р е н ы  с  т о ч н о с т ь ю  о к о л о  2 ,5%  в о б л а с т и  
э н е р г и й  д е й т о н о в  2 - 6  М э В  [12]  и с  п о г р е ш н о с т ь ю  4 - 5 %  при бол ьш их  
э н е р г и я х  [ 1 3 - 1 4 ] .  При э н е р г и и  д е й т о н о в  4 ,4 5  М э В  д о с т и г а е т с я  п о р о г  
реакции  р а з в а л а  д е й т о н а  D ( d , n p ) D  ( Q =  - 2 , 2 3  М э В )  и в п у ч к е  п о я в л я 
е т с я  гр уп п а  н е й т р о н о в  с  н е п р е р ы в н ы м  э н е р г е т и ч е с к и м  р а с п р е д е л е н и е м .  
Э н е р г е т и ч е с к а я  з а в и с и м о с т ь  се ч е н и я  р еакц и и  D ( d ,  п р )  Б п о д  у г л о м  0° 
п р е д с т а в л е н а  на р и с . 2 .  В ы х о д  н е й т р о н о в  р а з в а л а  б ы с т р о  р а с т е т  с  у в е 
л и ч ени ем  э н е р г и и  д е й т о н о в  и при значении  э н е р г и и  о к о л о  9 ,5  М э В  с т а н о 
в и т с я  бол ьш е  в ы х о д а  м о н о э н е р г е т и ч е с к о й  гр уп п ы  . Э н е р г е т и ч е с к и е  
с п е к т р ы  и у г л о в ы е  р а сп р е д е л е н и я  н е й т р о н о в  из  реакции  D ( d , n p ) D  
и з у ч а л и с ь  м е т о д о м  в р е м е н и  п р о л е т а  при э н е р г и я х  д е й т о н о в  
7 ,5 -1 1  М э В  [1 5 ] .  На р и с . 6  п о к а за н ы  с п е к т р ы  н е й т р о н о в  р а з в а л а  д е й 
т о н о в  под  у г л о м  0° в л а б о р а т о р н о й  с и с т е м е  к о о р д и н а т .  П о г р е ш н о с т ь  
о п р е д е л е н и я  величины  с е ч е н и я  с о с т а в л я л а  о к о л о  2 0 % .  С у в е л и ч е н и е м  
у гл а  в ы л е т а  с п е к т р ы  н е й т р о н о в  с т а н о в я т с я  м я г ч е .  Н а и б о л е е  э н е р г и ч н ы е  
н ей тр он ы  с о с р е д о т о ч е н ы  в м а л ы х  у г л а х .  На р и с . 7 п о к а з а н о  и зм е н е н и е  
с п е к т р а л ь н о г о  с о с т а в а  н е й т р о н о в  в з а в и с и м о с т и  о т  у г л а  в ы л е т а  в л а б о 
р а т о р н о й  с и с т е м е  к о о р д и н а т  при э н е р г и и  д е й т о н о в  о к о л о  10 М э В  . С п е к 
тр ы  им ею т гл а д к у ю  к о л о к о л о о б р а з н у ю  ф о р м у ,  ан ал оги чн ую  п р е д с т а в л е н н о й  
на р и с . 6 , и при б о л е е  в ы с о к и х  э н е р г и я х  д е й т о н о в  1 2 - 1 9  М э В  [14 ] .

И з в е с т н ы  п оп ы тк и  о т д е л и т ь  п уч ок  н е й т р о н о в  из  реакц и и  D ( d , n ) 3He 
о т  н е й т р о н о в  р а з в а л а .  В  р а б о т е  [16]  и с с л е д о в а л и с ь  в о з м о ж н о с т и  р е 
г и с т р а ц и и  со в п а д е н и й  и м п у л ь с о в  о т  н е й т р о н о в  с  и м п у л ь с а м и  о т  с о п у т 
ств у ю щ и х  н е й т р о н а м  я д е р  3Не . При э т о м  в о з н и к а е т  ряд  с е р ь е з н ы х  т р у д 
н о с т е й  . При э н е р г и я х  д е й т о н о в  бол ьш е  3 ,2  7 М э В  ядра  Не в ы л е та ю т  в 
л а б о р а т о р н о й  с и с т е м е  к о о р д и н а т  т о л ь к о  в п е р е д н е е  п о л у п р о с т р а н с т в о ,

Р и с . 6 .  С п е к т р ы  н е й т р о н о в  п о д  0° и з  р е а к ц и и  D ( d , n p ) D  [1 5 ] .
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Е п лаб(МэВ)

Р и с .  7 .  С п е к т р ы  н е й т р о н о в  п о д  р а з н ы м и  у г л а м и  и з  р е а к ц и и  D ( d , n p ) D .  Д л я  в 30°  E d = 

= 9 ,9 4  М э В .  Д л я  в > 30° E d = 9 ,7 5  М э В  [1 5 ] .

п р и ч е м  направления  в ы л е т а  огр ан и ч ен ы  к о н у с о м  с  величиной  п о л о в и н н о г о  
у г л а  при в ер ш и н е ,  о п р е д е л я е м о г о  с о о т н о ш е н и е м  s i n 2 б = | (1  + 6 , 5 4 / E d ) ,  
г д е  Ed е с т ь  эн е р г и я  д е й т о н о в  в М э В .  П од  к а ж д ы м  у г л о м  б у д у т  наблю
д а т ь с я  д в е  гр уп п ы  ч а с т и ц  3Н е, обладающ их р а з л и ч н ы м и  э н е р г и я м и .
Я д р а  Н е ,им ею щ и е  м ен ь ш и е  значения  э н е р г и и ,  с о о т в е т с т в у ю т  н е й тр о н а м  
с  бол ьш им  з н а ч е н и е м  э н е р г и й ,  вы л етаю щ им  т а к ж е  в п е р е д н е е  п о л у п р о 
с т р а н с т в о .  По а б с о л ю т н ы м  зн ачен ия м  эн е р г и я  я д е р  3Не равна  п р и м ер н о  
1 -2  М э В .  Р е г и с т р а ц и ю  я д е р  3Не п р и х о д и т ся  в е с т и  в  у с л о в и я х  о г р о м н о г о  
фона о т  р а с с е я н н ы х  д е й т о н о в .  И сп о л ь з у я  с х е м у  со в п а д е н и й  с  р а зр е ш а ю 
щим в р е м е н е м  3 ,5  н с е к  и миш ень из д е й т е р и р о в а н н о г о  п ол и эт и л ен а  т о л 
щиной о к о л о  2 5 м к ,  а в т о р у  р а б о т ы  [16] у д а л о с ь  п ол у чи ть  у з к и е  пучки 
м о н о э н е р г е т и ч е с к и х  н е й т р о н о в  с  э н е р г и е й  2 - 1 2  М э В  и и н т е н си в н о с т ь ю ,  
р а в н ой  2 ,2 -1 0  н е й т р / м к К л - м с р . Т а к и м  о б р а з о м ,  в н а с т о я щ е е  в р ем я  
п ол у чен ы  обн адеж и ваю щ и е р е з у л ь т а т ы  по  и ссл е д о в а н и ю  в о з м о ж н о с т е й  
вы д ел ен и я  м о н о э н е р г е т и ч е с к о й  ч а с т и  п у ч к а ,  с о о т в е т с т в у ю щ е й  реакции 
D ( d , n )  3Н е, о д н а к о  на э т о м  п у ти  п р е д с т о и т  ещ е м н о г о е  с д е л а т ь ,  ч т о б ы  
м е т о д  а с с о ц и и р о в а н н ы х  ч а с т и ц  в ош ел  в п р а к т и к у .

2 . 3 .  Р е а к ц и я  Т (  d ,n  ) *Не

О сн о в н а я  т е р м о я д е р н а я  реакция  T ( d , n ) 4He ш ир око  и с п о л ь з у е т с я  и 
как  и с т о ч н и к  м о н о э н е р г е т и ч е с к и х  н е й т р о н о в  с  э н е р г и е й  о к о л о  14 М э В  и 
в ы ш е .  Р е з о н а н с  в кривой  с е ч е н и я  ( стшах = 5 барн) при э н е р г и и  д е й т о н о в  
о к о л о  110 к э В  о б у с л а в л и в а е т  в а ж н о с т ь  э т о й  реакции  как  и ст о ч н и к а  н е й 
т р о н о в ,  г л а в н ы м  о б р а з о м ,  при р а б о т е  с  н и з к о в о л ь т н ы м и  у с к о р и т е л я м и .  
При э т о м  о т н о с и т е л ь н о  п р о с т о  о с у щ е с т в л я е т с я  р е г и с т р а ц и я  с о п у т с т в у ю 
щих н е й т р о н а м  а - ч а с т и ц  с  э н е р г и е й  о к о л о  3 ,5  М э В  . З д есь  э т и м  м е т о д о м  
ш ир око  п о л ь з у ю т с я  как  для м о н и т о р и р о в а н и я ,  т а к  и для а б с о л ю т н о г о  о п 
р ед е л е н и я  п о т о к а  н е й т р о н о в .  На р и с  . 3 п р е д с т а в л е н ы  з а в и с и м о с т и  с е ч е -
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ния п о д  у г л о м  0° реакций T ( d , n ) 4He и T ( d , n p ) T .  О дн ак о  п р о ц е с с  
р а з в а л а  д е й т о н а  на я д р е  тр ития  с т а н о в и т с я  з а м е т н ы м  при т е х  зн а ч е н и я х  
эн е р г и й  н е й т р о н о в  (Е п = 20 М э В ) ,  к о т о р ы е  в ы х о д я т  за  п ред ел ы  о с н о в н ы х  
и н т е р е с о в  данной р а б о т ы .  О т м е т и м ,  ч т о  для получен и я  м о н о э н е р г е т и 
ч е с к и х  н е й т р о н о в  с э н е р г и е й  в и н те р в а л е  значений 1 2 -1 4  М э В  м о ж н о  
и с п о л ь з о в а т ь  н е й т р о н ы ,  вы л етаю щ ие в з а д н е е  п о л у п р о с т р а н с т в о  из  р е а к 
ции T ( d , n ) 4He при э н е р г и я х  д е й т о н о в  в н е с к о л ь к о  М э В  . О дн ак о  и с 
п о л ь з о в а н и е  н е й т р о н н ы х  п у ч к о в ,  идущ их в з а д н е е  п о л у п р о с т р а н с т в о ,  для 
п ри м ен ен и я  в е с ь м а  н е у д о б н о  и, к р о м е  т о г о ,  с е ч е н и е  реакции  в э т о й  
о б л а с т и  э н е р г и й  д е й т о н о в  н е в е л и к о . Для о с н о в н о й  м а с с ы  и зм ер ен и й  
я д е р н ы х  к о н с т а н т  для т е р м о я д е р н ы х  р е а к т о р о в  в т о ч к а х  с  э н е р г и е й  о к о 
ло  14 М э В  и с п о л ь з о в а н и е  реакции  T ( d , n )  Не о с о б ы х  т р у д н о с т е й  не 
в с т р е ч а е т .  О д н ак о ,  н а п р и м е р ,  для о с у щ е с т в л е н и я  п о л н о г о  о п ы т а  при 
изу чен и и  реакций ( п , 2 п ) ,  к о г д а  э к с п е р и м е н т а л ь н о  о п р е д е л я ю т ся  э н е р г е 
т и ч е с к и е  и у г л о в ы е  х а р а к т е р и с т и к и  о б о и х  н е й т р о н о в ,  в ы х о д  н е й т р о н о в  
из  о б ы ч н ы х  у с т р о й с т в  о к а з ы в а е т с я  н е д о с т а т о ч н ы м  и д а ж е  в с л у ч а е  
бо л ь ш и х  значений сеч е н и й  реакции ( п , 2 п )  д л и т е л ь н о с т ь  э к с п о з и ц и и  при 
о д н о м  у г л о в о м  п ол ож ен и и  з а н и м а е т  н е с к о л ь к о  с у т о к  [1 7 ] .  В  э т о м  о т 
ношении в е с ь м а  и н т е р е с н ы  и сс л е д о в а н и я  [18] ,  п р о в о д и м ы е  с  целью с о з 
дания м о щ н ы х  и с т о ч н и к о в  н е й т р о н о в  для прим ен ен ия  при изу чен и и  р а 
ди ац ион н ы х  п о в р еж д ен и й  и тер ап и и  рака  .

2 . 4 .  Р е а к ц и я  в з а и м о д е й с т в и я  лития с  в о д о р о д о м

Р е а к ц и я  7L i ( p , n ) 7B e  ( Q =  -  1 ,64 М э В )  я в л я е т с я  одн и м  из н а и б ол ее  
и з у ч е н н ы х  и ш ир око  п р и м е н я е м ы х  и с т о ч н и к о в  н е й т р о н о в  при э н е р г и я х  
п р о т о н о в  1 , 9 - 2 , 4  М э В .  О с о б е н н о с т ь ю  реакц и и  я в л я е т с я  наличие н и з к о -  
л е ж а щ е г о  ур овн я  в о з б у ж д е н и я  ядра  7В е ( Е *  = 0 ,4 3  М э В ) ;  п о э т о м у  при 
э н е р г и я х  п р о т о н о в  вы ш е 2 ,4  М э В  в пуч к е  н е й т р о н о в  п о я в л я е т с я  д о п о л 
н и тел ьн ая  линия, с о о т в е т с т в у ю щ а я  э т о м у  в о з б у ж д е н н о м у  с о с т о я н и ю  
ядра  7 В е .  И зм е р е н и я  п о к а зы в а ю т  [ 7 , 1 9 ] ,  ч т о  при э н е р г и я х  п р о т о н о в  
ниже 6  М э В  и н т е н с и в н о с т ь  н е й т р о н о в  в т о р о й  гр уп п ы  с о с т а в л я е т  не 
б о л е е  15% о т  и н т е н с и в н о с т и  о с н о в н о й  гр уп п ы  . С р о с т о м  э н е р г и и  п р о 
т о н о в  с е ч е н и е  реакции  с  о б р а з о в а н и е м  о с н о в н о г о  с о с т о я н и я  ядра  7В е  
б ы с т р о  у м е н ь ш а е т с я  и п о э т о м у  и н т е н с и в н о с т и  н е й т р о н н ы х  гр упп  с т а н о 
в я т с я  ср а в н и м ы м и  [ 2 0 , 2 1 ] .  К р о м е  т о г о ,  при э н е р г и я х  п р о т о н о в  вы ш е
7 М э В  оп р е д е л е н н ы й  вклад  д а е т  и в т о р о е  в о з б у ж д е н н о е  с о с т о я н и е  
7B e ( Q =  -  6 ,2 9  М э В ) .  Н ап р и м ер ,  при э н е р г и и  п р о т о н о в  14 М э В  в ы х о д  
н е й т р о н о в  э т о й  гр уп п ы  п од  у г л о м  0 ° в с и с т е м е  ц ен тр а  м а с с  т о л ь к о  
п р и м е р н о  в 2 ,5  р а з а  м е н ь ш е  с у м м а р н о г о  в ы х о д а  н е й т р о н о в  с  о с н о в н о г о  
и п е р в о г о  в о з б у ж д е н н о г о  с о с т о я н и й  бериллия [2 1 ] .  В с е  э т о  о г р а н и ч и 
в а е т  п р и м е н и м о с т ь  э т о й  реакции о б л а с т ь ю  э н е р г и й  н е й т р о н о в ,  леж ащей 
вн е  р а с с м а т р и в а е м о г о  и н т е р в а л а .

Р а с ч е т ,  ан ал оги чн ы й  р а с ч е т у  х а р а к т е р и с т и к  р еакц и и  1Н ( t  , п ) 3 Не, 
был п р о в е д е н  а в т о р а м и  данной р а б о т ы  для реакции  1Н ( 7 L i , n ) 7 B e .  
О б л а с т ь  э н е р г и й  н е й т р о н о в  о т  7 д о  14 М э В  т р е б у е т  у с к о р е н и я  ионов  
лития в и н т е р в а л е  э н е р г и й  п р и м е р н о  2 3 - 4 0  М э В .  О б р а зу ю щ и еся  в р е а к 
ции н ей тр он ы  заключены в к о н у с е  с  п о л ов и н н ы м  у г л о м  при вер ш и н е ,

. 2 „  13.2о п р е д е л е н н ы м  с о о т н о ш е н и е м  s i n  Q  = 1 ----- , г д е  Е  е с т ь  эн е р г и я
Е ц  и

и он ов  71Л в М э В .  На р и с  . 8  п р е д с т а в л е н ы  э ф ф е к т и в н ы е  с е ч е н и я  р е а к -
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Р и с . 8 .  Э н е р г и я  г р у п п  н е й т р о н о в  и з  р е а к ц и и  J H (  ’ L r i  ,n ) ’f e e  и  1H ( 7 l i  ,п) 7В е *  п о д  0° ( п у н к 

т и р н ы е  к р и в ы е ) . С е ч е н и е  р е а к ц и й  1H ( 1L i , n )  7В е  и  ^ ( ^ ¡ » п )  7В е *  п о д  0 °  ( с п л о ш н ы е  к р и в ы е ) .

ций 1Н ( 7L i , п ) 7В е  и 1Н ( 7L i  , п  ) 7 В е *  (0 ,4 3  М э В )  для у гл а  0° ,  р а с с ч и т а н 
ны е  по  дан н ы м  р а б о т ы  [1 9 ] .  На т о м  же р и с у н к е  и з о б р а ж е н ы  значения 
эн е р г и й  н е й т р о н о в ,  с о о т в е т с т в у ю щ и х  я д р у  7В е  в о с н о в н о м  и п е р в о м  
в о з б у ж д е н н о м  с о с т о я н и х  при у г л е  в ы л е т а  н е й т р о н о в  0° . Значения э н е р 
гии н е й т р о н о в  для у к а з а н н ы х  гр упп  от л и ч а ю т ся  п р и м е р н о  на 1 М э В ;  
в р а й о н е  э н е р г и й  н е й т р о н о в  12 М э В  и н т е н с и в н о с т и  у к а з а н н ы х  гр уп п  о т 
н о с я т с я  п р и м е р н о  как 5 : 1 .  Т а к а я  н е м о н о э н е р г е т и ч н о с т ь  пучка  н е й 
т р о н о в  м о ж е т  о к а з а т ь с я  вп ол н е  п р и е м л е м о й  для н е к о т о р ы х  з а д а ч  о п р е 
деления  я д е р н ы х  к о н с т а н т  в  о б л а с т и  э н е р г и й  н е й т р о н о в  бол ьш е  10 М э В  . 
К о н ц ен т р а ц и я  п о т о к а  н е й т р о н о в  в п р е д е л а х  с р а в н и т е л ь н о  у з к о г о  к о н у с а  
у г л о в  и сл а б а я  з а в и с и м о с т ь  эн ер г и и  н е й т р о н о в  о т  э н е р г и и  ионов  лития , 
допускаю щ ая  р а б о т у  с  о т н о с и т е л ь н о  т о л с т ы м и  м и ш ен я м и , м о ж е т  о б е с 
п е ч и т ь  с р а в н и т е л ь н о  м о щ н ы е  п о т о к и  б ы с т р ы х  н е й т р о н о в  с  и н т е н с и в н о с т ь ю  
о к о л о  4 ‘ 109 н е й т р / с р  при т о к е  о д н о з а р я д н ы х  и он ов  лития 1 м к А .  В т о р о е  
в о з б у ж д е н н о е  с о с т о я н и е  7В е  д о с т и г а е т с я  з д е с ь  при э н е р г и и  и он ов  лития 
о к о л о  50 М э В ,  ч т о  л еж и т  за  п р е д е л а м и  р а с с м а т р и в а е м о г о  и н т е р в а л а .  В  
п у ч к е  н е й т р о н о в  б у д у т  п р и с у т с т в о в а т ь  т а к ж е  н е й т р о н ы ,  вы л етаю щ ие в 
с и с т е м е  ц ен тра  м а с с  в з а д н е е  п о л у п р о с т р а н с т в о  . Э н ер ги я  э т и х  н е й т р о 
н о в ,  как видно из р и с . 8 , не п р е в ы ш а е т  н е с к о л ь к и х  с о т е н  к э В ,  а с е ч е н и я  
их о б р а з о в а н и я  м а л ы .  При эн е р г и и  и он ов  лития б ол ь ш е  2 5 ,8  М э В  э н е р 
г е т и ч е с к и  в о з м о ж н а  реакция  *Н ( 7L i ,  n ,  а ) 3 Н е, н ей тр он ы  из к о т о р о й  
б у д у т  и м е т ь  сплош ной  э н е р г е т и ч е с к и й  с п е к т р .

2 . 5 .  Р е а к ц и и  с  и он ам и  гелия

Р е а к ц и и  1 2C ( 3 H e , n )  140,  160  ( 3 H e ,n  ) 1 8 N e ,  12С (4 Н е ,  n ) 150 ,
1 3 С ( 4 Н е , п )  О дают м о н о э н е р г е т и ч е с к и е  н ей тр он ы  в о г р а н и ч е н н ы х
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и н т е р в а л а х  э н е р г и й ,  к о т о р ы е  н а х о д я т с я  вне  о б л а с т и ,  п р ед ста вл я ю щ ей  
и н т е р е с .  Ниже у к а з ы в а ю т с я  м а к с и м а л ь н ы е  значения  э н е р г и и  м о н о 
э н е р г е т и ч е с к и х  н е й т р о н о в  п од  0 ° при э н е р г и я х  и он ов  г е л и я ,  р а в н ы х  п о 
р о г у  р еакц и и  на п е р в о е  в о з б у ж д е н н о е  с о с т о я н и е  к о н е ч н о г о  я д р а :
12С ( Н е , п ) 140  -  6,4 М э В ,  160  ( 3 H e ,n  ) 18N e  -  2 ,4  М э В ,
12С  ( 4 Н е , п )  150  -  7 ,5  М э В ,  13С (4 Н е , п )  160  -  7,0 М э В .

3 .  И С Т О Ч Н И К И  Н Е Й Т Р О Н О В  С П Л О Ш Н О Г О  С П Е К Т Р А

П учки  б ы с т р ы х  н е й т р о н о в  с п л о ш н о г о  с п е к т р а  в б о л ь ш и н с т в е  с л у 
ч а е в  с о з д а ю т с я  с  п о м о щ ь ю  у с к о р е н и я  д е й т о н о в ,  б о м ба р д и р у ю щ и х  т о л с т ы е  
миш ени из  р а з л и ч н ы х  э л е м е н т о в .  В  п о с л е д н е е  в р е м я  для э т и х  целей  
с т а л и  и с п о л ь з о в а т ь с я  линейны е у с к о р и т е л и  э л е к т р о н о в  [2 2 ] с  м иш еням и  
с п е ц и а л ь н ы х  к о н ст р у к ц и й  из  н а бо р а  о п р е д е л е н н ы х  э л е м е н т о в .  О днако  
в ы х о д  н е й т р о н о в  с  э н е р г и я м и  в о б л а с т и  7 -f 14 М э В  из ф о т о - н е й т р о н н ы х  
р еакций з н а ч и т е л ь н о  м е н ь ш е  в ы х о д а  из  реакции  ( d , n ) .  В озни каю щ и е в 
р е а к ц и я х  ( d , n )  н ей тр он ы  о б у с л о в л е н ы ,  г л а в н ы м  о б р а з о м ,  д в у м я  п р о ц е с 
с а м и :  и сп а р е н и е м  из  си л ь н о  в о з б у ж д е н н о г о  ядра  и р а з в а л о м  д е й т о н а  в 
п о л е  я д е р н ы х  и к у л о н о в с к и х  сил  ядра  м и ш ен и . Э н е р г е т и ч е с к и й  с п е к т р  
н е й т р о н о в  в п е р в о м  с л у ч а е  я в л я е т с я  и с п а р и т е л ь н ы м ,  а у г л о в о е  р а с п р е 
д ел е н и е  с и м м е т р и ч н о  о т н о с и т е л ь н о  90° и б л и зк о  к и з о т р о п н о м у .  Н е й 
т р о н ы  р а з в а л а  х а р а к т е р и з у ю т с я  ш ироким к о л о к о л о о б р а з н ы м  э н е р г е т и ч е с 
ким с п е к т р о м  с  м а к с и м а л ь н о й  и н т е н с и в н о с т ь ю  при э н е р г и я х  н е й т р о н о в  
р а в н ы х  п р и м е р н о  п о л ов и н е  э н е р г и и  д е й т о н о в .  Н ей т р он ы  р а з в а л а  н а п р а в 
лены п р е и м у щ е с т в е н н о  п о  движ ению д е й т о н а . Э н е р г е т и ч е с к о е  и у г л о в о е  
р а с п р е д е л е н и е  э т и х  н е й т р о н о в  у д о в л е т в о р и т е л ь н о  о п и с ы в а е т с я  в ы р а ж е 
ниями 123]:

n (E) dE  = ( 1 + у 2 Тй/2 d y ,  у  = (Е  -  1 / 2  E d) / N/~ É ¡ B ,
n ( 0 ) d e  = ( 1  +  х 2 ) ' 3 / 2  dx ,  x  = в J~Ed/B  .

З д есь  Е  и E j  -  э н е р г и и  н ей тр он а  и д е й т о н а ,  с о о т в е т с т в е н н о , В  — эн е р г и я  
с в я з и  д е й т о н а  (2 ,2 3  М э В )  и в — у г о л  в ы л е т а  н е й т р о н а .

С п е к т р ы  из м иш еней  р а з л и ч н ы х  э л е м е н т о в  близки  по  ф о р м е  и плавно 
м ен я ю т ся  с  и з м е н е н и е м  э н е р г и и  д е й т о н о в .  О бщ ей о с о б е н н о с т ь ю  с п е к т р о в  
я в л я е т с я  т а к ж е  у м е н ь ш е н и е  эн е р г и и  н е й т р о н о в  с  р о с т о м  за р я да  я д р а -  
миш ени [2 4 ] .  Полный в ы х о д  н е й т р о н о в  из  т о л с т ы х  миш еней  б ы с т р о  
р а с т е т  с  у в е л и ч е н и е м  э н е р г и и  д е й т о н а  и п а д а е т  с  р о с т о м  зар яда  я д р а -  
м и ш ен и . Наибольш ий в ы х о д  дают т о л с т ы е  миш ени из  д е й т е р и я ,  тр ития  
и б ер и л л и я .  На р и с .  9 п р е д с т а в л е н ы  э ф ф е к т и в н ы е  с е ч е н и я  п р о ц е с с о в  
d - 2 H, d - 3H и d -  B e ,  п р и вод я щ и х  к рож ден ию  н е й т р о н о в  в направлении 
0° в о б л а с т и  э н е р г и й  д е й т о н о в  д о  20 М э В  [1 8 ] .  Х о т я  с е ч е н и я  п р о ц е с с о в  
d -  B e  превы ш аю т с о о т в е т с т в у ю щ и е  се ч е н и я  на т я ж е л ы х  и з о т о п а х  в о д о 
р о д а ,  р а с ч е т н ы е  зн ачен ия  в ы х о д а  н е й т р о н о в  из  т о л в т ы х  г а з о о б р а з н ы х  
д е й т е р и е в ы х  и т р и т и е в ы х  м иш еней  при э н е р г и я х  д е й т о н о в  1 0 - 1 6  М э В  
о к а з ы в а ю т с я  б ол ь ш и м и ,  ч е м  значения в ы х о д а  из бериллия [2 5 ] .  С п е к т р ы  
б ы с т р ы х  н е й т р о н о в  в п р о ц е с с а х  d -  2Н обл ад аю т  в е с ь м а  п р и в л е к а т е л ь н ы м  
для н е й т р о н н ы х  и зм е р е н и й  к а ч е с т в о м :  р е з к и м  о б р ы в о м  р а сп р е д е л е н и я  с о  
с т о р о н ы  в ы с о к и х  э н е р г и й .  На р и с .  10 п р е д с т а в л е н ы р а с ч е т н ы е  с п е к т р ы  
н е й т р о н о в  и з  т о л с т о й  г а з о о б р а з н о й  д е й т е р и е в о й  миш ени для д е й т о н о в  с  
э н е р г и я м и  8 , 1 0 ,  1 1 ,75  и 16 М э В  [2 5 ] .  Т а к а я  ф о р м а  с п е к т р а  в е д е т  при 
и з м е р е н и я х  в о г р а н и ч е н н о м  э н е р г е т и ч е с к о м  и н т е р в а л е  к ум ен ьш ени ю  
ф она  и з - з а  о т с у т с т в и я  н еи сп ол ь зу ю щ и х ся  н е й т р о н о в  с  бол ьш им и  э н е р -
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Ed I МэВ)

Р и с . 9 .  С е ч е н и я  п р о ц е с с о в  о б р а з о в а н и я  н е й т р о н о в  п о д  0° и з  р е а к ц и й  d  + 3Н ,  d  + 2Н ,  

d  + B e  [1 8 ] .

Р и с .  1 0 .  Р а с ч е т н ы е  н е й т р о н н ы е  с п е к т р ы  п о д  0  п р и  п а д е н и и  м о н о э н е р г е т и ч е с к и х  д е й 

т о н о в  с  э н е р г и я м и  8 ,  1 0 , 1 1 ,7 5  и  16 М э В  н а  т о л с т у ю  д е й т е р и е в у ю  м и ш е н ь  [2 5 ] .

г и я м и ,  о б л е г ч а е т  с о о р у ж е н и е  защ иты  и коллимацию  н е й т р о н н о г о  пучка . 
О днако  и з - з а  больш ой  величины п р о б е г а  д е й т о н а  в д е й т е р и и  (200  м г / с м 2 

при E d = 12 М э В ,  ч т о  с о о т в е т с т в у е т  п р о б е г у  о к о л о  11 м  при н о р м а л ь н ы х  
у с л о в и я х )  п р а к т и ч е с к о е  и с п о л ь з о в а н и е  т о л с т ы х  г а з о о б р а з н ы х  или ж ид
к о с т н ы х  миш еней  с о п р я ж е н о  с  больш им и т е х н и ч е с к и м и  з а т р у д н е н и я м и .

Б о л ь ш и е  в о з м о ж н о с т и  п р е д с т а в л я е т  и с п о л ь з о в а н и е  т о л с т о й  б е р и л -  
л и евой  м и ш ен и . На р и с . 11 п о к а з а н о  и з м е н е н и е  п о т о к а  н е й т р о н о в  в 
направлении 0° и в и н те р в а л е  эн е р г и й  д е й т о н о в  о т  8  д о  30 М э В  по  д а н -



IA E A -S M -1 7 0 /2 2 15

Р и с .  1 1 .  З а в и с и м о с т ь  в ы х о д а  н е й т р о н о в  и з  т о л с т ы х  B e  и  D  м и ш е н е й  п о д  0° о т  э н е р г и и  

д е й т о н о в .

С п л о ш н а я  к р и в а я  -  [ 1 8 ] .

О  -  [ 2 5 ] .

Д -  [26 ] -  В е - м и ш е н ь .

О  -  [25 ] -  D - м и ш е н ь .

н ы м  ряда а в т о р о в  [ 1 8 , 2 5 , 2 6 ] .  На т о м  же р и с у н к е  для ср ав нен и я  п р и в е 
д ен ы  значения  в ы х о д а  н е й т р о н о в  из  д е й т е р и е в о й  мишени [2 5 ] .  К ак  
видн о  из э т о г о  р и су н к а  в ы х о д  н е й т р о н о в  из  бер и л л и ев ой  мишени при 
э н е р г и и  д е й т о н о в  о к о л о  28 М э В  с о с т а в л я е т  величину больш ую 
1011 н е й т р /м к К Л ’ С р . Д е т а л ь н о е  с р а в н е н и е  н е й т р о н о в  в ы с о к о й  эн ер ги и  
из  т о л с т ы х  б е р и л л и е в ы х  миш еней  при э н е р г и я х  д е й т о н о в  15 , 2 0 ,  2 4 ,  40 
и 5 3 ,8  М э В  п о к а з ы в а е т ,  ч т о  э н е р г е т и ч е с к и е  с п е к т р ы  обл ад аю т  г е о м е т 
р и ч е с к и м  п о д о б и е м  и м о г у т  х а р а к т е р и з о в а т ь с я  п о л о ж е н и е м  м а к с и м у м а  
и н т е н с и в н о с т и  и полуш ириной  р а сп р е д е л е н и я  Д  E j / 2 12 7 ] .  На о сн о в а н и и  
т а к о г о  п о д о б и я  а в т о р ы  р а б о т ы  п редл агаю т  п р а к т и ч е ск и й  м е т о д  к о н с т р у и 
р ов ан и я  э н е р г е т и ч е с к и х  р а сп р е д е л е н и й  н е й т р о н о в  для эн е р г и й  д е й т о н о в  
1 5 -5 0  М э В .  На р и с .  12 п о к а за н  р а с с ч и т а н н ы й  т а к и м  о б р а з о м  с п е к т р  при 
э н е р г и и  д е й т о н о в  2 8 ,4  М э В .  Э н е р г е т и ч е с к и е  р а сп р е д е л е н и я  н е й т р о н о в ,  
в п е р в о м  приближ ении, о с т а ю т с я  н е и зм е н н ы м и  для в с е х  у г л о в  в ы л е т а .  
О д н ак о  при бол ьш их  у г л а х  с п е к т р ы  о к а з ы в а ю т с я  н е с к о л ь к о  о б е д н е н н ы м и  
н е й т р о н а м и  в ы с о к и х  э н е р г и й .

З н ач ител ьны е  в о з м о ж н о с т и  для и зм ер ен и я  я д е р н ы х  к о н с т а н т  на 
сп л о ш н ы х  с п е к т р а х  о т к р ы в а ю т с я  при и сп о л ь з о в а н и и  и з о х р о н н ы х  ц и к л о 
т р о н о в  [28 ] ,  в к о т о р ы х  н ар я д у  с  м алой  д л и т е л ь н о с т ь ю  и м п у л ь са  т о к а  на 
м и ш ен ь ,  у д а е т с я  с о х р а н и т ь  с р а в н и т е л ь н о  больш ой  ср едн и й  т о к .  И с т о ч 
н и ком  н е й т р о н о в  з д е с ь  я в л я е т с я  м иш ень ,  н а х од я щ а я ся  в н у тр и  к а м е р ы  
ц и к л отр он а ,  на к о т о р у ю  за в р е м я  1 - 2  н се к  п у т е м  отк л он ен и я  попадают



16 К У З Ь М И Н  и др.

д е й т о н ы ,  н а хо д я щ и е ся  в п р о ц е с с е  у с к о р е н и я  на н е с к о л ь к и х  д е с я т к а х  
о р б и т .  На р и с .  13 п р и вед ен  с п е к т р  н е й т р о н о в ,  п ол у чен н ы й  на т о л с т о й  
у р а н о в о й  миш ени , при попадании  на н ее  и он ов  д е й т е р и я  с  э н е р г и я м и  в 
и н т е р в а л е  40 -4- 50 М э В  . П о т о к  н е й т р о н о в  в направлении 0° с о с т а в л я л  
5 -1 0 11 н е й т р / м к К л - с р .

Н е о б х о д и м о  о т м е т и т ь ,  ч т о  для п олучения  и н т е н с и в н ы х  п о т о к о в  н е й 
т р о н о в  в д и а п а з о н е  эн е р г и й  7 -1 5  М э В  эн е р г и я  д е й т о н о в  м о ж е т  не п р е 
в о с х о д и т ь  зн ачен ия  3 0 - 3 5  М э В .  В И А Э им . И .В  .К у р ч а т о в а  р а з р а б о т а н а  
п о д о б н а я  с и с т е м а  [29 ] ,  к о т о р а я  м о ж е т  б ы ть  и с п о л ь з о в а н а  для д в у х д у а н т  
н о г о  и з о х р о н н о г о  ц и к л отрон а  с  м а к с и м а л ь н о й  э н е р г и е й  д е й т о н о в  30 М э В

Р и с .  1 2 .  Р а с ч е т н ы й  с п е к т р  н е й т р о н о в  и з  т о л с т о й  B e  м и ш е н и  п р и  э н е р г и и  д е й т о н о в  

2 8 ,4  М э В  [2 7 ] .

Р и с .  1 3 .  С п е к т р  н е й т р о н о в  и з  т о л с т о й  у р а н о в о й  м и ш е н и ,  б о м б а р д и р у е м о й  д е й т о н а м и  

с  э н е р г и е й  4 0  -  5 0  М э В  [ 2 8 ] .
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Б ы л а  п о л у чен а  ч а с т о т а  п о в т о р е н и я  и м п у л ь с о в  110 к Г ц  и оценки  п о к а з ы 
ваю т ,  ч т о  при д л и т е л ь н о с т и  и м п у л ь с о в  1 ,5  н с е к  п о т о к  н е й т р о н о в  о т  б е -  
р и л л и евой  миш ени в  направлении 0 ° б у д е т  с о с т а в л я т ь  вел и чи н у  о к о л о  
3 - 1 0 12  н е й т р / с р - с е к .

П р е и м у щ е с т в а  и сп о л ь з о в а н и я  сп л о ш н ы х  с п е к т р о в  -  " б е л о г о "  пучка  -  
н а и б о л е е  ч е т к о  п р оя вл я ю тся  при с и с т е м а т и ч е с к о м  изу чен и и  э н е р г е т и ч е с 
ких  з а в и с и м о с т е й  сеч ен и й  в ш ирокой  о б л а с т и  эн е р г и й  н е й т р о н о в .  И с п о л ь 
з о в а н и е  в т а к и х  и з м е р е н и я х  м о н о э н е р г е т и ч е с к и х  и с т о ч н и к о в  н е й т р о н о в  
т р е б у е т  о ч е н ь  бол ь ш и х  з а т р а т  в р е м е н и .  Д о с т и г н у т о е  на " б е л о м "  п уч к е  
о т  и з о х р о н н о г о  ц и к л отрон а  э н е р г е т и ч е с к о е  р а з р е ш е н и е  в ш ирокой  о б 
л а с т и  э н е р г и и  н е й т р о н о в  ( 0 , 5 - 3 0  М э В )  я в л я е т с я  р е к о р д н ы м  и с о с т а в л я е т  
$  1 ,7  к э В  при 0 ,8  М э В ,  <  110 к э В  при 13 М э В  [3 0 ] .  Э т о  п о з в о л я е т  п р о 
в о д и т ь  в о д н о м  о п ы т е  за  с р а в н и т е л ь н о  к о р о т к о е  в р е м я  и зм е р е н и я  ряда 
сеч е н и й  т а к и х  к а к ,  п о л н о е  с е ч е н и е  [31 ] ,  с е ч е н и е  о б р а з о в а н и я  7 - л у ч е й [30] ,  
с е ч е н и я  деления [32] и д р .  С еч ен и я  о б р а з о в а н и я  7 -л у ч е й  при н е у п р у г о м  
р а с с е я н и и  н е й т р о н о в  с  м ен ь ш и м  р а з р е ш е н и е м ,  но д о с т а т о ч н ы м  для п р а к т и 
ч е с к и х  при м ен ен и й , и з м е р я ю т с я  т а к ж е  на " б е л ы х "  п у ч к а х  о т  линейны х 
у с к о р и т е л е й  э л е к т р о н о в  [ 3 3 , 3 4 ] .  Т о  же о т н о с и т с я  и к и с с л е д о в а н и я м  
п о л н ы х  сеч е н и й  в о б л а с т и  э н е р г и й  н е й т р о н о в  п р и м е р н о  д о  40 М э В  [3 5 ] .
В  б о л е е  огр ан и ч е н н о й  о б л а с т и  э н е р г и й  н е й т р о н о в  для и зм ер ен и й  п ол н ы х  
сеч е н и й  при м ен я ю тся  и у с к о р и т е л и  В а н - д е - Г р а а ф а ,  н а п ри м ер  [ 3 6 , 3 7 ] .  
В ел и чи на  э н е р г е т и ч е с к о г о  р а з р еш ен и я  з д е с ь  у с т у п а е т  д о с т и г н у т о м у  
на ц и к л о т р о н е ,  а и н т е н с и в н о с т ь  н е й т р о н о в  в с р а в н и м ы х  о б л а с т я х  
эн ер г и й  с о с т а в л я е т ,  по оц е н к е  а в т о р о в  р а б о т ы  [37 ] ,  п р и м ер н о  
0 , 1  и н т е н с и в н о с т и  " б е л о г о "  пучка  о т  и з о х р о н н о г о  ц и к л о т р о н а .

" Б е л ы й "  н ей тр он н ы й  п у ч о к  в с о ч е т а н и и  с  те х н и к о й  в р е м е н и  п р о л е т а  
и с п о л ь з у е т с я  в о  м н о г и х  л а б о р а т о р и я х  мира для и зу чен и я  п ол н ы х  с е ч е 
ний на б ы с т р ы х  н е й т р о н а х .  О д н а к о ,  как  у к а з ы в а е т с я  в р а б о т е  [38] ,  
при х а р а к т е р н ы х  с т а т и с т и ч е с к и х  п о г р е ш н о с т я х  р е з у л ь т а т о в  п р и м ер н о  
в 1 % , р а с х о ж д е н и я  д а н н ы х  р а з л и ч н ы х  а в т о р о в  с о с т а в л я ю т  величину 
о к о л о  10% . С и с т е м а т и ч е с к и е  ош ибки ,  п о - в и д и м о м у ,  с в я з а н ы  с  т р у д н о с 
т я м и  п р а в и л ь н о г о  у ч е т а  ф она и с  н е т о ч н о с т я м и ,  о б у с л о в л е н н ы м и  в ы с о 
ким и  с к о р о с т я м и  с ч е т а .  При ср ав н ен и и  р е з у л ь т а т о в ,  п о л у ч е н н ы х  на 
м о н о э н е р г е т и ч е с к и х  и с т о ч н и к а х  и на " б е л ы х " п у ч к а х ,  наблюдаются  т а к ж е  
р а с х о ж д е н и я  (0 , 1 - 1 %) в э н е р г е т и ч е с к о й  ш ка л е .

И ссл е д о в а н и я  в т о р и ч н о г о  н е й т р о н н о г о  с п е к т р а ,  в о зн и к а ю щ е го  и з - з а  
п р о ц е с с о в  у п р у г о г о  и н е у п р у г о г о  р а с с е я н и я  н е й т р о н о в  и реакций типа 
( п ,  2 п ) и т . п . ,  в е д у т с я  в н а с т о я щ е е  в р е м я  на м о н о э н е р г е т и ч е с к и х  и с т о ч 
н и ках  н е й т р о н о в .  О п редел енн ую  информ ацию  о п р о ц е с с е  н е у п р у г о г о  
р а с с е я н и я  н е й т р о н о в  м о ж н о  п о л у ч и т ь  и на " б е л о м "  п у ч к е ,  и с с л е д у я  
7 - и з л у ч е н и я ,  со п р о в о ж д а ю щ и е  э т о т  п р о ц е с с .  О д н ак о  при э т о м  и н ф о р м а 
ция я в л я е т с я  т о л ь к о  ч а с т и ч н о й ,  та к  как  7 -и з л у ч е н и е  е с т ь  п р о д у к т  в т о 
ричной  р еакц и и  и е е  х а р а к т е р и с т и к и  м о г у т  п о л н о с т ь ю  не о т р а ж а т ь  х а 
р а к т е р  о с н о в н о й  р е а к ц и и .  К р о м е  т о г о ,  не в с е г д а  н е у п р у г о е  р а с с е я н и е  
н е й т р о н о в  с о п р о в о ж д а е т с я  7 - и з л у ч е н и е м ,  п р и м е р о м  т о м у  являю тся  
и з о т о п ы  л и т и я .

И с п о л ь з о в а н и е  " б е л о г о "  пучка  для и зм е р е н и й  д и ф ф ер ен ц и а л ь н ы х  
с е ч е н и й  у п р у г о г о  и н е у п р у г о г о  р а с с е я н и я  н е й т р о н о в  в о б л а с т и  эн ер г и й
0 , 2 - 1 6  М э В  о б с у ж д а е т с я  в р а б о т е  [3 9 ] .  С о ч е т а н и е  тех н и к и  в р е м е н и  
п р о л е т а  с  а м п л и т у д н ы м  а н а л и з о м  р а с с е я н н о г о  н е й т р о н н о г о  и зл учения  
п о з в о л и л о  а в т о р а м  и з м е р и т ь  п о п е р е ч н ы е  се ч е н и я  и у г л о в ы е  р а с п р е д е л е 
ния н е й т р о н о в ,  р а с с е я н н ы х  на о с н о в н о м  и п е р в о м  в о з б у ж д е н н о м  с о с т о я 
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нии 56F e  в и н т е р в а л е  эн е р г и й  2 , 7 0 - 6 , 6 2  М э В  с  э н е р г е т и ч е с к и м  р а з р е 
ш ени ем  о к о л о  5 % .  Н е о т ъ е м л е м ы м  т р е б о в а н и е м  м е т о д а  я в л я е т с я  в ы с о 
к о е  а м п л и т у д н о е  р а з р е ш е н и е  и н е о б х о д и м о с т ь  п р о в е д е н и я  с л о ж н о г о  а н а 
лиза с п е к т р о в .

4 .  ЗАКЛ Ю ЧЕНИЕ

Р а з в и т и е  т е р м о я д е р н ы х  и ссл е д о в а н и й  в ы з ы в а е т  н е о б х о д и м о с т ь  
п р о в е д е н и я  д о с т а т о ч н о  бол ьш ой  п р о г р а м м ы  н е й т р о н н ы х  и с с л е д о в а н и й  
зн а ч и т е л ь н о  б о л е е  ш и р о к о г о  ди а п а зон а  э н е р г и й ,  ч е м  э т о  т р е б у е т с я  для 
р е а к т о р о в  деления  . Х а р а к т е р н о й  о с о б е н н о с т ь ю  и зм е р е н и й  з д е с ь  я в л я е т 
ся  п о ч т и  п ол н ое  о т с у т с т в и е  и с т о ч н и к о в  м о н о э н е р г е т и ч е с к и х  н е й т р о н о в . 
Р е а к ц и я  в з а и м о д е й с т в и я  п р о т о н о в  с  т р и т и е м  п р е д с т а в л я е т  н а и м ен ее  
" з а с о р е н н ы й "  и ст о ч н и к  м о н о э н е р г е т и ч е с к и х  н е й т р о н о в ,  о с о б е н н о  при 
у с к о р е н и и  тр и т и я  . О дн ако  у с к о р е н и е  я д е р  тр и т и я  д е л а е т  э т о т  и сто ч н и к  
т р у д н о д о с т у п н ы м  для ш и р о к о г о  п р и м е н е н и я .  В  н е к о т о р ы х  с л у ч а я х  м о г у т  
и с п о л ь з о в а т ь с я  и д р у г и е  и сточ н и к и  н е й т р о н о в ,  в ы б о р  к о т о р ы х  за в и с и т  
о т  п о с т а в л е н н о й  з а д а ч и .

З начительная  ч а с т ь  и зм ер ен и й  я д е р н ы х  д ан ны х , п р ед ста вл я ю щ и х  
и н т е р е с  для р е а к т о р о в  с и н т е з а ,  п р о в о д и т с я  в н а с т о я щ е е  в р е м я  с  п ом ощ ью  
и с т о ч н и к о в  н е й т р о н о в  с п л о ш н о г о  с п е к т р а .  О п т и м а л ь н ы м  и с т о ч н и к о м  в 
р а с с м а т р и в а е м о й  о б л а с т и  эн е р г и й  я в л я е т с я  п р о ц е с с  р а з в а л а  дейтона. при 
э н е р г и я х  до  3 0 -3 5  М э В  .

С о ч е т а н и е  с и с т е м а т и ч е с к и х  и зм ер ен и й  на " б е л о м "  п у ч к е  с  и з м е р е 
ниями в о т д е л ь н ы х  т о ч к а х  на м о н о э н е р г е т и ч е с к и х  н е й т р о н а х  д а е т  в о з 
м о ж н о с т ь  п о л у ч и т ь  я д е р н ы е  данны е в н уж н ом  э н е р г е т и ч е с к о м  д и а п а з о н е .  
С у щ е ст в у ю щ и е  т р у д н о с т и  и зм ер ен и й  в ы з ы в а ю т  п о т р е б н о с т ь  в т щ а т е л ь 
н о м  о т б о р е  я д е р н ы х  к о н с т а н т ,  п од л еж а щ и х  оп р ед ел ени ю , в  ф и з и ч е с к о м  
о б о с н о в а н и и  у д о в л е т в о р я ю щ и х  п о г р е ш н о с т е й  и з у ч а е м ы х  п а р а м е т р о в ,  в 
д о п у с т и м ы х  э н е р г е т и ч е с к и х  р а з р е ш е н и я х  и т . п . ,  а н а л о ги ч н о  т о м у ,  как 
э т о  д е л а е т с я  при ф ор м и р о в а н и и  п о т р е б н о с т е й  в я д е р н ы х  д а н н ы х  для 
б ы с т р ы х  р е а к т о р о в .
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ВЛИЯНИЕ ЯДЕРНЫХ ДАННЫХ НА ВОСПРОИЗ

ВОДСТВО ТРИТИЯ В ТЕРМОЯДЕРНОМ 

РЕАКТОРЕ

А . А . О Г Л О Б Л И Н ,  Л . В . Ч У Л К О В ,  Г . Б . Я Н Ь К О В
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С о ю з  С о в е т с к и х  С о ц и а л и с т и ч е с к и х  Р е с п у б л и к  

Abstract-Аннотация

IN F L U E N C E  O F  N U C L E A R  D A T A  O N  T R I T I U M  B R E E D IN G  IN  A  T H E R M O N U C L E A R  R E A C T O R .

T h e  au thors  co n s id e r  th e  in f lu e n c e  o f  n u c le a r  d a ta  o n  th e  t r i t iu m  b re e d in g  c o e f f ic ie n t  in  a  th e rm o 

n u c le a r  re a c to r  u s ing  th e  D - T  c y c le .  A  s p h e r ic a l is o t r o p ic  sou rce  o f  1 4 - M e V  neu trons su rrounded b y  a  m o n o -  

is o t ro p ic  w a l l  and a t r i t iu m  b re e d in g  zon e  is  ta k e n  as a m o d e l.  A  h o m og en eou s  m ix tu re  o f  L i , L i  and 

som e  is o to p e  w h ic h  s im u la te s  th e  c o n s t ru c t io n  m a te r ia ls  w it h in  th e  b re e d in g  zo n e  w ith o u t  fo rm in g  t r it iu m  

unde r th e  a c t io n  o f  neu trons is  chosen  as the  t r i t iu m  b re e d in g  zo n e . T h e  t r i t iu m  b re e d in g  c o e f f ic ie n t  is 

c a lc u la t e d  b y  th e  M o n t e  C a r lo  m e th o d  fo r  v a r io u s  w a l l  and zo n e  th icknesses  and  va r io u s  is o t o p ic  c o m p o s i

t io n s  w it h in  th e  zo n e .  T o t a l  and  d i f f e r e n t ia l  c ro s s -se c tio n s  c h a ra c t e r iz in g  th e  m a in  processes o f  in te ra c t io n  

b e tw ee n  neu trons and  l i t h iu m  iso tope s , th e  shape o f  the  e n e rg y  sp e c tru m  o f  th e  se co n d a ry  neutrons fo r  l it h iu m  

and c ro ss -se c tio n s  c h a ra c t e r iz in g  th e  w a l l  m a te r ia l  and  th e  im p u r it ie s  a re  used as in p u t  d a ta . T h e  in te ra c t io n  

o f  se co n d a ry  ch a rged  p a r t ic le s  w it h  th e  b la n k e t  subs tan ce  is  ig n o red . W ith in  the  l im it s  o f  th e  e x p e r im e n ta l 

e rro rs, th e  authors v a ry  so m e  o f  th e  in p u t  d a ta  and  s tudy  th e  s e n s it iv it y  o f  the  t r i t iu m  b re e d in g  c o e f f ic ie n t  to  

su ch  v a r ia t io n s ;  th e  a lso  in v e s t ig a te  th e  in f lu e n c e  o f  su ch  v a r ia t io n s  o n  th e  r e la t io n sh ip  b e tw ee n  b re e d e r 

and c o n s t ru c t io n  m a te r ia ls .  O n  th e  bas is  o f  th e ir  c a lc u la t io n s ,  th e  authors m a k e  re co m m e n d a t io n s  re g a rd in g  

th e  p r io r i t y  and  re q u ire d  a c c u ra c y  o f  n eu tron  co n s ta n t m easu rem en ts  fo r  a  th e rm o n u c le a r  re a c to r.

В Л И Я Н И Е  Я Д Е Р Н Ы Х  Д А Н Н Ы Х  Н А  В О С П Р О И З В О Д С Т В О  Т Р И Т И Я  В  Т Е Р М О Я Д Е Р Н О М  

Р Е А К Т О Р Е .

Р а с с м о т р е н о  в л и я н и е  я д е р н ы х  д а н н ы х  н а  к о э ф ф и ц и е н т  в о с п р о и з в о д с т в а  т р и т и я  в  т е р 

м о я д е р н о м  р е а к т о р е ,  и с п о л ь з у ю щ е м  Д - Т - ц и к л .  В  к а ч е с т в е  м о д е л и  р е а к т о р а  б ы л  в з я т  и з о 

т р о п н ы й  ц и л и н д р и ч е с к и й  и с т о ч н и к  н е й т р о н о в  с  э н е р г и е й  14 М э В ,  о к р у ж е н н ы й  м о н о и з о т о п -  

н о й  с т е н к о й  и  з о н о й  в о с п р о и з в о д с т в а  т р и т и я .  В  к а ч е с т в е  з о н ы  в о с п р о и з в о д с т в а  б ы л а  в ы 

б р а н а  г о м о г е н н а я  с м е с ь  л и т и я - 6 ,  л и т и я - 7  и  в а н а д и я ,  и м м и т и р у ю щ е г о  к о н с т р у к ц и о н н ы е  м а 

т е р и а л ы  в н у т р и  з о н ы  и н е  о б р а з у ю щ е г о  т р и т и я  п о д  д е й с т в и е м  н е й т р о н о в .  К о э ф ф и ц и е н т  

в о с п р о и з в о д с т в а  т р и т и я  в ы ч и с л я л с я  м е т о д о м  М о н т е - К а р л о  д л я  р а з л и ч н ы х  т о л щ и н  с т е н к и  и 

р а з л и ч н о г о  и з о т о п н о г о  с о с т а в а  з о н ы  . В  к а ч е с т в е  в х о д н ы х  я д е р н ы х  д а н н ы х  и с п о л ь з о в а л и с ь  

п о л н ы е  и  д и ф ф е р е н ц и а л ь н ы е  с е ч е н и я ,  х а р а к т е р и з у ю щ и е  о с н о в н ы е  п р о ц е с с ы  в з а и м о д е й с т в и я  

н е й т р о н о в  с  и з о т о п а м и  л и т и я ,  ф о р м а  э н е р г е т и ч е с к о г о  с п е к т р а  в т о р и ч н ы х  н е й т р о н о в  д л я  

л и т и я ,  а  т а к ж е  с е ч е н и я ,  х а р а к т е р и з у ю щ и е  м а т е р и а л  с т е н к и  и п р и м е с ь .  В з а и м о д е й с т в и е м  

в т о р и ч н ы х  з а р я ж е н н ы х  ч а с т и ц  с  в е щ е с т в о м  б л а н к е т а  п р е н е б р е г а л о с ь . В  п р е д е л а х  э к с п е р и 

м е н т а л ь н ы х  п о г р е ш н о с т е й  п р о в о д и л и с ь  в а р и а ц и и  н е к о т о р ы х  в х о д н ы х  д а н н ы х  и  и с с л е д о в а 

л а с ь  ч у в с т в и т е л ь н о с т ь  к о э ф ф и ц и е н т а  в о с п р о и з в о д с т в а  т р и т и я  о т н о с и т е л ь н о  э т и х  в а р и а ц и й .  

Н а  о с н о в а н и и  п р о в е д е н н ы х  р а с ч е т о в  д е л а ю т с я  н е к о т о р ы е  р е к о м е н д а ц и и  о  п р и о р и т е т е  и  т о ч 

н о с т и  и з м е р е н и я  н е й т р о н н ы х  к о н с т а н т  д л я  т е р м о я д е р н о г о  р е а к т о р а .

В В Е Д Е Н И Е

П л а зм ен н ы й  цикл, использующ ий реакцию T ( d , n ) 4 He (Q =  1 7 ,6  М э В ) ,  
с ч и т а е т с я  в н а с т о я щ е е  в р е м я  н а и б о л е е  л е г к о  о с у щ е с т в и м ы м  и с т о ч н и к о м  
т е р м о я д е р н о й  э н е р г и и .  В  э т о м  с л у ч а е  бл а н к ет  -  о б о л о ч к а ,  окружающая 
п л а з м у  в р е а к т о р е ,  дол ж ен  вы п ол н я ть  д в е  о с н о в н ы е  функции: п р ев р а щ ат ь  
эн е р г и ю  н е й т р о н о в  в т е п л о в у ю  и в о с п р о и з в о д и т ь  тр и т и й ,  с г о р е в ш и й  в п л а з 
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м е .  Е с т е с т в е н н а я  с м е с ь  и з о т о п о в  лития д а е т  в о з м о ж н о с т ь  э ф ф е к т и в н о  
р е г е н е р и р о в а т ь  тр ит ий  в о  в с е й  о б л а с т и  э н е р г и й  н е й т р о н о в ,  в п л оть  до  
14 М э В . Для э т о й  цели на п р о м е ж у т о ч н ы х  и м е д л е н н ы х  н е й т р о н а х  м о ж е т  
и с п о л ь з о в а т ь с я  реакция  6L i  (n, a) T  (Q  = 4 ,7 8  М э В ) ,  т а к  как  ее  с е ч е н и е  
р а с т е т  по  м е р е  ум ен ьш ени я  э н е р г и и  н е й т р о н о в .  Р еа к ц и я  7L i ( n , n ' a ) T  
я в л я е т с я  э н д о т е р м и ч е с к о й  (Q =  2 ,4 7  М э В )  и п о э т о м у  м о ж е т  и с п о л ь з о в а т ь 
ся  т о л ь к о  на б ы с т р ы х  н е й т р о н а х ;  в а ж н о ,  ч т о  при э т о м  не т е р я е т с я  ней 
т р о н ,  к о т о р ы й  з а т е м  м о ж е т  в н овь  в ы з в а т ь  реакцию с  о б р а з о в а н и е м  т р и 
тия  . К о э ф ф и ц и е н т  в о с п р о и з в о д с т в а  тр и т и я  Т  о б ы ч н о  п р е д с т а в л я ю т  в 
в и д е  с у м м ы  Т  = Tß + Т 7 , г д е  Tß е с т ь  к о э ф ф и ц и е н т  в о с п р о и з в о д с т в а  т р и 
тия в с л е д с т в и е  реакции  6L i ( n , a ) T ,  а Т 7 — в с л е д с т в и е  реакции 7L i ( n , n 'aJT  .

О дной  из  п р о б л е м ,  в оз н и к ш и х  при н е й т р о н н ы х  р а с ч е т а х  б л а н к ета  и 
затрудн яю щ и х  у ж е  на да н н ом  э т а п е  и н ж ен ер н ы е  р а з р а б о т к и  м о д е л е й  т е р 
м о я д е р н ы х  р е а к т о р о в ,  я в л я е т с я  больш ая н е о п р е д е л е н н о с т ь  в я д е р н ы х  
д а н н ы х .  Н е о п р е д е л е н н о с т ь  в я д е р н ы х  д ан ны х  для од н и х  э л е м е н т о в ,  их 
о т с у т с т в и е  для д р у г и х  — м о г у т  с у щ е с т в е н н о  п ов л и я ть  на в ы б о р  и о п т и 
м а л ь н о е  с о о т н о ш е н и е  м е ж д у  в о с п р о и з в о д я щ и м и  и к о н ст р у к ц и о н н ы м и  м а т е 
р и ал ам и  в б л а н к е т е ,  на е г о  р а з м е р ы ,  на к о э ф ф и ц и е н т  в о с п р о и з в о д с т в а  
т р и т и я ,  к а р ти н у  те п л о в ы д е л е н и я  в б л а н к е т е ,  а т а к ж е  на о ц е н к у  величины 
р а д и а ц и он н ы х  п о в р е ж д е н и й ,  активации  м а т е р и а л о в  и т . п .  В  н а с т о я щ е е  
в р е м я  ф о р м у л и р у ю т ся  п е р в о о ч е р е д н ы е  п о т р е б н о с т и  в я д е р н ы х  д а н н ы х .
По м е р е  д а л ь н е й ш е г о  р а з в и т и я  идей по  о с у щ е с т в л е н и ю  у п р а в л я е м ы х  т е р 
м о я д е р н ы х  р е а к т о р о в ,  а о с о б е н н о  -  р а б о т  по  т е х н о л о г и и  р е а к т о р о в  с и н 
т е з а ,  п о т р е б н о с т и  в я д е р н ы х  д ан ны х  з н а ч и т е л ь н о  в о з р а с т у т .

Э т о  д е л а е т  н е о б х о д и м ы м  п р о в е д е н и е  д о с т а т о ч н о  ш ирокой  п р о г р а м м ы  
э к с п е р и м е н т а л ь н ы х  и с с л е д о в а н и й  по  я д е р н ы м  д а н н ы м , г л а в н ы м  о б р а з о м  
в и н т е р в а л е  э н е р г и й  5 -1 5  М э В .  О дн ак о  п р о в о д и т ь  н е й т р о н н ы е  и с с л е д о 
вания в э т о й  о б л а с т и  г о р а з д о  т р у д н е е ,  ч е м  при б о л е е  н и зк и х  э н е р г и я х .  
Т р у д н о с т и  и з м е р е н и й  у с у г у б л я ю т с я  о т с у т с т в и е м  м о н о э н е р г е т и ч е с к и х  
и с т о ч н и к о в  н е й т р о н о в  п о ч ти  для в с е х  значений  э н е р г и и  в у к а з а н н о м  
и н т е р в а л е .  Б о л е е  п о д р о б н о  э т о т  в о п р о с  о б с у ж д а е т с я  в р а б о т е  [1].

В  с в я з и  с  э т и м  п р е д с т а в л я е т  и н т е р е с  р а с с м о т р е т ь  в о п р о с  о  ч у в с т в и 
т е л ь н о с т и  о с н о в н ы х  п а р а м е т р о в ,  х а р а к тер и з у ю щ и х  б л а н к е т ,  к и зм ен ен и ю  
я д е р н ы х  д а н н ы х . Р е ш е н и е  э т о й  задачи  в о  в с е й  е е  п о л н о т е  я в л я е т с я  в е с ь 
ма т р у д н о й  п р о б л е м о й .  Д а н н о е  и с с л е д о в а н и е  п р е д с т а в л я е т  п о п ы т к у  р е 
шения б о л е е  ч а с т н о й  за д а ч и :  и зу чен и е  ч у в с т в и т е л ь н о с т и  к о эф ф и ц и е н т а  
в о с п р о и з в о д с т в а  тр и т и я  к и зм ен ен и ю  п а р а м е т р о в  о с н о в н ы х  р еак ц и й , п р о 
текаю щ и х в б л а н к е т е  . Ч а с т и ч н о  э т о т  в о п р о с  о б с у ж д а л с я  в  л и т е р а т у р е  .
В  р а б о т е  [2] бы л о  п о к а з а н о ,  ч т о  у ч е т  р е з о н а н с н о й  с а м о э к р а н и р о в к и  для 
п р о ц е с с а  (п , 7 ) для ниобия привел  к увел ичению  Т6 п р и м е р н о  на 5%, а 
уве л и ч е н и е  с е ч е н и я  р еакц и и  9 3 N b ( n , 2 n ) 92N b  в 2 ,5  р а з а  при о д н о в р е м е н 
н ом  у м ен ь ш ен и и  с е ч е н и я  93N b  ( n , n ’ 7 ) 93N b  п р и в ел о  к увел ичению  Т 6  п р и 
м е р н о  на 10 % . При э т о м  величина Т 7 о с т а л а с ь  н е и з м е н н о й .  В  т р у д а х  
М е ж д у н а р о д н о й  р а б о ч е й  с е с с и и  по  т е х н о л о г и и  р е а к т о р о в  с и н т е з а  [3] 
и м е е т с я  у к а з а н и е  на т о ,  ч т о  су щ е ст в у ю щ а я  н е о п р е д е л е н н о с т ь  в сеч ен и и  
реакции  7L i ( n , n ' a ) T ,  р авн ая  1 5 -2 5 %  для р а з л и ч н ы х  и н т е р в а л о в  эн ер г и й  
н е й т р о н о в ,  п р и в од и т  к н е о п р е д е л е н н о с т и  в  значении  Т  о к о л о  0 ,1 .

В  данной  р а б о т е  и с п о л ь з о в а л и с ь  д в е  м о д е л и  зо н ы  в о с п р о и з в о д с т в а  
в б л а н к е т е .  Одна из них с о д е р ж а л а  т о л ь к о  литий, в т о р а я  — литий и 
в ан адий ,  к о т о р ы й  д о б а в л я л с я  в к а ч е с т в е  к о н с т р у к ц и о н н о г о  м а т е р и а л а ;  
в  о б о и х  с л у ч а я х  зон а  была ок р уж ен а  о т р а ж а т е л е м  из у г л е р о д а .  К о э ф 
ф ициент в о с п р о и з в о д с т в а  тр и т и я  в ы ч и сл я л ся  м е т о д о м  М о н т е - К а р л о .
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Для м о д е л и  зо н ы  с  в а н а д и е м  вы ч и сл ен и я  п р о в о д и л и с ь  при р а зл и ч н ы х  
то л щ и н а х  с т е н к и  из  ва н а д ия ,  отделяю щ ей  и ст о ч н и к  т е р м о я д е р н ы х  н е й 
т р о н о в  о т  з о н ы  в о с п р о и з в о д с т в а ,  а т а к ж е  для р а з л и ч н о г о  к о л и ч е с т в а  
ванадия  в л и ти и .  В  о б е и х  з о н а х  п о гл о щ е н и е  п р о м е ж у т о ч н ы х  и м е д л е н н ы х  
н е й т р о н о в  п р а к т и ч е с к и  о п р е д е л я л о с ь  р еак ц и ей  6 1 Л ( п , а ) Т .  Задача о п р е 
деления  о п т и м а л ь н ы х  и н ж ен ер н ы х  х а р а к т е р и с т и к  бл а н к ета  не с т а в и л а с ь .

При р а с ч е т а х  ли ти евой  зон ы  и з м е н я л и с ь  с е ч е н и е  реакции  7L i  (n, п 'а )Т  
и ф о р м а  с п е к т р а  в т о р и ч н ы х  н е й т р о н о в  из э т о й  р е а к ц и и .  При р а с ч е т а х  
з о н ы ,  с о с т о я щ е й  из  лития и в ан ад ия ,  и з м е н я л и с ь  се ч е н и я  реакций  (п,п^7 ) 
и (п , 2п) для ва н а д и я .  В з а и м о д е й с т в и е м  в т о р и ч н ы х  з а р я ж е н н ы х  ч а с т и ц  
с  в е щ е с т в о м  бл а н к е т а  п р е н е б р е г а л о с ь . О с н о в н о е  вн и м ан ие  у д е л я л о с ь  
и з м е н е н и я м  Т 7  , та к  как э т а  величина х а р а к т е р и з у е т  в о с п р о и з в о д с т в о  
тр ития  и м ен н о  в э т о й  о б л а с т и ,  г д е  я д е р н ы е  д а н ны е х у ж е  и з в е с т н ы ,  а и з 
м ер ен и я  их п р е д с т а в л я ю т  н еб о л ь ш и е  т р у д н о с т и .

М Е Т О Д И К А  Р А С Ч Е Т А  И М О Д Е Л Ь  Б Л А Н К Е Т А

С о с т а в л е н н а я  п р о г р а м м а  п р е д н а зн а ч а л а сь  для р а с ч е т о в  э н е р г е т и ч е с 
ких с п е к т р о в  н е й т р о н о в  вн утр и  б л а н к е т а ,  с к о р о с т е й  р а з л и ч н ы х  я д е р н ы х  
реакций  в н е м  и для о п р ед ел ен и я  к о э ф ф и ц и е н т а  в о с п р о и з в о д с т в а  тр ития  
в р а з л и ч н ы х  и н т е р в а л а х  э н е р г и й  н е й т р о н о в .

О с н о в н о й  н е д о с т а т о к  м е т о д а  М о н т е - К а р л о  за к л ю ч а е тся  в бол ьш их 
з а т р а т а х  в р е м е н и  Ц В М  при м од е л и р о в а н и и  р е д к и х  с о б ы т и й .  И з в е с т н о  
н е с к о л ь к о  с п о с о б о в  у м ен ь ш ен и я  д и с п е р с и и  р е з у л ь т а т о в  р а с ч е т а .  А л г о 
р и т м  н а с т о я щ е й  п р о г р а м м ы  о с н о в а н  на м е т о д а х  " р а с щ е п л е н и я "  и " р у с 
с к о й  р у л е т к и " .  Идея м е т о д а  [ 4 ] с о с т о и т  в т о м ,  ч т о  п о т о к  н е й т р о н о в  по 
м е р е  у г л у б л е н и я  в в е щ е с т в о  не у м е н ь ш а е т с я ,  а и с к у с с т в е н н о  п о д д е р ж и 
в а е т с я  на п о с т о я н н о м  у р о в н е .  Для э т о г о  т о л с т ы й  сл ой  в е щ е с т в а  р а з б и 
в а е т с я  на ряд б о л е е  т о н к и х  с л о е в .  При м о д е л и р о в а н и и  ч а с т и ц а ,  п е р е с е 
кающая i - т у ю  из  в в е д е н н ы х  гр ан и ц  в направлении ум ен ь ш ен и я  п о т о к а ,  
р а с щ е п л я е т с я  на n¡ о д и н а к о в ы х  ч а с т и ц ,  г д е  n¡ — п р о и з в о л ь н о е  ц ел о е  
ч и с л о .  К а ж д ой  ч а с т и ц е  п р и п и с ы в а е т с я  н овы й  в е с ,  р авны й V n i в е с а  
п ерв ичн ой  ч а сти ц ы  . Е сл и  же ч а ст и ц а  п е р е с е к а е т  гр ан и ц у  в о б р а т н о м  
направлении ,  т о  к ней п р и м е н я е т с я  м е т о д  р у л е т к и :  с  в е р о я т н о с т ь ю
l - 1 / n i м о д е л и р о в а н и е  и с т о р и и  ч а ст и ц ы  п р е к р а щ а е т с я ,  а с  в е р о я т н о с т ь ю  
1 / n i — п р о д о л ж а е т с я ;  при э т о м  в е с  ч а ст и ц ы  у в е л и ч и в а е т с я  в п ; р а з .

П р и м ен ен и е  о п и с а н н о г о  м е т о д а  п о з в о л и л о  с о х р а н и т ь  п р и м ер н о  о д и 
н аков ую  с т а т и с т и ч е с к у ю  т о ч н о с т ь  п о л у ч е н н ы х  р е з у л ь т а т о в  в о  в с е м  р а с 
с м а т р и в а е м о м  д и а п а з о н е  э н е р г и й  н е й т р о н о в .  В  данной п р о г р а м м е  р а с 
ч е т а  толщ ина сл о я  в ы б и р а л а с ь  п р и м е р н о  р авн ой  толщ ине  сл о я  п о л о в и н 
н о г о  о сл а б л е н и я  и п = 2 . П р о г р а м м а  была написана  на я з ы к е  Ф О Р Т Р А Н  
п р и м е н и т е л ь н о  к в ы ч и сл и т е л ь н о й  м аш ине Б Э С М - 6 .

В ел и ч и н ы  с е ч е н и й ,  и с п о л ь з о в а н н ы е  в р а с ч е т а х ,  т а к  же как  и у г л о в ы е  
р а сп р е д е л е н и я  н е й т р о н о в  з а д а в а л и с ь  в о т д е л ь н ы х  э н е р г е т и ч е с к и х  т о ч к а х .  
Значения м е ж д у  в ы б р а н н ы м и  т о ч к а м и  о п р е д е л я л и сь  линейной и н т е р п о л я 
цией зн ачен ий  в с о с е д н и х  т о ч к а х .  Д и ф ф е р е н ц и а л ьн ы е  се ч е н и я  при д а н 
ной э н е р г и и  п р е д с т а в л я л и с ь  в  в и де  та бл и ц  для 1 1  и 2 1  значения у г л о в  
р а с с е я н и я  в з а в и с и м о с т и  о т  с л о ж н о с т и  у г л о в о г о  р а сп р е д е л е н и я  .

В з а и м о д е й с т в и е  н е й т р о н о в  с  и з о т о п а м и  лития о п и с ы в а л о с ь  се ч е н и я м и  
реа к ц и й , п р и в е д е н н ы х  в т а б л . 1 .  В  р а с ч е т а х  и с п о л ь з о в а л и с ь  величины 
се ч е н и й  у к а з а н н ы х  реакций при 60 з н а ч е н и я х  э н е р г и й  н е й т р о н о в  в и н т е р 
в а л е  10 к э В  -  14 ,5  М э В .  Ниже 10 к э В  с е ч е н и я  у п р у г о г о  р а с с е я н и я  н е й -
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Т А Б Л И Ц А  I. Р Е А К Ц И И  НА И З О Т О П А Х  Л И Т И Я , И С П О Л ЬЗО В А Н Н Ы Е  
В  Р А С Ч Е Т А Х

Р е а к ц и и Q  ( М э В ) Р е а к ц и и Q  ( М э В )

6L i ( n ,  n  ) 6L i - 7L i  (n , n  ) 7L i -

6L i ( n ,  n '7 ) 6L i - 3 , 5 6 7L í  ( n ,  ny) 7L i - 0 ,4 8

6L i ( n ,  n ' d ) 4H e - 1 , 4 7 7L í (n ,  n 7« )  T - 2 , 4 7

6L i ( n ,  2 n ' p ) 4H e - 3 , 7 0 7L i  ( n ,  2 n ) 6L i - 7 ,2 5

6L i ( n ,  a) T - 4 ,7 8 7I _ i( n ,  2 n / d ) 4H e - 8 ,7 2

6L i ( n ,  p ) 6 H e - 2 ,7 5 7L i ( n ,  d ) 6 H e - 7 , 7 8

т р о н о в  п о л а г а л и с ь  н е з а в и с и м ы м и  о т  э н е р г и и  н е й т р о н о в ,  а с е ч е н и е  р е а к 
ции 6 L i ( n , а) Т  о п р е д е л я л о с ь  а н а л и ти ческ и  15]. У г л о в ы е  р а сп р е д е л е н и я  
y n p ÿ r o  р а с с е я н н ы х  н е й т р о н о в  и в т о р и ч н ы х  н е й т р о н о в  из реакций 
6 L i ( n , n ' d ) 4He и 7L i  (n, n'a) Т  з а д а в а л и сь  при 14 зн а ч е н и я х  э н е р г и и  н е й 
т р о н о в ;  с п е к т р ы  в т о р и ч н ы х  н е й т р о н о в  из  э т и х  реакций ф о р м и р о в а л и с ь  
в в и де  г и с т о г р а м м ,  о д н а к о  в п р о г р а м м е  была п р е д у с м о т р е н а  в о з м о ж н о с т ь  
ф о р м и р о в а н и я  с п е к т р а ,  и с п о л ь з у я  а н а л и т и ч е ск и е  в ы р а ж е н и я .  С п е к т р ы  
в т о р и ч н ы х  н е й т р о н о в  из  реакций ( п , 2 п) п риним ались  и с п а р и т е л ь н ы м и .  
Я д е р н ы е  данны е для и з о т о п о в  лития были в з я т ы  из р а б о т ы  [6 ] .

В з а и м о д е й с т в и я  н е й т р о н о в  с я д р а м и  ванадия у ч и т ы в а л и с ь  ч е т ы р ь м я  
п р о ц е с с а м и :  у п р у г о е  и н е у п р у г о е  р а с с е я н и е ,  реакция  ( п , 2 п) и п огл о щ е н и е  
н е й т р о н о в ;  п о г л о щ е н и е  н е й т р о н о в  у ч и т ы в а л о  любое  в з а и м о д е й с т в и е ,  п р и 
в о д я щ е е  к ги б е л и  н е й т р о н а .  И с п о л ь з о в а н н ы е  величины сеч ен и й  были 
п р е д с т а в л е н ы  в ви де  табл и ц  для 45 значений  э н е р г и й  н е й т р о н о в  в  и н т е р 
в а л е  100 э В  — 14,5  М э В .  П о д р о б н о  была о п и са н а  т о л ь к о  гр уппа  р е з о 
н а н с о в  в с е ч е н и и  у п р у г о г о  р а с с е я н и я  при э н е р г и я х  н е й т р о н о в  3 -1 0  к э В . 
Ниж е 100 э В  с е ч е н и е  у п р у г о г о  р а с с е я н и я  с о х р а н я л о  с в о е  зн а ч ен ие  при 
100 э В ,  а с е ч е н и е  з а х в а т а  н е й т р о н о в  у в е л и ч и в а л о с ь  о б р а т н о  п р о п о р ц и о 
н ально с к о р о с т и  н е й т р о н а .  А н и з о т р о п н ы м  в с и с т е м е  ц ен тр а  м а с с  п ри 
н и м а л о с ь  т о л ь к о  у п р у г о е  р а с с е я н и е  при э н е р г и я х  в ы ш е  1 М э В ,  у г л о в ы е  
р а сп р е д е л е н и я  к о т о р о г о  были о п р е д е л е н ы  при 15 з н а ч е н и я х  эн е р г и й  н е й 
т р о н о в  . Э н е р г е т и ч е с к и е  с п е к т р ы  н е у п р у г о  р а с с е я н н ы х  н е й т р о н о в  и н е й 
т р о н о в  из  р еакц и и  (п ,2 п )  при н и м ал и сь  и с п а р и т е л ь н ы м и .  Я д е р н ы е  данны е 
для ванадия  были в з я т ы  из  р а б о т ы  [7 ] .

В з а и м о д е й с т в и е  н е й т р о н о в  с  я д р а м и  у г л е р о д а  о п и с ы в а л о с ь  реак ц и я м и  
у п р у г о г о  и н е у п р у г о г о  р а с с е я н и я  и 12С ( п , а ) 3 В е .  Р ади ац и онн ы й  з а х в а т  
н е й т р о н о в  и реакция  12С (п ,п' 2а) Sie не у ч и т ы в а л и с ь .  Величины  сеч ен и й  
были о п р е д е л е н ы  при 35 зн а ч ен ия х  эн е р г и й  н е й т р о н о в  в и н те р в а л е
2 - 1 4 , 5  М э В .  Д и ф ф е р е н ц и а л ьн ы е  с е ч е н и я  у п р у г о г о  р а с с е я н и я  н е й т р о н о в  
с  э н е р г и е й  в ы ш е  2 М э В  за д а в а л и с ь  при 10 з н а ч е н и я х  э н е р г и и .  Ниже
2 М э В  величина се ч е н и я  у п р у г о г о  р а с с е я н и я  п р е д с т а в л я л а с ь  п о л и н о м о м  
ч е т в е р т о й  с т е п е н и  о т  э н е р г и и  [8 ]. При о п р ед ел ен и и  значений сеч ен и й  
для у г л е р о д а  и с п о л ь з о в а л и с ь  данны е из  р а б о т  1 9 -1 1 ] .

И збр анн ая  для р а с ч е т о в  м о д е л ь  б л а н к ета  п о к а за н а  на р и с . 1 .  И з о 
т р о п н ы е  и ст о ч н и к и  н е й т р о н о в  с  э н е р г и е й  14,2  М э В  р а с п р е д е л я л и с ь  р а в 
н о м е р н о  в н у тр и  б е с к о н е ч н о й  цилиндрической  зо н ы  1; зон а  4 (зо н а  в о с 
п р о и з в о д с т в а  тр и т и я )  с о с т о я л а  из  с м е с и  лития и в а н а д и я ;  г р а ф и т  и с -
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Р и с . 1 .  М о д е л ь  б л а н к е т а ,  и с п о л ь з о в а н н а я  в  р а с ч е т а х .

п о л ь з о в а л с я  в к а ч е с т в е  з а м е д л и т е л я  и о т р а ж а т е л я  н е й т р о н о в .  С у д ь б а  
н ей тр он а  п р о с л е ж и в а л а с ь  в и н т е р в а л е  э н е р г и й  о т  14,2  М э В  д о  10 э В ;  
п р и н и м а л о с ь ,  ч т о  п р а к т и ч е с к и  в с е  н е й т р о н ы ,  за м е д л и в ш и е с я  ниже 10 э В ,  
п о г л о щ а л и с ь  я д р а м и  л и т и я - 6  с  о б р а з о в а н и е м  т р и т и я .

Л И Т И Е В А Я  ЗОНА В О С П Р О И З В О Д С Т В А

На р и с . 2 п р и в ед ен ы  э н е р г е т и ч е с к и е  с п е к т р ы  н е й т р о н о в  в н у тр и  зоны  
в о с п р о и з в о д с т в а ,  к о т о р а я  с о с т о я л а  т о л ь к о  из  лития ;  с т е н к а  из  ванадия 
т а к ж е  о т с у т с т в о в а л а . С м е с ь  и з о т о п о в  лития с о д е р ж а л а  10% я д е р  
л и т и я - 6 . С п е к т р ы  были н о р м и р о в а н ы  на один т е р м о я д е р н ы й  н е й т р о н .  
Г и с т о г р а м м ы  1 и 2 п р е д с т а в л я ю т  с о о т в е т с т в е н н о  н е й т р о н н ы е  с п е к т р ы  
в  з о н е  4 на г л у б и н е  о к о л о  9 и 45 с м  о т  в н у т р е н н е г о  края л и ти ев ой  зон ы  . 
П о т о к  н е й т р о н о в  на г л у б и н е  45 с м  с о с т а в л я л  п р и м е р н о  0 ,8  о т  п о т о к а  на 
г л у б и н е  9 с м .  Э н е р г е т и ч е с к о е  р а с п р е д е л е н и е  и з м е н я л о с ь  на э т о м  р а с 
с т о я н и и  зн а ч и т е л ь н о  с и л ь н е е :  доля  н е й т р о н о в  с  э н е р г и е й  в ы ш е  1 М э В  
у м е н ь ш и л а с ь  п р и м е р н о  о т  55% д о  2 5 % .

На р и с . З  п р е д с т а в л е н а  э н е р г е т и ч е с к а я  з а в и с и м о с т ь  к о э ф ф и ц и е н т о в  
в о с п р о и з в о д с т в а  тр и т и я  Т 6 и Т 7 (левая  ш кал а) ,  а т а к ж е  э н е р г е т и ч е с к а я  
з а в и с и м о с т ь  с е ч е н и й  с о о т в е т с т в у ю щ и х  реакций  (правая ш к а л а ) . К ак  и 
о ж и д а л о с ь ,  реакция  6 L i ( n , a )  Т  играла  р о л ь  т о л ь к о  при э н е р г и я х  н е й т р о 
н о в ,  м е н ь ш и х  значения  п о р о г а  реакции 7 L i ( n , n / o) Т ;  доля  я д е р  тр ития  
в Т 6 , о б р а з о в а н н а я  н е й т р о н а м и  с  э н е р г и е й  вы ш е 3 М э В  с о с т а в л я л а  о к о л о  
1%, а с  э н е р г и е й  в ы ш е  0 ,1  М э В  -  2 5 % .  В  т о  же в р е м я  о к о л о  80% в с е х  
я д е р  тр и т и я  в Т 7 с о з д а в а л и с ь  н е й т р о н а м и  с  э н е р г и е й  вы ш е 10 М э В  . 
И з в е с т н о ,  ч т о  при м а л ы х  э н е р г и я х  н е й т р о н о в  с е ч е н и е  реакции  6 L i ( n , a ) T  
о п р е д е л е н о  с  х о р о ш е й  т о ч н о с т ь ю  [5 ] .  В ы ш е  0,1  М э В  п о г р е ш н о с т ь  в о з 
р а с т а е т  и с о с т а в л я е т  для р а з л и ч н ы х  и н т е р в а л о в  эн е р г и й  н е й т р о н о в  о т  
5% д о  1 5% . Т а к и м  о б р а з о м ,  для р а с ч е т о в  в о с п р о и з в о д с т в а  т р и т и я ,  д о 
п о л н и т е л ь н ы е  и з м е р е н и я  се ч е н и я  р еакц и и  6 L i ( n , o ) T  т р е б у ю т с я  г л а в н ы м  
о б р а з о м  в и н т е р в а л е  эн е р г и й  н е й т р о н о в  0 , 1 - 3 , 0  М э В .

В  т а б л . I I  п р е д с т а в л е н ы  с к о р о с т и  о с н о в н ы х  р еа к ц и й ,  п р от екаю щ их  в 
б л а н к е т е  с  л и ти ев ой  зон ой  в о с п р о и з в о д с т в а .  С к о р о с т ь  реакции о п р е д е л я 
л а сь  как  о тн о ш е н и е  числ а  реакций д а н н о г о  типа к ч и с л у  п е р в и ч н ы х  н е й 
т р о н о в  из  и с т о ч н и к а . В  п е р в о м  с т о л б ц е  табл и ц ы  не у к а з а н ы  реакц и и , 
с к о р о с т и  к о т о р ы х  были м е н ь ш е  0 ,0 1 , о д н а к о  в с т р о к а х ,  о т н о с я щ и х с я  к
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Рис.2. Спектры нейтронов в литиевой зоне воспроизводства.
1 — на глубине 9 см от внутреннего края зоны;
2 — на глубине 45 см от внутреннего края зоны.

с у м м а р н о м у  п огл ощ ен и ю  и р а з м н ож ен и ю  н е й т р о н о в  в б л а н к е т е ,  э т и  р е а к 
ции у ч и т ы в а л и с ь .  В  си л у  т о г о ,  ч т о  п р о ц е с с  у п р у г о г о  р а с с е я н и я  н е й т р о 
нов не о к а з ы в а е т  п р я м о г о  с у щ е с т в е н н о г о  влияния на п р о и з в о д с т в о  т р и 
ти я ,  с к о р о с т и  с о о т в е т с т в у ю щ и х  реакций для и з о т о п о в  лития и у г л е р о д а  
т а к ж е  не п р и в ед ен ы  в т а б л и ц е ,  х о т я  величины с к о р о с т е й  реакций для 
э т и х  п р о ц е с с о в  з н а ч и т е л ь н о  превы ш аю т любую из у к а з а н н ы х .

В о  в т о р о м  с т о л б ц е  табл и ц ы  п р е д с т а в л е н ы  с к о р о с т и  р еак ц и й , к о г д а  
величины  с е ч е н и й ,  и с п о л ь з о в а н н ы е  в р а с ч е т а х ,  с о о т в е т с т в о в а л и  р е к о 
м е н д о в а н н ы м  з н а ч е н и я м .  Р а з м н о ж е н и е  н е й т р о н о в  в с л е д с т в и е  реакции
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ЭНЕРГИЯ НЕЙТРОНОВ (эВ)

Р и с . З .  З а в и с и м о с т ь  в о с п р о и з в о д с т в а  т р и т и я  о т  э н е р г и и  н е й т р о н о в :  — 1_| -  Т 6 ; —  t._ J  -  Т 7.

( Г л а д к и м и  с п л о ш н ы м и  л и н и я м и  п о к а з а н ы  с е ч е н и я  с о о т в е т с т в у ю щ и х  р е а к ц и й ) .

( п , 2 п) в  т а к о м  б л а н к е т е  н е в е л и к о ,  п о э т о м у  величина Т 6 н е с к о л ь к о  м е н ь 
ше е д и н и ц ы .  Р е а к ц и я  7L i ( n ,  г / о О Т ,  кон ку р и р уя  с  р е а к ц и я м и  у п р у г о г о  
р а с с е я н и я ,  7L i  (n .n* у) 7L i  и 6L i  (n ,n * d )4 He давал а  с р а в н и т е л ь н о  б о л ь 
ш ое  зн а ч е н и е  Т 7 = 0 ,6 5 5  ±  0 ,0 12  .

Ч и с л а  в с т о л б ц а х  3 и 4 с о о т в е т с т в у ю т  т е м  в а р и а н т а м  р а с ч е т а ,  к о г д а  
были и зм е н е н ы  зн ачен ия  с е ч е н и я  реакции  T L i f a j t / a J T  на ±  1 0 % по о т н о 
шению к р е к о м е н д о в а н н ы м  з н а ч ен и я м  для в с е х  э н е р г и й  н е й т р о н о в  о т  п о 
р о г о в о г о  значения д о  14,2  М э В .  Т а к о е  и з м е н е н и е  с о о т в е т с т в у е т  п р и м е р 
но р а з б р о с у  э к с п е р и м е н т а л ь н ы х  д а н н ы х  для у к а з а н н о г о  се ч е н и я  . При 
э т о м  с о о т в е т с т в у ю щ и м  о б р а з о м  в а р ь и р о в а л о с ь  и с е ч е н и е  у п р у г о г о  р а с 
сея н и я  н е й т р о н о в .  К а к  видно из т а б л и ц ы ,  и з м е н е н и е  величины се ч е н и я  
на 20% п р и в е л о  к п р и м е р н о  т а к о м у  же и зм ен ен и ю  величины Т 7 ( о к о л о  15%) 
и не и з м е н и л о  в п р е д е л а х  ош и б о к  р а с ч е т а  д р у г и х  с к о р о с т е й  р еак ц и й , в
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Т А Б Л И Ц А  II . С К О Р О С Т И  Р Е А К Ц И Й  В В Л А Н К Е Т Е  С Л И Т И Е В О Й  ЗОНОЙ 
В О С П Р О И З В О Д С Т В А

N . П а р а -  

м е т р ы

Р е а к -

ц и и  \

И с х о д н ы е

з н а ч е н и я

С е ч е н и е  р е а к ц и и  

7L i ( n ,  n ' a )  T

С п е к т р  н е й т р о н о в  

7L i ( n ,  n ' a )  Т

У в е л и ч е н о

н а  10%

У м е н ь ш е н о

н а  10%

Н а  у р о в е н ь  

4 , 6 3  М э В

И с п а р и 

т е л ь н ы й

6L i ( n ,  а )  Т 0 ,9 8 7 0 ,9 8 9 0 ,9 9 6 0 ,9 9 2 0 ,9 9 7

Т 6
± 0 ,0 0 7 ± 0 ,0 0 8 ± 0 ,0 0 8 ± 0 ,0 0 7 ± 0 ,0 0 7

6L i ( n ,  n ' d ) 4 H e 0 ,1 0 8 0 ,1 0 7 0 ,1 0 1 0 ,1 1 8 0 ,1 0 0

± 0 ,0 1 1 ± 0 ,0 1 4 ± 0 ,0 1 3 ± 0 ,0 1 2 ± 0 ,0 1 0

7L i ( n ,  п ' т О ’ ы 0 ,5 3 2 0 ,5 2 4 0 ,5 3 2 0 ,5 8 3 0 ,5 3 6

± 0 ,0 3 6 ± 0 ,0 4 5 ± 0 ,0 4 6 ± 0 ,0 3 9 ± 0 ,0 3 6

7L í  (n , n ' a )  T 0 ,6 5 5 0 ,6 8 6 0 ,5 9 5 0 ,7 2 8 0 ,6 3 2

T 7
± 0 ,0 1 2 ± 0 ,0 1 5 ± 0 ,0 1 3 ± 0 ,0 1 3 ± 0 ,0 1 2

7L i ( n ,  2 n  ) 0 ,0 6 9 0 ,0 6 1 0 ,0 6 7 0 ,0 7 2 0 ,0 6 7

± 0 ,0 0 6 ± 0 ,0 0 7 ± 0 ,0 0 8 ± 0 ,0 0 6 ± 0 ,0 0 6

12C  (n , a ) 9B e 0 ,0 7 5 0 ,0  70 0 ,0 6 9 0 ,0 7 8 0 ,0 6 8

± 0 ,0 0 5 ± 0 ,0 0 8 ± 0 ,0 0 8 ± 0 ,0 0 5 ± 0 ,0 0 5

С у м м а р н о е 1 ,0  75 1 ,0 6 6 1 ,0 7 4 1 ,0 8 3 1 ,0 7 5

п о г л о щ е н и е ± 0 ,0 0 7 ± 0 ,0 0 3 ± 0 ,0 0 9 ± 0 ,0 0 7 ± 0 ,0 0 7

С у м м а р н о е 0 ,0 7 5 0 ,0 6 6 0 ,0  74 0 ,0 8 3 0 ,0 7 5

р а з м н о ж е н и е ± 0 ,0 0 7 ± 0 ,0 0 8 ± 0 ,0 0 9 ± 0 ,0 0 7 ± 0 ,0 0  7

т= те + т 7 1 ,6 4 2 1 ,6 7 5 1 ,5 9 1 1 ,7 2 0 1 ,6 2 9

± 0 ,0 1 4 ± 0 ,0 1 7 ± 0 ,0 1 5 ± 0 ,0 1 4 ± 0 ,0 1 4

т о м  ч и с л е  и Tg . О т с у т с т в и е  и зм ен ен и й  в Т 6 о б ъ я с н я е т с я  т е м ,  ч т о  в 
ли ти евой  з о н е  н е т  п р о ц е с с а  погл ощ ен и я  н е й т р о н о в ,  к о т о р ы й  к о н ку р и р ов а л  
бы с  р еа к ц и ей  6L i ( n , a ) T .  О д н ак о  д а ж е  в э т о м  с л у ч а е  и з м е н е н и е  с е ч е 
ния реакций 7 L i ( n , n a ) T  в п р е д е л а х  э к с п е р и м е н т а л ь н ы х  п о г р е ш н о с т е й  
п р и в е л о  к и зм ен ен и ю  Т  п р и м е р н о  на 6 % . У м е н ь ш е н и е  н е о п р е д е л е н н о с т и  
в  зн а ч е н и я х  се ч е н и я  э т о й  реакции  п о з в о л и т  б о л е е  т о ч н о  о п р е д е л и т ь  
к о э ф ф и ц и е н т  в о с п р о и з в о д с т в а  т р и т и я .

Ч и сл а  в с т о л б ц а х  5 и 6  п р е д с т а в л я ю т  величины с к о р о с т е й  реакций 
при и з м е н е н н о м  с п е к т р е  в т о р и ч н ы х  н е й т р о н о в  в реакции  7 L i ( n , n / a ) T .  
Р е к о м е н д о в а н н ы й  с п е к т р  в т о р и ч н ы х  н е й т р о н о в  [6 ] и м ел  сгл аж ен н ую  
ф о р м у ,  с о о т в е т с т в у ю щ у ю  э к с п е р и м е н т а л ь н ы м  дан ны м  р а б о т ы  [1 2 ], в 
к о т о р о й  у т в е р ж д а л о с ь ,  ч т о  в о с н о в н о м  ук азан н ая  реакция  и д ет  ч е р е з  
в о з б у ж д е н н о е  с о с т о я н и е  л и т и я -7  с  э н е р г и е й  в о з б у ж д е н и я  4 ,6 3  М э В .  
О дн ак о  при э н е р г и я х  п е р в и ч н ы х  н е й т р о н о в  вы ш е 10 М э В  э к с п е р и м е н т а л ь 
ные д а н ны е [1 2 ] п о к а з ы в а л и ,  ч т о  и м е е т с я  о п р е д е л е н н о е  ч и с л о  с о б ы т и й ,  
о т в е ч а ю щ и х  в о з б у ж д е н и я м  б о л е е  в ы с о к и х  у р о в н е й  ядра л и т и й -7 .  В  д а н 
н о м  в а р и а н т е  р а с ч е т а  ( с т о л б е ц  5) при н и м ал ась  р е к о м е н д о в а н н а я  ф ор м а  
с п е к т р а  для н е й т р о н о в  с  э н е р г и е й ,  м ен ьш ей  значения  п о р о г а  в о з б у ж д е н и я  
у р ов н я  4 ,6 3  М э В  ( E Hh = 5 ,2 9  М э В ) ,  а при э н е р г и я х  п е р в и ч н ы х  н е й т р о н о в  
вы ш е п о р о г а  п р е д п о л а г а л о с ь ,  ч т о  реакция п р о т е к а е т  т о л ь к о  ч е р е з  э т о  
в о з б у ж д е н н о е  с о с т о я н и е .  Т а к о й  с п е к т р  н е й т р о н о в  я в л я е т с я  б о л е е  ж е с т 
к и м ,  ч е м  р е к о м е н д о в а н н ы й .  Э т о  п о д т в е р ж д а е т с я  р о с т о м  величины Т ^ , 
к о т о р ы й  с о с т а в л я л  п р и м е р н о  10% . Д р у г и е  величины в п р е д е л а х  ош ибок
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не и зм ен и л и  с в о и х  зн а ч е н и й .  В  с т о л б ц е  6  пр и вед ен ы  с к о р о с т и  реакц и й , 
к о г д а  и с п о л ь з о в а л а с ь  и сп а р и тел ьн а я  ф о р м а  с п е к т р а  с  п о с т о я н н о й  т е м 
п е р а т у р о й ,  р авн ой  1,5  М э В  . С у щ е с т в е н н ы х  и зм ен ен и й  по  ср ав нен и ю  с 
и с х о д н ы м  в а р и а н т о м  р а с ч е т а  не н а бл ю д а л о сь .  А н а л оги ч н ы й  р е з у л ь т а т  
был п ол у чен  и для с л у ч а я ,  к о г д а  р е к о м е н д о в а н н а я  сгл а ж е н н а я  ф о р м а  
с п е к т р а  6  была з а м е н е н а  г и с т о г р а м м а м и ,  н е п о с р е д с т в е н н о  отвечаю щ и м и  
э к с п е р и м е н т а л ь н ы м  д ан ны м  р а б о т ы  [1 2 ] .  П ол у ч ен н ы е  р е з у л ь т а т ы  п о 
к а з а л и ,  ч т о  т о л ь к о  зн а ч и тел ьн ая  д е ф о р м а ц и я  с п е к т р а  в т о р и ч н ы х  н е й 
т р о н о в  в ж е с т к о й  ч а с т и  м о ж е т  о к а з а т ь  с у щ е с т в е н н о е  влияние на оц ен к у  
величины Т 7 .

К О Н С Т Р У К Ц И О Н Н Ы Й  М А Т Е Р И А Л  В  ЗОН Е В О С П Р О И З В О Д С Т В А

При наличии в н у тр ен н ей  с т е н к и  (зон а  3, р и с . 1 )  и д об а в л ен и и  в литий 
к о н с т р у к ц и о н н о г о  м а т е р и а л а ,  э н е р г е т и ч е с к и й  с п е к т р  н е й т р о н о в  на н е 
б о л ь ш и х  г л у б и н а х  зоны  в о с п р о и з в о д с т в а  с т а н о в и т с я  зн а ч и т е л ь н о  м я г ч е .  
Д оля  б ы с т р ы х  н е й т р о н о в  у м е н ь ш а е т с я  за  с ч е т  н е у п р у г и х  со у д а р е н и й  с  
я д р а м и  к о н с т р у к ц и о н н о г о  м а т е р и а л а  г л а в н ы м  о б р а з о м  за  с ч е т  п р о ц е с с а  
н е у п р у г о г о  р а с с е я н и я ,  в р е з у л ь т а т е  к о т о р о г о  о б р а з у ю т с я  н ей тр он ы  в 
о с н о в н о м  и с п а р и т е л ь н о г о  с п е к т р а  с о  с р е д н е й  э н е р г и е й  в б л и з и  1 М э В .
Для с л у ч а я ,  к о г д а  в литии с о д е р ж а л о с ь  10% ванадия по  о б ъ е м у  и с т е н к а  
из  ванадия и м ела  толщ ину 3 с м ,  доля н е й т р о н о в  с  э н е р г и е й  в ы ш е  1 М э В  
на г л у би н е  9 с м  с о с т а в л я л а  вел и чи н у  о к о л о  3 5 % .  Ф ор м а  э н е р г е т и ч е с 
к о г о  с п е к т р а  для н е й т р о н о в  с  э н е р г и е й  ниже 1 М э В  з а в и с и т  о т  с о о т н о 
шения сеч е н и й  п огл ощ ен и я  и р а с с е я н и я  для в ы б р а н н о г о  к о н с т р у к ц и о н н о г о  
м а т е р и а л а .  В ан адий  о б л а д а е т  з н а ч и т е л ь н о  м ен ь ш и м  п о г л о щ е н и е м  н е й 
т р о н о в  за  с ч е т  реакций (п, у), ч е м ,  н а п р и м е р ,  н и о би й .  П о э т о м у  в зо н е  
д а ж е  с о  з н а ч и т е л ь н ы м  к о л и ч е с т в о м  ванадия п о г л о щ е н и е  п р о м е ж у т о ч н ы х  
и м е д л е н н ы х  н е й т р о н о в  п р а к т и ч е с к и  о п р е д е л я л о с ь  р еак ц и ей  6 L i ( n , o ) T .

П о м е р е  у гл у б л е н и я  в з о н у  ф о р м ы  с п е к т р о в  с б л и ж а ю т с я .  На р и с . 4 
п р и в ед ен ы  для ср ав нен и я  э н е р г е т и ч е с к и е  с п е к т р ы  н е й т р о н о в  на гл у би н е  
45 с м  для л и ти ев ой  зон ы  (пунктирная кривая)  и зоны  с  в а н а д и е м  ( с п л о ш 
ная кривая)  . В  п о с л е д н е м  с л у ч а е  с т е н к а  и м ел а  толщ ину 3 с м ,  а с м е с ь  
с о д е р ж а л а  10% в а н а д и я .  С п е к т р ы  были н ор м и р ов а н ы  на один т е р м о 
яд ер н ы й  н е й т р о н .  В ел и ч и на  п о т о к а  н е й т р о н о в  для зон ы  с  в а н а д и ем  
с о с т а в л я л а  о к о л о  0 ,7  о т  величины п о т о к а  для зон ы  б е з  ванадия и б е з  
с т е н к и .  С у ч е т о м  э т о г о  о б с т о я т е л ь с т в а  с п е к т р ы  явл яю тся  в е с ь м а  с х о д 
н ы м и .

В  т а б л . I I I  п р е д с т а в л е н ы  с к о р о с т и  о с н о в н ы х  реакций  в з о н е  с  в а н а д и 
е м .  Для о б л е г ч е н и я  ср ав нен и я  в о  в т о р о м  с т о л б ц е  пр и вед ен ы  с к о р о с т и  
реакций  для л и ти ев ой  з о н ы .  К а к  и р а н е е ,  не у к а за н ы  р еа к ц и и ,  с к о р о с т и  
к о т о р ы х  были м е н ь ш е  0 ,0 1 ,  а т а к ж е  реакции у п р у г о г о  р а с с е я н и я .  В  
с т о л б ц а х  3 - 6  пр и вед ен ы  величины для д в у х  толщ ин с т е н к и  (3 с м ,  1 см )  
и для р а з л и ч н о г о  о б ъ е м н о г о  сод е р ж а н и я  ванадия в литии (10% , 5 % ,0 % )  .

С р а в н е н и е  д а н н ы х  в с т о л б ц а х  2 и 3 п о к а з ы в а е т ,  ч т о  Т е в о з р о с л о  
п р и м е р н о  на 25 % , а Т 7 уп а л о  п о ч т и  в д в о е .  И з м е н е н и е  Т 6 и Т 7 с к о м п е н 
си р о в а л и  д р у г  д р у г а  т а к ,  ч т о  величина Т  у м е н ь ш и л а с ь  в с е г о  на 5 % .  Р о с т  
Tß о б у с л о в л е н  з н а ч и т е л ь н ы м  у в е л и ч е н и е м  р а з м н о ж е н и я  н е й т р о н о в  в с л е д 
с т в и е  реакции  51V (n ,  2n) 5CV  при н е б о л ь ш о м  увел ичен и и  п огл ощ ен и я  
н е й т р о н о в .  С р а в н е н и е  д а н н ы х  в с т о л б ц а х  3 и 4 для реакции  5 1 V (n ,  2n) 50V 
п о к а з ы в а е т ,  ч т о  о к о л о  70% э т и х  с о б ы т и й  п р о и с х о д и л о  в т о л с т о й  с т е н к е ,  
ч т о  е с т е с т в е н н о  бы л о  о ж и д а т ь ,  у ч и т ы в а я  в ы с о к и й  э н е р г е т и ч е с к и й  п о р о г
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Р и с . 4 .  С п е к т р ы  н е й т р о н о в  н а  г л у б и н е  4 5  с м  о т  в н у т р е н н е г о  к р а я  з о н ы  в о с п р о и з в о д с т в а .

1 -  л и т и е в а я  з о н а ;  2  — з о н а  с  в а н а д и е м ,  т о л щ и н а  с т е н к и  3  с м ,  в  с м е с и  10%  в а н а д и я .

э т о й  р еакц и и  (E trh = 1 1 ,3  М э В ) .  О днако  н ебол ьш у ю  величину с к о р о с т и  
(из п р и в е д е н н ы х  в т а б л и ц е )  и м ел  п р о ц е с с  н е у п р у г о г о  р а с с е я н и я  н е й т р о н о в  
на в а н а д и и .

В клю чени е  с т е н к и  толщ иной  3 с м  и д о б а в л е н и е  в литий 10% ванадия о к а 
з ы в а л о  п р и м е р н о  о д и н а к о в о е  влияние на у м е н ь ш е н и е  величины Т 7 . З а в и 
с и м о с т ь  Т 7 о т  к о л и ч е с т в а  ванадия в литии п р о я в л я л а сь  с и л ь н е е  при т о н 
кой с т е н к е  (1 с м ) ,  ч е м  при т о л с т о й  с т е н к е  (3 с м )  . А н а л о г и ч н о  э т о м у  
з а в и с и м о с т ь  Т ? о т  толщ ины  с т е н к и  п р о я в л я л а сь  с и л ь н е е  при м е н ь ш е м  
к о л и ч е с т в е  ванадия в л и т и и .

В  т а б л . I V  п р и в ед ен ы  д а н н ы е ,  п ок а зы в аю щ и е  как  м е н я л и сь  с к о р о с т и  
о с н о в н ы х  реакций  в з о н е  с  в а н а д и ем  при и зм ен ен и и  с е ч е н и й  реакции 
5 1 V (n ,  ri у) 51V  ( с т о л б ц ы  3 -5 )  и 5 1 V (n ,  2n) 50V  ( с т о л б ц ы  6 ,7 ) .  Зона в о с 

п р о и з в о д с т в а  с о д е р ж а л а  1 0 % ванадия в литии и была о т д е л е н а  о т  и с т о ч н и 
ка н е й т р о н о в  с т е н к о й  толщ иной  3 с м .  У сл о в и я  с о с т а в л е н и я  т а б л . I V  
были ан ал оги чн ы  у с л о в и я м  с о с т а в л е н и я  т а б л . I I . В т о р о й  с т о л б е ц  таблицы  
с о о т в е т с т в у е т  и с х о д н ы м  р е к о м е н д о в а н н ы м  зн а ч ен и я м  с е ч е н и й  [7 ] .
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Т А Б Л И Ц А  III. С К О Р О С Т И  Р Е А К Ц И Й  ПРИ Р А З Л И Ч Н Ы Х  
К О Н С Т Р У К Ц И Я Х  Б Л А Н К Е Т А

N. П а р а -  

м е т р ы

Р е а к -  N.
ЦИИ

Т о л щ и н а  с т е н к и  и з  в а н а д и я  ( Т  с м )  и  е г о  с о д е р ж а н и е  в  л и т и и  ( Р % )

Т  = 0 

Р = 0

о
СО 

«-< 
И 

и 
Н 

Он

Т  = 3 

Р = 0

Т = 1

Р = 1 0

Т  = 1 

Р = 5

6Li(n, а)Т 0 ,9 8 7 1 ,2 2 3 1 ,1 5 3 1 ,1 5 1 1 ,0 9 8

Т 6 ± 0 ,0 0 7 ± 0 ,0 0 6 ± 0 ,0 0 8 ± 0 ,0 1 0 ± 0 ,0 0 7

6Li(n, n 'd )4He одоа 0 , 0 5 6 0 ,0 7 5 . 0 , 0 7 8 0 ,0 7 1

± 0 ,0 1 1 ± 0 ,0 0 4 ± 0 ,0 0 8 ± 0 ,0 1 0 ± 0 ,0 0 8

7 / 7Li (n, n 7 ) Li 0 ,5 3 2 0 ,3 0 3 0 ,4 3 8 0 ,3 4 2 0 ,3 8 1

± 0 ,0 3 6 ± 0 ,0 1 4 ± 0 ,0 3 0 ± 0 ,0 3 0 ± 0 ,0 2 6

7Li(n, n o)T 0 ,6 5 5 0 ,3 3 5 0 ,4 5 6 0 ,4 1 2 0 ,5 0 2

T7 ± 0 ,0 1 2 ± 0 ,0 0 4 ± 0 ,0 0 8 ± 0 ,0 0 9 ± 0 ,0 0 9

7Li (n, 2 n  ) 0 ,0 6 9 0 ,0 3 3 0 ,0 5 1 0 ,0 4 6 0 ,0 5 1

± 0 ,0 0 6 ± 0 ,0 0 2 ± 0 ,0 0 5 ± 0 ,0 0 6 ± 0 ,0 0 5

6lV(n, n'i) 51V - 0 ,6 3 0 0 ,3 6 6 0 ,4 2 6 0 ,3 0 0

± 0 ,0 2 6 ± 0 ,0 2 2 ± 0 ,0 3 3 ± 0 ,0 1 8

51V (n, 2 n  ) 50V 0 ,2 8 8 0 ,1 9 1 0 ,2 0 7 0 ,1 3 9

± 0 ,0 0 5 ± 0 ,0 0 5 ± 0 ,0 0 7 ± 0 ,0 0 4

п о г л о щ е н и е  н а  V 0 ,0 5 5 0 ,0 2 9 0 ,0 5 3 0 ,0 3 2

± 0 ,0 0 7 ± 0 ,0 0 6 ± 0 ,0 1 2 ± 0 ,0 0 6

12C  (n, o)*Be 0 ,0 7 5 0 ,0 4 0 0 ,0 5 7 0 ,0 4 2 0 ,0 5 8

± 0 ,0 0 5 ± 0 ,0 0 2 ± 0 ,0 0 3 ± 0 ,0 0 3 ± 0 ,0 0 3

с у м м а р н о е 1 ,0 7 5 1 ,3 2 6 1 ,2 5 8 1 ,2 5 6 1 ,1 9 7

п о г л о щ е н и е ± 0 ,0 0 7 ± 0 ,0 0 6 ± 0 ,0 0 7 ± 0 ,0 0 9 ± 0 ,0 0 7

с у м м а р н о е 0 ,0 7 5 0 ,3 2 6 0 ,2 5 8 0 ,2 5 6 0 ,1 9 7

р а з м н о ж е н и е ± 0 ,0 0 7 ± 0 ,0 0 6 ± 0 ,0 0 7 ± 0 ,0 0 9 ± 0 ,0 0 7

T  = Tg  + т 7 1 ,6 4 2 1 ,5 5 8 1 ,6 0 9 1 ,5 6 3 1 ,6 0 0

± 0 ,0 1 4 ± 0 ,0 0 7 ± 0 ,0 1 1 ± 0 ,0 1 4 ± 0 ,0 1 2

С о п о с т а в л е н и е  д а н н ы х  в с т о л б ц а х  3 и 4 п о к а з ы в а е т ,  ч т о  в а р ь и р о в а 
ние се ч е н и я  н е у п р у г о г о  р а с с е я н и я  н е й т р о н о в  в п р е д е л а х  60% в о  в с е м  
и н т е р в а л е  э н е р г и й  при о д н о в р е м е н н о м  и зм ен ен и и  се ч е н и я  у п р у г о г о  р а с 
сеян и я  п р и в ел о  к с р а в н и т е л ь н о  н е б о л ь ш о м у  (о к о л о  4%) и зм ен ен и ю  в е л и 
чины Т ;  при э т о м  Т 7 в о з р о с л о  п р и м ер н о  на 16%, a T g не и з м е н и л о с ь .  В  
с т о л б ц е  5 п р и вед ен ы  в ел и чи н ы , с о о т в е т с т в у ю щ и е  в а р и а н т у  р а с ч е т а ,  к о г д а  
с е ч е н и е  н е у п р у г о г о  р а с с е я н и я  в а р ь и р о в а л о с ь  на 30% в б о л е е  у з к о м  ин
т е р в а л е  э н е р г и й ,  а и м е н н о  о т  10 д о  14 ,2  М э В .  П о л у ч е н н ы е  д а н ны е п о к а 
з ы в а ю т ,  ч т о  р о с т  Т 7 ц е л и к о м  о б ъ я с н я е т с я  и з м е н е н и е м  с е ч е н и я  т о л ь к о  в 
э т о м  и н т е р в а л е  э н е р г и й .  О т с у т с т в и е  и зм ен ен и я  величины T ß б ы л о  с в я з а 
но с  т е м ,  ч т о  в з о н е  с  в а н а д и е м ,  т а к ж е  как и в л и ти ев ой  з о н е ,  для п р о м е 
ж у т о ч н ы х  и м е д л е н н ы х  н е й т р о н о в  н е т  с и л ь н о г о  п р о ц е с с а  п огл ощ ен и я  н е й 
т р о н о в ,  к он к у р и р у ю щ его  с  р еак ц и ей  6 L i ( n ,  а ) Т  .

Т а к и м  о б р а з о м ,  для б о л е е  т о ч н о й  оценки величины Т 7 н е о б х о д и м о  
у м е н ь ш е н и е  н е о п р е д е л е н н о с т и  в зн а ч ен и я х  с е ч е н и я  н е у п р у г о г о  р а с с е я н и я  
н е й т р о н о в  для к о н с т р у к ц и о н н ы х  м а т е р и а л о в ,  г л а в н ы м  о б р а з о м  в и н т е р в а -



Т А Б Л И Ц А  IV .  С К О Р О С Т И  Р Е А К Ц И Й  В  ЗОН Е В О С П Р О И З В О Д С Т В А  С  В А Н А Д И Е М  
(Т О Л Щ И Н А  С Т Е Н К И  3 с м ,  В  ЗО Н Е  10% В А Н А Д И Я )

wto

s .  П а р а -  

м е т р ы  

Р е а к -  ^ ч .

И с х о д н ы е

з н а ч е н и я

С е ч е н и е  р е а к ц и и  

51V ( n ,  n'y) 51V

С е ч е н и е  р е а к ц и и  

51V  (n ,  2 n  )50 V

ц и и  ^ ч . У в е л и ч е н о  

н а  30%

а)
У м е н ь ш е н о  н а  30%

У в е л и ч е н о  

н а  30%

У м е н ь ш е н о  

н а  30%

6L i ( n ,  or) T 1 ,2 2 3 1 ,2 2 1 1 ,2 3 3 1 ,2 3 1 1 ,2 9 9 1 ,1 7 2

Т 6 '
± 0 ,0 0 6 ± 0 ,0 0 6 ± 0 ,0 0 6 ± 0 ,0 0 8 ± 0 ,0 0 8 ± 0 ,0 0 8

6L i ( n ,  n  d ) 4 H e 0 ,0 5 6 0 ,0 5 2 0 ,0 6 1 0 ,0  65 0 ,0 5 4 0 ,0 5 2

± 0 ,0 0 4 ± 0 ,0 0 4 ± 0 ,0 0 4 ± 0 ,0 0 7 ± 0 ,0 0 6 ± 0 ,0 0 6

7L i  (n , n y) 7L i 0 ,3 0 3 0 ,2 8 0 0 ,3 2 4 0 ,2 9 6 0 ,3 0 4 0 ,3 0 8

± 0 ,0 1 4 ± 0 ,0 1 4 ± 0 ,0 1 6 ± 0 ,0 2 0 ± 0 ,0 2 0 ± 0 ,0 2 1

7L i ( n ,  n 'a r )  T 0 ,3 3 5 0 ,3 1 2 0 ,3 6 2 0 ,3 6 3 0 ,3 0 2 0 ,3 6 0

T 7
± 0 ,0 0 4 ± 0 ,0 0 4 ± 0 ,0 0 4 ± 0 ,0 0 7 ± 0 ,0 0 5 ± 0 ,0 0 6

71 л ( п ,  2 n ) 0 ,0 3 3 0 ,0 4 0 0 ,0 3 8 0 ,0 3 8 0 ,0 3 1 0 ,0 3 6

± 0 ,0 0 2 ± 0 ,0 0 3 ± 0 ,0 0 3 ± 0 ,0 0 5 ± 0 ,0 0 4 ± 0 ,0 0 5

5 lV  (n , п '7 ) 51У 0 ,6 3 0 0 ,7 7 0 0 ,5 0 1 0 ,5 6 8 0 ,6 2 9 0 ,6 3 6

± 0 ,0 2 6 ± 0 ,0 3 2 ± 0 ,0 2 1 ± 0 ,0 3 4 ± 0 ,0 3 8 ± 0 ,0 3 8

51V  (n ,  2 п  ) 50 V 0 ,2 8 8 0 ,2 8 0 0 ,2 9 7 0 ,2 9 0 0 ,3 6 0 0 ,2 3 4

± 0 ,0 0 5 ± 0 ,0 0 5 ± 0 ,0 0 5 ± 0 ,0 0 7 ± 0 ,0 0 9 ± 0 ,0 0 6

п о г л о щ е н и е  н а  V 0 ,0 5 5 0 ,0  70 0 , 0 6 3 0 ,0  64 0 ,0  63 0 ,0 6 4

± 0 ,0 0 7 ± 0 ,0 0 9 ± 0 ,0 0 8 ± 0 ,0 1 2 ± 0 ,0 1 1 ± 0 ,0 1 2

12C  (n ,  a ) 9B e 0 ,0 4 0 0 ,0 3 5 0 ,0 3 3 0 ,0 3 5 0 ,0 2 6 0 ,0 3 3

± 0 ,0 0 2 ± 0 ,0 0 2 ± 0 ,0 0 2 ± 0 ,0 0 3 ± 0 ,0 0 2 ± 0 ,0 0 3

с у м м а р н о е

п о г л о щ е н и е

1 ,3 2 6

± 0 ,0 0 6

1 ,3 2 4

± 0 ,0 0 6

1 ,3 4 2

± 0 ,0 0 6

1 ,3 3 7

± 0 ,0 0 9

1 ,3 9 4

± 0 ,0 1 0

1 ,2 7 5

± 0 ,0 0 8

с у м м а р н о е

р а з м н о ж е н и е

0 ,3 2 6

± 0 ,0 0 6

0 ,3 2 4

± 0 ,0 0 6

0 ,3 4 2

± 0 ,0 0 6

0 ,3 3 7

± 0 ,0 0 9

0 ,3 9 4

± 0 ,0 1 0

0 ,2 7 5

± 0 ,0 0 8

T  = т6 + т7 1 ,5 5 8 1 ,5 3 3 1 ,5 9 5 1 ,5 9 4 1 ,6 0 1 1 ,5 3 2

± 0 ,0 0 7 ± 0 ,0 0 7 ± 0 ,0 0 7 ± 0 ,0 1 0 ± 0 ,0 0 9 ± 0 ,0 1 0

В  с т о л б ц е  5 с е ч е н и е  и з м е н е н о  в  и н т е р в а л е  э н е р г и й  1 0 - 1 4 ,2  М э В .
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ле э н е р г и й  н е й т р о н о в  1 0 -1 5  М э В .  К р о м е  т о г о ,  о т к л о н е н и е  с п е к т р а  в т о 
р и ч н ы х  н е й т р о н о в  о т  и сп а р и те л ьн о й  ф о р м ы ,  о с о б е н н о  в е г о  ж е с т к о й  ч а с т и ,  
м о ж е т  о к а з а т ь  с у щ е с т в е н н о е  влияние на величину Т 7 .

С р а в н е н и е  д а н н ы х  в с т о л б ц а х  6 - 7 ,  к о г д а  с е ч е н и е  реакции 
V (n ,  2n) 50V в а р ь и р о в а л о с ь  в п р е д е л а х  60%, п о к а з ы в а е т ,  ч т о  величины 

Т 6 и Т 7 и з м е н и л и сь  п р и м е р н о  на 10% и 2 0% , с о о т в е т с т в е н н о ;  при э т о м  
величина Т  и з м е н и л а с ь  в с е г о  на 5 % .  Т а к а я  к о м п е н са ц и я  изм ен ен ий  
п р ои з ош л а  п о т о м у ,  ч т о  о д н о в р е м е н н о  с  и з м е н е н и е м  се ч е н и я  реакции 
(п, 2п) бы л о  и з м е н е н о  с е ч е н и е  у п р у г о г о  р а с с е я н и я .  Е сл и  бы и з б ы т о к  
се ч е н и я  из реакции  (п , 2 п) был включен в с е ч е н и е  н е у п р у г о г о  р а с с е я н и я ,  
т о ,  как  п ок а за л и  р а с ч е т ы ,  величина Т 7 не и з м е н и л а с ь  б ы .  Э т о т  р е з у л ь 
т а т  с о г л а с у е т с я  с  д анны м и р а б о т ы  [2 ], к о г д а  и з м е н е н и е  се ч е н и я  реакции  
N b ( n ,  2п) в 2 ,5  р а з а  при о д н о в р е м е н н о м  и зм ен ен и и  се ч е н и я  н е у п р у г о г о  
р а с с е я н и я  не п овл и я л о  на вел и чи н у  Т 7 .

Т а к и м  о б р а з о м ,  для правил ьной  оценки  величины Т 6 и Т ? н е о б х о д и м о  
х о р о ш е е  знание п арц и ал ьн ы х  сеч е н и й  для п р о ц е с с о в ,  в р е з у л ь т а т е  к о т о 
р ы х  н ей тр он ы  не т е р я ю т с я .

ЗАКЛ Ю ЧЕН И Е

Целью н а с т о я щ е й  р а б о т ы  я в л я л о с ь  и с с л е д о в а н и е  ч у в с т в и т е л ь н о с т и  
к о э ф ф и ц и е н т а  в о с п р о и з в о д с т в а  тр ития  к и зм ен ен и ю  х а р а к т е р и с т и к  о с 
н о в н ы х  р еа к ц и й ,  п р от екаю щ их  в з о н е  в о с п р о и з в о д с т в а .  Г л а в н о е  в н и м а 
ние у д е л я л о с ь  т о й  ч а с т и  к о эф ф и ц и е н т а  в о с п р о и з в о д с т в а ,  к о т о р а я  с о з д а 
е т с я  за  с ч е т  р еакц и и  на л и т и и -7 .  Э т о  о п р е д е л я л о с ь  т е м  о б с т о я т е л ь с т в о м ,  
ч т о  в и н т е р в а л е  э н е р г и й  н е й т р о н о в  5 -1 5  М э В  я д е р н ы е  данны е и з в е с т н ы  
г о р а з д о  х у ж е ,  ч е м  при м е н ь ш и х  э н е р г и я х ,  г д е  определ яю щ ей  в к о э ф ф и 
ц и е н т е  в о с п р о и з в о д с т в а  я в л я е т с я  реакция на л и т и и - 6 . В  т о  же вр ем я  
и з у ч е н и е  я д е р н ы х  д а н н ы х  с  в ы с о к о й  т о ч н о с т ь ю  в у к а з а н н о м  и н тер в а л е  
б ы с т р ы х  н е й т р о н о в  п р е д с т а в л я е т  бол ьш ие  т р у д н о с т и .

М о д е л ь  б л а н к е т а ,  и с п о л ь з о в а н н а я  в данной  р а б о т е ,  о б л а д а е т  п о н и 
ж енной ч у в с т в и т е л ь н о с т ь ю  T g к и зм ен ен и ю  с е ч е н и й ,  т а к  как не со д е р ж а л а  
м а т е р и а л о в ,  си л ь н о  поглощ аю щ их п р о м е ж у т о ч н ы е  и м е д л е н н ы е  н е й т р о н ы .  
О т с у т с т в о в а л а  и у т е ч к а  н е й т р о н о в  из б л а н к ета  . О дн ак о  э т и  огр ан и чени я  
не о к а з ы в а л и  с у щ е с т в е н н о г о  влияния на в о с п р о и з в о д с т в о  тр ития  в с л е д 
с т в и е  реакции на л и т и и - 7 на б ы с т р ы х  н е й т р о н а х .

П о л у ч е н н ы е  д ан ны е с в и д е т е л ь с т в у ю т  о  т о м ,  ч т о  к о э ф ф и ц и е н т  в о с 
п р о и з в о д с т в а  тр и т и я  не я в л я е т с я  в ел и ч и н ой ,  си л ь н о  за в и с я щ е й  о т  и з м е 
нения я д е р н ы х  д а н н ы х  для в о с п р о и з в о д я щ и х  и к о н с т р у к ц и о н н ы х  м а т е р и а 
л о в .  В  оп р е д е л е н н о й  с т е п е н и  э т о  с в я з а н о  с  т е м ,  ч т о  в с е  и д е а л и зи р о в а н 
ные м о д е л и  бл а н к ета  б о г а т ы  н е й т р о н а м и .  Е с т е с т в е н н о  о ж и д а т ь , ч т о  в 
р е а л ь н о м  б л а н к е т е  к о э ф ф и ц и е н т  в о с п р о и з в о д с т в а  о к а ж е т с я  м е н ь ш е  и т р е 
бования  к е г о  оп р ед ел ен и ю  б у д у т  ж е с т ч е .

Н е с м о т р я  на п р о с т о т у  р а с с м о т р е н н ы х  м о д е л е й  б л а н к е т а ,  м ож н о  
с д е л а т ь  н е к о т о р ы е  р е к о м е н д а ц и и  для о п р ед ел ен и я  я д е р н ы х  д а н н ы х .

Р е а к ц и я  6 L i ( n ,  а ) Т  не и г р а е т  с у щ е с т в е н н о й  рол и  при э н е р г и я х  н е й 
т р о н о в  в ы ш е  п о р о г а  реакц и и  7L i ( n ,  n ' a )  Т .  Ниж е 0 ,1  М э В  с е ч е н и е  э т о г о  
п р о ц е с с а  и з в е с т н о  с  д о с т а т о ч н о й  т о ч н о с т ь ю .  П о э т о м у  наибольш ий и н т е 
р е с  п р е д с т а в л я ю т  д о п о л н и т е л ь н ы е  и з м е р е н и я  в о б л а с т и  э н е р г и й  н е й т р о 
н ов  0 , 1 - 3 , 0  М э В .
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11 ;
С е ч е н и е  реа к ц и и  L i ( n , n a ) T  и з в е с т н о  в с р е д н е м  с  т о ч н о с т ь ю  2 0 % .  

И з м е н е н и е  величины сеч ен и я  в э т и х  п р е д е л а х  п ри води т  к п р и м е р н о  т а 
к о м у  же и зм ен ен и ю  в Т 7 . Д ал ьн ей ш ее  у т о ч н е н и е  с е ч е н и я  у казан н ой  
реакц и и  в аж но  в и н т е р в а л е  эн е р г и й ,  примыкающ им к значению  14 М э В ,  
т а к  как  80% в с е г о  к о л и ч е с т в а  тр ития  в Т 7 дают н ей тр он ы  с  э н е р г и е й  
вы ш е 10 М э В  .

Т о н к а я  с т р у к т у р а  с п е к т р а  в т о р и ч н ы х  н е й т р о н о в  из  реакции  
7] _ i (n ,  п ' о ) Т  не о к а з ы в а е т  влияния на в о с п р о и з в о д с т в о  т р и т и я .  Т о л ь к о  
зн а ч и т е л ь н ы е  от к л о н е н и я  ф о р м ы  с п е к т р а  о т  им ею щ ихся  дан ны х , п р и ч ем  
в е г о  н а и б о л е е  ж е с т к о й  ч а с т и ,  с м о г у т  о к а з а т ь  влияние на о ц е н к у  Т 7 .

Н а и б о л е е  с у щ е с т в е н н ы м  п р о ц е с с о м ,  конкурирую щ им с  реакцией  
7L i ( n ,  п ' о ) Т ,  я в л я е т с я  п р о ц е с с  н е у п р у г о г о  р а с с е я н и я  н е й т р о н о в  на к о н 
с т р у к ц и о н н ы х  м а т е р и а л а х .  Н е о п р е д е л е н н о с т ь  в я д е р н ы х  д ан ны х  для 
э т о г о  п р о ц е с с а  ( с е ч е н и е ,  ф о р м а  с п е к т р а  в т о р и ч н ы х  н е й т р о н о в  в ж е с т к о й  
ч а с т и ) ,  о с о б е н н о  при э н е р г и я х  н е й т р о н о в  в ы ш е  10 М э В ,  долж на б ы ть  
з н а ч и т е л ь н о  у м е н ь ш е н а .

П р о ц е с с  (п , 2п) на к о н с т р у к ц и о н н ы х  м а т е р и а л а х  в л и я е т  как на Т е , 
та к  и на Т 7 , но в п р о т и в о п о л о ж н ы х  н а п р а в л ен и я х .  К а к  п р а в и л о ,  с е ч е н и е  
э т о г о  п р о ц е с с а  для бо л ь ш и н ст в а  к о н с т р у к ц и о н н ы х  м а т е р и а л о в  и з в е с т н о  
с  н е д о с т а т о ч н о й  т о ч н о с т ь ю .  Э к с п е р и м е н т а л ь н ы е  д ан ны е по  с п е к т р а м  
в т о р и ч н ы х  н е й т р о н о в  п р а к т и ч е ск и  о т с у т с т в у ю т .  Д альнейш ие и зм ер ен и я  
з д е с ь  крайне ж е л а т е л ь н ы .

В  заклю чение н е о б х о д и м о  п о д ч е р к н у т ь ,  ч т о  д а н ны е р е к ом ен д а ц и и  
сд ел а н ы  на о сн о в а н и и  и зучения  ч у в с т в и т е л ь н о с т и  к вари ац и ям  я д е р н ы х  
д а н н ы х  т о л ь к о  для о д н о г о  п а р а м е т р а  м о д е л и  р е а к т о р а - к о э ф ф и ц и е н т а  
в о с п р о и з в о д с т в а  тр и т и я  . Б о л е е  полная картина м о ж е т  б ы т ь  получен а  
т о л ь к о  п о с л е  в с е с т о р о н н е г о  о б с у ж д е н и я  э т и х  в о п р о с о в  для в с е х  о с н о в н ы х  
п а р а м е т р о в  т е р м о я д е р н о г о  р е а к т о р а .
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G .  C A SIN I:  H a v e  y o u  t e s t e d  y o u r  c a l c u l a t i o n  m e t h o d  and n u c l e a r  data  
a g a in s t  the  b e n c h m a r k  c a l c u l a t i o n  k n ow n  as  the B l o w  and S t e in e r  r e f e r e n c e  
c a s e ?

G . B .  Y A N K O V :  W e  h av e  n ot  s e t  o u r s e l v e s  the  ta s k  o f  m a k in g  an 
e n g i n e e r i n g  c a l c u l a t i o n  o f  the b la n k e t .  T h e  p u r p o s e  o f  the c a l c u l a t i o n  w a s  
to  o b t a in  i n f o r m a t i o n  o n  the s e n s i t i v i t y  o f  the b r e e d i n g  r a t i o  o f  t r i t iu m ,  
e s p e c i a l l y  T x, to  v a r i a t i o n s  in  n u c l e a r  da ta .  W e  h a v e  n o t  c o m p a r e d  o u r  
c a l c u l a t i o n s  w ith  t h o s e  o f  B lo w  and S t e in e r  s i n c e  w e  do n ot  h av e  d e t a i le d  
da ta  o r  d e t a i l e d  v a l u e s .

G .  C A SIN I:  C o n c e r n i n g  the u se  o f  v a n a d iu m ,  c o u ld  y o u  g i v e  the s o u r c e  
o f  th e  n u c l e a r  da ta  y o u  u se d  and in d ic a t e  w h e t h e r  y o u  h a v e  da ta  c a l c u l a t i o n s  
r e l a t e d  to  t r a n s m u t a t i o n  e f f e c t s  and d e c a y  h e a t  o f  th is  m a t e r i a l ?

G . B .  Y A N K O V :  W e  t o o k  o u r  n u c l e a r  d a ta  f o r  v a n a d iu m  f r o m  a p a p e r  
o f  P E N N I N G T O N ,  E . M . ,  G A J N IA K ,  J . C . ,  A N L - 7 3 8 7  (19 6 8 ) .  W e  h av e  n ot  
m a d e  c a l c u l a t i o n s  f o r  t r a n s m u t a t i o n  e f f e c t s  and  d e c a y  h eat .

Y u .  F .C H E R N I L I N  ( C h a ir m a n ) :  It h as  b e e n  d e c i d e d  that th is  w o u ld  b e  
an a p p r o p r i a t e  t i m e  f o r  th e  p r e s e n t a t i o n  o f  tw o  s p e c i a l  c o m m e n t s .  T h e  
f i r s t  is  c o n c e r n e d  w ith  the u se  o f  a s e m i - c l a s s i c a l  o p t i c a l  m o d e l  f o r  the 
c a l c u l a t i o n  o f  f a s t  n e u t r o n  c r o s s - s e c t i o n s .

J .  C S IK A I:  D a ta  r e q u i r e m e n t s  f o r  s h ie l d in g  c a l c u l a t i o n s  [ 1 ]  in c lu d e  
a k n o w le d g e  o f  f a s t - n e u t r o n  to t a l  and e l a s t i c  c r o s s - s e c t i o n s .  A  s y s t e m a t i c

[ 1 ]  A B A G Y A N ,  A . A . ,  D U B IN IN , A . A . ,  S U V O R O V , A . P . ,  N u c le a r  D a ta  R eq u irem en ts  fo r  R ea c to r  S h ie ld in g  

C a lc u la t io n s  I N D C ( C C P ) - 2 8 / U  (197 2 ). R ep o rt p re sen ted  a t  th e  P a n e l o n  N u c le a r  D a ta  R eq u ire m e n ts  fo r  

S h ie ld in g  C a lc u la t io n s  h e ld  d u r in g  th e  F ou rth  In te rn a t io n a l C o n fe re n c e  o n  R e a c to r  S h ie ld in g ,  Pa r is  

(9 -1 3  O c to b e r  1972).
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a n a ly s i s  o f  t o t a l  and o f  in t e g r a t e d  e l a s t i c  and n o n - e l a s t i c  c r o s s - s e c t i o n s  
p e r f o r m e d  at the In st itu te  o f  E x p e r i m e n t a l  P h y s i c s ,  K o s s u t h  U n iv e r s i t y ,  
D e b r e c e n ,  h as  s h o w n  th at  to t a l  c r o s s - s e c t i o n s  c a n  b e  d e s c r i b e d  b y  a s i m p l e  
e m p i r i c a l  e x p r e s s i o n  in  a w id e  r a n g e  o f  e n e r g y  and m a s s  n u m b e r  ( F ig .  A )  
w h i c h  c a n  b e  i n t e r p r e t e d  b y  a s e m i - c l a s s i c a l  m o d e l  [ 2 ,  3] .

F u r t h e r  i n v e s t ig a t i o n s  [ 4 ] ,  at 14 M e V ,  r e s u l t e d  in  a d e s c r i p t i o n  o f  
i n t e g r a t e d  e l a s t i c  ( F i g . B )  and n o n - e l a s t i c  c r o s s - s e c t i o n s  ( F i g . C ) ;  the 
l a t t e r  w o r k  l e d  to  th e  c o n c l u s i o n  that, in  c a l c u l a t i o n s  o f  n e u t r o n  c r o s s -  
s e c t i o n s ,  a m a s s - d e p e n d e n t  n u c l e a r - r a d i u s  p a r a m e t e r  7 0/ A  s h o u ld  b e  u se d .  
T h i s  m a s s  d e p e n d e n c e  i s  s i m i l a r  to  that o f  the e l e c t r o m a g n e t i c  y0/A  v a l u e s .

A t  p r e s e n t ,  w o r k  i s  in  p r o g r e s s  o n  d e s c r i b i n g  th e  d i f f e r e n t i a l  s c a t t e r i n g  
c r o s s - s e c t i o n s  f o r  f a s t  n e u t r o n s  b y  the s a m e  s i m p l e  m o d e l ,  i . e .  w ith  m u c h  
l e s s  c o m p u t in g  t i m e  b e in g  r e q u i r e d  than in  th e  c a s e  o f  q u a n t u m - m e c h a n i c a l

[ 2 ]  A N G E L I ,  I . ,  C S IK A I ,  J . .  N u c í .  Ph ys . A 1 5 8  (1970) 389 j

[ 3 ]  A N G E L I ,  I . ,  C S IK A I ,  J . , N u c l .  Ph ys . A 1 7 0  (1971) 577 .

[ 4 ]  C S I K A I ,  J . ,  A N G E L I ,  I . ,  D A J K O ,  G . ,  to  b e  p u b lis h e d .
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F I G . С .  In te g ra te d  n o n - e la s t ic  c ro ss -se c tio n s .
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o p t i c a l  m o d e l s .  T h i s  i s  im p o r t a n t ,  f o r  e x a m p l e ,  in  M o n t e - C a r l o  s h ie ld in g  
c a l c u l a t i o n s ,  w h e r e  a n g u la r  d i s t r ib u t i o n s  a r e  f r e q u e n t ly  c o m p u t e d .  A c c o r d i n g  
to  th e  p r e l i m i n a r y  r e s u l t s ,  a n g u la r  d i s t r ib u t i o n s  — e s p e c i a l l y  in  the f o r w a r d  
p e a k  — a r e  w e l l  d e s c r i b e d  b o th  in  f o r m  and a b s o lu t e  v a lu e .  T h i s  i s  p e r h a p s  
o f  i n t e r e s t  f o r  th e  e n e r g y  t r a n s p o r t  p r o c e s s e s .  D e t a i l e d  r e s u l t s  w i l l  b e  
p u b l i s h e d  l a t e r .

Y u . F .  C H E R N IL IN  (C h a ir m a n ) :  T h e  s e c o n d  c o m m e n t  i s  o n  the s u b j e c t  
o f  (n, 2n) and (n, t) c r o s s - s e c t i o n s  f o r  D + T  n e u t r o n s .

J .  C SIK A I:  It i s  w e l l  k n ow n  that f o r  t h e r m o n u c l e a r  d e v i c e s ,  c r o s s -  
s e c t i o n s  o f  D + T  and D +D  n e u t r o n s  a r e  n e e d e d  w ith  an  a c c u r a c y  o f  5%
(e .  g .  f o r  (n, t ) ,  (n, 2n) and (n, 3n) r e a c t i o n s ,  f r o m  the p o in t  o f  v i e w  o f  t r i t iu m  
r e g e n e r a t i o n  and n e u t r o n  m u l t ip l i c a t i o n ) .  A c c o r d i n g  to  o u r  s u r v e y ,  (n, 2n) 
c r o s s - s e c t i o n s  h av e  b e e n  m e a s u r e d  f o r  ab ou t  30% o f  th e  n u c le i  
f o r  D + T  n e u t r o n s .  O n  the b a s i s  o f  e x p e r i m e n t a l  da ta  and N - Z  s y s t e m a t i c s ,  
an  e v a lu a t io n  p r o c e d u r e  w a s  f o l l o w e d  to  o b ta in  the m o s t  p r o b a b l e  c r o s s -  
s e c t i o n  v a l u e s .  B e c a u s e  o f  the  l a r g e  i n a c c u r a c i e s  in  the e x p e r i m e n t a l  
(n, 2n) da ta ,  no  s t a n d a r d  a v e r a g in g  m e t h o d s  c o u ld  b e  a p p l ie d .  T h e r e f o r e  
a  g e n e r a l i z e d  a v e r a g in g  p r o c e d u r e  w a s  u s e d .  In the c a s e  o f  t h o s e  n u c le i  
f o r  w h i c h  m e a s u r e m e n t s  a r e  d i f f i c u l t  to  p e r f o r m ,  the c r o s s - s e c t i o n s  w e r e  
e s t i m a t e d  b y  m e a n s  o f  N - Z  s y s t e m a t i c s .  T h e  c r o s s - s e c t i o n s  f o r  e l e m e n t s  
h a v e  a l s o  b e e n  c a l c u l a t e d  at 14. 7 M e V  b y  a v e r a g in g  o v e r  i s o t o p i c  a b u n d a n c e s  
( F ig .  a ) .  T h e  c o m p a r i s o n s  w ith  e m p i r i c a l  f o r m u l a e  ( F i g . b )  s h o w  that 
P e a r l s t e i n ' s  f o r m u l a  g i v e s  the b e s t  a g r e e m e n t  w ith  e x p e r i m e n t a l  data .
R e s u l t s  c a n  b e  fou n d  in  IN D C ( H U N ) - 1 0 / L  (1 9 7 3 ) .

D a ta  o n  (n, t)  r e a c t i o n s  in d u c e d  b y  f a s t  n e u t r o n s  a r e  r a t h e r  s c a r c e  
s i n c e  the v e r y  l o w  c r o s s - s e c t i o n  p r e v e n t s  d i r e c t  d e t e c t i o n  o f  the e m i t t e d  
t r i t o n s .  M e a s u r e m e n t  o f  the a c t iv i t y  o f  r e s i d u a l  n u c le i  i s  a l s o  d i f f i c u l t  
in  m o s t  c a s e s  b e c a u s e  o f  in t e r f e r in g  n u c l e a r  r e a c t i o n s  and r a d ia t io n .
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F IG .  b .  D is tr ib u t io n  o f  r e la t iv e  d if fe re n c e s  b e tw e e n  e x p e r im e n ta l and  th e o re t ic a l c ro s s -se c tio n s .

M e a s u r e m e n t s  o f  t r i t i u m  b e t a  a c t i v i t y  a f f o r d  a m e a n s  o f  i n t e r f e r e n c e - f r e e  
c r o s s - s e c t i o n  d e t e r m i n a t i o n  o n  any  k ind o f  n u c l e i .  T h i s  m e t h o d  c a n  b e  
u s e d  f o r  d e t e r m i n i n g  c r o s s - s e c t i o n s  f o r  n a t u r a l  e l e m e n t s .  T h e  data  f o r  
(n, t) c r o s s - s e c t i o n s  a r e  f e w  and i n c o n s i s t e n t .  A s  c a n  b e  s e e n  in  F i g . c ,  the 
c r o s s - s e c t i o n s  f o r  v e r y  l ig h t  n u c l e i  a r e  r e l a t i v e l y  l a r g e  ( ~ 1 0 0  m b ) ,  w h i le  
f o r  m e d i u m  and h e a v y  n u c le i  th e y  a r e  in  the m i c r o b a r n  r e g i o n .  T h e r e  a r e  
no t h e o r e t i c a l  m e t h o d s  o r  s y s t e m a t i c s  b y  w h i c h  the unknown data  c a n  be  
e s t i m a t e d .  F u r t h e r  m e a s u r e m e n t s  a r e  n e e d e d  to d e t e r m i n e  the c r o s s -  
s e c t i o n s  f o r  the s t r u c t u r a l  m a t e r i a l s  o f  t h e r m o n u c l e a r  d e v i c e s .

R .  N IC K S: M y  q u e s t i o n  c o n c e r n s  i n e l a s t i c  s c a t t e r i n g  c r o s s - s e c t i o n s .  
D id  y o u  c a l c u l a t e  t o t a l  i n e l a s t i c  s c a t t e r i n g  c r o s s - s e c t i o n s  o r  p a r t i a l  c r o s s -  
s e c t i o n s  c o r r e s p o n d i n g  to  th e  d i f f e r e n t  e x c i t a t i o n  l e v e l s ?  D id  y o u  a l s o  
d e d u c e  the  a s s o c i a t e d  g a m m a  s p e c t r a ?  I f  y o u  d id  not ,  i t  s e e m s  to  m e  that 
y o u r  c a l c u l a t i o n s  a r e  l e s s  u s e fu l  f o r  s h ie l d in g  c a l c u l a t i o n s .

J .  C S IK A I:  W e  h av e  a  c o m p i l a t i o n  f o r  the to t a l  i n e l a s t i c - s c a t t e r i n g  
c r o s s - s e c t i o n s  and f o r  s o m e  l e v e l s ,  m a in ly  f o r  i s o m e r i c  s t a t e s .  T h e  
e v a lu a t io n  o f  t h e s e  c r o s s - s e c t i o n s  i s  i n  p r o g r e s s .  S o  f a r ,  w e  h av e  no 
r e s u l t s  f o r  the a s s o c i a t e d  g a m m a - r a y  s p e c t r a .
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NUCLEAR-FUSION CHAIN-REACTION 
APPLICATIONS IN PHYSICS 
AND ASTROPHYSICS

J. RAND M cN ALLY, Jr.
O ak  Ridge  N ational Laboratory, *  O ak  Ridge, T e n n . ,
United States o f  A m er ica

Abstract

N U C L E A R - F U S IO N  C H A I N - R E A C T I O N  A P P L I C A T I O N S  IN  P H Y S IC S  A N D  A S T R O P H Y S IC S .

N u c le a r - fu s io n  c h a in  re a c t io n s  h a v e  b een  proposed  fo r  supe rnovae  and c o n t ro l le d  fu s io n  re a c to rs . T h e  

c o n c e p t  o f  fu s io n  c h a in  re a c t io n s  w i l l  b e  tra ced  w ith  e m p h a s is  o n  p o ss ib le  a p p l ic a t io n s  in  p h y s ic s  and a strop hys ics . 

R e a c t io n - k in e t ic s  c a lc u la t io n s  o f  D - T  and D - ^ e  fu s io n in g  p la sm as  re v e a l th e  p re se n ce  o f  su p ra th e rm a l p a r t ic le s  

as th e  end  p ro d u c ts  o f  th e  re a c t io n s .  T h e s e  su p ra th e rm a l end  p ro d u c ts  c a n  b e  a c t iv e  c h a in  c e n tre s  fo r th e  p ro p a g a 

t io n  o f  e n e rg y - re le a s in g  fu s io n  c h a in  re a c t io n s  w ith  fu e ls  h a v in g  Z  ^  3 . A  s L iD - fu e l le d  fu s io n  re a c to r  h a s  a 

c a lc u la t e d  La w son  n um b er, n r ,  lo w e r  b y  a  fa c to r  o f  th ree  c o m p a red  to  a  p u re - d e u te r iu m - fu e l le d  fu s io n  re a c to r .  

T h e  f ir s t  6 L iD - fu e l le d  fu s io n  re a c to r  w i l l  b e  s u b - c r i t ic a l  w ith  th e  e le c tro n s  su sta ined  a t M e V  te m p era tu res  by 

e le c t r o n  c y c lo t r o n  h e a t in g .  If n e t pow e r p ro d u ce rs  u s ing  6L iD - f u e l  a re  e v e n tu a lly  fe a s ib le  th ey  w ou ld  b e  la rg e  

in  s iz e ,  w e l l  r e f le c te d ,  and h a v e  a h ig h  b e ta  ( 0 = 8  т гп к Т /В 2) in  o rde r to  m in im iz e  syn ch ro tron  r a d ia t io n  losses. 

C lo s e d  m a g n e t ic  c o n f ig u ra t io n s  w ou ld  a lso  b e  re q u ire d  to  ensu re  th e  p ro p a g a t io n  o f  fu s io n  c h a in  re a c t io n s . 

H ig h e r-p o w e re d  d . c .  a c c e le ra to r s  w ou ld  be e sse n t ia l to  e x p lo i t  th is  f ie ld  o f  c o n t ro l le d  fu s io n  re a c to rs , a lth o u g h  

a s c ie n t i f i c  f e a s ib i l i t y  e x p e r im e n t m ay  b e  e x e cu te d  w ith  e x is t in g  a c c e le ra to r s  ( ~  2 m A ,  4  M e V  ) .  P resen t- 

day  a s tro p h y s ic a l c a lc u la t io n s  appea r to  be  in a d e q u a te  to  a c co u n t fo r th e  ra p id  n u c le a r  processes in  a s tro p h y s ic a l 

e x p lo s io n s  in a s m u c h  as su ch  c a lc u la t io n s  n e g le c t  th e  p re se n ce  o f  s u p ra th e rm a l c h a in  c e n tre s  and m u lt ip ly in g  

c h a in  re a c t io n s .  T h e  5 5 -d a y  l ig h t  d e ca y  o f  T y p e - I  supe rnovae  m a y  p o ss ib ly  be  e x p la in e d  by  th e  p ro d u c t io n  

o f  7B e (5 3 .61 d) in  c h a in - r e a c t io n  b u rn in g  o f  n eon  and o x y g e n  fo l lo w e d  by 7L i- b u rn in g  in  th e  re s id u a l star. 

E v a lu a t io n  o f  these  new  p rospects  w i l l  r e q u ire  m o re  a c c u ra te  d a ta  o n  and b roade r c o v e ra g e  o f  th e  p e r t in e n t  n u c le a r  

re a c t io n  c ro s s -se c t io n s  fo r  fu e ls  L i  -  S and  n , p , d , t, 3H e , a - p a r t i c le s  as su p ra th e rm a l (E  up  to  20  M e V )  c h a in  

ce n tre s .

PREFACE
No present controlled fusion experiment is within a factor of 1000 of 

the temperature, density, and confinement time product, Tnr > 1022 К cm"3 
sec, condition required for a scientific demonstration for fusion analogous 
to that obtained in l$k2 by Fermi for the fission process. I shall present 
some ideas on a relatively new, bold and expensive approach to a scientific 
feasibility experiment for controlled fusion. The major ingredient of this 
approach is the concept of charged particle nuclear fusion chain reactions 
at MeV energies for fuels like LiD and catalysts or suprathermal chain 
centers like p, d, t, 3He, and CL which permit the more rapid burning of 
6LiD to alpha particles than the direct reaction does. One of the chief 
requirements for evaluating the concept of nuclear fusion chain reactions 
in controlled fusion research is the accurate, wide-ranging determination 
of absolute nuclear reaction cross sections as well as those for nuclear 
elastic and inelastic processes.

A fitting corollary to these ideas is the concept of nuclear fusion 
chain reactions in the field of astrophysics, such as the gigantic ex
plosions of supernovae. Here again there is a real need for accurate

* O p e ra te d  by  U n io n  C a rb id e  C o rp o ra t io n  fo r  th e  US  A to m ic  Energy  C o m m is s io n .
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nuclear data which could lead to the evaluation of new and pregnant ideas 
on nuclear fusion chain reactions involving fuels like C, N, 0, Ne, etc. 
Such processes might explain the production of the light elements, Li, Be 
and B, which is apparently an unresolved puzzle in astrophysical systems.
1. INTRODUCTION

Nuclear fusion chain reactions are very analogous to chemical chain 
reactions. In contradistinction to fission chain reactions which give a 
multiplication of neutrons in one reaction step, the nuclear fusion and 
chemical chain reactions generally produce a multiplication of catalysts 
or suprathermal chain centers in two or more reaction steps with an over
all net energy release in the complete chain sequence. These suprathermal 
particles speed up the reaction rate by by-passing the direct thermal (or 
thermonuclear) reaction. Thermal or thermonuclear reactions between two 
fuel nuclei will generate additional chain centers and thus can lead to an 
increased possibility of exponentially growing chain reactions. The 
complete process should probably be referred to as a chain-thermal or 
chain-thermonuclear reaction.

INITIATION STEP М  + С1г —  2 CI + (ew - 2 .4 s) ev
PROPAGATION fC I  + H2 — -  HCI + H - 0 . 0 4  ev
CYCLE 1 _ H + C I 2 —  HCI + Cl + 2.00 ev
LINEAR TERMINATION Г  H +WALL— -  H-WALL + ДЕ,
STEPS l_CI+WALL—  CI-WALL + ДЕг
MUTUAL TERMINATION ГН + Cl +X —  HCI + X + 4 .4 4  ev
STEPS H H + X —  H2 + X + 4 .4 8 e v

BRANCHING STEP KE + С1г —  2CI + (KE - 2 .4 8 )  ev

F IG .  1 . C h e m ic a l  c h a in  re a c t io n s  in  h y d ro g e n - c h lo r in e  gas  w ith  f re e  a tom s o f  H  and C l  as c h a in  cen tre s .

The first chemical chain reactions were recorded by Max Bodenstein, 
a German chemist, who observed that a single initiation reaction in mo
lecular hydrogen and chlorine gas mixtures stimulated a sequence of 
chain reactions which propagated through the chemical fuel several tens 
of thousands of times[1]. His proposed chemical chain reaction pro
cesses were later correctly identified as involving free atoms of H and 
Cl as the active chain centers by Nernst (Fig. l). The propagation 
chain involves a free chlorine atom reacting with H2 to produce HCI and 
a free hydrogen atom which then can react with a chlorine molecule to 
produce both a net energy release and the regeneration of a new free 
chlorine atom, which could keep the chain reaction going. Chain break
ing reactions include wall or plasma recombination processes and will 
tend to stop the chain. On the other hand, chain branching reactions, 
such as the dissociation of HCI, H2 or Cl8 molcules by photon, electron, 
or atom collision processes, will continue or even proliferate the 
chains. In general, the active chain centers are slightly suprathermal 
in energy since they carry energy provided by the center of mass of the 
energetic colliding species as,well as the energy released in the reac
tion. The presence of suprathermal chai-n centers and multiplying chain 
reactions is extremely important in the explanation of rapid combustion 
or explosive processes.
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Practically all chemical combustion or explosion processes depend on 
chain or chain-thermal reaction steps. In the case of nuclear fusion 
chain reactions, we find analogous examples of the initiation steps, pro
pagation chains, and both chain breaking and chain branching steps of 
chemical chain reactions, as well as breeding reactions which can produce 
exotic nuclear fuels like tritium or 3He as highly active chain centers.

At high plasma temperatures, where one expects endothermie and in
verse reactions to occur as well as increased radiation losses, the 
important property of a negative temperature coefficient for the con
trol of the burning or operating temperature of the chemical or nuclear 
system becomes of importance. The nuclear operating temperature is 
quite distinct from the kindling or ignition temperature for the nuclear 
fire. It was apparently first discussed for the thermonuclear case by 
Huss[g] and later by Ohta, et al[3l and others. By proper control of 
fuel feed, ash loss, and confinement configuration one can maintain a 
stable burning temperature. The reacting system is thermally unstable 
at, or just above, the ignition temperature and flashes over to the 
"burning temperature” of the system. As ash build-up occurs this burn
ing temperature decreases in general to a somewhat lower operating 
temperature though still above the ignition temperature if burning con
tinues. If, on the other hand, the ashes include suprathermal particles 
which can operate as active chain centers to speed up the reaction, the 
system will be again thermally unstable and a somewhat higher, secondary 
burning temperature will be established.

The concept of "temperature" is ill defined in both chemical and 
nuclear combustion processes: the chain centers are suprathermal, i.e., 
somewhat hotter than the electrons or fuel atoms or nuclei. This has 
been shown in calculations at the Culham and Lawrence Livermore Lab
oratories for d-t and d-3He nuclear fusioning systems in which the 
protons and alpha particles are calculated to be at least ten times 
hotter than the electrons.

Nuclear fusion chain reactions were apparently first proposed by 
Ulrich Jetter, a German engineer, back in 1950[^] (Fig.2). He chose 6LiDasthe 
basic nuclear fusion fuel and selected neutrons and tritons as the active 
chain centers. The propagation cycle which he proposed utilized the two 
most reactive light element fusion reactions (d-t and n-6Li) and would 
b u m  6LiD to alpha particles much faster than the direct reaction sLi + D +
2 a + 2 2 . k MeV. In addition, he suggested thermal or thermonuclear chain 
branching reactions involving the d-dt and d-dn processes. He also 
proposed neutron branching reactions involving the fast neutron dissoci
ation of the deuteron or Be, or the fission of uranium. These branched 
reactions give a multiplication of the number of active neutron and triton 
chain centers, and thus can speed up the reaction many-fold.

F uel: ÄL iD ; C h ain  Centers: n and t

Propagation C hain
- , . i éLi + n — >  t + a + 4 .8  M ev 

am  \ d + t ---- >  n + a + 1 7 .6  M ev
(6Li + n 
\  d + t

(n + 9Be —> 2n + 2a - 1 . 7  M ev)

U lrich  Je tte r, Physik. Blätter 6 , 199 (19 5 0 ).

F I G . 2 .  T h e  f ir s t  p roposed  n u c le a r - fu s io n  c h a in  r e a c t io n .
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3He +  d — - p + a  +  18.4 MeV 

p +  6Li —  3H e + a + 4 . 0 M e V  

B R A N C H IN G  C H A IN S

d + d  — ►  p  +  / +  4 .0  M eV  

d + d — -n  +  3 He +  3.3 M.eV 

R E - IN JEC T IO N  OF 3He A N D  / -D E C A Y  PRODUCT ( 3 He)
IN TO  L E A K Y  M A G N ET IC  M IR R O R

*R .F .  POST, NUCLEAR FUSION SUPPLEMENT,
PA R T  I (1962 ) 119.

F I G .3 .  T h e  f ir s t  p roposed  c h a rg e d -p a r t ic le  n u c le a r - fu s io n  c h a in  re a c t io n  for c o n t ro l le d  fu s io n  a p p l ic a t io n s  [ 5 ] .

PROPAGATION CHAIN

It is of historical interest to note that, shortly after the dis
covery of the neutron by James Chadwick, Leo Szilard proposed a chain 
reaction probably involving the sBe(n,2n)2a -1-7 MeV neutron multiply
ing reaction, but apparently Szilard could not find any way to keep the 
neutrons hot to maintain the chain reaction.

In 1 9 6 1  Richard Post of Lawrence Livermore Laboratory proposed a 
nuclear fusion chain reaction involving only charged particles[5]— such 
a process might permit the magnetic containment of the energetic reac
tion products in controlled fusion reactors. Figure 3 illustrates the 
essential elements of his scheme. Since Post was at that time inter
ested in open-ended, leaky magnetic mirror confinement systems using 
D-3He fuel with added 6Li, he visualized re-injecting the 3He end 
product from the p-6Li reaction back into the fusion reactor to fuse 
with deuteron fuel ions and thus regenerate the 1^ MeV protons to con
tinue the cycle. Breeding (or chain branching) reactions of the type 
d(d,n)3He + 3-3 MeV and d(d,p)t + 4.0 MeV would generate both of the
energy-rich t and 3He in such a sLi-D fueled fusion reactor. However, 
Post limited his considerations to leaky or open-ended magnetic mirror 
confinement configurations and presumed very efficient reinjection of 
the t and 3He.

In 1 9 6 3 , completely unaware of these various nuclear fusion chain 
reaction prospects, I discovered a whole plethora of charged particle 
fusion chain reactions[6]. However, I could find no way at that time to 
overcome the stopping power losses of the energetic chain centers on the 
colder electrons in order to maintain a meaningful burning temperature 
for sLi or BLiD fueled plasmas[7]. More recently, the prospects for 
overcoming the stopping power losses have brightened as the result of 
the development of electron cyclotron heating techniques which could 
lead to a sub-critical fusion chain reactor. In addition, the prin
ciple of closing the ends of a leaky magnetic mirror has been experi
mentally demonstrated. Thus, it may be possible in the near future to 
develop controlled, but sub-critical, fusion chain reactors using 6Li 
or 6LiD fuels and in which some of the "ashes" behave as active chain 
centers at MeV energies. Net fusion power producers, if they ever 
become feasible, would involve major engineering developments and 
efficient microwave reflecting walls as well as high 8 plasmas. Igni
tion of such devices would require powerful d.c. accelerators while the 
understanding and design of such reactors will require more accurate 
charged-particle nuclear cross sections covering a wide range of ener
gies up to about 20 MeV. More than 5 0 reactions are involved among the 
various light isotopes up to at least beryllium.
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In late 19бЗ> I discovered the first of many nuclear fusion chain 
reactions which involve medium heavy element fuels like C, N, 0, and Ne 
reacting with active chain centers such as energetic n, p, d, t, 3 He, and 
a  particles[8 ]. It appears that these latter nuclear chain reactions can 
occur only in super-dense media like pre-supemovae stars where the de
generate electron gas has a grossly reduced stopping power for the fast 
ions.

My presentation today deals with prospective applications of nu
clear fusion chain reactions in physics and astrophysics. In the 
physics case of controlled fusion reactors, the basic reactions are 
primarily of the charged particle type inasmuch as neutrons do not ap
pear to be conservable in a magnetically confined plasma. The escaping 
neutrons can be used for energy or tritium multiplication in an external 
Na or Li blanket. In the astrophysics case of exploding dense stars, 
neutrons will play a very important role as one of the active chain 
centers in the fast nuclear processes taking place in these very high 
temperature systems. These latter nuclear fusion chain reactions will 
supplement the thermal or thermonuclear reactions originally proposed 
by Hoyle and Fowler for Supernovae explosions[9l•

2. NUCLEAR FUSION CHAIN REACTION PROSPECTS IN PHYSICS

It is too early to claim that charged particle nuclear fusion chain 
reactions may play a decisive rolé in controlled fusion reactors, but 
the prospects are much brighter now than in 1 9 6 1  when Post first sugges
ted charged particle fusion chain reactions. Closed magnetic confine
ment devices would be required such as stoppered magnetic mirrors 
(closed by large internal plasma currents), bumpy tori (which are mul
tiple magnetic mirrors connected toroidally), or tori of the Tokamak or 
stellarator varieties. Magnetic bremsstrahlung at the high electron 
temperatures would have to be grossly reduced by utilizing large reac
tor sizes, by operating with plasmas having a high plasma beta 
(ß - 8 ттпкТ/В ), and by providing efficiently reflected microwave and/or 
infrared radiation. The magnetic bremsstrahlung or synchrotron radia
tion power is reduced proportional to (l-R) and (l-ß), respectively.
R  > O . 9 9  may be expected for clean metallic walls in the infrared and 
microwave region and ß > 0 . 5  has been actually obtained in a number of 
plasma experiments.

Figure ^ illustrates some of the major developments which have 
occurred in CTR magnetic mirror research. A mini breakthrough in 
energetic ion trapping in magnetic mirrors has been marginally attained 
at Culham on the PHOENIX II device and more definitively established at 
Lawrence Livermore Laboratory on the Baseball II device. At Livermore 
large scale trapping ( 3 0  fold increase over the Lorentz or v X В trap
ping by dissociation of excited hydrogen atoms) has been observed for 
the injected neutrals by the already trapped plasma. A very important 
process called exponential build-up of the proton density over the 
charge exchange losses has been conclusively demonstrated at Livermore 
although it eventually dies out at a density approaching IO1 0 cm_3 [lO]. 
The Fermi fission feasibility experiment of 19^2 demonstrated an expo
nential growth process for the build-up of neutrons in a fission experi
ment. The plasma exponential process for trapping of protons under a 
more optimum choice of injection energy would permit the large scale 
exponential build-up of the plasma into the density range of real fusion 
interest[ll]. In various magnetic mirror devices, such as the original 
Soviet OGRA and the American DCX facilities, the ion "temperature" and 
confinement times were of thermonuclear interest, but the density was
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I. Plasma Trapping and Incipient Exponential Build-Up of Density 
(Culham, Livermore) E

3.

XI. Scaling Laws for Scatter-Dominated Mirrors (пт a E2) 
(Livermore, Culham, Oak Ridge)

III. Hot Electron Plasmas by ECH (Tg 1 MeV)
(Oak Ridge) E

T

IV. Exponential Build-Up of Density at MeV Energies with ECH 
(Oak Ridge) T

V. Closed Magnetic Mirror
(Livermore, Cornell) E

VI. MeV Energies for Fusion Reaction Products 
(Culham, Livermore)

VII. Fusion Chain Reactions (̂ Li or ^LiD Fuel) 
(Oak Ridge)

T

T

F I G .4 .  M a jo r  d e v e lo p m e n ts  in  c o n t ro l le d  fu s io n  re sea rch  on  m a g n e t ic  m ir ro r  system s. E = E x p e r im e n ta l;  

T  = T h e o r e t ic a l.

orders of magnitude too low. Now, a realistic exponential scaling law 
has been demonstrated at Culham and especially at Livermore somewhat 
analogous to the critical exponential test of Fermi for fission. If 
instabilities do not limit the build-up process a large scale exponen
tial test for fusion may be demonstrated with mlti-MeV injection[ll].

The scaling law for the density X confinement time product, пт, for 
scatter-dominated losses of energetic ions in magnetic mirror machines 
indicates that the crucial пт number increases as the 3/2 power of the 
energy of the injected ions[l2]. Thus, at 1 MeV injection energy for 
the ions, пт is a factor of 1000 times more favorable than at 10 keV 
injection energy. The electrons must also be raised to very high 
energy in order to reduce their stopping power effects— however, this 
has been satisfactorily accomplished at Oak Ridge by resonance and upper 
off-resonance electron cyclotron heating of the electrons to MeV ener
gies in devices such as the ELMO magnetic mirror facility[l3]•

The possibility of the large scale exponential build-up of plasmas 
to high densities at MeV energies and for long confinement times was 
outlined by me in 1970 and 197l[n] and involved injection of 2 mA of 
U MeV Hj ions into a simple magnetic mirror. Closure of the magnetic 
mirror by the self-current of the trapped protons would require a 10-20 
mA, 4 MeV Hj beam to produce a sufficiently large circulating ion cur
rent to reverse the magnetic field on the axis— a small scale version 
of the proton E-layer of the late N. C. Christofilos of Livermore.

The experimental prospect for closing a magnetic mirror by a 
large internal current of relativistic electrons— the so-called E-layer—  
has been studied at Livermore and eventually was successfully demon
strated in 1 9 7 1  1 9 7 2  at Cornell Universityfl1*-]. Such closed magnetic
mirror devices might be termed "orthogonal Tokamaks" since the plasma
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current is at right angles to the applied magnetic field whereas in the 
Tokamak device the plasma current is parallel to the magnetic guide 
field.

Reaction kinetics calculations of fusioning plasmas fueled with 
D-T and D-3He have been carried out at Culham and Livermore by means of 
Fokker-Planck equations which include the slowing down and energy dif
fusion of the charged reaction products, p and a , in the reacting 
plasma[l5,l6]. These calculations revealed mean ion energies greater 
than 1 MeV for both the protons and the alpha particles even without 
supplemental microwave heating of the electrons. However, the calcu
lations omitted radiation losses so that electron cyclotron heating 
would probably be required in any small scale laboratory device to off
set the synchrotron losses and maintain the protons and alphas at MeV 
energies.

Nuclear fusion chain reactions require such suprathermal or MeV 
particle energies to propagate the fusion chain reactions in fuels like 
6Li or eLiD. Since even in leaky magnetic mirrors the fusion "ashes" 
can have multi-MeV energies, the overall prospect for viable nuclear 
fusion chain reactions in closed magnetic configurations looks extremely 
favorable. Initially such systems would be sub-critical because of the 
synchrotron losses, but large systems may prove to have a net power.

¿V (kev)

D is trib u tio n  Function fo r Protons in D C X  Plosm o for 6 -  M ev H g+  Injection.

F I G . 5 . F o k k e r - P la n c k  c a lc u la t io n s  o f  e n e rg y  d is t r ib u t io n  fu n c t io n  fo r 3 M e V  p ro ton s in je c t e d  in to  a 2 /1  

m a g n e t ic  m ir ro r  w ith  T e  ~ 30 k e V .  = a v e ra g e  e n e rg y  o f  e s ca p in g  pro tons, E +[ -  a v e ra g e  en e rg y  o f  trapped  

p ro ton s . O b ta in e d  by  M o z e l le  R a n k in  in  1964 at O R N L .
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A.H . FU TCH , JR., e t  al., U C R L - 7 3 2 2 6  P R E P R IN T  ((971 )

FOR R = 10: £ ¿  — 110 keV, £ T ~ 1 2 0 ke V , £ Í~17keV , £^  — 1180 keV 
IN JEC T IO N  EN ERG Y : E0 = £T =  100 keV ; £ е =  2 5 е У
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F I G . 6 . F o k k e r - P la n c k  c a lc u la t io n s  o f  p a r t ic le  v e lo c it y  d is t r ib u t io n  fu n c t io n s  in  m a g n e t ic  m in o r s  fo r d - t  re a c t io n s  

[ 1 8 ] . A b sc issa  s c a le  fo r e le c tro n s  to  be  m u lt ip l ie d  by  6 x 109 and for ion s  by  6 x  108 c m /s .

£a (MeV)

F I G . 7 .  E n e rg y  g a in  and loss  ra te s  fo r  a lp h a  p a r t ic le s  v ia  C o u lo m b  c o l l is io n s  and n u c le a r  e la s t ic  c o l l is io n s  w ith  

d eu te ro n s  and e le c tro n s .

Figure 5 shows the calculated energy distribution function for a
3 MeV proton slowing down in a mirror confined plasma having Te ~ 30 
keV. Figure 6 illustrates Livermore calculations on the particle 
velocity distribution functions for different ion and electron species 
in a fusioning D-T plasma confined in a magnetic mirror having a mirror 
ratio R (= Вщд^/Во) of 3 and 10, respecti,vely[l6 ]. For the R = 10 case 
the alpha products slow down and diffuse to an average energy of 1.2 MeV 
whereas the D and T fuel ions move from their injected energy of 100 keV
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t o  a  mean e n e r g y  s l i g h t l y  h ig h e r  th a n  100 keV . In  c o n t r a s t ,  th e  e l e c 
t r o n s  a r e  e s s e n t i a l l y  c o l d ,  b e in g  i n j e c t e d  i n i t i a l l y  in t o  th e  p lasm a a t  
th e  same v e l o c i t y  a s  th e  f u e l  i o n s . The e l e c t r o n s  e v e n t u a l ly  a t t a i n  an 
e l e c t r o n  te m p e ra tu re  o f  o n ly  a b o u t  17 k eV . D e s p ite  th e  e x p e c t e d  s t r o n g  
s t o p p in g  pow er o f  th e  e l e c t r o n s  f o r  th e  100 keV d e u te ro n s  an d  t r i t o n s ,  
th e  a v e r a g e  e n e r g y  o f  th e  l a t t e r  in c r e a s e s  s l i g h t l y ,  p r im a r i l y  a s  a 
r e s u l t  o f  c o l l i s i o n a l  h e a t in g  b y  th e  i n i t i a l l y  3-5 MeV a lp h a s .

F ig u r e  7 i l l u s t r a t e s  t h a t  a lp h a  h e a t in g  o f  th e  d e u te ro n s  w ou ld  be  
ev en  m ore p ro n o u n ce d  i f  one in c lu d e d  n u c le a r  e l a s t i c  s c a t t e r i n g  e f f e c t s .  
H ere , th e  n u c le a r  e l a s t i c  c o l l i s i o n a l  h e a t in g  r a t e  o f  d e u te ro n s  b y  a lp h a  
p a r t i c l e s  i s  b a se d  on  th e  e x c e l l e n t  p a p e r  b y  D evaney and  S t e in  o f  Los 
A lam os S c i e n t i f i c  L a b o r a to r y  f o r  some l i g h t  e lem en t n u c le a r  e l a s t i c  
s c a t t e r i n g  c o l l i s i o n s [ 17 ]• More e l a s t i c  and  i n e l a s t i c  c o l l i s i o n  c r o s s  
s e c t i o n s  a r e  n eed ed  f o r  th e  e le m e n ts  L i th ro u g h  a t  l e a s t  n e o n .

M ost a s t r o p h y s i c a l  and  p h y s ic s  c a l c u l a t i o n s  o f  n u c le a r  r e a c t i o n  
p r o c e s s e s  g e n e r a l l y  assum e a l l  p a r t i c l e s  ( f u e l ,  e l e c t r o n s ,  and r e a c t i o n  
p r o d u c t s )  h ave th e  same te m p e r a tu r e , i . e . ,  t h a t  l o c a l  therm odynam ic 
e q u i l ib r iu m  (LTE) p r e v a i l s .  S p e c t r o s c o p i c  and  o t h e r  d ia g n o s t i c  s t u d ie s  
o f  dynam ic p lasm a sy stem s in  th e  la b o r a t o r y  r e v e a l  m ark ed ly  d i f f e r e n t  
" te m p e r a tu r e s "  f o r  e a ch  s p e c i e .  A g o o d  exam ple o f  a  p h y s i c a l  system  
h a v in g  a g r o s s  d e p a r tu r e  from  tem p e ra tu re  e q u i l ib r iu m  i s  th e  f a s t  
b r e e d e r  r e a c t o r  in  w h ich  th e  n e u tr o n s  w i l l  have a s o - c a l l e d  " te m p e ra tu re "  
o f  o r d e r  3 X 109 °K w h ereas th e  f u e l ,  sod ium  h e a t  e x c h a n g e r , and a s s o c i 
a t e d  s t r u c t u r e s  w i l l  b e  a t  a b o u t  1000°K . The e n e r g e t i c ,  m a g n e t ic a l ly  
c o n f in e d ,  l o n g  c a r b o n  a r c  p lasm a a t  Oak R id g e  r e v e a le d  io n s  a t  5 X Ю 6 °K 
w hereas th e  e l e c t r o n s  w ere a t  o n ly  a b o u t  **■ X 104 ° K [ l 8 ] -  The B urnout 
s e r i e s ,  o f  e x p e r im e n ts  a t  Oak R id g e  r e v e a le d  k i l o - e l e c t r o n  v o l t  io n s  
im m ersed in  e l e c t r o n s  a t  o n ly  a  fe w  eV t e m p e r a tu r e [ 19]• The DCX e x p e r i 
m ents a t  0RNL had  a  k i n e t i c  " te m p e r a tu r e "  f o r  th e  io n s  in  e x c e s s  o f
3 X 109 ,,K w h ereas i t s  e l e c t r o n s  w ere a t  107 °K o r  l e s s [ 2 0 ] .  S im ila r  n o n - 
LTE r e s u l t s  h ave b een  o b s e r v e d  in  num erous p lasm a  e x p e r im e n ts  in  th e  CTR 
w o r ld  com m unity .

A n u c le a r  f u s i o n in g  p lasm a w i l l  p r o b a b ly  h ave a f u e l  m ix a t  m oder
a t e  f u e l  io n  and e l e c t r o n  te m p e r a tu r e s  (~  10 °K ), b u t  th e  f u s io n  r e a c 
t i o n  p r o d u c t s  w h ich  e n t e r  th e  sy stem  a t  m u lti-M eV  e n e r g i e s ,  may w e l l  
have an io n  " te m p e r a tu r e "  o f  o r d e r  10 l o °K o r  m ore . T h is  i s  b e a u t i f u l l y  
i l l u s t r a t e d  b y  th e  r e a c t i o n  k i n e t i c s  c a l c u l a t i o n s  a t  th e  Culham and 
L aw rence L iverm ore  L a b o r a t o r ie s  where th e  a  p r o d u c t  from  th e  d - t  r e a c 
t i o n  h a s  a  mean e n e r g y  o f  a b o u t  1 .2  MeV, w hereas p r o t o n s  from  th e  d - 3He 
r e a c t i o n  h ave a mean e n e r g y  o f  ~  5 M e V [ l5 , l6 ] -  T hu s, th e s e  v e r y  e n e r 
g e t i c  c h a r g e d  p a r t i c l e s  from  th e  f u s i o n  r e a c t i o n s  may r e a c t  v e r y  f a v o r 
a b ly  w ith  a d d ed  n u c le a r  f u e l s  su ch  a s  6 L i o r  6 LiD t o  i n i t i a t e  n u c le a r  
f u s i o n  c h a in  r e a c t i o n s .  S u b sequ en t g e n e r a t io n s  o f  a c t i v e  c h a in  c e n t e r s  
c a n , in  p r i n c i p l e ,  m a in ta in  th e  c r i t i c a l i t y  c o n d i t i o n  o r  r e p r o d u c t io n  
f a c t o r ,  k , u n d er  a p p r o p r ia t e  c o n d i t i o n s  o f  f u e l  f e e d ,  ash  e x h a u s t , and 
c o n t r o l l e d  e l e c t r o n  t e m p e r a tu r e . W hether su ch  r e a c t i o n s  can  p r o c e e d  in  
m od erate  d e n s i t y ,  m a g n e t ic a l ly  c o n f in e d  p lasm as h a v in g  la r g e  r a d ia t i o n  
l o s s e s  rem a in s f o r  fu t u r e  e x p e r im e n ts  t o  d e te r m in e . I t  i s  q u i t e  p o s s i 
b l e  t h a t  th e  f i r s t  n u c le a r  f u s i o n  r e a c t o r s  w i l l  b e  s u b - c r i t i c a l  f u s i o n  
c h a in  r e a c t o r s  in  w h ich  th e  e l e c t r o n s  a r e  s u s t a in e d  a t  MeV te m p e ra tu re s  
b y  e l e c t r o n  c y c l o t r o n  h e a t in g  (ЕС Н ). Such s u b - c r i t i c a l  f u s i o n  r e a c t o r s  
may a l s o  be  o f  s i g n i f i c a n t  v a lu e  a s  p i l o t  p la n t  f u s i o n  r e a c t o r s  h a v in g  
g r e a t e r  a p p l i c a t i o n  f o r  n u c le a r  r e a c t i o n  k i n e t i c  a n a ly s e s  th a n  th e  m ost 
c o m p l ic a t e d  e l e c t r o n i c  co m p u ter— a lt h o u g h  th e  d ia g n o s t i c  r e a d o u t s  w i l l  
b e  d i f f i c u l t  t o  e v a l u a t e .
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In Plasma

In Blanket

'fast + ?Li
♦ 238U fast u

238,,

n + Be + 10.4 MeV 
2n + 2o + 8.8 MeV

n + t + a - 2.5 MeV

n + “U
Fission Products + 2.5 n + 200 MeV 
"Pu + 2e + 5.8 MeV 
t + a + 4.8 MeV

C.J.H. Watson, Appendix III, EUR-CEA-FC-628-AG (1971).
FIG. 8. Neutron-multiplying fusion reactions with 7Li fuel and tritons in a hot plasma and triton- or neutron- 
multiplying reactions in the blanket [21].

BREEDING REACTIONS (THERMAL REACTIONS G IV IN G  

CHAIN BRANCHING)

d  -• n  + % e  + 3 . 3  MeV

d  -• p  + t + 4 . 0  MeV

6 L i  -  2a + 22.1+ MeV
6 T . 7 T . L i  •+ p  + L i + 5 . 0  MeV
£

L i  -* p  + t  + a + 2 . 6  MeV

^ L i  -* n  + ^Be + З Л  MeV

6 L i  -  n  + 3He + a + 1 . 8  MeV

FIG.9. Thermonuclear reactions in LiD-fuelled plasmas leading to branched chains.

F ig u r e  8 i l l u s t r a t e s  a p o s s i b l e  m u lt ip ly in g  f u s i o n  c h a in  r e a c t i o n  
p r o p o s e d  b y  W atson o f  t h e  Culham L a b o r a t o r y [ 2 1 ] .  H ere , a  s i n g l e  t r i t o n  
r e a c t in g  w ith  7 L i can  g e n e r a te  a s  many a s  2 n e u tr o n s  w h ich  ca n  th en  
r e a c t  f u r t h e r  in  a  l i t h iu m  b la n k e t  t o  b r e e d  t r i t o n s  in  e x c e s s . The new 
t r i t o n s  m ust e v e n t u a l ly  b e  r e in t r o d u c e d  in t o  th e  r e a c t in g  p lasm a  t o  
r e p la c e  th e  b u m -u p  o f  th e  o r i g i n a l  t r i t o n s  in  th e  p la sm a . Blow and 
W atson h ave c a l c u l a t e d  t h a t  a  T -  7 L i -  23aU sy stem  ca n  p r o d u c e  a  v e r y  
la r g e  e n e r g y  m u l t i p l i c a t i o n — a b o u t  100 MeV p e r  f u s i o n  e v e n t  o r  a s  much 
a s  200 MeV p e r  f u s i o n  e v e n t  i f  Pu b r e e d in g  i s  ta k en  in t o  a c c o u n t [ 2 l ] .  
Such a  com p lex  sy stem  w ou ld , l i k e  th e  f i s s i o n  r e a c t o r ,  b e  e n e r g y  r i c h  
r a t h e r  th a n  n e u tr o n  r i c h ;  h o w e v e r , t h e r e  a r e  m a jo r  c o m p l ic a t io n s  in  su ch  
a  sy stem  ( f i s s i o n  p r o d u c t s ,  r e i n j e c t i o n  p r o b le m s , t r i t iu m  in v e n t o r y ,  
s u s ta in m e n t , e t c . ) .

As m e n tion ed  e a r l i e r ,  th e  p r o c e s s  o f  n u c le a r  f u s i o n  c h a in  r e a c t i o n s  
in v o lv e s  b o th  c h a in  and  th erm a l ( o r  th e r m o n u c le a r )  r e a c t i o n s  an d  th u s  
s h o u ld  m ore p r e c i s e l y  be  c a l l e d  a c h a in -t h e r m a l o r  c h a in -th e r m o n u c le a r  
r e a c t i o n .  F ig u r e  9 shows s e v e r a l  th e rm o n u c le a r  r e a c t i o n s  w h ich  g iv e  
c h a in  b r a n c h in g  in  a  6 LiD f u e l e d  p la sm a , i . e . ,  th e  r e a c t i o n s  a r e  b r e e d 
in g  r e a c t i o n s  f o r  t  and 3 He a s  w e l l  a s  f o r  e n e r g e t ic  p r o t o n s  and a lp h a s .
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FIG. 10. Nuclear mass-energy level diagram of 6Li showing the important 2.18-MeV state which dissociates 
into energetic d and alpha particles [ 22].

©  t{d,n) a + 17.6 Mev 
©  3He id,p) a + 18.4 Mev 
©  d{d,p) / + 4.0 Mev 

+ d{d, л)3Не + 3.3 Mev 
©  6Li(A3He)a + 4.0Mev 
©  6Li (3He, a) ¿> + a +16.9 Mev 
©  6Li (dtp) 7Li + 5.0 Mev 
©  6Li {d,t)p + a + 2.6Mev

©  \i id, a) a* 22 .4 Mev 
(5) 6L¡ (à, optf + a - 1.5 Mev

§6Li (/?, n')d+ a -1.5 Mev 
6Li (pt p') tf + a -1.5 Mev 
6Li Kd, n) 7Be + 3.4 Mev 
6Li {d, /7)3Не + а + 1.8 Mev 

@  / {p, л)3Не - 0.8 Mev 
@  ®Li intf) a + 4.8 Mev

ENERGY OF BOMBARDING PARTICLE (kev)
FIG. 11. Various reaction rate parameters, ov, for several important light-element reactions as a function of 
projectile energy. Data only approximate in most cases.
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The e n e r g e t ic  p r o t o n s ,  3He, t ,  and a lp h a  p a r t i c l e s ,  w i l l  a l l  end up in  
th e  r e a c t i o n  m ix a s  su p ra th erm a l io n s  c a p a b le  o f  f u r t h e r  r e a c t i o n s  w ith  
d e u te r o n s  o r  6 L i f u e l  n u c l e i .  In  th e  c a s e  o f  p u re  d eu ter iu m  f u e l e d  
p la sm a s th e  r e a c t i o n  ca n  be c a t a ly z e d  b y  t h e  t  and J He a sh e s  f o r  o n ly  
on e  m ore g e n e r a t io n .  In  th e  c a s e  o f  s L i o r  6 LiD f u e l ,  many fu r t h e r  
r e a c t i o n  g e n e r a t io n s  may be e x p e c t e d — th e  r e a c t i o n s  ca n  b e  a u t o -  
c a t a l y t i c ,  i . e . ,  l e a d  a u t o m a t ic a l ly  t o  th e  n e x t  r e a c t i o n .  The u s e  o f  
6LiD  f u e l  w i l l  p e r m it  t r u e  a u t o - c a t a l y t i c  r e a c t i o n s  t o  o c c u r  so  l o n g  a s  
new f u e l  i s  a d d ed  and c o l d  a s h e s  rem oved .

Even some o f  th e  v e r y  e n e r g e t ic  a lp h a s  and p r o t o n s  ca n  r e g e n e r a t e  
new f a s t  d e u te r o n s  f r o m .6 L i d i s s o c i a t i o n .  F ig u r e  10 shows th e  n u c le a r  
m a s s -e n e r g y  l e v e l  d iagram  f o r  s L i [ 2 2 ] .  The l o w - l y i n g  2 .2  MeV s t a t e  i s  
e x t r e m e ly  im p o r ta n t  f o r  c o n v e r t in g  v e r y  f a s t  a lp h a s  o r  p r o t o n s  t o  
c o l d e r  a sh e s  p lu s  a  f a s t  d e u te ro n  when t h e  e x c i t e d  2 .2  MeV s t a t e  d e ca y s  
t o  d + a .  The 9 MeV a lp h a s  o r i g i n a t i n g  from  th e  6L i ( 3H e ,a )5L i +  p  + 
a  + 16.9  MeV an d  11 MeV a lp h a s  from  6L i ( d , a ) a  + 2 2 Л  MeV p r o b a b ly  h ave 
a  la r g e  c r o s s  s e c t i o n  f o r  e x c i t a t i o n  o f  t h i s  s t a t e .  The 6L i ( p , p ' ) 6L i*  -  
2 .2  MeV r e a c t i o n  h a s a f a i r l y  f l a t  o v  from  10  MeV down t o  a lm o s t  3 MeV 
p r o t o n  e n e r g y  a s  shown in  F ig .  l l [ 6] .  F ig u r e  11 i l l u s t r a t e s  th e  im p or
t a n c e  o f  th e  r e a c t i o n s  ( l )  and  ( l 4 )  t o  J e t t e r ' s  p r o p o s e d  c h a in  r e a c t i o n  
c y c l e .

N ote th e  f i v e  im p o r ta n t  d - 6 L i r e a c t i o n s ,  ( 6 ) ,  ( 7 ) ,  (8 ) ,  and a l s o
( 12) f o r  w h ich  t h e r e  a r e  tw o r e a c t i o n  b ra n ch e s  p o s s i b l e .  The r e a c 
t i v i t y  p r o d u c t ,  avQ^., w here Q+ i s  th e  e n e r g y  r e l e a s e  in  c h a r g e d  p a r t i 
c l e s ,  i s  a b o u t  f o u r  t im e s  l a r g e r  f o r  d - s L i  th a n  f o r  th e  tw o d -d  r e a c t i o n  
c h a n n e ls .  T h is  f a c t  le a d s  t o  a  v a lu e  o f  пт o f  a b o u t  1 .8  X 1 015 s e c /c m 3 
f o r  a p ro p o s e d  d - 6 L i f u e l e d  f u s i o n  r e a c t o r  a s  com pared  t o  a  v a lu e  o f
6 X 10 6 n e e d e d  f o r  th e  d -d  s y s t e m [2 3 l -  The f i v e  d - 6 L i  r e a c t i o n s  h ave 
t h e  a d d i t i o n a l  a d v a n ta g e  t h a t  t h e y  can  i n i t i a t e  n u c le a r  f u s i o n  c h a in  
r e a c t i o n s  w h ereas th e  d -d  b r e e d in g  c y c l e ,  in  w h ich  th e  t r i t i u m  and 3He

PROBABLY INACTIVE 
CHAIN CENTRES

ACTIVE 
CHAIN CENTRES

FIG.12. Fusion chain reaction initiated by fast alphas on 6Li-fuel nuclei. The 6Li*-excited state emits a 
0.5-MeV deuteron.
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p + ®L¡ —► 3He + а + 4.0 MeV 
3Не +d-*-p + а + 18.4 MeV

p + 6L¡ —►3He + а + 4.0 MeV 
3He + 6Li -~p + 2a + 16.9 MeV

/?+6L¡ —** 3He+a + 4.0MeV 
a +6L¡ —- p + 9Be -2.1 MeV

</+6L¡ —  / +p + а +2.6 MeV 
t + 6L¡ —  d + 7L¡ + 1.0 MeV

d +6Li —► 3He + n + a + 1.8 MeV 
3He+6L¡ —  d+ 7Be + 0.1 MeV

FIG.13. Severa! charged-particle fusion chain reactions involving 6Li- or 6LiD-fuel.

ca n  r e a c t  o n ly  in  on e  s e c o n d  g e n e r a t io n  r e a c t i o n ,  w i l l  r e v e r t  b a ck  t o  a  
p u re  th erm a l o r  th e r m o n u c le a r  c y c l e  a f t e r  th e  s e c o n d  g e n e r a t io n .

R e a c t io n s  (9 )  and (1 0 )  i l l u s t r a t e  th e  im p orta n ce  o f  c o n v e r t in g  
v e r y  e n e r g e t i c  p a r t i c l e s  t o  r e a c t i v e  d e u t e r o n s . The a n a lo g o u s  
6L i ( a , a ' )  L i*  -*• d + a  -  1 -5  MeV has a  crv o f  a lm o s t  2  X 1 0 "  5 cm3 / s e c  
a t  31 MeV b u t  n eed s  t o  b e  m easured  a c c u r a t e ly  down t o  a b o u t  3 MeV. In  
f a c t  a l l  o f  t h e s e  r e a c t i o n  r a t e  p a r a m e te r s , ctv, a r e  p o o r l y  known d e s p i t e  
t h e  seem in g  a u t h o r i t y  o f  t h i s  p r e p a r e d  f i g u r e . T here a r e  many la cu n a e  
in  th e  d a t a ,  many c r o s s  s e c t i o n s  have b e e n  m easured  o n ly  o n c e ;  a l s o ,  
d i f f e r e n t i a l  c r o s s  s e c t i o n s  a r e  f r e q u e n t ly  m easured  f o r  o n ly  one a n g le  
and  g r o s s  u n c e r t a i n t i e s  h ave b e e n  in t r o d u c e d  in  c o n v e r t in g  t h e  d i f f e r 
e n t i a l  c r o s s  s e c t i o n s  t o  a b s o lu t e  c r o s s  s e c t i o n s .

F ig u r e  12 i l l u s t r a t e s  a  m u lt ip ly in g  c h a in  f o r  su p ra th erm a l a lp h a  
p a r t i c l e s  w ith  6 L i n u c l e i .  H ere , on e  f a s t  a lp h a  r e a c t s  w ith  th e  f i r s t  

L i n u c le u s  t o  p ro d u c e  a  f a s t  d e u te r o n  (~  0 .5  MeV n o t  in c lu d in g  th e  
c e n t e r  o f  mass e n e r g y  c o n t r i b u t i o n )  w h ich  can  th e n  r e a c t  w ith  a s e c o n d  
6 L i f u e l  n u c le u s  t o  g iv e  tw o f a s t  a lp h a  p a r t i c l e s  e a c h  w ith  an e n e rg y
a b ove  11 MeV; t h u s , t h i s  tw o s t e p  r e a c t i o n  has a t h e o r e t i c a l  m u l t i p l i 
c a t i o n  f a c t o r  o f  2 .

F ig u r e  13 i l l u s t r a t e s  f i v e  c h a r g e d  p a r t i c l e  p r o p a g a t io n  c h a in  
r e a c t i o n s  w ith  s L i o r  6 LiD f u e l .  In  th e  f i r s t  c a s e ,  3 He i s  p ro d u c e d  
b y  th e  r e a c t i o n  o f  f a s t  p r o t o n s  w ith  6 L i and th e n  r e a c t s  w ith  d t o  
r e g e n e r a t e  a  14 MeV p r o t o n  w h ich  ca n  c o n t in u e  t o  p r o p a g a te  th e  ch a in  
c y c l e .  In  th e  s e c o n d  r e a c t i o n  c y c l e  th e  f a s t  3 He can  r e a c t  w ith  a s L i 
f u e l  n u c le u s  t o  r e g e n e r a t e  a  f a s t  p r o t o n  a s  w e l l  a s  tw o e n e r g e t i c  a lp h a s . 
The e n e r g y  sp ectru m  o f  th e  a lp h a s . in  t h i s  s e c o n d  r e a c t i o n  c y c l e  e x te n d s  
up t o  a b o u t  9  MeV. I t  s h o u ld  b e  n o t e d  t h a t  th e  maximum m u l t ip l i c a t i o n  
f a c t o r  in  th e  f i r s t  r e a c t i o n  c y c l e  o f  F ig .  13 i s  u n i t y  so  t h a t  any c h a in
c e n t e r  l o s s e s  w ou ld  h ave t o  b e  r e p le n is h e d  v ia  d -d  o r  d - 6 L i c h a in
b r a n c h in g  th e r m o n u c le a r  r e a c t i o n s  ( F ig .  9 ) -
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FIG. 14. Various measurements of the cross-section of the 6Li (p, 3He) a + 4.0 MeV reaction as a function of 
energy [24, 25].

To i l l u s t r a t e  how a  v e r y  s im p le  r e a c t i o n  su ch  a s  e L i ( p , 3 He)cf + ¡+.0 
MeV h a s w id e ly  v a r y in g  c r o s s  s e c t i o n  m easurem ents, c o n s id e r  F ig .  I** 
w h ich  i s  ta k e n  from  C r o c k e r , Blow and W atson o f  th e  Culham and H a rw ell 
L a b o r a t o r i e s [ 2 ^ ] .  M ore r e c e n t  d a ta  o f  S p in k a , J o h n s to n , H ooton , 
e t  a l [ 2 5 ]  i s  show n. T h is  p - BL i r e a c t i o n  c o u ld  be  an e x c e l l e n t  s ta n d a rd  
f o r  th e  much m ore d i f f i c u l t  5 ch a n n e l d - 6 L i r e a c t i o n s  a s  w e l l  a s  o t h e r s  
in v o lv in g  6 L i ,  b u t  i t  n e e d s  t o  b e  m easured a c c u r a t e ly  from  100 keV t o  a t  
l e a s t  15 o r  20 MeV.

I t  a p p e a rs  t h a t  c o n s id e r a b ly  more n u c le a r  c r o s s  s e c t i o n  m ea su re 
m en ts— b o t h  t h e o r e t i c a l  and e x p e r im e n t a l— a r e  r e q u ir e d  t o  e v a lu a te  more 
t h o r o u g h ly  th e  u l t im a t e  p r o s p e c t s  o f  n u c le a r  f u s i o n  c h a in  r e a c t i o n s  in  
c o n t r o l l e d  f u s i o n  a p p l i c a t i o n s .

3 . NUCLEAR FUSION CHAIN REACTION PROSPECTS IN ASTROPHYSICS

N u c le a r  f u s i o n  c h a in  r e a c t i o n s  in  a s t r o p h y s i c a l  sy stem s do n o t  
a p p e a r  t o  have r e c e iv e d  th e  d e g r e e  o f  s tu d y  th e y  p r o b a b ly  m e r it .
P r e s e n t  d ay  a s t r o p h y s i c a l  c a l c u l a t i o n s ,  e s p e c i a l l y  f o r  r a p id  phenom ena 
su ch  a s  o c c u r  in  su p e r n o v a e , presum e l o c a l  therm odynam ic e q u i l ib r iu m  
(LTE) among a l l  s p e c ie s  and  d e te rm in e  ( a v )  v s .  T f o r  a  la r g e  c l a s s  o f  
p o s s i b l e  r e a c t i o n s .  T h is  ty p e  o f  LTE c a l c u l a t i o n  o m its  o r  s e v e r e ly  
r e d u c e s  th e  p r o s p e c t  f o r  c e r t a i n  h ig h  e n e r g y  r e a c t i o n s  f o r  w h ich  a v  may 
be  u n u s u a l ly  l a r g e .  T h is  i s  e s p e c i a l l y  t r u e  in  th e  c a s e  o f  e n d o th erm ie  
r e a c t i o n s  h a v in g  a  h ig h  e n e r g y  t h r e s h o ld .  I  f i r s t  p r o p o s e d  th e  p o s s i 
b i l i t y  o f  n u c le a r  f u s i o n  c h a in  r e a c t i o n s  i n v o lv in g  su ch  f u e l s  and  s u p r a -  
th erm a l c h a in  c e n t e r s  in  196^ in  an O R N L'Status and P r o g r e s s  R e p o r t [ 8 ] .  
The ORNL r e p o r t  s t a t e d  b r i e f l y ,  "O th er l i g h t  i s o t o p e s  a l s o  p o s s e s s  c h a in -  
r e a c t in g  c a p a b i l i t i e s ,  a t  l e a s t  in  p r i n c i p l e .  I t  i s  q u i t e  p o s s i b l e  t h a t

260
"I T I  1

Ц 2 8 0

Li(/?, He)a+ 4.0 MeV

_  CURVES 1-9 FROM CROCKER, BLOW,
WATSON , NUCLEAR DATA FOR
REACTORS, IAEA, 1 (1970) 67.

1 SAWYER (1953)
2 GEMEINHARDT (1966)
3 BEAUMEVIELLE (1964)

. 4 BOWERSOX (1939)
5 BURCHAM (1950)

' 6 BERTRAND (1968)
• 7 BASHKIN (1951)
. 8 MARION (1956)

9 JERONYMO (1962)
’ •  SPINKA (1971)
’ *  JOHNSTON (1969)
■ ♦ HOOTON (1972)
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THERMONUCLEAR REACTIONS LEADING TO CHAIN BRANCHING

Г  P + ^ a  + 2 . 2 MeV E > 2 .1  MeV 
12c  + 12c -  /  P

POa + Ne + h.6 MeV E > 3 .6  MeV
O'

n + 27Si + 9 .1  MeV E > 8 .8  MeV
П

< p + 27Al + 1 5 .6  MeV E > 1 5 .0  MeV
I Pli P
^  a + Mg + 1 7 .3  MeV E >  lU .8  MeV

O'

31S + 1 .6  MeV E > 1 . 5  MeVn
l6 0 + l 6 0 -> < p + 31P + 7 .7  MeV E > 7 . 5  MeV

I 28 Pa + S i + 9 .7  MeV E > 8 . 5  MeV

1r n + 39,
2 0 „  2 0 ,, J 39,Ne + Ne -• ( P +

1C  C i + зб

a

Ca + 6 .0  MeV E > 5 .8  MeVn
К + 12.k MeV E > 1 2 .1  MeV

P
'Ar + 13.7 MeV E^ > 1 2 .3  MeV

12 14p lu s  numerous is o to p e  m ixtures such as С + N, e t c .

FIG. 15. Thermonuclear reactions among C, N, O, or Ne nuclear fuels indicating energy of the light reaction 
product (centre-of-mass energy of the reacting nuclei would increase E).

th e  v a r io u s  l i g h t - e l e m e n t  th e r m o n u c le a r  c h a in  r e a c t i o n s  ca n  o c c u r  o n ly  
in  o p t i c a l l y  t h i c k  m e d ia , su ch  a s  a r e  fo u n d  in  a s t r o p h y s i c a l  sy s te m s , 
and p o s s i b l y  may c o n t r ib u t e  t o  th e  g e n e r a t io n  o f  n ov a s  and s u p e r n o v a s . 
In  su ch  c a s e s ,  n e u tr o n s  w ou ld  p la y  a  m ore im p o r ta n t  r o l e  th a n  in  
l a b o r a t o r y  p la s m a s ."  S in c e  t h a t  t im e  a f u l l e r  d ev e lop m en t o f  th e  p r o s 
p e c t  f o r  n u c le a r  f u s i o n  c h a in  r e a c t i o n s  in  a s t r o p h y s i c a l  sy stem s has 
e v o lv e d  and  i s  o u t l in e d  h e r e .

F ig u r e  15 d e p i c t s  th e  p r o d u c t io n  o f  su p ra th erm a l c h a in  c e n t e r s  by  
th e r m o n u c le a r  r e a c t i o n s  among th e  f u e l s  C, N, 0 ,  and N e. Each r e a c t i o n  
g iv e s  r i s e  t o  a l i g h t  p r o d u c t ,  n , p ,  o r  a ,  w h ich  w i l l  c a r r y  away th e  
b u lk  o f  th e  r e a c t i o n  Q from  c e n t e r  o f  mass c o n s i d e r a t i o n s . Thus f o r  a 
n i t r o g e n  b u rn in g  sy stem  th e  n e u tr o n  e n t e r s  th e  r e a c t i o n  m ix a t  9 MeV o r  
m ore , th e  p r o t o n  a t  15 MeV o r  m ore , and th e  a  p a r t i c l e  a t  15 MeV o r  m ore 
d ep en d in g  on  th e  Q and th e  in c r e m e n ta l  am ount o f  e n e r g y  a v a i l a b l e  in  th e  
c e n t e r  o f  m ass o f  th e  c o l l i d i n g  n u c l e i .  In  f a s t  r e a c t in g  sy stem s su ch  
a s  s u p e r n o v a e , th e s e  e n e r g e t i c  p a r t i c l e s  w i l l  be  su p ra th erm a l c h a in  
c e n t e r s  a s  th e y  s lo w  down on  th e  c o l d e r  e l e c t r o n s  and on th e  n u c le a r  
f u e l  m a t e r ia ls  v ia  Coulom b and n u c le a r  e l a s t i c  and i n e l a s t i c  c o l l i s i o n  
p r o c e s s e s .

In  v e r y  d en se  sy stem s su ch  a s  su p e r n o v a e , th e  p lasm a  i s  u s u a l ly  
t r e a t e d  a s  a  d e g e n e r a te  e l e c t r o n  g a s ( s e e  F erm i and T e l l e r [ 2 6 ]  and 
G r y z in s k i [ 27] )  and th e  s t o p p in g  pow er o f  th e  c o l d  e l e c t r o n s  i s  v e r y  
g r e a t l y  r e d u c e d . T h is  e f f e c t  can  b e  i l l u s t r a t e d  b y  F ig .  16 w h ich  g iv e s  
th e  Coulom b lo g a r it h m , От. Л^е , f o r  a 1 MeV p r o t o n  s lo w in g  down in  a  n on 
d e g e n e r a te  p lasm a o f  v a r y in g  e l e c t r o n  d e n s i t y  and  Te  ~  109 °K. N ote 
t h a t  a t  su p ern ov a e  d e n s i t i e s  th e  s t o p p in g  p o w e r , w h ich  i s  p r o p o r t i o n a l  
t o  th e  Coulom b lo g a r it h m , Sn Л^е , a p p ro a ch e s  z e r o  a s y m p t o t i c a l ly  w hereas 
th e  s t o p p in g  pow er f o r  th e  f a s t e r  e l e c t r o n s  on  th e  p r o t o n s  a s  m easured
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ne (e/cm3)

FIG.16. Coulomb logarithm for 1-MeV proton slowing down on 100-keV electron gas at various densities 
(In Aig) an̂  for 100-keV electron slowing down on 1 MeV protons (In Ae¿).

by Ы Agi is significantly larger. The net effect of this is to permit 
the energetic proton to remain suprathermal much longer than in more 

ordinary lower density plasmas such as those having densities near that 
of air, water, or the sun's core. In fact, the slowing down time be

comes independent of density whereas the nuclear reaction time continues 

to decrease as the density increases. Thus, in very dense systems such 

as pre-supernovae stars, the suprathermal fusion reaction products will 

slow down primarily on the fuel nuclei keeping the nuclear or ion 

"temperature" somewhat higher than that of the electrons. The neutrons 

are of course uncharged and do not suffer Coulomb slowing down colli
sions. A local severe fluctuation in the nuclear reaction rate can 

produce a strong compressional shock wave in a dense star which may 

shift the electrons from non-degenerate to degenerate and the explosion 

may then propagate through a large fraction of the whole system.

F ig u r e  17 i l l u s t r a t e s  m u lt ip ly in g  c h a in  r e a c t i o n s  in  n i t r o g e n  
f u e l .  The c h a in s  a r e  now m ore com p lex  th an  th o s e  in v o lv in g  L i o r  L i 
b u t  show t h a t  in  p r i n c i p l e  t h e s e  m u lt ip ly in g  c h a in  r e a c t i o n s  may su p 
p lem en t th e  o r d in a r y  th e r m o n u c le a r  b u rn in g  o f  n i t r o g e n .  The o v e r a l l  
p r o c e s s  in  c y c l e  A u t i l i z e s  two i n i t i a l l y  f a s t  a lp h a  p a r t i c l e s  an d  c o n 
v e r t s  one n i t r o g e n  n u c leu s  b y  ( a ,p )  and  ( a ,n )  r e a c t i o n s  up t o  n eon  w h ere
a s  a s e c o n d  n i t r o g e n  n u c le u s  i s  r e d u ce d  t o  a lp h a  p a r t i c l e s  b y  (p,a) and
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,4N(a,¿>)170-(.20 MeV 14N

170(a,/;)20Ne+0.6( MeV 1,B(Ao)2a+8.67 MeV

,4N(a,tf)’60-3.(2 MeV

B. ■ 14N(</,a)12C* —  3a + 6.29MeV

214N+a —- ,60 + 4a +3.17 MeV

*4N(a,aV2C+d-(0.27 MeV 

C.- *4N(tf,a)'2C +13.58 MeV

2,4N + a — 2,2C + 2a + 3.31 MeV

Possible Multiplying Nuclear Fusion Chain Reaction 
Sequences in Burning Nitrogen in Supernovae.

FIG. 17. Multiplying nuclear-fusion chain reactions in nitrogen.

(n ,a) reactions. There is a net energy release of 7-93 MeV and a mul

tiplication factor of two since four energetic alphas are produced in 

the complete chain cycle.

Figure 18 shows several propagation chains which are possible in 

nitrogen fuel. Here, the theoretical reproduction factor is unity.

The loss of a suprathermal chain center either due to too much slowing 
down or by a nonproductive neutron capture reaction will terminate or 

break such propagation chains. In this case new neutron, proton, or 

alpha chain centers must be produced by thermonuclear reactions between 

two nitrogen fuel nuclei as depicted earlier in Fig. 15- It should be 

noted that nitrogen is probably not a major constituent in pre-super- 

novae stars.

Fusion chain reaction possibilities have been discovered for fuel 

elements at least up to silicon. The most abundant elements in pre

supernovae stars were thought to be C, 0, and Ne[9l- One of the most 

interesting cases is that of chain reaction burning of an oxygen and a 
neon nucleus as shown in Fig. 19- Here, in the closed chain, four alpha 

particles can burn neon up to 32S and produce protons and neutrons 

which subsequently can bum  an oxygen nucleus down to alpha particles 

by (p,Oi) and (n,a) reactions with a very large energy release. It is of 
interest to note that the elements up to sulphur are quite prominent in 

the spectra of old supemovae such as the Crab Nebula. In young super

novae the expansion velocities are much too high to render valid inter

pretation of the spectroscopic data to ascertain the most prominent 

elements. It appears that helium, oxygen, carbon,and possibly iron and



1 \  (or,d) l60 - 3-12 MeV
A •

1\  (d,a) 12C + 13 .5 8 MeV 

a + 2 1\  ■* a + 12C + l60 + 10.46 MeV

B. ll;N(p,3He) 12C - 4.77 MeV 

1Nt(3He,p) l60 + 15.23 MeV

p + 2 p + 12C + l60 + 10.46 MeV

C. l!Vn,t) 12C - 4.01 MeV
l60 + 14.47 MeV

n + 2 -*■ n + 12C + l60 + 10.46 MeV

FIG, 18» Propagation nuclear-fusion, chain reactions in nitrogen.
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- 2.38 MeV l60(n,a)13C - 2.20 MeV
+ 1.81+ MeV 13C(p,o)10B - 4.08 MeV
+ 0.02 MeV 10B(p,a)7Be + 1.15 MeV
■ 1.53 MeV 7Be(n, a)a + 18.99 MeV

20Ne(o,p)23Na 
23Ha(a,p)2 l̂g 
26Mg(a,n)29Si 
29<u ( „  „v32„

20Ne + l 6 0  + 4 a  -> 32S + 5 a  + 1 1 . 8 l  MeV 

к = 35Т2Г = 1 . 0 3 ;  Ëm ax = 5 .9 1  MeV
7Delayed Reaction (Be Residue)

7Be + e - 7Li + 0 . 8 6  MeV ( 53.6 days)
7  Я
' l í ( p , v )  Be - 2a + 1 7 .3 4  MeV 

FIG. 19. Nuclear-fusion chain-reaction burning of oxygen and neon nuclei.

other metals are now being identified[28] in the 1937 Type I supernova, 
IC-4128, which had a well defined 55 - 1 day half life for its light 

decay[29]• In 1950 Lyle Borst suggested this light decay of 55 days was 
due to 7Be radioactivity[30] which has a half life of 53-61 days[3l].

He proposed the very endothermie a (a ,n )7Be - 19-0 MeV reaction to pro

duce the 7Be in a contracting star. Gryzinski[27] suggested 7Be pro

duction by the a (3He,v)7Be reaction and postulated that ionization of 
the L electron shell would extend the half life of 5 3 -6 1  days by about 

Щ>, thus making for almost a perfect fit  of the long light decay curve 

after the initial burst of the Type I supernovae.



IAEA-SM-170/49 59

Figure 19 shows that 7Be can be produced in chain reaction cycles 
involving Ne and 0 fusion reactions (also C, Mg or Si sind 0 chain reac

tion burning can generate 7Be). The 7Be residue would be especially 
prominent if the alpha particles slow down too fast so that they can not 

produce sufficient neutrons via the 29S i(a ,n )32S reaction to destroy the 

Be. For example, early expansion of the supemovae star would increase 

the stopping power of the alphas by the electrons because the Coulomb 

logarithm increases significantly as the density of the star decreases 

(Fig. 1 6 ) . There are, of course, many other chain reaction combina

tions that can produce 7Be; e .g .,  160 and 24Mg, 160 and 28Si, etc.

The residual 7Be would decay to 7Li with a half life of about 55 

days for doubly ionized Be in the core of the star where low energy 

proton reactions may then occur much more rapidly in the core remnant.

For example, the 7Li can be consumed by the highly exothermic reaction 

7 Li+p-* Be* ■* 2a + 17-3 MeV. Thus, a much smaller amount of 7Be would be 

required in the residual core than the figure of O.OO7  of the supemovae 

mass postulated by Borst[30] to explain the 55 day afterglow of super

novae of Type I.

Figure 20 shows a possible nuclear fusion chain reaction involving 

two neon nuclei which are burned up and down respectively to a 's  and 

32S. In this case one also sees a multiplication of alpha chain cen

ters and a net energy release for the closed cycle.

20N e(o,p)” Na -  2.38 MeV
23N a(o,p)26Mg + 1 .84  MeV
“ M g ta .n fS i +0.02 MeV
29Si (a , nJ^S -  1.53 MeV

220Ne + 4a -

“ ’Nein,a)170  -  0.61 MeV 
i70 (p ,a )l4N + 1.20 MeV 
MN(n,a)u В -  0.15 MeV 
u B(p,e)2a + 8.67 MeV 

i2S + 6а + 7.06 MeV
к = "Ç/Ï75 = 1.05: E „ „  = 2 .35 MeV 

220Ne + За -  32S + 5а + 7.06 MeV
к  = -^1.667 = 1.07: I  = 2 . 3 5  MeV

ШЭХ

FIG.20. Nuclear-fusion chain reaction in neon fuel.

“ 0 (a ,p )leF -  8.12 MeV 
18F(a, p)22 Ne + 1.71 MeV 
“ N efa .n ^ M g -  0 .48 MeV 
“ M g fa .n J ^ i + 2.66 MeV

2leO + 3a -  28Si + 4a +

leO(n,a)13C -  2 .20 MeV 
13C(n,a)10Be -  3 .85 MeV 
10B e(p ,e)7Li + 2 .57 MeV 
7Li(p,a)a + 17.34 MeV 

.63 MeV
к = ^ 1 .3 3 3  = 1.04; Ё = 4 .8 2  MeV ’ max

FIG.21. Nuclear-fusion chain reaction in oxygen fuel. Note highly endothermie reaction requiring, at least,
8.12 MeV energy in centre-of-mass system, thus preventing early explosion of pure oxygen systems. The 
theoretical multiplication factor is 1.333 for the complete cycle or an average of 1.04 per generation.
Emax rt1® maximum propagation energy assuming negligible energy feed to degenerate electrons and complete 
consumption of fuel.
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The v a r io u s  f u s i o n  c h a in  r e a c t i o n s  w ith  C, N, 0 ,  an d  Ne s u g g e s t  
m ore d i r e c t  ways o f  p r o d u c in g  s i g n i f i c a n t  ab u n d an ces o f  L i ,  B e, and В 
whose p r e s e n c e  in  th e  h ea v en s  i s  s t i l l  a p p a r e n t ly  an a s t r o p h y s i c a l  
p u z z l e .  Even a s h o r t  c h a in  l e n g t h  f o r  th e  f u s i o n  c h a in  r e a c t i o n s  w ou ld  
e n s u re  th e  p r o d u c t io n  o f  r e l a t i v e l y  la r g e  q u a n t i t i e s  o f  th e s e  e le m e n ts .

F ig u r e  21  i l l u s t r a t e s  a  n u c le a r  f u s i o n  c h a in  c y c l e  f o r  a  h y p o 
t h e t i c a l  p u re  ox y g e n  s t a r .  T h is  c y c l e  h a s a  v e r y  h ig h ly  en d o th erm ie  
s t e p  r e q u ir in g  a c e n t e r  o f  mass e n e r g y  in  e x c e s s  o f  8 .1 2  MeV. T hus, 
o x y g e n - r i c h ,  a s  w e l l  a s  c a r b o n - r i c h ,  s t a r s  do n o t  a p p ea r  t o  b e  n e a r ly  
a s  fa v o r a b le  a  n u c le a r  en v iron m en t f o r  th e  p r o d u c t io n  o f  m u lt ip ly in g  
c h a in  r e a c t i o n s  a s  do m ix tu r e s  o f  ox ygen  and  n eon  o r  c a r b o n  and n e o n .
I t  a p p e a rs  t h a t  s t a r s  r i c h  in  c a r b o n , o x y g e n , and n eon  o r  o t h e r  medium 
h e a v y  e le m e n ts  a r e  m ost l i k e l y  t o  p e rm it  n u c le a r  f u s i o n  c h a in  r e a c t i o n s  
t o  o c c u r  i f  t h e r e  i s  a  s t r o n g  co m p r e s s io n  o f  th e  s t e l l a r  m a t e r ia l  and 
th e  c o n d i t i o n s  f o r  th e  c o m p r e s s io n a l  s h o ck  wave p e r s i s t .

4 .  SUMMARY

Nuclear fusion chain reactions may have a potential impact on con

trolled fusion reactors and may give a more complete explanation of 

Supernovae processes; however, much more basic research in science and 

technology will have to be done to elucidate the true role of fusion 

chain reactions. O f especial importance in this broad ranging research
endeavor will be the accurate measurement of many nuclear cross sec

tions involving both neutrons and charged particles as projectiles and

fuels at least up to sulphur.

I  h ope I  h ave s t im u la t e d  in  some s m a ll  way th e  n u c le a r  d a ta  com 
m u n ity  t o  th e  p r o s p e c t  f o r  new and c h a l le n g in g  r e s e a r c h  n eed s  in  th e  
a r e a  o f  l i g h t  e le m e n t  c r o s s  s e c t i o n s  f o r  c o n t r o l l e d  f u s i o n  an d  a s t r o -  
p h y s i c a l  a p p l i c a t i o n s .  In  c l o s i n g ,  I  p a ra p h ra se  L o u is  R osen , D ir e c t o r  
o f  th e  Los Alam os M eson P h y s ic s  F a c i l i t y  who s a id  a t  th e  N a t io n a l  P a r 
t i c l e  A c c e l e r a t o r  C o n fe re n ce  in  C h ica g o  in  1971> "One b a r r i e r  t o  th e  
p u r s u i t  o f  t h i s  id e a  o f  f u s i o n  ch a in  r e a c t i o n s  in  c o n t r o l l e d  f u s i o n  
r e a c t o r s  i s  th e  g r o s s l y  in c o m p le te  know ledge o f  r e a c t i o n  c r o s s  s e c t i o n s  
f o r  l i g h t  n u c l e i  a t  low  e n e r g i e s " [ 32] .  The same k in d  o f  s ta te m e n t  
m igh t a l s o  b e  made w ith  r e g a r d  t o  a s t r o p h y s i c a l  e x p l o s i o n s .
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[ 31] KRUSCHAAR, J .  J . ,  WILSON, E . D . ,  and BAINBRIDGE, К. T . ,  P h y s. R ev .

90 (1 9 5 3 ) 610.
[ 32] ROSEN, L . ,  S c ie n c e  173 (1 9 7 1 ) 4 9 0 .

D I S C U S S I O N  

G . A .  K O L S T A D :  This is a question addressed to M r . Yankov, 

M r . Chernilin and M r . McNally: can you comment on the importance of
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m ore and better nuclear data to the successful development of fusion reactors, 

i .e . is it (1) trivial, (2) important, or (3) critical?

J .R .  M c N A L L Y :  The light particle reactions are generally quite well 

known except for cross-sections above about 1 M e V . There is a recent 

Batelle Northwest Laboratory report which sum m arizes the data over the 

years on these reactions. In the case of 6L i  D-fueledfusion reactors, 

if such are possible, the data are in general very poor and m any cross- 

sections are urgently needed.

W . C .  W O L K E N H A U E R :  The Batelle Northwest report that D r . McNally 

referred to is B N W L - 1 6 04  (1971). Another pertinent report which supple

ments this information is B N W L - 1685  (1972).

G . B .  Y A N K O V :  In the matter of neutron cross-sections, it seem s to 

m e , in accordance with the priorities recom m ended for the list of nuclear 

data requirements for fusion reactors, that the first place belongs to cross- 

sections and other characteristics of non-elastic interactions of neutrons 

with the structural materials of the blanket, especially for the neutron 

energy range bordering on 14 M e V .

Yu. F . C H E R N IL IN  (Chairman): A s  regards the D T  reaction, I think 

some experimental studies are needed relating to the m easurement of nuclear 

data in the energy region mentioned by M r. Yankov, because one cannot always 

trust calculations. O f  course, calculations must still be m ade but never

theless certain hot-spots should be m easured. The most important nuclear 

data requirement, I think, is in the matter of radiation dam age. I fully 

share the views expressed by M r .  McNally regarding reactions other than 

the D T  reaction.
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Abstract

INTERACTION BETWEEN THE NATIONAL NEUTRON CROSS SECTION CENTER, THE CROSS SECTION 
EVALUATION WORKING GROUP, AND THE USER COMMUNITY.

To a great extent the success o f the ENDF/B effort has been the special relationship between the 
"National Neutron Cross Section Center" (NNCSC), the ’’Cross Section Evaluation Working Group" (CSEWG), 
and the user community. The CSEWG was organized by the USAEC in 1966 in order to assess data evaluation 
needs and capability among its contractors. Since then it has provided a forum for discussion and co-ordination 
o f evaluation activities. Its present objectives are: (a) To formulate the scope and contents of the reference 
library (ENDF/B); (b) To establish formats and procedures for the use o f the library; (c ) To perform differential 
and integral testing o f data for consideration in ENDF/B; (d) To provide recommendations on new experiments, 
evaluation and codes that are needed. The CSEWG consists of a group of representatives from national 
laboratories, industry and universities. Attendance is by laboratory rather than on an individual basis in 
order to ensure continuity o f participation. The number of participants is purposely kept small. The group 
is divided into a number o f subcommittees, each responsible for a specific task: The subcommittees are
(1) Data Testing; (2) Codes and Formats; (3) Normalization and Standards; (4) Shielding; (5) Resonance;
(6) Fission Products; (7) Error Quantities; (8) Nuclear Model Codes; (9) Non-Neutron Data. The primary 
interaction with ENDF/B is provided within CSEWG by the first two subcommittees: The Data Testing 
Subcommittee co-ordinates the microscopic and integral testing procedures, reviews sets considered for 
ENDF/B and provides NNCSC with guidelines for preparation o f the data file. The Codes and Formats 
Subcommittee has the responsibility for the specification o f formats for ENDF/B data including proposed 
modifications or additions. Twice a year executive meetings are held at BNL at which NNCSC acts as 
secretariat providing a chairman, meeting facilities, personnel, preparation and distribution o f material 
and other services. The CSEWG guidelines are followed by NNCSC in the preparation and distribution of 
the ENDF/B data. The NNCSC acts as an interface to the user community outside of CSEWG by answering 
requests for data and channelling to CSEWG requests for more evaluation.

The prim ary base o f  ev a lu a ted  n u clea r  data In use in  the United S ta tes  
is  produced by the c o o p e r a t iv e  e f f o r t s  o f  two groups: The Cross S ection
E valu a tion  W orking Group (CSEWG) and the N ation a l Neutron Cross S e c tio n  
C enter (NNCSC), which ad m in istra tes  the form er.

The c o o r d in a t io n  o f  task s and a c t i v i t i e s  by these two groups has r e s u lte d  
in  co n s id e r a b le  sav in gs o f  time and e f f o r t  at la b o r a to r ie s  throughout the 
U .S . due t o  e lim in a t io n  o f  d u p lic a t io n s  and the sta n d a rd iza tio n  o f  re fe r e n c e  
f i l e s  and form ats . The most ou tstan d in g  product o f  the in t e r a c t io n  between 
these  two g rou p s, how ever, i s  the E valuated N uclear Data F i l e - B [ l ]  (ENDF/B), 
the th ir d  v e r s io n  o f  which has been d is tr ib u te d  in  February 1972, and w hich , 
at p re s e n t , c o n ta in s  some 238 d i f f e r e n t  s e ts  o f  data [ 2 ] .  The f i l e  has been 
generated  e n t ir e ly  in  agreement w ith  b a s ic  c r o s s  s e c t io n  measurements, 
a v a ila b le  at the time o f  the e v a lu a t io n . Although r e s u lt s  from c a r e fu l ly  
perform ed in t e g r a l  benchmark c a lc u la t io n s  were u sed  in  some ca ses  to
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in f lu e n c e  the s e le c t i o n  o f  one experim ental s e t  over an oth er, the f i l e  is  
in tended  to  serve as a " u s e r 's "  f i l e  and not m erely as a s ta r t in g  p o in t  to  
be thrown away a f t e r  an "a d ju s te d "  se t has been c re a te d .

The CSEWG-NNCSC in t e r a c t io n  w ith  each o th e r , the user community, and 
the funding a g e n c ie s , as w e ll  as the proced u res fo llo w e d  in  the g en era tion  
o f  the ENDF/B f i l e s ,  w i l l  be examined in  th is  paper.

1. OBJECTIVES OF CSEWG

CSEWG was organ ised  in  1966, by the D iv is io n  o f  R eaction  Development 
and T echnology o f  the USAEC, fo r  the purpose o f  a ss e ss in g  data ev a lu a tion  
needs and c a p a b i l i t i e s  among i t s  c o n tr a c to r s  and s im ila r  o r g a n iz a t io n s . 
S ince  that tim e, CSEWG has p rov ided  a forum where n u clea r  data problems 
can be d is cu s s e d , s o lu t io n s  p rop osed , and e v a lu a tio n  and t e s t in g  a c t i v i t i e s  
c o o rd in a te d .

A prominent acheivem ent o f  CSEWG has been the s ig n i f i c a n t  co op era tion  
that i t  was ab le  to  b r in g  about among the members o f  the th ree groups 
most d i r e c t l y  concerned  w ith n u clea r  d a ta : the e x p e r im e n ta lis t s , the
e v a lu a to r s , and the u s e rs .

At presen t the o b je c t iv e s  o f  CSEWG a re :

a) To form u late  the scope and con ten ts  o f  the r e fe re n ce  
l ib r a r y  (ENDF/B).

b ) To e s t a b l is h  form ats and p roced u res fo r  the use o f  
the l ib r a r y .

c )  To perform  d i f f e r e n t i a l  and in te g r a l t e s t in g  o f  the 
data fo r  c o n s id e r a t io n  in  ENDF/B.

d ) To p rov id e  recommendations on new experim en ts, 
e v a lu a t io n s , or codes that are needed.

2 . COMPOSITION AND FUNCTIONS OF CSEWG

CSEWG c o n s is t s  o f  a group o f  working le v e l  re p r e s e n ta t iv e s  from 
n a tio n a l la b o r a t o r ie s ,  in d u s tr ia l  o r g a n iz a t io n s , and academ ic in s t i t u t io n s  
th at are fo rm a lly  com m itted towards the achievem ent o f  CSEWG o b je c t iv e s .  
P a r t ic ip a t io n  i s  by la b o ra to ry  ra th er  than on a in d iv id u a l b a s is ,  in  order 
t o  insure the c o n t in u ity  o f  a c t i v i t i e s .

Formal la b o ra to ry  p a r t ic ip a t io n  can be e s ta b lis h e d  by d ir e c t  communica
t io n  from  the funding agency or la b o ra to ry  management t o  the chairman o f  
CSEWG. (A l i s t  o f  cu rren t p a r t ic ip a t in g  la b o r a to r ie s  i s  shown in  Table I . )
To t h is  group o f  e v a lu a tio n  and data t e s t in g  e x p e r ts , the NNCSC, by requ est 
o f  the USAEC, a c t s  as a s e c r e t a r ia t ;  p rov id in g  a chairm an, m eeting f a c i l i t i e s ,  
p e rs o n n e l, p rep a ra tion  and d is t r ib u t io n  o f  m a te r ia l, p re lim in ary  d a ta , and 
o th er  s e r v ic e s  as re q u ir e d . CSEWG, in  r e tu rn , p rov id es  the NNCSC w ith 
g u id e lin e s  fo r  the p rep a ra tion  o f  ENDF/B; and the funding a g en cie s  w ith  
recom m endations fo r  new e v a lu a t io n s , measurements, or cod es .

The NNCSC p ro v id e s  the in t e r fa c e  t o  the u ser community by d is t r ib u t in g  
the f in a l iz e d  and approved data f i l e s  and th e ir  docum entation . User 
req u es ts  f o r  new or a d d it io n a l  ev a lu a tion s  are re ce iv e d  by the NNCSC and 
channeled to  CSEWG through the ch a irm a n .{F ig . 1)

3 . ADMINISTRATION OF CSEWG

D e c is io n s  reg a rd in g  CSEWG o b je c t iv e s  are reached  at the CSEWG ex ecu tiv e  
m eetin gs. These m eetings are h e ld  tw ice  a year at the Brookhaven N ationa l 
L aboratory . A lthough wide p a r t ic ip a t io n  in  the o v e r a l l  CSEWG e f f o r t  is
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T A B L E  I. IN S T IT U T IO N S  P A R T IC IP A T IN G  

IN C S E W G  A C T IV IT IE S

CSEWG - L aboratory

A e r o je t  N uclear Co. (ANC)
Argonne N ation a l L aboratory  (ANL)
Atomic Power Development A ssoc . (APDA)
A tom ics In te r n a t io n a l (A I)
B e tt is  Atomic Power L aboratory  (BAPL)
Babcock & W ilcox  (B&W)
B a t te l le  Northwest (BNW)
Combustion E ngineerin g  (CE)
Defense N uclear Agency (DNA)
G eneral E le c t r i c  Co. (GE)
G u lf R ad ia tion  T ech nology  (GRT)
Hanford E ngineerin g  Development La. (HEDL) 
K n o lls  Atom ic Power Lab. (KAPL)
Lawrence Liverm ore Lab. (LLL)
Los Alamos S c i e n t i f i c  Lab. (LASL)
N ation a l Bureau o f  Standards (NBS)
N uclear Fuel Systems (NFS)
Oak Ridge N ation a l Lab. (ORNL)
R en sse laer  P o ly te ch n ic  I n s t .  (RPI)
Savannah R iv er  Lab. (SRL)
U. S. Atom ic Energy Comm. (USAEC)
W estinghouse E le c t r i c  Corp. (W)

Other

Atomic Energy o f  Canada L td . (AECL)
Columbia U n iv e rs ity
M athem atical A p p lic a t io n  Group, In c . (MAGI) 
R a d ia tion  S h ie ld in g  In form ation  Center (RSIC) 
S tan ford  U n iv e rs ity

the funding agencies and the user com m unity.
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en cou raged , attendance at the ex e cu t iv e  m eetings is  l im ite d  t o  one or two 
r e p r e s e n ta t iv e s  from each in s t i t u t io n  in  order t o  assure the re p re se n ta tio n  
o f  each la b o ra to ry  w ithout s a c r i f i c in g  the advantages o f  e f f e c t i v e  fa ce  to  
fa ce  d is c u s s io n  o f fe r e d  by a sm all group.

Much o f  the ground work n ecessa ry  in  order t o  reach  d e c is io n s  or CSEWG 
o b je c t iv e s ,  i s  done e it h e r  by permanent s p e c ia l iz e d  subcom m ittees or 
tem porary "a d -h o c "  com m ittees in  between e x e c u t iv e  m eetin gs. These "a d -h oc"  
com m ittees are appointed  as needed and g e n e r a lly  have a w ider p a r t ic ip a t io n . 
E xperts from ou ts id e  o f  CSEWG may be in v it e d . In g e n e r a l, no attem pt is  
made t o  in c lu d e  a l l  ex p erts  on a m atter, but on ly  as many as i s  necessa ry  
t o  reason ab ly  d ea l w ith  the problem  at hand.

At p re s e n t , CSEWG c o n s is t s  o f  the fo l lo w in g  subcom m ittees:

In ca rry in g  out t h e ir  ass ign ed  tasks and r e s p o n s ib i l i t i e s ,  the 
subcom m ittees must c l o s e ly  in t e r a c t  w ith  one an oth er. From t h is  p o in t o f  
v iew , the two most c e n tr a l  com m ittees are the Data T estin g  and Codes and 
Formats Subcom m ittees. D e c is io n s  regard in g  the ba lance between the p h y sics  
and user needs in  the areas o f  f a s t ,  therm al, s h ie ld in g , and fu s ion  
a p p lic a t io n s  are made in  th ese  two c e n tr a l com m ittees.

4 . THE DATA TESTING SUBCOMMITTEE

The prim ary purpose o f  the Data T estin g  Subcommittee is  t o  p rov id e  
CSEWG w ith  a form al mechanism fo r  the t e s t in g  o f  n u clea r d a ta . Evaluated 
data se ts  bein g  con sid ered  fo r  in c lu s io n  in  ENDF/B must undergo a s e r ie s  
o f  t e s t s .  The f i r s t  le v e l  o f  t e s t in g  i s  done a t the NNCSC in  a more or 
le s s  m echanical manner. Data se ts  subm itted t o  the NNCSC are te s te d  fo r  
c o r r e c tn e s s  o f  s t ru c tu re  and fo rm a ts [3 ] t o  insure th e ir  p r o c e s s a b i l i t y  by 
fu rh te r  c o d e s . N ext, in c r e a s in g ly  r ig o ro u s  p h y sics  c o n s is te n c y  checks are 
conducted  [ 4 ,5 ] .  Obvious e r r o r s ,  when p re s e n t , are rep orted  t o  the o r ig in a l  
ev a lu a to r  and c o r r e c te d . F in a lly  the data se t  i s  put in to  a standard form 
and a package co n ta in in g  the r e s u lt s  o f  a l l  ch eck in g  co d e s , as w e ll  as a 
se t  o f  d e ta ile d  p lo t s  i s  produced and subm itted to  the Data T estin g  
Subcom m ittee. Data s e ts  rea ch in g  th is  stage are a ss ig n ed , by the Sub
com m ittee, t o  one or more rev iew ers  fo r  a d e ta ile d  "m ic r o s c o p ic "  rev iew .
The purpose o f  t h is  rev iew  (r e fe r r e d  to  as Phase I  rev iew ) i s  t o  determ ine 
the adequacy o f  the e v a lu a tio n  w ith  re sp e ct  t o  the most cu rren t e x p e r i
m ental e v id e n ce . The Data T estin g  Subcommittee i s  re s p o n s ib le  f o r  the 
c o o rd in a t io n  o f  a l l  Phase I  re v ie w s ,- as w e ll  as the recommendation fo r  the 
a ccep ta n ce , m o d if ic a t io n , or r e je c t i o n  o f  the p re lim in a ry  s e t s .  Data se ts  
approved by the Subcommittee become o f f i c i a l l y  part o f  the ENDF/B L ibrary  
as category I  d a ta .

A fu rth e r  r e s p o n s ib i l i t y  o f  the Data T estin g  Subcommittee i s  t o  
determ ine the v a l id i t y  o f  the ENDF/B data in  c e r t a in  s p e c i f i c  areas o f  
a p p lic a t io n  im portant t o  the o v e r a l l  n a tio n a l n u clea r e f f o r t .

T his o b je c t iv e  i s  a ch ieved  by c o o rd in a tin g  the Phase I I  in te g r a l and 
d i f f e r e n t i a l  t e s t in g  o f  the data in  c e r ta in  w e ll d e fin e d  "benchmark" 
s i t u a t io n s . T his phase o f  the t e s t in g  i s  c a r r ie d  out in  c lo s e  c o o p e ra t io n  
w ith oth er subcom m ittees s p e c i f i c a l l y  r e s p o n s ib le  fo r  a p a r t ic u la r  area 
o f  a p p l ic a t io n . The m ajor areas o f  Phase I I  t e s t in g  are the fo l lo w in g :

1) Data T estin g
2) Codes and Formats
3) N orm alization  and Standards
4 ) S h ie ld in g
5) Resonance Region

6 ) F is s io n  Products
7) E rror Q u a n titie s
8) N uclear Model Codes
9) Non Neutron Data.

a) Fast neutron data
b ) Thermal neutron  data
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c )  Dosim etry
d) Shielding
e )  F is s io n  p rod u cts .

The r e s u l t s  o f  the Phase I I  t e s t in g  are ev a lu a ted  and p ublish ed  by the 
Dato T estin g  Subcommittee in  a t im ely  manner, and are used in  making 
recom m endations fo r  fu rth e r  data measurements, e v a lu a t io n s , or in te g r a l 
experim ents when the need fo r  th ese  has been e s ta b lis h e d .

5 . THE CODES AND FORMATS SUBCOMMITTEE

The second o b je c t iv e  o f  CSEWG, the estab lish m en t o f  form ats and 
proced u res fo r  the use o f  the ENDF/B L ib ra ry , i s  the r e s p o n s ib i l i t y  o f  the 
Codes and Formats Subcom m ittee.

T his r e s p o n s ib i l i t y  in c lu d es  the c o n s id e r a t io n  o f  a l l  proposed  form at 
a d d it io n s  and m o d if ic a t io n s  and con seq u en tly  i t  in v o lv e s  c lo s e  c o o p e ra t io n  
w ith  o th er  subcom m ittees. A lthough any member o f  CSEWG may propose a 
form at m o d if ic a t io n , in  g e n e r a l, these  p rop osa ls  are made by the subcomm ittee 
most d i r e c t l y  in v o lv ed  w ith  the type o f  data that would be a f fe c t e d  by the 
form at m o d if ic a t io n  ( i . e . ,  p rop osa ls  a f fe c t in g  the form ats and use o f  the 
gamma ray p rod u ction  are made by the S h ie ld in g  Subcom m ittee).

A fte r  c o n s id e r in g  a p ro p o s a l, the Codes and Formats Subcommittee may 
approve i t ,  r e j e c t  i t ,  or retu rn  i t  t o  the o r ig in a t o r  w ith  a requ est fo r  
fu rth e r  docum entation or  t e s t in g .  O ften su g g estion s  fo r  an a lte rn a te  
approach are made.

An approved form at m o d if ic a t io n  g e n e r a lly  r e s u lt s  in  the fo llo w in g  
CSEWG ta sk s :

1) Updating o f  the Formats and P rocedures M an u alfl] by the NNCSC.
2) Updating o f  a l l  a f fe c t e d  computer programs to  r e co g n ize  the 

new form ats by th e ir  r e s p o n s ib le  programmers.
3) T ra n s la tio n  o f  the o ld  l ib r a r y  in to  the new form at by the 

NNCSC.
4 ) R equ estin g  o f  e v a lu a to rs  t o  conform  t o  the new form ats .

Because o f  the magnitude o f  the above ta s k s , p rop osa ls  most l ik e ly  to  be 
accep ted  are th ose  which do not in v o lv e  e x te n s iv e  m o d if ic a t io n s  in 
e x is t in g  com puter' program s, or the t r a n s la t io n  o f  la rg e  amounts o f  data 
s e t s .

In a d d it io n  t o  the ENDF/B form ats and p roced u res , the Codes and Formats 
Subcommittee has r e s p o n s ib i l i t y  f o r :

a) Im proving and m aintain in g  the in t e g r i t y  o f  codes which 
d i r e c t l y  use the ENDF/B d ata .

b ) Making recom m endations f o r  the developm ent o f  a d d it io n a l 
p ro ce ss in g  or data m anipu lation  co d es .

The "Tedium Iso to p e s  T e s t " [7 ]  c o n s t i tu te s  a good example o f  some o f  
the e f f o r t  go in g  in t o  the m aintenance and improvement o f  e x is t in g  co d es .
The ’ ’Tedium I s o to p e s "  are a se t  o f  f i c t i t i o u s  m a te r ia ls  c re a te d  in  the 
ENDF/B form at fo r  the purpose o f  t e s t in g  p ro ce ss in g  co d e s . In g e n e ra l, 
these  is o to p e s  con ta in  a s in g le  s a l ie n t  and p o t e n t ia l ly  troublesom e 
c h a r a c t e r is t i c  ( e . g . ,  s in g le  narrow p-wave reson a n ce , a large  resonance 
lo c a te d  at a group boundary, e t c . ) .  The in tercom p arison  o f  r e s u lt s  from 
d i f f e r e n t  cod es p ro ce ss in g  the Tedium m a ter ia ls  has r e s u lte d  in  the 
d is c o v e r y  and c o r r e c t io n  o f  numerous t h e o r e t ic a l  in a cc u r a c ie s  in  a lgorith m s 
or sim ple cod in g  e r r o r s .

In the area  o f  recom m endations fo r  new p ro ce ss in g  co d e s , the Subcommittee 
i s  p re s e n t ly  c o o p e ra t in g  in  the s p e c i f i c a t i o n  o f  a group l ib r a r y  p rep a ra tion
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code capable  o f  p rod ucing  a s in g le ,  ENDF/B based , l ib r a r y  o f  group con stan ts  
that cou ld  be used fo r  thermal r e a c to r  and s h ie ld in g  a p p lic a t io n s  as w e ll 
as fo r  'fa s t  r e a c to r s .  The p rod u ction  o f  such a l ib r a r y  i s  planned fo r  the 
near fu tu re .

6 . OTHER SUBCOMMITTEES

In c lo s e  c o o p e r a t io n  w ith  the f i r s t  two subconraittees are a number o f  
more s p e c ia l iz e d  g rou p s. These are :

6 .1 »  The N orm alization  and Standards Subcommittee

A number o f  ENDF/B Cross s e c t io n s  are d e fin e d  as stan d ard s. These 
In clu d e the therm al c r o s s  s e c t io n s  o f  a l l  primary f i s s i l e  n u c le i  as w e ll 
as a l l  c r o s s  s e c t io n s  c la s s e d  as measurement stan d ard s by the U .S . N uclear 
Data Committee.

The N orm alization  and Standards Subcommittee has the r e s p o n s ib i l i t y  
fo r  co n t in u a l rev iew  o f  th ese  c r o s s  s e c t io n s . Any m o d if ic a t io n  o f  th e ir  
ENDF/B f i l e s  must have the con cu rren ce  o f  the Subcom m ittee. In  a d d it io n , 
the Subcommittee makes recommendations on the v a lu es  and shapes o f  thermal 
c ro s s  s e c t io n s  and resonance in te g r a ls  o f  a l l  ENDF/B m a ter ia ls  and is  in  
the p rocess  o f  d eve lop in g  a f i l e  o f  neutron d osim etry  c ro s s  s e c t io n s .  The 
Phase I  rev iew  and Phase I I  t e s t in g  o f  the dosim etry  f i l e  i s  bein g  done 
under the d ir e c t io n  o f  the Data T estin g  Subcom m ittee.

YES

ENDF/B
LIBRARY

FIG. 2. Checking procedures for ENDF/B evaluations.
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6 .2 . The S h ie ld in g  Subcommittee

Checking the v a l id i t y  o f  the s h ie ld in g  data f i l e s  in  ENDF/B, d e te r 
m ining th e ir  d e f i c i e n c i e s ,  im proving and c o r r e c t in g  them i s  the primary 
r e s p o n s ib i l i t y  o f  the S h ie ld in g  Subcom m ittee. Thisl i s  done through Phase I 
rev iew  and Phase I I  t e s t in g  in  co o p e ra t io n  w ith  and under the d ir e c t io n  o f ,  
the Data T estin g  Subcommittee (F ig . 2 ).

The in t e r a c t io n  w ith  the Codes and Formats Subcommittee c o n s is t s  o f :

1) S u ggestin g  form ats and proced u res fo r  the sh ie ld in g  
data f i l e s .

2) Review ing the adequacy o f  codes used in  p ro ce ss in g  o f  
data fo r  s h ie ld in g  c a lc u la t io n s ,  in c lu d in g  d eterm in ation  
o f  needs or d e f i c i e n c ie s  through data t e s t in g  and "Tedium" 
l ik e  code t e s t in g  program s, recommending c o r r e c t iv e  a c t io n s .

Because o f  the nature o f  the data in v o lv e d , the S h ie ld in g  Subcommittee must 
in t e r a c t  s tro n g ly  w ith  oth er data ce n te rs  in  a d d it io n  to  the NNCSC ( e . g . ,  
the R ad ia tion  S h ie ld in g  In form ation  Center at Oak Ridge N ation a l L abora tory , 
and the P hotonu clear Data C enter at the N ation a l Bureau o f  S tandards) and 
w ith  the s h ie ld in g  community in  g e n era l.

6 .3 .  Resonance Region Subcommittee

T his com m ittee is  p r im a r ily  concerned  w ith  problem s r e la t in g  t o  the 
d i f f e r e n t  form alism s in  use in  the resonance r e g io n ; th e ir  in t e r p r e t a t io n , 
form ats , and p roced u res .

6 .4 .  F is s io n  P roduct Subcommittee

The e v a lu a t io n , rev iew , and t e s t in g  o f  m a ter ia ls  produced in  f i s s i o n  
i s  the prim ary r e s p o n s ib i l i t y  o f  t h is  Subcom m ittee, in  co o p e ra t io n  w ith  the 
Data T estin g  and N orm a lization  and Standards Subcom m ittees.

6 .5 .  N uclear Model Codes Subcommittee

Nuclear model codes are used t o  supplement experim ental ev id en ce  in 
p rod ucing  the ENDF/B f i l e s .  The use o f  th ese  h ig h ly  com plex codes may 
o fte n  r e s u lt  in  d is c r e p a n c ie s  due to  num erical or  p h y s ica l e r r o r s .  The 
scope o f  the N uclear Model Codes Subcommittee is  t o  keep the CSEWG members 
aware o f  cod es r e f l e c t in g  th ose  d is c r e p a n c ie s  as w e ll  as o f  new areas o f  
code developm ent.

6 .6 .  New Subcom mittees

The f in a l  two subcom m ittees are in d ic a t iv e  o f  the tren ds p re se n t ly  
be in g  con s id ered  fo r  the fu tu re  v e r s io n s  o f  ENDF/B. The purpose o f  the 
E rror Q u a n tit ie s  Subcommittee i s  t o  study and make recom m endations on the 
means and proced u res fo r  in c lu d in g  e r r o r s  or co n fid e n ce  l im it s  in  the 
ENDF/B f i l e s  t o  be used in  s e n s i t iv i t y  c a lc u la t io n s ;  w h ile  the Non Neutron 
Data Subcommittee i s  r e s p o n s ib le  fo r  recommending means o f  in c lu d in g  
charged p a r t i c l e  c ro s s  s e c t io n s  o f  in t e r e s t  t o  s h ie ld in g  and fu s io n  
c a l c u la t io n s .

7. CONCLUSION

The c o o p e r a t iv e  NNCSC-CSEWG e f f o r t  can be view ed as a s u c c e s s fu l  
example fo r  the g en era tion  o f  a data base design ed  to  s a t i s f y  the needs 
o f  a wide user community. The su ccess  o f  t h is  e f f o r t  can be seen in  the 
w idespread  use o f  the ENDF/B L ib ra ry  as a r e fe r e n c e  f i l e .  The gen era tion  
o f  a ev a lu a ted  f i l e ,  based e n t ir e ly  on the b est experim en ta l in form ation
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a v a i la b le ,  y e t a ccu ra te  in  the c a lc u la t io n  o f  in t e g r a l  experim en ts , cou ld  
on ly  be made p o s s ib le  through the c lo s e  co o p e ra t io n  o f  e v a lu a to rs  with 
experim en ters and u sers  through the CSEWG o r g a n iz a t io n .

T h is e f f o r t  is  ex p ected  to  icontinue in  the fu tu re  in  order to  ach ieve 
the fo l lo w in g  g o a ls :

7 .1 .  Improve the accu racy  o f  the e x is t in g  f i l e s

In p a r t i c u la r ,  235u cap tu re  and f i s s i o n ,  S39Pu ca p tu re , the standard 
c r o s s  s e c t i o n s ,  and the number o f  neutrons em itted  in  f i s s i o n  w i l l  be 
review ed in  the l ig h t  o f  re cen t experim ental e v id e n ce . The e x is t in g  f i l e s  
are known to  g iv e  rea son a b ly  good agreement w ith  in te g r a l  experim ents fo r  
the case  o f  fa s t  a ssem b lie s . The next v e r s io n  o f  ENDF/B i s  expected  to  
g iv e  improved agreement w ith  therm al a ssem b lies .

7 .2 .  Expand the number and type o f  ev a lu a tion s  in  the l ib r a r y

The next v e r s io n  o f  the l ib r a r y  should con ta in  e v a lu a tio n s  fo r  
a d d it io n a l  m a ter ia ls  and r e a c t io n  ty p e s . S h ie ld in g  data f i l e s  w i l l  be 
prov ided  fo r  a d d it io n a l m aterin I s .

/ . I ) .  Expand the u s e fu ln e ss  o f  the l ib r a r y  in  new areas oí a p p lic a t io n

T h is can be done by p rov id in g  e rro r  f i l e s ,  charged p a r t ic le  in t e r 
a c t io n  d a ta , and r e a c t io n s  o f  in te r e s t  to  c o n t r o l le d  therm onuclear 
fu s io n  work.
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D I S C U S S I O N  

F . F R Ö H N E R : I was interested to hear that error information will 

in future be included in the E N D F  library. Which version of E N D F  will 

contain error information for the first time? 

O . O Z E R :  Version IV  will contain error information, either as a 

separate file or as part of the evaluation. 

J . J . S C H M ID T : Is there any plan to include evaluated data on neutron 

capture gam m a ray spectra in E N D F /B  version IV? 

O . O Z E R :  I am  not aware of any such plans.
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U . F A R IN E L L I :  Could you say anything about the recent C S E W G  

efforts in the field of detector cross-sections?

O . O Z E R :  A  file of dosimetry cross-sections is being prepared by 

the Normalization and Standards Subcommittee, which has responsibility 

for the Phase I review and Phase II testing of the file.

R . P A N N E T IE R :  Is there a possibility of access to the evaluation 

reports, which certainly contain essential information on the confidence 

intervals that can be assigned to E N D F /B  data for each energy region and 

for each characteristic?

O . O Z E R :  All E N D F /B  evaluations are eventually documented in a 

formal report. These reports contain information on confidence intervals 

assigned.

J . Y . B A R R E : At the A N S  Conference at Kiam esha Lake in September 

1972, the reactor physicists concluded that E N D F /B  Version 3 gave correct 

results for reactivities but that there were very considerable discrepancies 

as regards spectral indices and hence that there were unexplained com pen

sations in this version. In view of what you have said, has anything changed 

since that date?

O . O Z E R :  Y es , these discrepancies were taken into account in the 

re-evaluation of the isotopes 235U , 238U , 239 Pu , 240Pu and 241Pu.
0 Q S

J. Y . B A R R E : Does this m ean that the nuclear data used for U ,
238-y, 239 p u  ̂ 240pu an(j 241 р ц were determined by integral experiment?

O . O Z E R :  No, integral results were only used to determine possible 

problem areas and influence the selection of experimental data sets.

P . R IB O N : F ro m  one edition of E N D F  to another you revise a number 

of evaluations. What m echanism s do you use for determining the revisions 

to be m ade? How  do you determine the distribution of tasks and are there 

complications in connection with the execution of these tasks?

O . O Z E R :  Revisions are m ade on the basis of recommendations of 

the Data Testing Subcommittee, which are in turn based on results of 

Phase II testing. There is no formal m echanism  for assigning tasks: 

evaluations are generally assigned to laboratories that have a particular 

interest in the subject or are equipped to do the evaluations.
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Abstract

PRELIMINARY COMPARATIVE ANALYSIS OF AMERICAN AND GERMAN NUCLEAR DATA FILES FOR 
FAST-FISSION-REACTOR CALCULATIONS.

The American ENDF/B III, the German KEDAK, the British UKNDL and the Russian evaluated nuclear 
data files today serve as the main sources o f the nuclear data for the calculation o f fission reactors. 
Specifically, the files serve as the major sources o f nuclear input for the calculations in the framework of 
the various big and expensive fast-reactor programs. Each country, naturally, uses its evaluated file and 
the question that has been asked for some time is the following: are the physics parameters o f  the fast 
reactors being calculated and designed a function o f the specific evaluated data file that is used in the 
calculations? In other words, would these physics parameters remain the same were the calculations to use 
a different evaluated data file as input? To shed some light on this problem, a study has been undertaken 
where the comparative analysis o f the evaluated files is performed on several levels, i. e. the basic- 
m icroscopic-data level, the multigroup-cross-section-set level and the physics-parameters-of-specific- 
systems level. In this paper, typical 1000-1200 MW(e) fast-reactor systems o f about 6000-7000 litre core 
modelling -  the target fast reactors being designed today by the major countries having an active fast 
reactor program -  are calculated using the evaluated nuclear data files ENDF/B III and KEDAK as nuclear 
input. Identical techniques are used to obtain multigroup sets from the files. Also the reactor physics 
codes used are the same. The differences in results can, therefore, be attributed directly to the differences 
in the nuclear data input. Practical conclusions and recommendations are presented.

1 .  INTRODUCTION

T h e  N u c l e a r  C om m unity h a s  b e e n  a w a re  f o r  som e t im e  o f  p e r s i s t i n g  
d i s c r e p a n c i e s  i n  e x p e r im e n t a l  d a t a  b a s i c  t o  t h e  p r e d i c t i o n  o f  f a s t  
r e a c t o r  p a r a m e t e r s .  I n  o r d e r  t o  a s s e s s  t h e  im p a c t  o f  t h e s e  d i s c r e p a n c i e s  
o n  t h e  a c c u r a c y  o f  r e a c t o r  c o m p u t a t i o n s  m any s o - c a l l e d  " s e n s i t i v i t y  s t u 
d ie s '*  h a v e  b e e n  c a r r i e d  o u t .  I n  a  s e n s i t i v i t y  s t u d y  o n e  f i r s t  e s t i m a t e s ,  
b y  s c a n n i n g  v a r i o u s  s o u r c e s  o f  e x p e r im e n t a l  d a t a ,  a  l i k e l y  d e g r e e  o f  
u n c e r t a i n t y  i n  a  g i v e n  b a s i c  n u c l e a r  d a t u m ,t h e n  i n s e r t s  t h e  e s t i m a t e d  
u n c e r t a i n t y  i n . r e a c t o r  c o d e s  t o  c a l c u l a t e  t h e  c o u n t e r p a r t  e s t i m a t e d  u n 
c e r t a i n t y  i n  r e a c t o r  p a r a m e t e r s  a n d  f i n a l l y ,  a s s u m in g  c e r t a i n  e n g i n e e r i n g  
g o a l s  o f  a c c u r a c y  i n  r e a c t o r  p a r a m e t e r  p r e d i c t i o n ,  c o n c l u d e s  b y  e s t a b l i 
s h i n g  w h e th e r  t h e  b a s i c  d a tu m  h a s ,  o r  h a s  n o t , s u f f i c i e n t  c u r r e n t  a c c u r a c y .
A r e c e n t  e x c e l l e n t  s t u d y  o f  t h e  a b o v e  n a t u r e  i s  t h e  A N L -7 8 5 1  r e p o r t  b y  
H .H . Hummelt^-] .

T h e  c o m p l e x i t y  o f  b a s i c  d a t a  f o r  r e a c t o r  c a l c u l a t i o n s ,  a s  w e l l  a s  
t h e  a b o v e  m e n t io n e d  d i s c r e p a n c i e s  i n  s u c h  d a t a  fr o m  d i f f e r e n t  e x p e r im e n t s ,  
r e n d e r e d  c a r e f u l  s o r t i n g  a n d  e x t e n s i v e  f i l i n g  a n  i n d e s p e n s i b l e  l i n k  b e tw e e n  
e x p e r im e n t  a n d  c a l c u l a t i o n .  E v a l u a t i o n  o f  b a s i c  n u c l e a r  d a t a t ^ ]  cam e t o  b e

• The research reported herein is partly supported by the GfK -  Kernforschungszentrum, Karlsruhe.

75



76 YIFTAH et a l.

r e c o g n i z e d  a s  a  t o o l  f o r  t h e  e l l i m i n a t i o n  o f  e x p e r im e n t a l  d i s c r e p a n c i e s  and  
a  m ean s f o r  p r o v i d i n g  t h e  r e a c t o r  a n a l y s t  w i t h  t h e  b e s t  u p d a t e d  n u c l e a r  
i n p u t  t o  h i s  c o d e s .  A c o m p l e t e  e v a l u a t i o n  a n d  f i l i n g ,  c o v e r i n g  a l l  n e u t r o -  
n i c  d a t a ,  i s  a  m a jo r  t a s k ,  u n d e r t a k e n  s o  f a r  b y  t h e  m a jo r  f a s t  r e a c t o r  
c o m m u n i t i e s ,  n a m e ly  t h e  A m e r ic a n ^ 3 ! ,  R u s s i a n ,  B r i t i s h  a n d  Germ an 14 1 .

S i n c e  t h e s e  f i l e s  h a v e  b e co m e  t h e  n e a r l y  e x c l u s i v e  s o u r c e  o f  n e u t r o n i c  
d a t a  f o r  t h e  r e a c t o r  a n a l y s t ,  i t  i s  w o r t h w h i l e  t o  s t u d y  t h e  d i f f e r e n c e s  
b e tw e e n  t h e  f i l e s .  U n l ik e  s e n s i t i v i t y  s t u d i e s  w h ic h  d e a l  w i t h  l i k e l y  d i s c 
r e p a n c i e s  i n  d a t a ,  t h e  c o m p a r i s o n  o f  f i l e s  i s  a  m o re  p r a ^ n a t i c  a p p r o a c h ,  
d e a l i n g  w i t h  e x i s t i n g  d i s c r e p a n c i e s  i n  n u c l e a r  i n p u t  t o  c a l c u l a t i o n s  a n d  d e s i g n .

T he p h i l o s o p h y  o f  a  c o m p a r a t iv e  a n a l y s i s  o f  t h e  d i f f e r e n t  e v a l u a t e d  
d a t a  f i l e s  o f  t h e  v a r i o u s  c o u n t r i e s  h a s  b e e n  d i s c u s s e d  b e f o r e A  p r e 
l i m i n a r y  g r a p h i c a l  a n a l y s i s  o f  t h e  f i s s i o n ,  c a p t u r e  a n d  e l a s t i c  s c a t t e r i n g  
c r o s s  s e c t i o n s  o f  2 3 9 P u , 240 P u , 2 4 1 Pu a n d  2 4 2 Pu i n  t h e  e n e r g y  r a n g e  0 .1  t o  
1 0  Mev t a k e n  f r o m  t h e  E N D F /B -I a n d  I I ,  KEDAK and  UKNDL f i l e s  a n d  p l o t t e d  
b y  t h e  c o m p u t e r 's  p l o t t e r  h a s  b e e n  p e r f o r m e d  a n d  p r e s e n t e d ^ 6 ! t o  t h e  IAEA 
p a r te l  o n  N e u t r o n  D a ta  E v a l u a t i o n ,  V ie n n a ,  A u g u s t  1 9 7 1 . A l s o  a  p r e l i m i n a r y

o-за
c o m p a r is o n  o f  t h e  “ ^Pu a n d  ZJ ;,U a (= a n y /  a n f ) o f  t h e  E N D F /B -I I I  f i l e  
a n d  t h e  O b n in s k  a b s o l u t e  m e a s u re m e n ts  o f ’ K o n o n o v  e t  a l , [7 ]  h a s  b e e n  p e r 
fo r m e d  [8 ]  .

P r e s e n t l y  w e co m p a re  t h e  A m e r ic a n  f i l e  E N D F /B - I I I t 3 l w i t h  t h e  German 
f i l e  KEDAKt4 ^ . T he c o m p a r is o n  i s  c e n t e r e d  o n  t h e  m a in  c o m p o n e n t  e le m e n t s  
o f  t y p i c a l l y  e n v i s a g e d  1 0 0 0  MWe f a s t  r e a c t o r  s y s t e m s ,  n a m e ly  239 p u ,  2 3 ®U,
N a . T h e  m e th o d  a n d  p r o c e d u r e  o f  t h e  p r e s e n t  c o m p a r is o n  a r e  a p p l i c a b l e  t o  
o t h e r  e l e m e n t s  a s  w e l l .

2 . METHOD OF ANALYSIS

A c o m p le t e  d i r e c t  c o m p a r a t iv e  i n s p e c t i o n  o f  d a t a  f i l e s  t o  d e t e c t  
d i f f e r e n c e s  h a s  tw o  s h o r t c o m i n g s .  I t  i s  i n e f f i c i e n t ,  s c a n n i n g  t h e  e n t i r e  
c o m p le x  o f  d a t a ;  i t  i s  n o n - s e l e c t i v e , c o u n t i n g  r e l e v a n t  a n d  i r r e l e v a n t  
d i f f e r e n c e s  a l i k e .

I n s t e a d  o f  a  c o m p le t e  d i r e c t  i n s p e c t i o n  we h a v e  a d o p t e d  t h e  f o l l o w i n g  
p r o c e d u r e  f o r  d e t e c t i o n  o f  d a t a  d i f f e r e n c e s .  F i r s t ,  t h e  p o in t -r w i  s e  c r o s s  
s e c t i o n s  o f  t h e  f i l e s  a r e  a v e r a g e d  t o  g r o u p  c o n s t a n t s  w i t h  a  w e i g h t in g  
f l u x  c h a r a c t e r i s t i c  o f  l a r g e  d i l u t e  s y s t e m s .  S e c o n d l y ,  a  fe w  t y p i c a l  1 00 0  
MWe s y s te m s  a r e  c h o s e n  a n d  the> m i c r o s c o p i c  g r o u p  c r o s s  s e c t i o n s  a d m ix tu r e d  
c o r r e s p o n d i n g l y  t o  m a c r o s c o p i c  g r o u p  c r o s s  s e c t i o n s  f o r  t h e s e  s y s t e m s .
T h i r d ,  r e a c t o r  p a r a m e t e r s  a r e  c a l c u l a t e d  b y  a  s im p l e  s p h e r i c a l  d i f f u s i o n  
c o d e .  T h e  c o m p a r i s o n  o f  t h e  f i l e s  now f o l l o w s  t h e  a b o v e  s t e p s  i n  r e v e r s e .
T h e  a n a l y s i s  o f  d i f f e r e n c e s  i n  r e a c t o r  p a r a m e t e r s  p o i n t  o u t  e l e m e n t s ,  e n e r g y  
r a n g e s ,  and  t y p e s  o f  c r o s s  s e c t i o n s ,  i n  w h ic h  t h e  g r o u p  c o n s t a n t  s e t s  may 
d i f f e r ,  A f o l l o w - u p  i n s p e c t i o n  o f  t h e  g r o u p  c r o s s  s e c t i o n s  t h e n  l e a d s  t o  a 
p o s i t i v e  i d e n t i f i c a t i o n  o f  e l e m e n t s ,  e n e r g y  r a n g e s  a n d  t y p e s  o f  c r o s s  s e c 
t i o n s  i n  w h ic h  t h e  g r o u p  c o n s t a n t  s e t s  d o  s i g n i f i c a n t l y  d i f f e r .  S in c e  t h e  
a v e r a g in g  f l u x  i s  t h e  sam e f o r  a l l  c o m p a re d  g r o u p  s e t s , t h e  s i g n i f i c a n t  
d i f f e r e n c e s  f o u n d  i n  g r o u p  c r o s s  s e c t i o n s  a r e  a t t r i b u t e d  d i r e c t l y  t o  s i g n i 
f i c a n t  d i f f e r e n c e s  i n  b a s i c  d a t a  o f  t h e  f i l e s  t h e m s e l v e s ,

3 ,  COMPARISON BETWEEN KEDAK AND E N D F /B -I I I

We h a v e  a p p l i e d  t h e  p r o c e d u r e  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n ,  t o  a  
c o m p a r i s o n  o f  t h e  REDAK^4! a n d  ENDF/B-IIIt3  ̂ f i l e s .
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Two dilute systems, typical of the envisaged lOOOMWe reactors, were 

chosen for the comparison. These are systems (8) and (9) of the list of 

systems in the intercomparison study reported in an Argonne conference^ ii 

1965. The volume ratios of fuel /sodium/S.S. in the cores of these systems 

are 31/56/13 respectively. The two systems were blanketed alike. Table I 

describes the systems. The differential data of ENDF/B-III and KEDAK were 

retrieved from tapes and averaged to group constants on a SNEAK fluxt Ю ] 

(which is typical of large dilute systems) by a set of retrieval and avera

ging codes NANICK^^ , developed at the Soreq Nuclear Research Center. The 

26 group energy structure of Bondarenko et a l ^ 2  ̂ was adopted.

Keff for systems 8 and 9 were calculated at 300°K with macroscopic 

group sets corresponding to the two microscopic sets averaged from KEDAK 

and ENDF/B-III. All references to calculations done with these sets will 

be denoted by KDK and NDF respectively. The results for Keff are given 
in Table I I . The systems were voided of Na and the calculation of Keff 

repeated. The results for Na voiding are given in Table I I I .  We have not 

proceeded to doppler effect differences at this point as it became clear 

from Table II  and III  that there is vast disagreement between KEDAK and 
ENDF/B-III overshadowing the smaller effects of temperature on Keff.

Also at this point we could conclude from Table II  that some or all 

of the main parameters which determine the Keff of a large system, namely 

v(Pu239), O f (Pu239) , ac (Pu239) ,ac (U238) , may differ significantly from one 

file to the other. Table III  implied a large difference of the Na cross 

section at some energy range, the most likely candidate being the group 

containing the big Na resonance at about 3 kev. Indeed Table IV shows the 

cross section in this group, as well as the removal cross section to the 

next group to differ appreciably from one file to the other. As the diffe

rences of Table II must have an appreciable component due to the different 

Na cross sections, the effect of U and Pu cross sections on Keff can be 

better estimated by comparing Keff of the Na-voided systems. Table V shows 

this comparison, together with estimates for the relative contribution to 

the difference in Keff emanating separately from v(Pu239), O f (Pu239), 

ac (Pu 239) , and ac (U238) .

TABLE V figures for the estimates of the separate contributions 

to the difference in Keff are based on a perturbation expression for 6k/k 

in Weinberg and Wigner 4^1 , generalized to the multigrouo case and evalua

ted at center-core.

where 6 signifies a difference (NDF-KDK) , <j>g is the group flux, and the 

summation extends over all groups.

Separating the effects of v(Pu239), Of (Pu239) , ac (Pu239) and ac (U238) 
in Eq. (1) we obtain

^D F ^K D K

KKDK
(1)

К К,
'KDK'NDF

= 6 v (pu) + ôfiss (Pu) + 6Cap(pu> + 6cap(u> (2)К
KDK

where

(3)



T A B L E  I. A TO M  DENSITIES (X IO"24 ) F O R  SYSTEM S 8 A N D .9 - J
OO

System
C o r e B la n k e t

Na 239pu 238u 240 Pu S.S. О Na 239Pu 238u S.S. О

8 0. 0123 0. 00072 0. 00648 0. 00036 0. 011 0. 0144 0. 0069 0. 00012 0. 012 0. 011 0. 024

9 0. 0123 0. 00090 0. 00630 0. 00045 0. 011 0. 0144 0. 0069 0. 00012 0. 012 0. 011 0. 024

T A B L E  II. K E F F  V A L U E S

System K KDK KNDF
K NDF “ K KDK 

K KDK

8 0. 930 1. 035 +0.11

9 0. 962 1. 052 +0. 09

T A B L E  III. Ô k /K  F O R  T O T A L  N a- VOIDIN G

System KEDAK ENDF/B-III

8 0. 072 0. 027

9 0. 042 0. 001

YIFTAH 
et 

al,
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T A B L E  IV . C R O SS - SE C T IO N  O F  N a  (barns)

79

Cross-section

°t (grouP 13) 
(huge resonance) о (group 13 -* group 14)

KEDAK 139 11. 8

ENDF/B-III 92 7. 8

T A B L E  V . S P L IT - U P  O F  C O N T R IB U T IO N S  T O  (K NDF - K kdk ) / K rdk 

(for 0%  Na)

E f f e c t  o f

System

Puо f  (NDF) 

- o f u (KDK)

о с  (NDF) 

- a j í  (KDK)

o £ U(NDF)

-oU (K D K )

ÿ Pu (NDF) 

-  £ Pu (KDK)
Total Value from 

successive К

8 + 0. 048 + 0. 028 -0 .0 1 6 - 0. 003 + 0. 057 + 0. 059

9 + 0. 043 + 0. 021 - 0 .  010 - 0. 003 + 0. 051 + 0. 049

äfiss (Pu) =

_ ,ivPu . Pu
5 ( 5 ; f , g ) v g
„ Pu Pu , 
g Vg <Jf ,g<frg

(4)

6cap<Pu> = (5)

6 cap< U) N„ _ Pu Pu , 
Pu |vg af/Çфд

(б)

where Nu /Npu :''s t*le rati °  ° f  atomic density of U to Pu in the system.

The overall 6k/k by the perturbation formula (2) matches quite 

closely the values of Sk/k by two complete Keff calculations. We therefore 

conclude that the difference (Kjjdf “ KKDK> is contributed (besides the 
difference in the big Na resonance cross section) mainly by differences 

in group cross sections for Of(Pu239), ac (Pu239) and ac (U238) and in group 

values for \)(Pu239) as one goes from KEDAK to ENDF/B-III. In Table VI we 

show the relative difference in these cross sections for groups 3-14 which 

cover the range from 1 kev to 3 Mev. This is a range containing approximately 

90% of the neutrons of the systems.



TABLE VI. RELATIVE DIFFERENCES (NDF - KDK) /  KDK IN GROUP CONSTANTS OF 239Pu AND 2S8U

Group number 3 4 5 6 7 8 9 10 11 12 13 14

lower energy (keV) 2500 1400 800 400 200 100 46.5 21. 5 10 4.65 2. 15 1

o f  (239Pu) 0. 03 0. 03 0. 02 0 0. 01 0. 01 0. 06 0. 06 0. 14 0. 08 0. 11 0. 32

relative о с (238U) -0. 15 -0. 12 -0. 15 -0. 09 -0. 08 -0. 11 -0. 06 0. 05 -0. 01 -0. 07 0. 05 -0. 18

differences in a c (239Pu) -0. 72 -0. 55 -0. 44 -0. 15 0. 15 0. 15 0. 22 0. 21 0. 36 0. 12 -0. 03 0. 15

V (239Pu) 0 -0. 003 -0. 003 -0. 003 -0. 003 -0. 003 -0. 003 -0. 003 -0. 003 -0 . 003 -0. 003 -0. 003

YIFTAH 
et 

al,
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In scanning Table VI it becomes evident that nearly all group diffe

rences in Of(Pu239) and oc (U238), as one goes from KEDAK to ENDF/B-III, 

happen to be in one direction, namely that of rendering ENDF/B-III a more 

reactive group set than KEDAK. The opposite effect of differences in ac (Pu 

239) and v(Pu 239), as evidenced by Table VI, is of a lower,albeit not neg

ligible, magnitude.

A further separation of the terms in Eq. (2) to contributions from in

dividual groups reveals that most of the effect on ók/К stems, apparently, 

from the very large differences in group cross sections in the range of 0.5 
to 5 kev.

4. SUMMARY AND PRELIMINARY CONCLUSIONS

In his recent sensitivity studytH, Hummel has concluded that pessi

mistic assumptions about discrepancies in the measured а^(Ри239), ac (Pu239) 

and ac (U238) influence Keff of a large dilute system by the amount of several 

percent for each of the three cross sections.

A s  t h e  p r e s e n t  s t u d y  s h o w s , t h e  e v a l u a t i o n  e f f o r t  w h i c h  l e d ,  i n d e p e n d e n t l y
b u t  w i t h  a  f e w  y e a r s  d i f f e r e n c e ,  t o  t h e  K E D A K  a n d  t h e  E N D F / B - I I I  f i l e s  h a s  n o t
c o m e  u p  w i t h  b e t t e r  a g r e e m e n t  i n  t h e  c a l c u l a t e d  K e f f  o f  a  l a r g e  d i l u t e  s y s t e m .  
We t h e r e f o r e  c o n c l u d e  t h a t  w h a t  H u m m e l c o n s i d e r  " p e s s i m i s t i c  d i s c r e p a n c i e s "  
m a y  r e f l e c t  r e a l  d i s c r e p a n c i e s  w h i c h  p e r s i s t  e v e n  t h r o u g h  e v a l u a t i o n .

Additional uncertainty in Keff, and a substantial difference in the Na 

void effect', is caused by different values for the cross sections of the big 

Na resonance in the two files.

Each of the above discrepancies in basic data, namely in Of(Pu239), 

ac (U238), ac (Pu239), and cres (Na) , is alone a source for a few percent 

uncertainty in Keff. It so happens that the effects of discrepant ci£(Pu239) 

and crc (U238) , as one goes from KEDAK to ENDF/B-III, add up (see Table V ), 

even after some reduction by an opposite effect from the discrepant Oc(Pu 

239), to an impressive 5% difference in Keff. We therefore conclude that 

the present accuracy of measured Pu and U cross sections is much too low

to meet the reasonable goal of a 1% error limitHl in calculated Keff.
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Abstract

A  S Y S T E M A T IC  TEST OF TH E E N D F -B /3  E V A LU A T E D  CRO SS-SECTIO N LIBRARY O N  "C L E A N " C R IT IC A L  
ASSEMBLIES.

The  use o f  in te g ra l da ta  to  test o r even  to  m o d ify  ne u tro n  c ross-sections has been p o p u la r fo r a lm o s t 
a de ca d e . T h is  a r t ic le  describes re ce n t tests pe rfo rm e d  on the new E N D F -B /3  e va lu a te d  ne u tron  
c ross -sec tions  c o m p ila t io n .  F ifte e n  " c le a n "  m easurem en ts o f  c r i t i c a l  masses o f  bare and re fle c te d , 
p lu to n iu m  and u ra n iu m  spheres served as in te g ra l d a ta . T he  s p e c if ic a tio n s  o f  m o s t o f  these c r i t i c a l  
assem blies have been re e va lu a te d  and pub lished  in  1969. T he  'quoted e x p e r im e n ta l erro rs in  the c r i t i c a l  
masses o f  these assem blies w ere tran s la ted  in d iv id u a lly  fo r each system  in to  an u n c e r ta in ty  in  the 
e f fe c t iv e  m u l t ip l ic a t io n  fa c to r  k e f f .  T he  e ffe c t iv e  m u l t ip l ic a t io n  fac to rs  k e f f  o f  the c r i t i c a l  assem blies 
w e re  c a lc u la te d  in  a fo r ty -g ro u p  tran spo rt S8 a p p ro x im a tio n , and the p rope r ad ju s tm e n ts  needed to  a c co u n t fo r 
a n is o tro p ic  s c a tte rin g  and fo r the f in ite -d if fe re n c e s  schem e w ere  c a re fu l ly  c a lc u la te d  fo r each assem b ly.
A l l  c a lc u la te d  k e f f  f e l l  ou ts ide  the quoted u n c e r ta in tie s .  A  leas t-squares and p e rtu rb a tio n  schem e fo r  the  use o f 
in te g ra l d a ta  in  cross -sec tio n  ad ju s tm e n ts  was a p p lie d  to  these c r i t i c a l  masses and to  the  E N D F -B /3  235U ,
23tfU  and 239Pu cross -sec tio ns . T he  new e ffe c t iv e  m u lt ip l ic a t io n  fa c to rs  k e f f  are now w e l l  w ith in  the quoted 
e x p e r im e n ta l errors, and the ad ju s tm e n ts  needed in  the c ross -sec tio n  e v a lu a t io n  are m in o r .  T he  n u m e r ic a l 
resu lts  are presented and discussed.

1 .  I n t r o d u c t i o n .

One o f  t h e  m o s t  s e v e r e  t e s t s  o f  a n y  n ew  c r o s s  s e c t i o n

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

n e u t r o n  a s s e m b l i e s .  T h e  h i g h  p r e c i s i o n  o f  t h e  c r i t i c a l  m a s s

d e t e r m i n a t i o n  i n  s i m p l e  g e o m e t r y  s y s t e m s ,  l e d  t o  t h e  d e v e l o p m e n t

o f  m e t h o d s  t h a t  u s e  " c l e a n "  c r i t i c a l  e x p e r i m e n t s  f o r  t h e

m o d i f i c a t i o n  o f  n e u t r o n  c r o s s  s e c t i o n s .  S u c h  m e t h o d s ,  w h i c h  w e r e

r e p o r t e d  a l r e a d y  i n  1 9 6 4  [ 1 ]  [ 2 ] ,  b e c a m e  m o r e  p o p u l a r  and

r e s p e c t a b l e  y e t  m o r e  c o n t r o v e r s i a l  i n  r e c e n t  y e a r s [ 3 ] [ 4 ] [5][6].
I n  h i s  1 9 7 1  r e v i e w  p a p e r ,  P e n d l e b u r y [ 7 ]  s t a t e s :  " A t  t h e  p r e s e n t

t i m e  o n e  c a n n o t  h a v e  t h e  m ean  c u r v e  t h r o u g h  t h e  ( c r o s s  s e c t i o n )

m e a s u r e m e n t s  g i v i n g  t h e  m ean  c u r v e  t h r o u g h  t h e  e x p e r i m e n t a l  к
р о с  p o o  e r r

I n  t h e  p r e s e n t  p a p e r  we t e s t  t h e  U , U, Pu E N D F -B /3

e v a l u a t e d  n u c l e a r  d a t a  f i l e s  a n d  c h e c k  w h e t h e r  t h i s  s t a t e m e n t

i s  s t i l l  v a l i d  o r  n o t .

83
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I n  s e c t i o n  2 t h e  " c l e a n "  c r i t i c a l  a s s e m b l i e s  a r e  d e s c r i b e d  

i n  d e t a i l .  S p e c i a l  a t t e n t i o n  i s  g i v e n  t o  t h e  q u o t e d  e x p e r i m e n t a l  

u n c e r t a i n t i e s .  In  s e c t i o n  3 we d e s c r i b e  t h e  m eth od  o f  a n a l y s i s ,

an d  t h e  a c c u r a c y  o f  t h e  c a l c u l a t i o n s  i s  d i s c u s s e d .  E x p e r i m e n t a l

and c a l c u l a t e d  e f f e c t i v e  m u l t i p l i c a t i o n  f a c t o r s  a r e  c o m p a re d

i n  s e c t i o n  4 .  A c r o s s  s e c t i o n  m o d i f i c a t i o n  s ch e m e  i s  a p p l i e d  and  

t h e  r e s u l t s  a r e  p r e s e n t e d  i n  s e c t i o n  5 .  We c o n c l u d e  w i t h  a

d i s c u s s i o n  o f  t h e  r e s u l t s  i n  s e c t i o n  6 .

T a b l e  I .  CRITICAL SPECIFICATIONS OF BARE AND NATURAL URANIUM 

REFLECTED PLUTONIUM SYSTEMS.

A ss e m b ly 1 2 4 7 1 1

C o r e :

R a d i u s  R cm 6 . 3 8 4 9 6 . 6 5 9 5 4 . 5 3 3 2 5 . 0 4 1 9 4 . 5 6 7 9

D e n s i t y  p g / c m 3 1 5 . 6 1 1 5 . 7 3 1 5 . 5 3 1 5 • 7 7  s 1 5 . 7 4

Ga a t .  f r a c t i o n . 0 3 4 1 . 0 3 3 8 . 0 3 6 7 . 0 3 3 5 • 0 3 4 1 4

23 9 Pu a t .  f r a c t i o n . 9 1 9 5 . 7 3 8 1 . 9 1 3 8 . 9 1 6 1 . 9 5 2 8 3

2 4 0 Pu a t .  f r a c t i o n . 0 4 3 5 . 1 9 4 2 . 0 4 6 6 . 0 4 7 4 . 0 1 3 0 3

2 ^ 1 Pu a t .  f r a c t i o n . 0 0 2 9 . 0 3 0 0 . 0 0 2 9 . 0 0 3 0 -

2 4 2 Pu a t .  f r a c t i o n - . 0 0 3 9 - - -

R e f l e c t o r  :

T h i c k n e s s  R cm - - 1 9 . 6 0 8 8 4 . 1 2 7 5 1 1 . 6 9 1 1

D e n s i t y  p g / c m 3 - - 1 9 . 0 1 8 . 9 2 1 8 . 9

2 3 5
U a t .  f r a c t i o n - - . 0 0 7 2 . 0 0 7 2 . 0 0 7 2

a t .  f r a c t i o n - - . 9 9 2 8 . 9 9 2 8 . 9 9 2 8

R e f e r e n c e [ 8 ] [ 8 ] [ 8 ] [ 8 ]  , [ 1 0 ] [ 9 ] , [ 1 2
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2 .  " C l e a n "  c r i t i c a l  a s s e m b l i e s .

Our " c l e a n "  c r i t i c a l  a s s e m b l i e s  a r e  b a r e  and n a t u r a l - u r a n i u m -  

r e f l e c t e d  p l u t o n i u m  and o r a l l o y  s p h e r e s .  A d d i t i o n a l  c r i t i c a l  

a s s e m b l i e s  a r e  p l u t o n i u m  c o r e s  i n  o r a l l o y  s h e l l s .  The s p e c i f i 

c a t i o n s  o f  m o s t  o f  t h e  c r i t i c a l  a s s e m b l i e s  a r e  f r o m  t h e  1 9 6 9  

r é é v a l u a t i o n  o f  t h e  L o s  A lam os f a s t  n e u t r o n  s y s t e m s [ 8 ] .

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

[ 9 ] [ 1 0 ] [ 1 1 ] [ 1 2 ] .  The c r i t i c a l  s p e c i f i c a t i o n s  o f  a l l  a s s e m b l i e s  

a r e  f i r s t  l i s t e d  a s  t h e y  a p p e a r  i n  t h e  l i t e r a t u r e .  The d e n s i t i e s  

an d  c o m p o s i t i o n s  a r e  a l s o  g i v e n  i n  a  fo r m  s u i t a b l e  f o r  i n p u t  t o  

n e u t r o n  t r a n s p o r t  c a l c u l a t i o n s  i n  T a b l e s  I , I I , I I I .

T a b l e  I I .  CRITICAL SPECIFICATIONS OF BARE AND NATURAL URANIUM 

REFLECTED ORALLOY SYSTEMS.

A s s e m b ly 5 6 12 13 14

C o r e :

R a d i u s  R cm 

D e n s i t y  p g / c m 3

8 . 7 4 0 7

1 8 . 7 4

6 . 1 1 5 6

1 8 . 6 2

6 . 3 0 9 7

1 8 . 7 6

7 . 7 5 4 8  

1 8 . 7 0

6 . 9 7 6 9

1 8 . 6 7

2 4 4
U a t .  f r a c t i o n

214U a t .  f r a c t i o n

. 0 1 0 2

. 9 3 7 7 . 9 3 3 2 . 9 3 9 7 . 9 3 9 8 . 9 4 0 6

23 8., ^ .U a t .  f r a c t i o n . 0 5 2 1 . 0 6 6 8 . 0 6 0 3 . 0 6 0 2 . 0 5 9 4

R e f l e c t o r  : 

T h i c k n e s s  AR cm 

D e n s i t y  p g / c m 3

- 1 8 . 0 0 8 6

1 9 . 0

9 . 9 6 9 5

1 8 . 9

1 . 7 3 4 8

1 9 . 0

4 . 4 2 4 7

1 8 . 6 7

U a t .  f r a c t i o n - . 0 0 7 2 . 0 0 7 2 . 0 0 7 2 . 0 0 7 2
O O Q

U a t .  f r a c t i o n - . 9 9 2 8 . 9 9 2 8 . 9 9 2 8 . 9 9 2 8

R e f e r e n c e [ 8 ] [ 8 ] [ 1 2 ] [ 8 ] [ 8 ]



T a b l e  I I I .  CRITICAL SPECIFICATIONS OF PLUTONIUM 

CORES IN ORALLOY SHELLS.

8 6  WAGSCHAL and YAARI

A ss e m b ly 3 8 9 10 15

C o r e :

R a d i u s  R cm 5 . 0 4 1 9 3 . 1 5 4 4 2 . 7 0 5 1 2 . 7 0 5 1 2 . 7 0 5 1
D e n s i t y  p g / c m 3 1 5 . 7 7 8 1 9 . 2 2 1 9 . 4 8 1 9 . 4 2 1 9 . 4 3

Ga a t .  f r a c t i o n . 0 3 3 5 - - - -
2 3 9

Pu a t .  f r a c t i o n . 9 1 6 1 . 9 5 0 0 . 9 7 5 6 . 9 4 9 7 . 8 0 4 7
2 4 0 Pu à t .  f r a c t i o n . 0 4 7 4 . 0 4 7 0 . 0 2 3 4 . 0 4 7 3 . 1 6 1 0

2 4 1 Pu a t .  f r a c t i o n . 0 0 3 0 . 0 0 3 0 . 0 0 1 0 . 0 0 3 0 . 0 2 9 2
2 4 2 Pu a t .  f r a c t i o n - - - - . 0 0 5 1

N i c k e l  :

C o a t i n g  AR cm - - . 0 2 5 4 . 0 2 5 4 . 0 2 5 4
D e n s i t y  p g / c m 3 - - 4 . 1 7 4 . 9 9 5 . 9 8

O r a l l o y  s h e l l s :

T h i c k n e s s  AR cm 1 . 6 6 3 7 4 . 1 9 3 5 2 . 3 4 9 5 2 . 3 4 9 5 2 . 3 4 9 5
D e n s i t y  p g / c m 3 1 8 . 8 0 1 8 . 8 0 1 8 . 6 3 1 8 . 6 3 1 8 . 6 3
T h i c k n e s s  AR cm - - . 1 2 7 0 . 1 2 7 0 . 1 2 7 0
D e n s i t y  p g / c m 3 - - 1 7 . 2 4 1 7 . 2 4 1 7 . 2 4
T h i c k n e s s  AR cm - - . 0 2 5 3 . 0 6 4 1 . 2 0 2 3
D e n s i t y  p g / c m 3 - - 1 7 . 4 2 4 1 7 . 4 2 4 1 7 . 4 2 4
23  S

U a t .  f r a c t i o n . 9 3 2 8 . 9 3 2 8 . 9 3 2 8 . 9 3 2 8 . 9 3 2 8

a t .  f r a c t i o n . 0 6 7 2 . 0 6 7 2 . 0 6 7 2 . 0 6 7 2 . 0 6 7 2

R e f l e c t o r  :

T h i c k n e s s  AR cm - - 1 8 . 8 9 7 7 1 8 . 8 5 8 9 1 8 . 7 4 5 2
D e n s i t y  p g / c m 3 1 8 . 8 0 1 8 . 8 0 1 8 . 8 0
2 3 5 U a t . f r a c t i o n - - . 0 0 7 2 . 0 0 7 2 . 0 0 7 2
p *5 Й

U a t .  f r a c t i o n - - . 9 9 2 8 . 9 9 2 8 . 9 9 2 8

R e f e r e n c e [ 8 ] [ 9 ] [ 1 1 ] [ 1 1 ] [ 1 1 ]
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The c r i t i c a l  s p e c i f i c a t i o n s  o f  t h e  a s s e m b l i e s  a s  g i v e n  i n  t h e  

l i t e r a t u r e  a r e  a s  f o l l o w s :

A ss  1« ( J e z e b e l )

240 241
Pu ( 4 . 5  a t . % P u ,  0 . 3  a t . % P u ) , 1 . 0 2  w t.%  Ga.

mc ( a l l o y )  =  1 7 . 0 2  kg +  0 .6 %  a t  p ( a l l o y )  =  1 5 . 6 1  g / c m 3 .

A s s  2 .  ( D i r t y  J e z e b e l )

24П 241 242
P u ( 2 0 . 1  a t . % P u ,  3 . 1  a t . % P u ,  0 . 4  a t . %  P u ) ,

1 . 0 1  w t .%  Ga.

mc ( a l l o y )  =  1 9 . 4 6  kg +  0 .8 %  a t  p ( a l l o y )  =  1 5 . 7 3  g / c m 3 .

A s s  3 .

240
S p h e r e  o f  8 . 4 7 1  kg  Pu a l l o y ,  4 . 9  a t . %  P u ,  0 . 3 1  a t . %

2 ^ l p u ,  1 . 0  w t.%  G a, p ( a l l o y )  1 5 . 7 7 g  g / c m 3 . C r i t i c a l  when 

s u r r o u n d e d  i n t i m a t e l y  by  U ( 9 3 . 2 ) ,  p (U) =  1 8 . 8 0  g / c m 3 , a t  a  

t h i c k n e s s  o f  0 . 6 5 5  i n .  +  1%.

A s s  4 .  ( F l a t t o p  4 9 ,  P o p sy )

240 241
6 . 0 6  +  0 . 0 3  kg Pu a l l o y ,  4 . 8  w t .%  P u ,  0 . 3 0  w t.%  P u ,

1 . 1 0  w t.%  G a, a t  t h e  a l l o y  d e n s i t y  1 5 . 5 3  g / c m 3 ( r e f l e c t o r

t h i c k n e s s  7 . 7 2  i n . )

The r e f l e c t o r  i s  n o r m a l  u r a n i u m  a t  a  d e n s i t y  o f  1 9 . 0  g / c m 3 .

A s s  5 .  (G o d iv a )

5 2 . 4 2  k g  +  0 .3 %  s p h e r e  o f  U ( 9 3 . 7 1 )  a t  an  a v e r a g e  d e n s i t y“* 9 ? A 2 "36
o f  1 8 . 7 4  g / c m 3 . The U c o n t e n t  i s  1 . 0 2  w t .% ,  no U.

A s s  6 . ( F l a t t o p  2 5 ,  T o p s y )

1 7 . 8 4  +  0 . 0 4  kg  U ( 9 3 . 2 4 )  a t  t h e  u ra n iu m  d e n s i t y  1 8 . 6 2  g / c m 3 . 

( r e f l e c t o r  t h i c k n e s s  7 . 0 9  i n . )

The r e f l e c t o r  i s  n o r m a l  u r a n i u m  a t  a  d e n s i t y  o f  1 9 . 0  g / c m 3 .

A s s  7 .

The c o r e  o f  t h i s  a s s e m b l y  i s  t h e  same c o r e  a s  o f  a s s e m b l y  3 .  

The r e f l e c t o r  i s  n a t u r a l  u r a n iu m  a t  a  d e n s i t y  o f  1 8 . 9 2  g / c m 3 .

The c r i t i c a l  t h i c k n e s s  1 . 6 2 5  i n .  +1% .



88 WAG SCHAL and YA  AM

S p h e r e  o f  Pu ( 1 0 0 % ) ,  4 .7 %  P u ,  p ( P u )  = 1 9 . 2 2 g / c m  , d i a m e t e r  

2 . 4 8 4  i n . ,  m (P u )  = 2 . 5 2 7 k g .

C r i t i c a l  when  s u r r o u n d e d  b y  0 ( 9 3 . 1 7 ) ,  p (U )  = 1 8 . 8 g / c m 3 , a t  a
2 3 5t h i c k n e s s  o f  1 . 6 5 1  i n .  T h e  c r i t i c a l  U m a s s  o f  t h e  r e f l e c t o r  

2 6 . 8  + 0 . 1  k g .

A s s  9 .

A Pu s p h e r e  i s  s u r r o u n d e d  b y  c o n c e n t r i c  U ( 9 3 . 2 )  s h e l l s  and  

r e f l e c t e d  b y  a t h i c k  n a t u r a l  u r a n i u m  r e f l e c t o r .

T h e  o u t e r  d i a m e t e r  o f  t h e  Pu s p h e r e  i s  2 . 1 5 0  i n . ,  i t  h a s  a 10 m i l

n i c k e l  c o a t i n g .  T h e  Pu m a s s  i s  1 6 1 5 . 4 5  g ,  t h e  n i c k e l  m a s s  i s  1 0 . 8 9 g .
9 4 9 ? 40 2 4 1

T h e  Pu i s o t o p i c  c o m p o s i t i o n  i s :  . 9 5 5 6  P u ,  . 0 2 3 4  P u ,  . 0 0 1 0  P u .

T h e  o u t e r  d i a m e t e r  o f  t h e  f i r s t  o r a l l o y  s h e l l  i s  4 . 0 0 0  i n .  a n d  t h e

m a s s  i s  8 6 4 2  g .  A s e c o n d  c o n c e n t r i c  o r a l l o y  s h e l l  h a s  an  o u t e r

d i a m e t e r  o f  4 . 1 0 0  i n .  a n d  m a ss  7 2 8 g .  An o r a l l o y  c a p ( p a r t  o f  a  t h i r d

c o n c e n t r i c  s h e l l  o f  o u t e r  d i a m e t e r  4 . 2 4 0  i n .  a nd  m a s s  1 0 9 2  g )  o f

m a s s  1 5 1  g  i s  a d d e d .  T h e  r e s t  o f  t h e  t h i r d  s h e l l  i s  n a t u r a l  u r a n i u m .

T h e  o u t e r  d i a m e t e r  o f  t h e  r e f l e c t o r  i s  1 9 . 0  i n .  a n d  t h e  n a t u r a l

u r a n i u m  d e n s i t y  1 8 . 8 0  g / c m 3 .

A s s  1 0 .

T h i s  s y s t e m  i s  s i m i l a r  t o  a s s e m b l y  9 .  T h e  sam e c r i t i c a l

a s s e m b l y  m a c h i n e  w as  u s e d  w i t h  t h e  f o l l o w i n g  c h a n g e s :

T h e  Pu m a s s  i s  1 6 1 0 . 3 0  g  a nd  t h e  i s o t o p i c  c o m p o s i t i o n  i s :
249 240 241

. 9 4 9 7  P u ,  . 0 4 7 3  P u ,  . 0 0 3 0  P u . T h e  n i c k e l  m a s s  i s  1 1 . 7 6  g .

T h e  f i r s t  t w o  o r a l l o y  s h e l l s  a r e  t h e  sam e a s  i n  a s s e m b l l y  9 .

An o r a l l o y  r i n g  o f  m a s s  3 8 5 g  w a s  u s e d  a s  p a r t  o f  t h e  t h i r d  s h e l l .

T h e  r e s t  o f  t h e  t h i r d  s h e l l  w as  n a t u r a l  u r a n i u m .  T h e  s y s t e m  w as

r e f l e c t e d  b y  t h e  sam e n a t u r a l  u r a n i u m  r e f l e c t o r .

A s s  1 1 .

240
6 . 2 8 4  k g  Pu s p h e r e ,  1 . 3 5  a t . %  P u ,  1 . 0 2  w t .%  G a ,  a t  t h e  

d e n s i t y  1 5 . 7 4  g / c m 3 . C r i t i c a l  when  s u r r o u n d e d  b y  a n a t u r a l  

u r a n i u m  r e f l e c t o r  o f  t h i c k n e s s  4 . 6 0 3  i n .  a t  a  d e n s i t y  o f  

1 8 . 9 g / c m 3 .

A S S  8  .
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I n  c l o s e - f i t t i n g  3 . 9 2 5 - i n . - t h i c k  n o r m a l  u r a n i u m ( p = 1 8 . 9 g / c m 3 ) 

t h e  c r i t i c a l  m a ss  o f  a  U ( 9 3 . 9 0 )  s p h e r e  a t p ( u ) = 1 8 . 7 6  g / c m 3 i s  1 9 . 7 4 k g  

U +  0 . 5 % .

A s s  1 3 .

In  c l o s e - f i t t i n g  0 . 6 8 3 - i n . - t h i c k  n o r m a l  u ra n iu m  

(p =  1 9 . 0 0 g / c m 3 ) ,  t h e  c r i t i c a l  m a ss  o f  a  U ( 9 3 . 9 1 )  s p h e r e  a t  

p ( U ) = 1 8 . 7 0 g / c m 3 i s  3 6 . 5 3 k g  U + 0 .5 % .

A ss  1 4 .

In  c l o s e - f i t t i n g  1 . 7 4 2 - i n . - t h i c k  n o r m a l  u ra n iu m  

( p = 1 8 . 6 7 g / c m 3b e c a u s e  o f  g a p s  i n  r e f l e c t o r ) ,  t h e  c r i t i c a l  m ass  

o f  a  U ( 9 3 . 9 9 )  s p h e r e  a t  p (U )= 1 8 . 6 7 g / c m 3 i s  2 6 . 5 6  kg U +  0 . 5 % .

A s s  1 5 .

T h i s  s y s t e m  i s  s i m i l a r  t o  a s s e m b l y  9 .  The Pu m a s s  i s
2 3 9  2 4 0

1 6 1 1 . 1 9  g and t h e  i s o t o p i c  c o m p o s i t i o n :  . 8 0 4 7  P u ,  . 1 6 1  P u ,
7 41 7 4?

. 0 2 9 2  P u ,  . 0 0 5 1  P u .

The n i c k e l  m a s s  i s  1 4 . 1 0  g .  A l l  t h r e e  o r a l l o y  s h e l l s  a r e  u s e d  and  

t h e  c r i t i c a l  m a s s  o f  t h e  o r a l l o y  w as e s t i m a t e d  by  e x t r o p o l a t i o n  o f  

t h e  1/M v s  m a s s  c u r v e  a s  1 0 , 6 1 8  g .

3 .  M ethod o f  a n a l y s i s .

The E N D F-B /3  l i b r a r y  was u s e d  b o t h  f o r  c r o s s  s e c t i o n  d a t a  

and f o r  n u c l e a r  m o d e l  i n f o r m a t i o n .  The i s o t o p e s  u s e d  and t h e i r  

ENDF m a t e r i a l  n um bers  a r e  l i s t e d  i n  T a b l e  IV .  The g a l l i u m  d a t a  

was c o m p i l e d  f r o m  B N L - 3 2 5 [ 1 3 ] .

A ss  1 2 .

T a b l e  I V .  E N D F-B /3  MATERIAL NUMBERS.

N.1
2 3 4 u 2 3 5 u 2 3 8 u 2 3 9 2 4 0 PU 2 4 1 PU 2 4 2 PU

1 1 2 3 1 0 4 3 1 1 5 7 1 1 5 8 1 1 5 9 1 1 0 5 1 1 0 6 1 1 6 1
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The f i s s i o n  s p e c t r u m  i n  ENDF i s  b o t h  m a t e r i a l  d e p e n d e n t  

and e n e r g y  d e p e n d e n t .  Our SNG c o d e  i s  c a p a b l e  o f  u s i n g  d i f f e r e n t  

f i s s i o n  m a t r i c e s  i n  d i f f e r e n t  s p a t i a l  r e g i o n s .  F o r  e a c h  r e g i o n  

t h e  f i s s i o n  m a t r i x  i s  p r e p a r e d  i n  t h e  f o l l o w i n g  w a y .

( f )   ̂ - -------------------------- - ----------------------------------  g-
g
g - i

V g '  = I  \  ¡I* vm( E ') a J ( E ') f m(E '- > E)dE

In  t h i s  e x p r e s s i o n :

^  i s  t h e  f i s s i o n  m a t r i x  e l e m e n t  d e s c r i b i n g  n e u t r o n s
CJ4-g 1
3 * b o r n  m  e n e r g y  g r o u p  g  a s  a  r e s u l t  o f  f i s s i o n  c a u s e d  by  

a  n e u t r o n  i n  e n e r g y  g r o u p  g 1 .

N i s  t h e  number o f  n u c l e i  o f  m a t e r i a l  m i n  u n i t  v o lu m e ,
m

v ( E ’ ) i s  t h e  number o f  s e c o n d a r y  n e u t r o n s  b o r n  by f i s s i o n  o f  

m a t e r i a l  m c a u s e d  by a  n e u t r o n  o f  e n e r g y  E ' .

ащ ( Е ' )  i s  t h e m t h  f i s s i o n  c r o s s  s e c t i o n .

f ^ E ' - > E )  i s  th e m * 1*1 f i s s i o n  s p e c t r u m  f o r  f i s s i o n  c a u s e d  by a  

n e u t r o n  o f  e n e r g y  E ' .

E g - i E g a r e  ^ ow er an(^ u p p e r  e n e r g y  b o u n d a r i e s  o f  e n e r g y  g r o u p  g .

--------- g '  d e n o t e s  a n  a v e r a g e ( w i t h  a  p r o p e r  w e i g h t  f u n c t i o n )

o v e r  e n e r g y  g r o u p  g ' .

O t h e r  g r o u p  a v e r a g e  c r o s s  s e c t i o n s  and s c a t t e r i n g  t r a n s f e r  

m a t r i c e s  a r e  p r e p a r e d  i n  a  c o n v e n t i o n a l  way [ 1 4 ]  [ 1 5 ] .

The u n c e r t a i n t i e s  o f  t h e  i n t e g r a l  m e a s u r m e n ts  a r e  s t a t e d  

i n  t h e  l i t e r a t u r e  i n  t e r m s  o f  u n c e r t a i n t i e s  i n  t h e  m a s s  o f  t h e  

c r i t i c a l  a s s e m b l i e s  o r  i n  t e r m s  o f  t h e i r  d i m e n s i o n s .  From  t h e  

l i t e r a t u r e  i t  i s  n o t  a l w a y s  c l e a r  how t o  i n t e r p r e t  t h e  s t a t e d  

m a ss  u n c e r t a i n t y .  One p o s s i b i l i t y  i s  t o  i n t e r p r e t  t h e  s t a t e d  

e r r o r  Дт a s  a  m a ss  a d d ed  o n t o  t h e  s u r f a c e  o f  t h e  a p p r o p r i a t e  

m a t e r i a l .  A s e c o n d  p o s s i b i l i t y  i s  t o  i n t e r p r e t  Am a s  m a s s  ad ded  

by a  h om ogen eou s  i n c r e a s e  o f  t h e  d e n s i t y  o f  t h e  a p p r o p r i a t e
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m a t e r i a l .  In  o u r  a n a l y s i s  we n e e d  t h e  e x p e r i m e n t a l  u n c e r t a i n t i e s  

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

f a c t o r  When t h e  e x p e r i m e n t a l  u n c e r t a i n t i e s  a r e  s t a t e d  i n

t e r m s  o f  r e f l e c t o r  t h i c k n e s s  t h e  t r a n s l a t i o n  t o  an  e r r o r  i n  k g f f  

i s  u n i q u e .  We d e n o t e  t h i s  u n c e r t a i n t y  by  AkR . We u s e  t h e  same  

sy m b o l (Ak_) f o r  t h e  u n c e r t a i n t y  u s i n g  t h e  f i r s t  i n t e r p r e t a t i o n  

o f  Am ( v i z . a s s u m i n g  t h e  m a ss  e r r o r  t o  b e  a n  i n c r e m e n t  i n  t h e  

s u r f a c e  m a s s )  . The u n c e r t a i n t y  i n  k ^ ^  o b t a i n e d  by  u s i n g  t h e  

s e c o n d  i n t e r p r e t a t i o n  o f  Am i s  d e n o t e d  by  Ak^.

The t r a n s l a t i o n  o f  t h e  e x p e r i m e n t a l  e r r o r s  t o  t e r m s  o f

u n c e r t a i n t i e s  i n  k g ^ ^  i s  o b t a i n e d  by  a  s e r i e s  o f  f o u r  g r o u p  Sg

t r a n s p o r t  a p p r o x i m a t i o n  c a l c u l a t i o n s .  The u n i t  u s e d  f o r  ke f f _ 1

and f o r  Ak„ and Ak i s  o n e  p a r t  i n  a  t h o u s a n d  ( e . g . ,  Ak =  1 . 5  к p
m ean s  a n  u n c e r t a i n t y  o f  0 . 0 0 1 5  i n  k g ^ g ) .

The e x p e r i m e n t a l  u n c e r t a i n t i e s  and  t h e i r  t r a n s l a t i o n  t o

Ak_, , Ak a r e  p r e s e n t e d  i n  T a b l e  V.  к p

The s m a l l  v a l u e s  o f  Ak w h ic h  c o r r e s p o n d  t o  t h e  quoted  

e x p e r i m e n t a l  u n c e r t a i n t i e s ,  d i c t a t e  t h e  h i g h  a c c u r a c y  n e e d e d  i n  

t h e  c a l c u l a t i o n s .  The e f f e c t  o f  t h e  number o f  e n e r g y  g r o u p s  a s  

w e l l  a s  t h e  e f f e c t  o f  t h e  num ber o f  s p a t i a l  p o i n t s  h a v e  b e e n  

c h e c k e d  t o  be n e g l i g i b l e .  C o r r e c t i o n s  d u e  t o  t h e  f i n i t e  o r d e r  o f  

t h e  Sn c a l c u l a t i o n s  and  d u e  t o  t h e  u s e  o f  t h e  PQ- t r a n s p o r t  

a p p r o x i m a t i o n  w e r e  e s t a b l i s h e d  and t a k e n  i n t o  a c c o u n t  f o r  e a c h  

a s s e m b l y  i n d i v i d u a l l y .

The m a j o r  p a r t  o f  t h e  c a l c u l a t i o n s  was p e r f o r m e d  u s i n g  t h e

S „ , P - t r a n s p o r t  a p p r o x i m a t i o n  w i t h  f o r t y  e n e r g y  g r o u p s .  T h i s  
о 0

r a t h e r  h i g h  number o f  e n e r g y  g r o u p s  f o r  f a s t  n e u t r o n  s y s t e m s

s h o u l d  e l i m i n a t e  i n a c c u r a c i e s  a r i s i n g  f r o m  t h e  c h o i c e  o f  t h e  c r o s s

s e c t i o n  w e i g h t  f u n c t i o n .  The c r o s s  s e c t i o n  w e i g h t  f u n c t i o n  u s e d  i s
- E / 0  9 6 5t h e  o l d  C r a n b e r g  f i s s i o n  s p e c t r u m ( i . e . , N ( E ) = 0 . 4 5 3  e  ' ' 

s i n h / 2 . 2 9 E ) . The e f f e c t i v e  m u l t i p l i c a t i o n  f a c t o r s  o f  s i x  a s s e m b l i e s  

(a  b a r e  p l u t o n i u m  s p h e r e ,  a  b a r e  o r a l l o y  s p h e r e ,  t h i c k - n a t u r a l -  

u r a n i u m - r e f l e c t e d  p l u t o n i u m  and o r a l l o y  c o r e s ,  a  t h i n  o r a l l o y  

s h e l l  s u r r o u n d i n g  a  p l u t o n i u m  c o r e ,  and a  t h i n - n a t u r a l - u r a n i u m -  

r e f l e c t e d  p l u t o n i u m  c o r e )  w e re  a l s o  d e t e r m i n e d  u s i n g  a  much h i g h e r  

number o f  e n e r g y  g r o u p s .  E x c e p t  f o r  t h e  tw o t h i c k - u r a n i u m -  

r e f l e c t e d  s y s t e m s  t h e  d e v i a t i o n s  i n  k g f f  a r e  l e s s  t h a n  0 . 1 ,  and
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T a b l e  V . EXPERIMENTAL UNCERTAINTIES OF CRITICAL SPECIFICATIONS  

AND CORRESPONDING Ak f f  EQUIVALENT.

No. AkR Дк
P Q u oted  e x p e r i m e n t a l  e r r o r

1 1 . 7 5 . 2 0 .6 %  o f  m a s s

2 2 . 3 6 . 9 0 .8 %  o f  m a ss

3 1 . 5 - 1% o f  r e f l e c t o r  t h i c k n e s s

4 1 . 5 3 . 4 3 0 g  Pu a l l o y

5 . 8 2 . 5 0 .3 %  o f  m ass

6 . 6 1 . 3 4 0 g  U (9 3  . 7 1 )

7 1 . 0 - 1% o f  r e f l e c t o r  t h i c k n e s s

8 1 . 5 -

9 1 . 5 -

10 1 . 5 -

11 1 . 5 -

12 1 . 3 3 . 2 0 .5 %  o f  m a ss

13 1 . 3 3 . 8 0 .5 %  o f  m a ss

14 1 . 3 3 . 4 0 .5 %  o f  m a ss

15 1 . 5 -

e v e n  f o r  t h e s e  tw o a s s e m b l i e s  t h e  d i f f e r e n c e  i n  к b e t w e e n  t h ee f  f
c a l c u l a t i o n s  w i t h  t h e  h i g h  number o f  e n e r g y  g r o u p s  and t h e  f o r t y  

g r o u p  c a l c u l a t i o n s  i s  l e s s  t h a n  0 . 3 .

The c o r r e c t i o n s  d u e  t o  t h e  u s e  o f  t h e  t r a n s p o r t  a p p r o x i m a t i o n ,  

t h e  Sg a p p r o x i m a t i o n ,  and t h e  f i n i t e  number o f  s p a t i a l  p o i n t s  w e re  

c a l c u l a t e d  f o r  e a c h  a s s e m b l y .  The c o r r e c t i o n  c a l c u l a t i o n s  w e re  

p e r f o r m e d  u s i n g  f o u r  e n e r g y  g r o u p s .  The a c c u r a c y  o f  t h e s e  c o r r e c t i o n s  

a s  w e l l  a s  t h e  a c c u r a c y  o f  t h e  Дк e q u i v a l e n t  o f  t h e  e x p e r i m e n t a l  

u n c e r t a i n t i e s  w e re  c h e c k e d  by  r u n n i n g  a  fe w  f o r t y  g r o u p  and t w e n t y  

g r o u p  c a l c u l a t i o n s .  The d i f f e r e n c e s  b e t w e e n  t h e  r e s p e c t i v e  f o u r  and  

f o r £ y  g r o u p  c a l c u l a t i o n s  o f  t h e  c o r r e c t i o n s  w e re  l e s s  t h a n  3%.
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A d d i t i o n a l  t e s t s  w e r e  p e r f o r m e d  t o  v e r i f y  t h a t  a l l  t h e  c o r r e c t i o n s  

a r e  a d d i t i v e  t o  w i t h i n  t h e  sam e 3% o f  t h e  c o r r e c t i o n s .

T h e  c o r r e c t i o n  f r o m  S g t o  S g 4 , w h i c h  we c o n s i d e r  a s  Sœ 

a c c o r d i n g  t o  t h e  c o n v e r g e n c e  p a t t e r n ,  v a r i e s  f r o m  1 . 4  f o r  t h e  b a r e  

o r a l l o y  s y s t e m  t o  o v e r  3 . 0  f o r  t h e  p l u t o n i u m  s p h e r e s  w i t h  t h i c k  

u r a n i u m  r e f l e c t o r s .  T h e  d i f f e r e n c e  A k (S N )= k g g  -  k g g 4 i s  g i v e n  i n  

T a b l e  V I .  T h e  c o r r e c t i o n s  a r e  l i s t e d  f o r  t h r e e  t y p e s  o f  s y s t e m s  

a c c o r d i n g  t o  i n c r e a s i n g  r e f l e c t o r  t h i c k n e s s .  T h e  v a r i a t i o n  o f  t h e  

c o r r e c t i o n s  w i t h  t h e  c h a n g e  o f  t h e  c o r e  m a t e r i a l s  a n d  w i t h  t h e  

r e f l e c t o r  t h i c k n e s s  i s  a s  e x p e c t e d :

a .  H i g h e r  c o r r e c t i o n s  f o r  p l u t o n i u m  s y s t e m s .

b .  T h e  c o r r e c t i o n s  i n c r e a s e  a s  f u n c t i o n  o f  r e f l e c t o r  t h i c k n e s s ,  

r e a c h  a  maximum a n d  t h e n  f a l l  o f f  s l i g h t l y .

T a b l e  V I .  CORRECTIONS DUE TO THE S 0 -  S DIFFERENCE AND DUE
—— —  Ö CO

TO ANISOTROPIC SCATTERING.

P l u t o n i u m  c o r e s O r a l l o y  c o r e s
P l u t o n i u m  c o r e s  i n  

O r a l l o y  s h e l l s

N o . A k ( S N) Дк ( a n i s N o . Ä k (S N) A k ( a n i s ) N o . A k (S N) A k ( a n i s )

1 2 . 0 3 . 4 5 1 . 4 2 . 9 3 2 . 1 4 . 8

2 2 . 0 3 . 5 L3 1 . 5 4 . 8 8 2 . 6 5 . 4

7 2 . 6 8 . 7 L4 1 . 7 6 . 2 9 3 . 2 8 . 1

1 3 . 1 9 . 2 L2 2 . 0 6 . 6 10 3 . 2 8 . 0

4 3 . 0 8 . 9 6 2 . 0 6 . 4 15 3 . 0 7 . 8

A s i m i l a r  p a t t e r n  o f  c o r r e c t i o n s  i s  n o t i c e d  f o r  t h e  

a n i s o t r o p i c  s c a t t e r i n g .  T h e  a n g u l a r  d e p e n d e n c e  o f  t h e  e l a s t i c  

s c a t t e r i n g  s o u r c e  t e r m  o f  t h e  B o l t z m a n n  t r a n s p o r t  e q u a t i o n  i s  

L e g e n d r e  e x p a n d e d  a n d  t h e  s e r i e s  t r u n c a t e d  a f t e r  L t e r m s .  T h e  

c o n v e r g e n c e  w a s  t e s t e d  u p  t o  L=9 and  w a s  f o u n d  t o  b e  q u i t e  

s u f f i c i e n t .  F o r  a l l  s y s t e m s  t r u n c a t i o n  a f t e r  L=5 i s  a c c u r a t e  t o  

a t  l e a s t  . 0 5  i n  k g f f  ( i . e . - J k ^ g  -  k L=5 |.<c. 0 0 0 0 5 ) .  T h e

c o r r e c t i o n s  A k ( a n i s )  =  k t r  -  k L _ g  a r e  g i v e n  i n  T a b l e  V I .  T h i s  

c o r r e c t i o n  i s  t h e  m o s t  i m p o r t a n t  o n e .  I t  v a r i e s  f r o m  2 . 9  f o r  a
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b a r e  o r a l l o y  s y s t e m  t o  m o re  t h a n  9 . 0  f o r  t h i c k  n a t u r a l - u r a n i u m -  

r e f l e c t e d  p l u t o n i u m  s y s t e m s .

A s u f f i c i e n t  number o f  s p a t i a l  p o i n t s  w as t a k e n  s o  t h a t  

d o u b l i n g  i t  g a v e  a n  a v e r a g e  c h a n g e  o f  ke ^ ^  o f  l e s s  t h a n  0 . 1 5 .

4 .  E f f e c t i v e  m u l t i p l i c a t i o n  f a c t o r s  k ^ ^

The e f f e c t i v e  m u l t i p l i c a t i o n  f a c t o r s  o f  t h e  f i f t e e n  f a s t  

n e u t r o n  c r i t i c a l  a s s e m b l i e s  w e re  c a l c u l a t e d  and t h e  p r o p e r  

c o r r e c t i o n s  w e r e  t a k e n  i n t o  a c c o u n t .  F o r  a  go od  n u c l e a r  d a t a  

f i l e  t h e  d e v i a t i o n s  f r o m  k e f f = l -  s h o u l d  b e  l e s s  t h a n  t h e  

e x p e r i m e n t a l  e r r o r ,  p r o v i d e d  t h e  c r i t i c a l  s p e c i f i c a t i o n s  a r e

T a b l e  V I I .  THE DEVIATION OF к f f  CALCULATED WITH EN D F-B /3  

FROM THE EXPERIMENTAL VALUE IN UNITS OF
EXPERIMENTAL ERROR

A ss e m b ly AkR
K e f f - 1 -

AkR

1 1 . 7 2 . 3 2 9

2 2 . 3 - 1 . 0 2 2

3 1 . 5 3 . 1 4 0

4 1 . 5 4 . 3 6 0

5 . 8 6 . 4 5 0

6 . 6 1 0 . 5 3 3

7 1 . 0 6 . 0 8 0

8 1 . 5 4 . 3 8 7

9 1 . 5 5 . 2 9 4

10 1 . 5 5 . 0 3 5

11 1 . 5 9 . 3 1 8

12 1 . 3 5 . 4 7 5

13 1 . 3 2 . 7 9 2

14 1 . 3 3 . 1 8 5

15 1 . 5 3 . 8 2 9
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c o r r e c t .  In  T a b l e  V I I  t h e  d e v i a t i o n s  o f  t h e  c a l c u l a t e d  k ^ ^  f r o m  

u n i t y  a r e  g i v e n  i n  u n i t s  o f  ' t h e  u n c e r t a i n t i e s  AkR . A l l  

d e v i a t i o n s  a r e  g r e a t e r  t h a n  t h e  assu m e d  e x p e r i m e n t a l  u n c e r t a i n t i e s  

Дкп . T h i s  i n t e r p r e t a t i o n  o f  t h e  e x p e r i m e n t a l  e r r o r  m i g h t  be  

c o n s i d e r e d  a  l i t t l e  t o o  s t r i n g e n t .  Even  i f  we t a k e  Akp a s  t h e  

a s su m e d  e x p e r i m e n t a l  e r r o r  t h e  c a l c u l a t e d  к o f  o n l y  t h r e e  

s y s t e m s  A ss  1 ,  A s s  2 and A s s  1 3  a r e  w i t h i n  t h e  e x p e r i m e n t a l  

u n c e r t a i n t y .

The c a l c u l a t e d  o f  a l l  s y s t e m s  b u t  o n e  a r e  h i g h e r  t h a n

u n i t y .  The o n l y  s y s t e m  w i t h  t h e  low  c a l c u l a t e d  к - -  i s  t h e  b a r e
2 4 0p l u t o n i u m  s p h e r e  c o n t a i n i n g  t w e n t y  p e r c e n t  P u .  A s s e m b ly  1 5  t h a t

2 4 0a l s o  c o n t a i n s  a  h i g h  p e r c e n t a g e  o f  Pu h a s  a  l o w e r  k ^ ^  t h a n  t h e  

s i m i l a r  a s s e m b l i e s  9 and 10  ( th o u g h  i t  i s  s t i l l  g r e a t e r  t h a n  

u n i t y ) .

The r e s u l t s  p r e s e n t e d  h e r e  f o r  t h e  f a s t  n e u t r o n  s y s t e m s  

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

d a t a  f i l e  i n  t h e  f a s t  n e u t r o n  e n e r g y  r a n g e .  I n  t h e  n e x t  s e c t i o n  

a n  a t t e m p t  i s  made t o  a s s e s s  t h e  n e e d e d  m o d i f i c a t i o n .

5 .  C r o s s  s e c t i o n  a d j u s t m e n t  p r o c e d u r e .

The c r o s s  s e c t i o n  m o d i f i c a t i o n  sch em e e m p lo y e d  i n  t h i s  work

h a s  b e e n  d i s c u s s e d  i n  d e t a i l  i n  e a r l i e r  p a p e r s  [ 1 6 ]  [ 1 7 ] , and t h e

a c t u a l  p r o c e d u r e  f o l l o w e d  i s  b r i e f l y  r e v i e w e d .  The a d j u s t e d  c r o s s

s e c t i o n  o f  r e a c t i o n  r  ( f i s s i o n ,  c a p t u r e ,  i n e l a s t i c ,  and number
2 3 5  2 3 8o f  s e c o n d a r y  n e u t r o n s  p e r  f i s s i o n ) ,  f o r  m a t e r i a l  m( U , U,

2 3 9  2 4 0P u ,  P u ) , i n  t h e  e n e r g y  r a n g e  g (E <: E i E  ) i s  w r i t t e n  a s  
JC г IT 9  5

( 1 +  p_ )a . H e re  p _  i s  t h e  f r a c t i o n a l  c h a n g e  o f  c r o s s  s e c t i o n  ^mg mg r mg 3
a and i s  r e l a t e d  t o  t h e  d e s i r e d  c h a n g e  i n  kg ^ ^  o f  a s s e m b l y  i  by

k e f f  (рт д ) _ 1  m^ g Dmg pmg + e i

The Dmg i s  t h e  s e n s i t i v i t y  o f  t h e  e f f e c t i v e  m u l t i p l i c a t i o n  f a c t o r  

o f  a s s e m b l y  i  t o  a  c h a n g e  i n  t h e  c r o s s  s e c t i o n  t y p i f i e d  by  m , r , g .  

T h e s e  q u a n t i t i e s  a r e  c a l c u l a t e d  by a  f i r s t  o r d e r  p e r t u r b a t i o n  

m e t h o d .  The r e s i d u a l  d e v i a t i o n  o f  kg ^ ^  f r o m  u n i t y  i s  d e n o t e d  b y  e .
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The pj^g a r e  o b t a i n e d  by a  l e a s t  s q u a r e s  p r o c e d u r e .  The q u a n t i t y  

m i n i m i z e d  i s :

SÍT- I ( - 4 * — >* (Eg - E g _ l ) + I ( j i g - ) ‘

0 m ' r '9  %  i  %

£
I n  t h i s  e x p r e s s i o n  ß i s  t h e  f r a c t i o n a l  e x p e r i m e n t a l  u n c e r t a i n t y

ЗГi n  о . The r e l a t i v e  w e i g h t  o f  t h e  i n t e g r a l  e x p e r i m e n t s  i n  t h e  l e a s t  

s q u a r e s  p r o c e d u r e  i s  g i v e n  by a  f r e e  p a r a m e t e r  AEo .

T a b l e  V I I I .  DEVIATIONS OF к f f  FROM UNITY BEFORE AND AFTER 

A LEAST SQUARES PERTURBATION ADJUSTMENT OF THE 

CROSS SECTIONS.

A s s e m b ly AkR k e f f - 1 '

new

k e f f _ 1 -

AkR AkR

1 1 . 7 2 . 3 2 9 . 3 0 3

2 2 . 3 - 1 . 0 2 2 - . 7 8 7

3 1 . 5 3 . 1 4 0 - . 4 3 8

4 1 . 5 4 . 3 6 0 - . 3 5 5

5 . 8 6 . 4 5 0 . 3 3 3

6 . 6 1 0 . 5 3 3 - . 2 5 5

7 1 . 0 6 . 0 8 0 . 3 5 6

8 1 . 5 4 . 3 8 7 . 4 1 1

9 1 . 5 5 . 2 9 4 . 4 0 5

10 1 . 5 5 . 0 3 5 . 2 9 0

1 1 1 . 5 9 . 3 1 8 4 . 1 9 0

12 1 . 3 5 . 4 7 5 . 802

13 1 . 3 2 . 7 9 2 - . 8 2 3

14 1 . 3 3 . 1 8 5 - . 3 1 7

15 1 . 5 3 . 8 2 9 - . 2 3 1
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T h e  sum o v e r  i  c a n  b e  t a k e n  o v e r  a n y  d e s i r e d  n u m b e r  o f  

i n t e g r a l  e x p e r i m e n t s .  T a k i n g  i n t o  a c c o u n t  o n l y  a s m a l l  n u m ber  

o f  i n t e g r a l  e x p e r i m e n t s  m i g h t  s t i l l  p r o d u c e  a  s e t  o f  c r o s s  

s e c t i o n  m o d i f i c a t i o n s  p ^  w h i c h  w i l l  b r i n g  

( i . e . ,  o b t a i n e d  u s i n g  t h e  m o d i f i e d  c r o s s  s e c t i o n s )  o f

m any m o r e  c r i t i c a l  a s s e m b l i e s  t o  w i t h i n  A k _ .
К

2 3 5We d e t e r m i n e d  t h e  c r o s s  s e c t i o n  m o d i f i c a t i o n s  f o r  U,
23 8  23 9  2 40U , P u ,  Pu i n  f o r t y  e n e r g y  r a n g e s  ( i d e n t i c a l  t o  o u r  g r o u p  

s t r u c t u r e ) . T h e  s e n s i t i v i t i e s  o f  k e ££  o f  a l l  t h e  a s s e m b l i e s  t o  

t h e  c r o s s  s e c t i o n s  w e r e  c a l c u l a t e d  b y  o u r  p e r t u r b a t i o n  c o d e .  T h e
£

f r a c t i o n a l  u n c e r t a i n t i e s  o f  t h e  c r o s s  s e c t i o n s  0 _  w e r e  t a k e n  
ii 9

f r o m  K ü s t e r s  [ 1 8 ]  a n d  G r e e b l e r  [ 1 9 ] .  T h e  c r o s s  s e c t i o n

m o d i f i c a t i o n s  o b t a i n e d  f r o m  t h e  l e a s t  s q u a r e s  p r o c e d u r e ,  t a k i n g

i n t o  a c c o u n t  a l l  a s s e m b l i e s  e x c e p t  A s s l l ,  a r e  w i t h i n \ t h e i r

r e s p e c t i v e  e x p e r i m e n t a l  u n c e r t a i n t i e s .  T h e  o r i g i n a l  d e v i a t i o n s

o f  f r o m  u n i t y  a s  w e l l  a s  t h e  r e s i d u a l  d e v i a t i o n s  a f t e r  t h e

c r o s s  s e c t i o n  m o d i f i c a t i o n  a r e  g i v e n  i n  T a b l e  V I I I  i n  u n i t s  o f û k R .

6 .  D i s c u s s i o n .

R e e x a m i n a t i o n  o f  T a b l e  V I I  l e a d s  t o  t h e  f o l l o w i n g  

o b s e r v a t i o n s  :

a .  A l l  к  , ,  c a l c u l a t e d  w i t h  t h e  u n m o d i f i e d  E N D F -B /3  f i l e
~7~ e  “

a r e  h i g h e r  t h a n  u n i t y  w i t h  t h e  e x c e p t i o n  o f  A s s  2 ,  d i r t y  

J e z e b e l .

24 0b .  A s s e m b l y  1 5 ,  w h i c h  c o n t a i n s  16 p e r  c e n t  P u ,  h a s  a l o w e r

к  t h a n  t h e  s i m i l a r  a s s e m b l i e s  9 a n d  1 0 .e f  f

c .  T h e  d e v i a t i o n  o f  k e ££  f r o m  u n i t y  f o r  a l l  s y s t e m s ,  i n c l u d i n g  

a s s e m b l i e s  w i t h  t h i c k  u r a n i u m  r e f l e c t o r s , i s  l e s s  t h a n  8 ,  

w i t h  t h e  e x c e p t i o n  o f  A s s  11  w h e r e  t h e  d e v i a t i o n  i s  1 4 .

T h e  l a s t  o b s e r v a t i o n  s u g g e s t s  a  d e f i c i e n c y  i n  t h e  c r i t i c a l

s p e c i f i c a t i o n s  o f  A s s  1 1 .  T h e  c a s e  o f  t h e  t w o  a s s e m b l i e s  w i t h  a
2 4 0h i g h  Pu c o n t e n t  ( A s s  2 ,  A s s  1 5 )  c o u l d  l e a d  t o  e i t h e r  an  i n c r e a s e  

i n  t h e  f i s s i o n  c r o s s  s e c t i o n  a n d  a  d e c r e a s e  i n  t h e  c a p t u r e  c r o s s
24 0s e c t i o n  o f  Pu o r  t o  t h e  c o n c l u s i o n  t h a t  t h e r e  i s  a n  e r r o r  i n

t h e  c o m p o s i t i o n  s p e c i f i c a t i o n s .  The g e n e r a l  p a t t e r n  o f  t h e  h ig h
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v a l u e s  o f  k e ££  f o r  a l l  p l u t o n i u m  a n d  o r a l l o y  s y s t e m s  i n d i c a t e s  

t o o  h i g h  f i s s i o n  c r o s s  s e c t i o n s .  A l l  t h e s e  q u a l i t a t i v e  c o n c l u s i o n s  

s h o u l d  b e  b r o u g h t  u p  b y  t h e  s y s t e m a t i c  l e a s t  s q u a r e s  p e r t u r b a t i o n  

s c h e m e  i n  a  q u a n t i t a t i v e  w a y .

T a k i n g  t h e  f o u r t e e n  a s s e m b l i e s  i n t o  t h e  a d j u s t m e n t  p r o c e d u r e

( a l l  b u t  A s s  1 1 )  t h e  c r o s s  s e c t i o n  m o d i f i c a t i o n s ^ a l t h o u g h  w i t h i n

t h e i r  e x p e r i m e n t a l  u n c e r t a i n t i e s ,  a r e  p r o n o u n c e d .  T h e  ^ ® P u

f i s s i o n  c r o s s  s e c t i o n  i s  i n c r e a s e d  b y  u p  t o  7 .5 %  a r o u n d  1 MeV a n d

t h e  c a p t u r e  c r o s s  s e c t i o n  l o w e r e d  b y  u p  t o  4 .0 %  a r o u n d  2 0 0  k e V .
238A s t o  U c h a n g e s  o f  u p  t o  2% a r e  n o t i c e d  i n  t h e  i n e l a s t i c

23 5s c a t t e r i n g  c r o s s  s e c t i o n .  The  U f i s s i o n  c r o s s  s e c t i o n  i s  l o w e r e d
l ie

b y  a b o u t  4 .0 %  b e t w e e n  50 a n d  2 00 k eV  an d  t h e  U i n e l a s t i c

s c a t t e r i n g  c r o s s  s e c t i o n  i s  l o w e r e d  b y  5% b e t w e e n  3 0 0  k eV  a n d  1 MeV. 
23 9

T h e  Pu f i s s i o n  c r o s s  s e c t i o n  m o d i f i c a t i o n  i s  l e s s  t h a n  2 .5 %  ,
239h o w e v e r  i t  i s  n o t  m o n o t o n o u s .  T h e  Pu i n e l a s t i c  s c a t t e r i n g  c r o s s  

s e c t i o n  i s  i n c r e a s e d  b y  2% b e t w e e n  1 . 1  a n d  2 . 5  MeV.

A l t h o u g h  t h e s e  m o d i f i c a t i o n s  a r e  p e r f e c t l y  l e g i t i m a t e  

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

t h e m ,  b e c a u s e  t h e y  p a r t i a l l y  d e p e n d  o n  c r i t i c a l  a s s e m b l i e s  i n  

t h e  s p e c i f i c a t i o n s  o f  w h i c h  we h a v e  l e s s  c o n f i d e n c e .

T h e  m o d i f i c a t i o n s  o f  t h e  c r o s s  s e c t i o n s  o b t a i n e d  b y  t a k i n g

i n t o  a c c o u n t  o n l y  t h r e e  a s s e m b l i e s ,  A s s  1 ,  A s s  4 a n d  A s s  3 ( t h e

b a r e  p l u t o n i u m  s p h e r e ,  t h e  t h i c k - u r a n i u m - r e f l e c t e d  p l u t o n i u m  c o r e

a n d  t h e  p l u t o n i u m  s p h e r e  w i t h i n  a  t h i n  o r a l l o y  s h e l l ) a r e

s u f f i c i e n t  t o  b r i n g  t h e  к  - ,  (p r  ) - l  o f  t h i r t e e n  a s s e m b l i e s  t oe t  r  mg
w i t h i n  1 . 3  AkR (AKr  w a s  s t r i n g e n t  t r a n s l a t i o n  o f  t h e  e x p e r i m e n t a l  

u n c e r t a i n t y ) .  T h e  t w o  a s s e m b l i e s  w h i c h  a r e  s t i l l  w a y  o u t  a r e ,  a s  

e x p e c t e d ,  A s s 2  a n d  A s s l l .  O ut o f  t h e s e  t h i r t e e n  a s s e m b l i e s  

e i g h t  a r e  w i t h i n  t h e  e x p e r i m e n t a l  u n c e r t a i n t y  ( 1 , 3 , 4 , 5 , 6 , 7 , 1 2 , 1 5 )  

a n d  t h r e e  a r e  w i t h i n  1 . 1 Д к „ ( 8 , 1 0 , 1 4 ) .  T h e  c r o s s  s e c t i o n  m o d i f i c a t i o n s
К

a r e  p r e s e n t e d  i n  T a b l e  I X .  T h e r e  i s  a  n e g l i g i b l e  m o d i f i c a t i o n  o f  

t h e  a n d  ^ ® P u  c r o s s  s e c t i o n s .

T r y i n g  t o  i n c l u d e  A s s  11  i n  t h e  a d j u s t m e n t  p r o c e d u r e  d o e s

n o t  g i v e  m o d i f i e d  c r o s s  s e c t i o n s  t h a t  b r i n g  к  (p r  ) - l  o f  A s s  11e r r  mg
w i t h i n  AkR . On t h e  c o n t r a r y  i t  h a s  a  b a d  e f f e c t  o n  t h e  o t h e r  

s y s t e m s .
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T a b l e  I X .  SUGGESTED CROSS SECTION ADJUSTMENTS OBTAINED BY

A LEAST SQUARES PERTURBATION SCHEME ON ASSEMBLIES

1 , 3 , 4 .

D a t a E n e r g y A d j u s t m e n t

2 3 5 U o ( n , f ) 5 0  t o  2 0 0  keV - 1 . 0 %

2 0 0  t o  4 0 0  keV - 1 . 2 %

4 0 0  t o  7 5 0  keV - 1 . 0 %

7 5 0  t o  1 0 0 0  keV 1 О 00 00

1 t o  1 . 6  MeV - 0 . 5 %

2 3 5 U o ( n , n ' ) 3 0 0  keV t o  1 . 0  MeV - 1 . 2 %

2 3 9 Pu a ( n , f ) 50  t o  3 0 0  keV - 2 . 4 %

3 0 0  t o  5 0 0  keV - 0 . 8 %

5 0 0  keV t o  1 MeV - 0 . 5 %

2 3 9 PU V 10  keV t o  1 . 6  MeV - 0 . 1 %

To c o n c l u d e  m i n o r  m o d i f i c a t i o n s  o f  t h e  E N D F-B /3  f i l e  [ 2 0 ]  

a r e  s u f f i c i e n t  t o  b r i n g  ^ g f f ^ P m g ^ - !  m o s t  c r i t i c a l  a s s e m b l i e s  
t o  w i t h i n  Дк_ . The c r i t i c a l  s p e c i f i c a t i o n s  o f  a  fe w  s y s t e m s  s h o u l d

К

b e  r e c h e c k e d .

A c k n o w l e d g e m e n t s .

The a u t h o r s  a r e  g r a t e f u l  t o  P r o f .  Y .  Y e i v i n  and t o  M r.  I .  R e i s s  

f o r  many f r u i t f u l  d i s c u s s i o n s  on c r o s s  s e c t i o n  a d j u s t m e n t s .  S p e c i a l  

t h a n k s  a r e  d u e  t o  P r o f .  G. R a k a v y  f o r  c o n t i n u o u s  e n c o u r a g m e n t  and  

f o r  t h e  c r i t i c a l  r e a d i n g  o f  t h e  p a p e r .  The p a r t i c i p a t i o n  o f  M is s  

Y .  K u rz  i n  p a r t  o f  t h e  c o m p u t a t i o n a l  w ork  i s  a c k n o w l e d g e d  and  

a p p r e c i a t e d .
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D I S C U S S I O N

P . P . T . R E U S S : Which cross-sections have you modified and how 

much?

M r s . A .  Y A A R I : In the last table of the full paper you will find a 

partial answer to your question. It gives the corrections for the case 

in which only three assemblies (1, 3 ,4 )  are taken into account. There are 

also corrections in other cross-sections but these are smaller: e. g.

239pu yj' 10-300 keV , 0. 8%; elastic 50-300 keV , 0. 3% . W e  also m odi

fied the fission spectrum, i. e. we lowered the average energy. W hen we 

take 14 assemblies into account the corrections are larger.

P . S IL V E N N O IN E N : Som e earlier cross-section sets recom m ended 

for some of your assemblies, e. g. those given by Hansen and Roach, 

produce negative values for some corrected transport cross-sections.

How  do your group cross-sections behave in this respect?

M r s . A .  Y A A R I : A s  we used an S g-P0 approximation to the Boltzmann 

equation the problem never arose.
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THE ROLE OF INTEGRAL EXPERIMENTS IN 
THE PRODUCTION OF NUCLEAR DATA FOR 
REACTOR CORE AND SHIELD DESIGN 
AND FOR IRRADIATION EXPERIMENTS

U. FARINELLI
C .N .E .N ., Centro Studi Nucleari della Casaccia,
Rome, Italy

Abstract

THE ROLE OF INTEGRAL EXPERIMENTS IN THE PRODUCTION OF NUCLEAR DATA FOR REACTOR CORE AND 
SHIELD DESIGN AND FOR IRRADIATION EXPERIMENTS.

The inadequacy of differential measurements is briefly reviewed. A general scheme of a "global 
approach” taking into account both differential and integral information is derived. The various philosophies 
that can be employed in designing integral experiments and in using their information are critically reviewed. 
The application of this type of approach to fast-reactor cross-sections and the bases for the feedback to nuclear 
data evaluations and for adjustment procedures are reviewed. The possibility of using these methods to uncover 
systematic errors is examined. The extension of these procedures to other areas is discussed; in particular, the 
interactions of calculational model and nuclear data in thermal reactor design are considered. In the case of 
shielding, the same problem is parallelled by the necessity of extending the sensitivity calculations. In the 
irradiation experiments and, in particular, for the corss-sections of the integral detectors used, the connection 
of nuclear data, integral experiments and damage functions is discussed, and the usual criterion of spectrum 
unfolding is shown to be too restrictive for practical purposes.

1 .  I n t r o d u c t i o n

N u c l e a r  d a t a  u s e d  i n  r e a c t o r  t e c h n o l o g y  and o t h e r  a p p l i c a 
t i o n s  d e r i v e  f r o m  t h r e e  s o u r c e s :  t h e o r e t i c a l  c a l c u l a t i o n s ,  d i f f e 
r e n t i a l  m e a s u r e m e n t s  and  i n t e g r a l  e x p e r i m e n t s .  T h e o r e t i c a l  c a l c u l a 
t i o n s ,  b a s e d  on m ore  o r  l e s s  s o p h i s t i c a t e d  n u c l e a r  m o d e l s ,  a r e  
w i d e l y  u s e d  i n  e v a l u a t i o n s ,  i n  i n t e r p o l a t i o n  and e x t r a p o l a t i o n  o f  
d i f f e r e n t i a l  d a t a  and  h a v e  a  m a j o r  r o l e  i n  p r o v i d i n g  u s  q u a n t i t a 
t i v e  e s t i m a t e s  w h e re  no r e l i a b l e  e x p e r i m e n t a l  i n f o r m a t i o n  i s  a v a i 
l a b l e .  B r o a d l y  s p e a k i n g ,  t h e r e  seem s t o  be g e n e r a l  a g r e e m e n t  on  
when and how t o  make u s e  o f  t h e o r e t i c a l  m o d e l s ,  and  w hat s h o u l d  be  
e x p e c t e d  f r o m  th e m .  The r e s p e c t i v e  r o l e  o f  d i f f e r e n t i a l  m e a s u r e 
m e n ts  and  i n t e g r a l  e x p e r i m e n t s  and  e s p e c i a l l y  t h e  way i n  w h ich  t o  
p u t  t o g e t h e r  t h e  i n f o r m a t i o n  f ro m  t h e s e  two s o u r c e s ,  on t h e  o t h e r  
h a n d ,  i s  a  f a i r l y  c o n t r o v e r s i a l  s u b j e c t .

I t  i s  o u r  i n t e n t i o n  h e r e  t o  d i s c u s s  s h o r t l y  t h e  p r o b l e m  o f  
m ak in g t h e  b e s t  u s e  o f  t h e  a v a i l a b l e  i n f o r m a t i o n  i n  r a t h e r  g e n e r a l  
t e r m s  and t h e n  t o  r e v i e w  t h e  s i t u a t i o n  i n  some f i e l d s  o f  a p p l i c a 
t i o n .  R a t h e r  t h a n  p r o p o s i n g  a  new m o d e l ,  we s h a l l  t r y  t o  l o o k  a t  
t h e  v a r i o u s  p h i l o s o p h i e s  s o  f a r  a d o p t e d  i n  a  u n i f i e d  way and t o  
i d e n t i f y  t r e n d s  o f  d e v e l o p m e n t .  A l t h o u g h  m o st  o f  t h e  work i n  t h i s  
f i e l d  up t o  now c o n c e r n s  f a s t  r e a c t o r s ,  and i n  p a r t i c u l a r  t h e  i n 
t e r p r e t a t i o n  o f  f a s t  c r i t i c a l  e x p e r i m e n t s ,  we s h o u l d  k e e p  i n  mind
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other  f ie l d s  o f a p p lic a t io n s  such as s h ie l d in g , damage stu dies  

and fu s io n  r e a c t o r s , where problems o f  th is  k ind  are just  being  

i d e n t i f i e d .

2 . A General Model

Many p h y s ic is ts  b e lie v e  that the id ea l  approach to reactor  

d e sig n  and other  n u clear  a p p lic a t io n s  i s ,  or should b e , to use only 

d e ta ile d  cross sections  o btained  from measurements perform ed w ith  

a cc e ler a to r s  and accurate  c a lc u la t io n a l  methods that s ta r t in g  from 

these cross sections  evaluate  the in te g r a l  q u a n t it ie s  w ithout in 

trod ucing  a p p r ec ia b le  er r o rs . A c t u a l ly , as we s h a ll  s e e , a l l  prac 

t ic a l  a p p lic a t io n s  up to now r e ly  more or less  h e av ily  on in teg ral  

e v id e n c e , although  t h is  may some time be co n ceale d . It  is  quite  

q u e stio n ab le  whether an id ea l  approach based on d i f f e r e n t i a l  mea

surem ents a lone  w il l  ever be p r a c t ic a b le . Although  tremendous 

progress has been achieved  in cross sectio n  measurements and ev a 

lu a t io n s , in code development and in computer technology  to make 

"fu n d am en tal" c a lc u la t io n s  p o s s ib le , the improvements achieved  in 

terms o f  p r e d ic t in g  reacto r  param eters are much slower and not 

un iform . More r e f in e d  measurements have shown d is c re p an c ie s  with 

each o th e r ; t h is  has c a lle d  for ev alu atio n s  to solve these  d is c r e 

p a n c ie s . But as e v a lu atio n s  are based very much on personal ju d g e 

m ent, they  o ften  d i f f e r  among each o th e r . Recently  we have: heard 

o f  requests  for  new measurements in  order to solve d is c re p an c ies  

among e v a lu atio n s  / 1 / !  So th is  procedure of in c r e a s in g  the r e l i a 

b i l i t y  of d i f f e r e n t i a l  data does p ro c eed , but more slowly  than 

ex p e c te d .

Cross sectio n s  evaluated  on the b a s is  o f d i f f e r e n t i a l  m easu

rements alone perform  rath e r  poorly  in p re d ic t in g  in te g ra l  q u a n t i

t ie s  .

An example is  given  in Table  I ,  where the r e s u lts  o btained  

w ith  the most r e c e n tly  generated "u n c o r r e c te d " data f i l e  in the 

UK, FGL5U, is  seen to be fu l ly  inadequate / 2 /  w h ile  ad ju sted  cross 

s ectio n s  perform  n early  an order o f  m agnitude b e tt e r .

TABLE I

D isc re p a n c ie s  in c a lc u la te d  values  fo r  a 

ty p ic a l  fast  reactor  using  the most recent 

e v a lu a te d , un adjusted  U .K . data 

(f in e  group lib r a r y  FGL5U , 2000 groups , 1 97 2 )

k ^ ^  for  U and Pu fu e l le d  systems 5% low

к«, for  n u ll  r e a c t iv it y  test  zones up to 10% low

U-238 f is s io n /P u - 2 3 9  f is s io n  15% low

U-238 capture /Pu- 239  f is s io n  12% h igh

U-235 fiss io n /P u - 23 9  f i s s io n  3% h igh

Even some old  em pirical m ultigroup  l i b r a r i e s ,  a lthough  p a r t 

ly  based on obsolete  m easurem ents, s t i l l  give  good r e s u lts  in  par-
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t i c u l a r  f i e l d s ,  b e c a u s e  t h e y  c o n t a i n  e r r o r s  t h a t  c o m p e n s a t e  e a c h  
o t h e r ,  o r  c o m p e n s a t e  f o r  some e r r o r s  i n t r o d u c e d  by t h e  c a l c u l a t i o -  
n a l  m e th o d .

The am ount o f  d e t a i l  g i v e n  by t h e  d i f f e r e n t i a l  l i b r a r i e s  
( e s p e c i a l l y  t h e  num ber o f  e n e r g y  p o i n t s )  h a s  i n  many c a s e s  f a r  
s u r p a s s e d  w h at  i s  n e c e s s a r y  and u s a b l e  i n  p r a c t i c a l  a p p l i c a t i o n s ,  
s o  t h a t  a  p r e l i m i n a r y  r o u g h  c o n d e n s a t i o n  p r o c e d u r e  h a s  t o  be u s e d  
t o  o b t a i n  t h e  d a t a  i n  m ore  " i n t e g r a l "  f o r m .  Such i s  t h e  c a s e ,  f o r  
i n s t a n c e ,  o f  t h e  c r o s s  s e c t i o n  o f  i r o n  i n  E N D F /B -3 ,  r e p r e s e n t e d  
by m ore  t h a n  1 1 0 0 0  e n e r g y  p o i n t s  / 3 / .

H o w e v e r ,  t h e  m ain  p o i n t  a g a i n s t  a  p u r e l y  d i f f e r e n t i a l  a p 
p r o a c h  i s  t h e  w a s t e  t h a t  i t  m akes o f  a  r i c h  and v a l u a b l e  s o u r c e  
o f  p e r t i n e n t  i n f o r m a t i o n ,  i n t e g r a l  e x p e r i m e n t s .  I t  i s  q u i t e  p o s s i 
b l e  t h a t  i n t e g r a l  i n f o r m a t i o n  i s  l e s s  m e a n i n g f u l  i f  t h e  u s e  t o  
be made o f  t h e  c r o s s  s e c t i o n  i s ,  f o r  i n s t a n c e ,  b a s i c  n u c l e a r  p h y 
s i c s .  Some m i s u n d e r s t a n d i n g  i n  t h e  d i s c u s s i o n s  o v e r  t h e  s o u r c e s  
o f  n u c l e a r  d a t a  may be due t o  the in cau tiou s  s t a t e m e n t  o f  some 
s u p p o r t e r  o f  c o r r e l a t i o n  p r o c e d u r e s  t h a t  t h e  p u r p o s e  o f  h i s  e x 
e r c i s e  was t o  " i m p r o v e  c r o s s  s e c t i o n s " .  As D r a g t  r i g h t l y  p u t s  i t ,  
" t h e  f i n a l  a im  o f  t h e  a n a l y s i s  i s  t o  o b t a i n  e s t i m a t e s  f o r  i n t e g r a l  
q u a n t i t i e s ,  t h e  d i f f e r e n t i a l  d a t a  h a v i n g  no i n t e r e s t s  i n  t h e m s e l v e s  
( a t  l e a s t  f o r  r e a c t o r  d e s i g n  p u r p o s e s  ) "  /4/.

We s h a l l  t h e r e f o r e  p u t  o u r s e l v e s  f ro m  t h e  v i e w p o i n t  o f  t h e  
u s e r ,  who w a n ts  t o  p r e d i c t  t h e  g r o s s  p r o p e r t i e s  o f  a  s y s t e m  w i t h  
a d e q u a t e  a c c u r a c y ,  who w a n ts  i f  p o s s i b l e  t o  e s t i m a t e  t h i s  a c c u r a 
c y  and  who l o o k s  f o r  u s e f u l  i n f o r m a t i o n  f ro m  w h a t e v e r  s o u r c e  i s  
a v a i l a b l e .  Two m ore  p r o p e r t i e s  g e n e r a l l y  c h a r a c t e r i z e  t h i s  u s e r :  
he w orks  on a  t i m e  s c h e d u l e  and h a s  a  f i n i t e  b u d g è t .

In  t h i s  c o n t e x t ,  t h e  m o st  r e a s o n a b l e  and l o g i c a l  a p p r o a c h  
a p p e a r s  t o  be some s o r t  o f  g l o b a l  a p p r o a c h  in  w h ich  b o t h  d i f f e 
r e n t i a l  and i n t e g r a l  i n f o r m a t i o n ,  a l l  t h e  a v a i l a b l e  i n f o r m a t i o n ,  
i s  t a k e n  i n t o  a c c o u n t ,  w i t h  a p p r o p r i a t e  a l l o w a n c e  f o r  t h e  c h a r a c 
t e r i s t i c s  o f  e a c h  t y p e  o f  m e a s u r e m e n t ,  a c c u r a c i e s ,  s t a t i s t i c a l  
and p o s s i b l e  s y s t e m a t i c  e r r o r s ,  c o r r e l a t i o n s ,  n o r m a l i z a t i o n s  and  
so  o n .

T h i s  i s  o f  c o u r s e  e a s i e r  t o  s a y  t h a n  t o  d o .  We s h a l l  d i s c u s s  
i n  t h e  f o l l o w i n g  a  somew hat i d e a l i z e d  g e n e r a l  p r o c e d u r e ,  w h ich  i s  
r e p r e s e n t e d  s c h e m a t i c a l l y  i n  F i g . l  i n  t h e  fo rm  o f  a  f l o w  d i a g r a m  
a l l o w i n g  f o r  p a r a l l e l  o p e r a t i o n s  and l o g i c a l  o p t i o n s .  Most o f  t h e  
p h i l o s o p h i e s  f o l l o w e d  f o r  t h e  v a r i o u s  p r o b l e m s  i n  d i f f e r e n t  c o u n 
t r i e s  c a n  be i d e n t i f i e d  a s  p a t h s  t h r o u g h  t h i s  d i a g r a m .

A c c o r d i n g  t o  o u r  g e n e r a l  p o i n t  o f  v i e w ,  t h e  f i r s t  s t e p  o f  
o u r  a p p r o a c h  s h o u l d  be t o  i d e n t i f y  t h e  d e s i g n  t a s k s  and  t h e i r  r e 
q u i r e d  a c c u r a c y ,  t h e s e  t a s k s  a r e  g e n e r a l l y  d i f f e r e n t  f ro m  t h e  r e 
l a t e d  p h y s i c a l  q u a n t i t i e s  ( n e x t  s t e p  i n  o u r  p r o c e d u r e )  w h ich  w i l l  
be i n  g e n e r a l  t h e  im m e d i a t e  o b j e c t i v e  o f  o u r  c a l c u l a t i o n s .  F o r  
i n s t a n c e ,  к o r  c o n v e r s i o n  r a t i o s  o r  n e u t r o n  s p e c t r a  a re .c o m m o n  
e x a m p le  o f  r e l e v a n t  p h y s i c a l  q u a n t i t i e s :  b u t  t h e  d e s i g n  t a s k s  t h a t  
we s h a l l  f i n a l l y  s o l v e  w i l l  b e ,  f o r  i n s t a n c e ,  t h e  e n r i c h m e n t  t h a t  
w i l l  y i e l d  a  g i v e n  c o r e  l i f e  o r  t h e  damage l i f e  o f  a  s t r u c t u r a l
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FIG. 1 . Flow diagram  for nuclear data processing.



IAEA-SM-170/38 107

c o m p o n e n t ,  w h i c h ,  a t  l e a s t  i n  p r i n c i p l e ,  c o u l d  be o b t a i n e d  f ro m  
d i f f e r e n t  p h y s i c a l  q u a n t i t i e s .

The r e q u i r e d  a c c u r a c y  f o r  t h e  d e s i g n  t a s k s ,  and t h e r e f o r e  
f o r  t h e  r e l a t e d  p h y s i c a l  q u a n t i t i e s ,  i s  a  f u n c t i o n  o f  many p a r a 
m e t e r s :  i n  a  f e a s i b i l i t y  s t u d y  o r  a  c o n c e p t u a l  s t u d y  i t  may be  
d e t e r m i n e d  by t h e  u n c e r t a i n t y  i n  o t h e r  a s p e c t s  o f  d e s i g n ,  and r e 
q u i r e m e n t s  may n o t  be s t r i c t ;  i n  t h e  c a s e  o f  an a c t u a l ,  f i n a l  
d e s i g n  t h e  e v a l u a t i o n  i s  b a s e d  on e c o n o m i c a l  c o n s i d e r a t i o n s  and  
so m e tim e  on t e c h n o l o g i c a l  l i m i t s .  F o r  i n s t a n c e ,  a  l a r g e  u n c e r t a i n 
t y  i n  t h e  d e t e r m i n a t i o n  o f  t h e  e n r i c h m e n t  r e q u i r e d  f o r  a  g i v e n  
c o r e  l i f e  w ould i n v o l v e  t h e  e c o n o m i c  p e n a l t i e s  a s s o c i a t e d  w i t h  a  
h i g h e r  i n v e n t o r y  o f  f i s s i l e  m a t e r i a l  and p o s s i b l y  w i t h  a  more  
e f f e c t i v e  c o n t r o l  s y s t e m ;  on t h e  o t h e r  h a n d ,  i t  w ould be w o r t h l e s s  
t o  know t h i s  e n r i c h m e n t  t o  a  b e t t e r  a c c u r a c y  t h a t  t h e  f u e l  f a b r i 
c a t o r  i s  a b l e  t o  co m p ly  w i t h .

A c o m p l e t e  e c o n o m i c a l  b a l a n c e  w ould r e q u i r e ,  on the one hand, the  
c o s t  on e  h a s  t o  p a y  f o r  a  g i v e n  e r r o r  ( o r  u n c e r t a i n t y )  i n  t h e  
d e s i g n  d a t a  and, on t h e  o th e r ,  t h e  c o s t  o f  R & D n e e d e d  t o  g e t  t h e  
same a c c u r a c y .  T h i s  i s  h a r d l y  p o s s i b l e  i n  a  g e n e r a l  w a y ,  b u t  some 
s o r t  o f  a  r o u g h  b a l a n c e  s h o u l d  be draw n i n  a l l  c a s e s ,  and  i t  h a s  
b e e n  done i n  som e.

The n e x t  s t e p  i s  t o  s e t  up an a d e q u a t e  c a l c u l a t i o n a l  m o d e l ,  
w h ic h  w i l l  i n  t u r n  d e f i n e  t h e  fo rm  o f  t h e  n u c l e a r  d a t a  o f  i n t e r e s t .  
T h i s  c h o i c e  h a s  a c t u a l l y  a  g r e a t  i n f l u e n c e  on b a l a n c i n g  i n t e g r a l  
v e r s u s  d i f f e r e n t i a l  i n f o r m a t i o n ;  i f  a  r a t h e r  b a s i c  m o del  i s  c h o s e n ,  
w h e re  n u c l e a r  d a t a  a r e  i n  t h e  fo rm  o f  d e t a i l e d  c r o s s  s e c t i o n s ,  t h e n  
d i f f e r e n t i a l  i n f o r m a t i o n  i s  l i k e l y  t o  p l a y  a  m ore  i m p o r t a n t  r o l e  
t h a n  i n  t h e  c a s e  o f  a  c a l c u l a t i o n a l  m odel b a s e d  on m ore  i n t e g r a l  
q u a n t i t i e s  ( t h i n k  f o r  i n s t a n c e  t o  t h e  r o l e  o f  e f f e c t i v e  r e s o n a n c e  
i n t e g r a l s ,  o r  o f  F e r m i  a g e  i n  c l a s s i c a l  t h e r m a l  r e a c t o r  p h y s i c s ) ;  
i n  t h e  l a t t e r  c a s e ,  w h ich  may i n v o l v e  u n c e r t a i n t i e s  i n  t h e  t h e o 
r e t i c a l  m e th o d s  t o  d e d u c e  t h e s e  n u c l e a r  d a t a  f ro m  d i f f e r e n t i a l  
m e a s u r e m e n t s ,  d i r e c t  i n t e g r a l  e x p e r i m e n t s  w i l l  t e n d  t o  t a k e  t h e  
l e a d .

We t h e n  h a v e  t o  e v a l u a t e  t h e  s e n s i t i v i t i e s  o f  t h e  p h y s i c a l  
q u a n t i t i e s  t o  t h e  n u c l e a r  d a t a  u s e d  f o r  t h e i r  c a l c u l a t i o n .

We u s u a l l y  d e f i n e  t h e  s e n s i t i v i t y  o f  a  c e r t a i n  p h y s i c a l  
q u a n t i t y  ( o r  d e s i g n  t a s k )  Q t o  a  p a r t i c u l a r  n u c l e a r  d atum  x  a s  t h e  
v a r i a t i o n  o f  t h i s  q u a n t i t y  f o r  a  u n i t  v a r i a t i o n  o f  t h e  n u c l e a r  
d atu m  / 5 / :

SQ = ^
x  dx

The g e n e r a l  p r o b l e m  o f  e v a l u a t i n g  t h e s e  s e n s i t i v i t i e s  i s  by no 
m eans a  s i m p l e  o n e .  Q may be a  m u l t i p l i c a t i o n  f a c t o r  b u t  i t  may 
a l s o  be a  n e u t r o n  l i f e t i m e ,  a  b r e e d i n g  r a t i o ,  o r  t h e  number o f  
n e u t r o n s  o f  e n e r g y  h i g h e r  t h a n  1 MeV s t r e a m i n g  o u t  o f  a  r e a c t o r  
s h i e l d ;  x  may be t h e  c a p t u r e  c r o s s  s e c t i o n  o f  U - 2 3 8  i n  a  c e r t a i n  
e n e r g y  g r o u p ,  o r  a  r e s o n a n c e  s e l f - s h i e l d i n g  f a c t o r  o r  a n y  o t h e r  
fo rm  o f  n u c l e a r  d a t a .  Much p r o g r e s s  h a s  b e e n  made i n  t h e  l a s t  
y e a r s  i n  t h i s  f i e l d ,  e s p e c i a l l y  w i t h  t h e  d e v e l o p m e n t  o f  g e n e r a l i z 
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ed p ertu rbatio n  techniques  ( / 5 / ,  / 6 / )  but c e r t a in ly  much rem ains 

to be done. From these s e n s i t iv i t i e s ,  one can in fe r  the accuracy  

req u ired  for  the various  n uclear  d a ta . T h is  is  by no means a t r i 

v ia l  t a s k , e s p e c ia lly  i f  one takes into  account the fact  that 

errors  in  the cross sections  cannot be tre ate d  as independent 111 .

I f  one has gone so f a r ,  one can now assess  the adequacy o f 

the d i f f e r e n t i a l  and in teg ra l  inform ation  in  providing the 

req u ired  n u clear  d a ta . In  doing so , it  is customary and u s e fu l  to 

check f i r s t  the co n sistency  of d i f f e r e n t i a l  and in te g ra l  inform a

tio n  by c a lc u la t in g  the re s u lts  o f  in te g ra l  experim ents in the 

area  o f  present in te r e st  by means o f  the "b e s t "  a v a ila b le  cross 

s e c t io n s . I f  there  is  c o n sis te n c y , the accuracy  of the nuclear  

data  o btain ed  from d i f f e r e n t ia l  data is  compared w ith  the r e q u ir e 

m ents. In  case these requirem ents are not m et, one can try  to put 

together  in te g r a l  and d i f f e r e n t i a l  inform ation  in order to a rr iv e  

at nuclear  data which are b etter  su ited  to the c a lc u la t io n  o f the 

p a r t ic u la r  p h y s ic a l  q u a n t it ie s  of in t e r e s t . The ways o f  doing  th is  

can be very d i f f e r e n t .  The two extrem es are t y p if ie d  by the U .K . 

and U .S .  approaches w ith  fast  reactor  cross s e c t io n s . In  one c a s e , 

a c o r re la tio n  procedure is  u s e d , in  a more or le s s  automated way, 

to "a d ju s t "  the d i f f e r e n t i a l  data on the b as is  of the in teg ra l  

r e s u l t s , in  such a way as to use inform ation  from a l l  sources in a 

s t a t i s t ic a l l y  correct way / 8 / , / 9 / . In  the o th e r , inform ation  from 

in te g r a l  experim ents is  fed  back to the evaluators  as a g u id e lin e  

in  a new choice  o f  purely  d i f f e r e n t ia l  data / 1 0 / .

I f ,  at th is  p o in t , the requirem ents for  nuclear  data are not 

yet s a t i s f i e d ,  one is  again  at a point o f  ch o ice : one can f i l e  in 

a new request in  the RENDA l i s t  to ask  for better  d i f f e r e n t i a l  

measurements (and th is  is  in the best o f  cases a long-term s o lu 

t io n ) ; or he can try  to have b etter  or more ad-hoc in te g ra l  expe

rim ents (w h ich  is  in  general a q u icker  p r o c e d u r e ); or f i n a l l y  (as  

is o ften  done) he can go back and look hard at h is  d esign  r e q u ir e 

ments and see i f  he cannot loosen  them somewhat.

Another s itu a t io n  that can a r is e  is  that there is  in c o n s is t 

ency between d i f f e r e n t i a l  data and in te g ra l  experim ents , in  the 

sense that there  are d is c re p an c ies  between c a lc u la te d  and o bserv 

ed r e s u lts  se n s ib ly  la rg er  than the u n c e r ta in t ie s  d e r iv in g  from 

assumed errors  in  the cross sections  and in the c a lc u la t io n a l  

m ethods. In  t h is  case the cause o f  d iscrepan cy  should be id e n t i f ie d  

and then rem oved, e ith e r  by going back to the d i f f e r e n t ia l  m easu

rements or by ap ply ing  a c o r re la tio n  procedure .

A c t u a l ly , the most w idely  expressed  c r it ic is m  of the a d ju s t 

ment procedures is  based on the d i f f i c u l t y  o f  a ss e ss in g  a p r io r i  

the u n c e r ta in t ie s  a ss o c ia ted  w ith  n u clear  data ev aluated  from the 

d i f f e r e n t i a l  in fo rm atio n . It  is  a fact  that it  is  more d i f f i c u l t  

to evaluate  u n c e r ta in t ie s  in  nuclear  data than the n u clear  data 

them selves. A lso  the d is tr ib u t io n  o f  u n c e r ta in t ie s  is g e n e rally  

assumed as G a u s s ia n , which is reasonable  i f  the errors are suppos

ed to be o f  a s t a t is t ic a l  nature but it  is  not i f  system atic 

errors  are in v o lv ed . T h en , there are co r re la tio n s  among the errors
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i n  t h e  d i f f e r e n t  c r o s s  s e c t i o n s ,  a c c o r d i n g  t o  t h e  s t a n d a r d s  r e l a 
t i v e  t o  w h ic h  t h e  m e a s u r e m e n t s  w e re  p e r f o r m e d ,  to t h e  n o r m a l i z a 
t i o n  c r i t e r i a  s e l e c t e d  i n  t h e  e x p e r i m e n t s  o r  i n  t h e  e v a l u a t i o n  e t c .

In  t h e  a b s e n c e  o f  d e t a i l e d  and r e l i a b l e  i n f o r m a t i o n  on a l l  
t h e s e  p o i n t s ,  t h e  c o r r e l a t i o n  p r o c e d u r e s  t e n d  t o  d i s t r i b u t e  t h e  
c a u s e s  o f  d i s c r e p a n c i e s  b e tw e e n  m e a s u re d  and c a l c u l a t e d  c r o s s  
s e c t i o n s  among a  v e r y  h i g h  number o f  n u c l e a r  d a t a  and t h u s  t o  
s m e a r  o u t  t h e  d i f f i c u l t i e s  r a t h e r  t h a n  t o  s o l v e  t h e m .  Such d i l u t e  
c o r r e c t i o n s  may h a v e  l i t t l e  p h y s i c a l  s i g n i f i c a n c e  and may c o n c e a l  
m ore r e a l  c a u s e s  o f  d i s c r e p a n c i e s ,  w h ich  w ould make e x t r a p o l a t i o n  
o f  t h e  a d j u s t e d  d a t a  t o  d i f f e r e n t  i n t e g r a l  p r o b l e m s  u n r e l i a b l e .

The p r e s e n t  e f f o r t s  i n  t h e  a r e a  o f  c o r r e l a t i o n  m e t h o d s ,
( a t  l e a s t  a s  f a r  a s  f a s t  r e a c t o r s  a r e  c o n c e r n e d )  t r y  t o  o v e rc o m e  
t h e s e  c r i t i c i s m s  a l o n g  t h r e e  l i n e s .

F i r s t  o f  a l l  t h e r e  i s  an e f f o r t  t o  a p p l y  m odern  s t a t i s t i c a l  
t h e o r y  c o n s i s t e n t l y ,  i n  o r d e r  t o  t a k e  i n t o  a c c o u n t  i n  t h e  m o st  
a p p r o p r i a t e  way a l l  t h e  i n f o r m a t i o n  a v a i l a b l e  and a l s o  t o  be a b l e  
t o  e s t i m a t e  t h e  r e l i a b i l i t y  o f  t h e  n u c l e a r  d a t a  t h u s  o b t a i n e d  / 9 / ,  
М / ,  / 1 1 / ,  / 1 2 / .

S e c o n d l y ,  s u c h  m e th o d s  a r e  b e i n g  i n v e s t i g a t e d  w i t h  r e g a r d  
t o  t h e  p o s s i b i l i t y  o f  i d e n t i f y i n g  s y s t e m a t i c  e r r o r s  i n  t h e  c r o s s  
s e c t i o n s  and  e v e n t u a l l y  c o r r e c t i n g  them  ( a s  we h a v e  h y p o t h e s i z e d  
i n  o u r  s c h e m e ) .

F i n a l l y ,  a v a i l a b l e  c o r r e l a t i o n  m e th o d s  a r e  b e i n g  a p p l i e d  
w i t h  m ore  i n s i g h t  i n t o  t h e  u l t i m a t e  s o u r c e s  o f  e r r o r ,  by t a k i n g  
i n t o  a c c o u n t  t h e  c o r r e l a t i o n s  b e tw e e n  e r r o r s  i n  t h e  d i f f e r e n t i a l  
m e a s u r e m e n t s ,  by p r e s e r v i n g  g e n e r a l  s h a p e s  o r  c h a r a c t e r i s t i c s  o f  
c u r v e s  / 1 3 / ,  by t r a c k i n g  t h e  o r i g i n  o f  some c r o s s  s e c t i o n s  b a c k  t o  
s p e c i f i c  n u c l e a r  m o d e ls  and a d j u s t  c o n s i s t e n t l y  t h e  r e l a t i v e  p a r a 
m e t e r s  / 1 4 / .

In  o t h e r  w o r d s ,  d a t a  a d j u s t m e n t  m e th o d s  s h o u l d  be c o n s i d e r 
ed a s  t o o l s  and n o t  a s  r i g i d  p r o c e d u r e s .  The p o s s i b i l i t y  o f
c h a n g i n g  t h e  a  p r i o r i  u n c e r t a i n t i e s  and o f  i n t r o d u c i n g  s u p p l e m e n t 
a r y  c o n d i t i o n s  t o  d e s c r i b e  t h e  c o r r e l a t i o n  among e r r o r s  make 
t h e s e  m e th o d s  v e r y  f l e x i b l e ,  and  i t  i s  p o s s i b l e  t o  v e r i f y  o r  
d i s c a r d  t h e  h y p o t h e s i s  o f  a  s y s t e m a t i c  e r r o r  on a n y  o f  t h e  i n p u t  
d a t a .  The i n p u t  c o n d i t i o n s  and t h e  c o r r e s p o n d i n g  o u t p u t s  s h o u l d  
be s c r u t i n i z e d  a t  a l l  t i m e s  and " p h y s i c a l  j u d g e m e n t "  a p p l i e d  t o  
t h e m .  In  t h i s  way a d j u s t m e n t  m e th o d s  becom e a  p o w e r f u l  e v a l u a t i o n  
t o o l  r a t h e r  t h a n  e m p i r i c a l  m e th o d s  t o  d e a l  w i t h  a  l i m i t e d  r a n g e  o f  
s p e c i f i c  s i t u a t i o n s .

3 .  A p p l i c a t i o n s  t o  R e a c t o r  C o re  A n a l y s i s

M ost o f  w h at  we h a v e  s a i d  i n  t h e  p r e v i o u s  p a r a g r a p h  i s
d i r e c t l y  a p p l i c a b l e  t o  f a s t  r e a c t o r s .  The a p p l i c a t i o n  o f  a  " G l o b a l
A p p r o a c h "  t o  f a s t  r e a c t o r  c o r e  d e s i g n  i s  s i m p l e r  and much more  
common t h a n  f o r  o t h e r  p r o b l e m s .  T h i s  d e r i v e s  f r o m  t h e  f a c t  t h a t  
t h e  m a j o r  s o u r c e  o f  u n c e r t a i n t i e s  i n  m o st  f a s t  r e a c t o r  c a l c u l a t i o n s  
i s  c o n s i d e r e d  t o  be n u c l e a r  d a t a  r a t h e r  t h a n  c a l c u l a t i o n a l  m e t h o d s ,
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and a l s o  f ro m  t h e  r e l a t i v e  s t a n d a r d i z a t i o n  o f  c a l c u l a t i o n a l  
m e t h o d s ,  t h e r e f o r e  o f  t h e  fo rm  o f  n u c l e a r  d a t a ,  i n  t h i s  a r e a .

The f i r s t  a d j u s t m e n t  p r o c e d u r e ,  a s  f a r  a s  I  know, was a d o p t 
ed  a t  A t o m i c s  I n t e r n a t i o n a l  a ro u n d  1 9 6 0  i n  t h e  f r a m e  o f  t h e  E p i 
t h e r m a l  T h o riu m  R e a c t o r  P ro g ra m  / 1 5 / .  M ethods f o r  c r o s s  s e c t i o n  
a d j u é t m e n t  w e re  t h e n  r a p i d l y  d e v e l o p e d  i n  I t a l y  / 1 6 / ,  / 6 / ,  t h e  
U n i t e d  Kingdom / 8 / ,  / 9 / ,  F r a n c e  / 1 7 / ,  Sw eden, I s r a e l ,  J a p a n  and  
e l s e w h e r e .  U se o f  i n t e g r a l  e x p e r i m e n t s  a s  b e n ch m a n rk s  t o  p r o v i d e  
f e e d b a c k  t o  t h e  e v a l u a t o r s  o f  c r o s s  s e c t i o n s  was w i d e l y  em p loy ed  
i n  t h e  same p e r i o d  i n  t h e  USA i n  s e t t i n g  up t h e  ENDF/B f i l e s  / 1 0 / , 
in  Germany and i n  o t h e r  c o u n t r i e s .  B o th  d i f f e r e n t i a l  and i n t e g r a l  
i n f o r m a t i o n  i s  e v e r y w h e r e  r e c o g n i z e d  t o  be n e c e s s a r y  f o r  t h e  t i m e 
l y  d e v e l o p m e n t  o f  f a s t  b r e e d e r  r e a c t o r s ,  a l t h o u g h  t h e  way i n  w h ich  
t o  t a k e  th em  i n t o  a c c o u n t  v a r i e s  w i d e l y  f ro m  on e  p l a c e  t o  a n o t h e r .  
I n  m o st  c a s e s ,  h o w e v e r ,  i n t e g r a l  e x p e r i m e n t s  b o t h  o f  b en ch m ark  and  
mockup t y p e  a r e  c a r r i e d  o u t  in  s u p p o r t  o f  s p e c i f i c  f a s t  r e a c t o r  
p r o g r a m s .

C o n c e r n i n g  t h e r m a l  r e a c t o r s ,  t h e  u s e  o f  i n t e g r a l  e x p e r i m e n t s  
i n  p r e d i c t i n g  t h e i r  b e h a v i o u r  i s  a s  o l d  a s  t h e  r e a c t o r s  t h e m s e l v e s .  
H ow ever t h e r e  i s  a  q u i t e  d i f f e r e n t  r e l a t i o n s h i p  b e tw e e n  t h e s e  e x 
p e r i m e n t s  and  b a s i c  d i f f e r e n t i a l  d a t a  w i t h  r e s p e c t  t o  t h e  c a s e  o f  
f a s t  r e a c t o r s .

The m ain  r e a s o n  f o r  t h i s  i s  t h a t  t h e  p r e d i c t i o n  o f  t h e  i n 
t e g r a l  p a r a m e t e r s  o f  t h e r m a l  s y s t e m s  i s  a f f e c t e d  a t  l e a s t  a s  much 
by t h e  a p p r o x i m a t i o n s  i n  t h e  c o m p u t a t i o n a l  m e th o d s  a s  by t h e  u n 
c e r t a i n t i e s  i n  t h e  n u c l e a r  d a t a .

A n o t h e r  i m p o r t a n t  and  r e l a t e d  r e a s o n  i s  t h a t  s i m p l e  m o d e ls  
a r e  o f t e n  a s su m e d  f o r  t h e  c a l c u l a t i o n  o f  t h e r m a l  r e a c t o r s ,  ( e s p e 
c i a l l y  w e l l  t h e r m a l i z e d  s y s t e m s )  b o t h  c o n c e r n i n g  t h e  n e u t r o n  b a 
l a n c e  ( l i k e  t h e  f o u r  f a c t o r  f o r m u l a )  and  t h e  n e u t r o n  s p e c t r u m  
( t h e  l / E  p l u s  M a x w e l l i a n  b e h a v i o u r ) . T h e s e  m o d e ls  d e f i n e  a  number  
o f  q u a n t i t i e s  t h a t  h a v e  a  s i m p l e  p h y s i c a l  m e a n in g  and t h a t  i t  i s  
g e n e r a l l y  p o s s i b l e  t o  m e a s u r e  d i r e c t l y  i n  an  i n t e g r a l  e x p e r i m e n t .  
J u s t  t h i n k  how much i n f o r m a t i o n  o f  i n t e g r a l  n a t u r e  i s  i n c l u d e d  in
a  " c l a s s i c a l "  f o r m u l a  f o r  к s u c h  a s :

e f f
- B 2 t

.  e P  V f  e

w h e re  p i n  t u r n  i s  e x p r e s s e d  a s  a  f u n c t i o n  o f  t h e  e f f e c t i v e  r e s o 
n a n c e  i n t e g r a l  and  f  i s  co m p u te d  on d a t a  b a s e d  on W e s t c o t t ’ s f o r 
m a l i s m !

Of c o u r s e ,  d i f f e r e n t i a l  d a t a  a r e  u s e d  f o r  t h e  p r e d i c t i o n s :  
b u t  t h e  r e s p e c t i v e  r o l e  o f  d i f f e r e n t i a l  and  i n t e g r a l  i n f o r m a t i o n  
i s  o f t e n  r e v e r s e d  w i t h  r e s p e c t  t o  t h e  c a s e  o f  f a s t  s y s t e m s .  In  
p a r t i c u l a r ,  t h e  m ain  d i f f i c u l t y  met i n  u s i n g  t h e  d i f f e r e n t i a l  d a t a  
i s  t h e i r  r e d u c t i o n  t o  t h e  b a s i c  p h y s i c a l  q u a n t i t i e s  t h a t  a r e  u s e d  
i n  t h e  c a l c u l a t i o n s .  When a  d i s c r e p a n c y  i s  o b s e r v e d ,  i t  i s  by no 
m eans e a s y  t o  d e c i d e  w h e t h e r  i t  s h o u l d  be a t t r i b u t e d  t o  t h e  n u c l e a r  
d a t a  o r  t o  t h e  c a l c u l a t i o n a l  m o d e l .  W h en ev er a  r e l i a b l e  i n t e g r a l
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e x p e r i m e n t  i s  a v a i l a b l e  f o r  a  g i v e n  q u a n t i t y ,  i t s  r e s u l t  i s  t h u s  
p r e f e r r e d  t o  t h e  c o r r e s p o n d i n g  r e s u l t  o b t a i n e d  by a  c a l c u l a t i o n  
b a s e d  on d i f f e r e n t i a l  d a t a ,  and  t h i s  l a s t  i s  g e n e r a l l y  u s e d  a s  a  
c h e c k  r a t h e r  t h a n  a  r e f e r e n c e .

F o r  i n s t a n c e ,  n o n - n e g l i g i b l e  d i s c r e p a n c i e s  e x i s t  b e tw e e n  
t h e  i n t e g r a l  m e a s u r e m e n t s  and t h e  d i f f e r e n t i a l  c a l c u l a t i o n s  f o r  
s u c h  q u a n t i t i e s  a s  t h e  F e r m i  a g e  o f  f i s s i o n  n e u t r o n s  i n  t h e  m o st  
common m o d e r a t o r s ,  and  t h e  r e s o n a n c e  i n t e g r a l s  o f  s e v e r a l  i m p o r t 
a n t  n u c l i d e s .  The t e n d e n c y  i n  a l l  t h e s e  c a s e s  i s  t o  r e l y  on t h e  
i n t e g r a l  i n f o r m a t i o n .

The r e l a t i v e l y  s m a l l e r  c o s t  and g r e a t e r  e a s e  o f  i n t e g r a l  
e x p e r i m e n t s  i n  t h i s  f i e l d  h a s  made i t  p o s s i b l e  t o  c o v e r  a  w ide  
r a n g e  o f  e l e m e n t a r y  s y s t e m s  ( e i t h e r  s i n g l e  r o d s  o r  u n i f o r m  l a t t i 
c e s )  o f  i n t e r e s t  f o r  t h e r m a l  r e a c t o r  c a l c u l a t i o n s .  S i n g l e  p a r a m e 
t e r s ,  a s  f o r  i n s t a n c e  t h e  e f f e c t i v e  r e s o n a n c e  i n t e g r a l  o f  f u e l  
r o d s  a s  a  f u n c t i o n  o f  t h e i r  d i m e n s i o n s ,  and c o m p r e h e n s i v e  s e t s  o f  
d a t a  f o r  many s y s t e m s  a r e  a v a i l a b l e  and h a v e  i n  many c a s e s  been  
c o m p i l e d  i n  a n  e a s i l y  u s a b l e  fo rm  / 1 8 / ,  / 1 9 / .

The r o l e  o f  d i f f e r e n t i a l  m e a s u r e m e n t s  h a s  t h u s  b e e n  a  s u b 
s i d i a r y  on e  t h r o u g h  m o st  o f  t h e  h i s t o r y  o f  t h e r m a l  r e a c t o r s ,  and  
m o st  t h e r m a l  p ow er r e a c t o r s  a r e  d e s i g n e d  a s  o f  t o d a y  on t h e  b a s i s  
o f  s e m i e m p i r i c a l  s i m p l i f i e d  m e t h o d s ,  a d j u s t e d  on c r i t i c a l  e x p e r i 
m e n ts  and  e s p e c i a l l y  on t h e  d a t a  f ro m  o p e r a t i n g  r e a c t o r s .

A t e n d e n c y  t o  u s e  more b a s i c  m e th o d s  and d a t a  h a s  e m e rge d  
f r o m  t i m e  t o  t i m e  i n  d i f f e r e n t  l a b o r a t o r i e s  and o r g a n i z a t i o n s ,  a s  
a  c o n s e q u e n c e  o f  t h e  a v a i l a b i l i t y  o f  s o p h i s t i c a t e d  t r a n s p o r t  
m e th o d s  f o r  s p a c e  d e p e n d e n t  n e u t r o n  t h e r m a l i z a t i o n  and o f  e v a l u a t 
ed d i f f e r e n t i a l  c r o s s  s e c t i o n s  i n  t h e  t h e r m a l  and e p i t h e r m a l  e n e r g y  
r a n g e ;  h o w e v e r  i n  m o s t  c a s e s  and f o r  m o st  r e a c t o r  t y p e s  b a s i c  c r o s s  
s e c t i o n s  d i s p l a y  an u n s a t i s f a c t o r y  p e r f o r m a n c e ,  d i f f u s i o n  c a l c u l a 
t i o n s  a r e  b e t t e r  t h a n  t r a n s p o r t  c a l c u l a t i o n s ,  k i t c h e n  r e c i p e s  h a v e  
t h e  l e a d  o v e r  a  t r u l y  s c i e n t i f i c  a p p r o a c h .

The r e a s o n s  f o r  t h i s  s i t u a t i o n  a r e  l a r g e l y  a  q u e s t i o n  o f  
t i m e  s c a l e :  o n c e  t h e  f e a s i b i l i t y  o f  a  l a r g e  p ow er r e a c t o r  h a s  b een  
d e m o n s t r a t e d ,  t h e  d e v e l o p m e n t  o f  o t h e r  r e a c t o r s  o f  t h e  same b a s i c  
t y p e  i s  v e r y  much a  p ro b le m  o f  s t e p - w i s e  e x t r a p o l a t i o n ,  and no 
c o m m e r c i a l  p r e s s u r e  i s  p u t  on t h e  d e v e l o p m e n t  o f  m ore  b a s i c  m e t h o d s .  
R em ovin g t h e  d i s c r e p a n c i e s  t h a t  a r e  s t i l l  p r e s e n t  i s  c o n s i d e r e d  
o f  a  m i n o r  i m p o r t a n c e ,  o n c e  t h e  f u l l  s c a l e  r e a c t o r  h a s  shown w h ich  
i s  t h e  p h y s i c a l  a n s w e r .  E v e n  i n  w e l l  p r o v e n  r e a c t o r s  s u c h  a s  l i g h t  
w a t e r  r e a c t o r s  s u c h  d i s c r e p a n c i e s  c o n t i n u e  t o  e x i s t  f o r  i n s t a n c e  
i n  t h e  c a l c u l a t i o n  o f  v o i d  c o e f f i c i e n t s ,  a n d  no s u b s t a n t i a l  e f f o r t  
g o e s  i n t o  r e s o l v i n g  th e m .

The o n l y  f i e l d s  i n  w h ich  b a s i c  m e th o d s  and c r o s s  s e c t i o n s  
a r e  o f  common u s e  a r e  t h o s e  o f  more a d v a n c e d  s y s t e m s  ( l i k e  HTGR's)  
o r  o f  r e l a t i v e l y  new a p p l i c a t i o n s  in  o t h e r  s y s t e m s  ( a s  f o r  i n s t a n c e  
new t y p e s  o f  b u r n a b l e  p o i s o n s ) ,  and t h i s  o n l y  a s  l o n g  a s  a d e q u a t e  
i n t e g r a l  o r  o p e r a t i o n a l  i n f o r m a t i o n  i s  n o t  a v a i l a b l e .

One l e s s o n  s h o u l d  be l e a r n t  f ro m  t h e s e  c o n s i d e r a t i o n s  on  
t h e r m a l  r e a c t o r s .  R e a c t o r s  w i t h  a  c o m m e r c i a l  i n c e n t i v e  w i l l  be
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b u i l t  w h e t h e r  o r  n o t  we p r o v i d e  t h e  r e f i n e d  n u c l e a r  d a t a ,  w h e t h e r  
b a s e d  on d i f f e r e n t i a l  o r  on i n t e g r a l  i n f o r m a t i o n .  T h i s  w i l l  c a u s e  
a t  f i r s t  some e c o n o m i c  l o s s ,  b u t  f e a s i b i l i t y  i s  no l o n g e r  a t  s t a k e .  
A l l  o u r  e f f o r t s  t o  a r r i v e  a t  e v a l u a t e d ,  c o n s i s t e n t  s e t s  o f  d a t a  
m u st be c o n f r o n t e d  w i t h  t h e  t i m e - s c a l e  o f  t h e  a c t u a l  t e c h n o l o g i c a l  
d e v e l o p m e n t  -  a  t i m e - s c a l e  w h ich  i s  l a r g e l y  i n d e p e n d e n t  o f  o u r  
e f f o r t s .

4 .  S h i e l d i n g

The s i t u a t i o n  o f  n u c l e a r  d a t a  f o r  s h i e l d i n g  i s  p r o b a b l y  
w o r s e  t h a n  f o r  c o r e  d e s i g n .  R e q u i r e m e n t s  f o r  s h i e l d i n g  d i f f e r  f ro m  
o t h e r  r e q u i r e m e n t s  f o r  s e v e r a l  r e a s o n s :  h i g h e r  e n e r g y  r a n g e ,  i n t e 
r e s t  i n  c r o s s  s e c t i o n  m inim a r a t h e r  t h a n  i n  m a x im a ,  d i f f e r e n t  ma
t e r i a l s ,  i n t e r e s t  i n  t h e  gamma r a y s  g e n e r a t e d  by c a p t u r e  and i n e 
l a s t i c  s c a t t e r i n g ,  i m p o r t a n c e  o f  s m a l l  a n g l e  s c a t t e r i n g  d a t a ,  e t c .  
P r i o r i t y  i n  m e a s u r i n g  p r o g r a m s  h a s  b e e n  g i v e n  so f a r  t o  d a t a  f o r  
c o r e  d e s i g n  a p p l i c a t i o n s  and o n l y  r e c e n t l y  h a v e  s p e c i f i c  d i f f e r e n t 
i a l  m e a s u r e m e n t s  b e e n  s t a r t e d  f o r  s h i e l d i n g  d e s i g n  p u r p o s e s .  As a  
c o n s e q u e n c e ,  p r e s e n t  d i f f e r e n t i a l  d a t a  a r e  n o t  c o n s i d e r e d ,  a d e q u a t e  
by s h i e l d  d e s i g n e r s .

I n t e g r a l  e x p e r i m e n t s  h a v e  b e e n  e x t e n s i v e l y  u s e d  i n  t h e  p a s t  
t o  s u p p o r t  s h i e l d  c a l c u l a t i o n s .  The m o st  s u c c e s s f u l  r e m o v a . l - d i f f u 
s i o n  m e t h o d s ,  f o r  i n s t a n c e  / 2 0 / ,  h a v e  b e e n  b a s e d  on r e m o v a l  c r o s s  
s e c t i o n s  o b t a i n e d  f ro m  e x p e r i m e n t .

An a s s e s s m e n t  o f  t h e  p o s s i b l e  s y s t e m a t i c  r o l e  o f  i n t e g r a l  
and d i f f e r e n t i a l  m e a s u r e m e n t s  i s  o n l y  a t  i t s  b e g i n n i n g .  The r e a 
s o n s  a r e  t h a t  a  num ber o f  d i f f i c u l t i e s  a r e  p r e s e n t  i n  t h i s  t a s k .  
F i r s t  o f  a l l ,  b o t h  c r o s s  s e c t i o n s  and d a l c u l a t i o n a l  m e th o d s  p r o 
d u c e  r e l e v a n t  u n c e r t a i n t i e s  i n  a c t u a l  s h i e l d  c a l c u l a t i o n s .  A l t h o u g h  
b u l k  s h i e l d s  d e a l t  w i t h  by r e f i n e d  t r a n s p o r t  m e th o d s  a r e  more  
s u b j e c t  t o  e r r o r s  due t o  c r o s s  s e c t i o n s  and h i g h l y  h e t e r o g e n e o u s  
s h i e l d s  t o  t h e  c a l c u l a t i o n a l  m e th o d s  and t o  t h e  g e o m e t r i c a l  r e p r e 
s e n t a t i o n  u s e d ,  b o t h  s o u r c e s  o f  u n c e r t a i n t i e s  a r e  a l w a y s  p r e s e n t .

S e c o n d ,  s e n s i t i v i t y  s t u d i e s  a r e  n o t  a v a i l a b l e  e x c e p t  f o r  
s p e c i a l  c a s e s .  The r e a s o n s  f o r  t h i s  a r e ,  i n  t u r n ,  t h e ' g r e a t  v a r i e t y  
o f  p r o b l e m s  m et i n  s h i e l d  d e s i g n ,  t h e  h i g h  p r o b l e m - d e p e n d e n c e  o f  
t h e  c r o s s  s e c t i o n s ,  t h e  d i f f i c u l t y  o f  a p p l y i n g  g e n e r a l i z e d  p e r 
t u r b a t i o n  t h e o r y  t o  s h i e l d i n g  p r o b l e m s .  Some o f  t h e s e  d i f f i c u l t i e s  
h a v e  b e e n  d e a l t  w i t h  r e c e n t l y  / 2 1 ,  2 2 / .  I t  seem s p r o b a b l e  t h a t  in  
t h e  n e x t  f u t u r e  we s h a l l  w i t n e s s  a  m u sh room in g  o f  s t u d i e s  i n  t h i s  
f i e l d .

E ven  b e f o r e  s e n s i t i v i t y  s t u d i e s  w i l l  y i e l d  u s  a  c o m p r e h e n s i v e  
v i e w  o f  t h e  d a t a  r e q u i r e m e n t s  f o r  s h i e l d i n g ,  t h e  d i s c u s s i o n  on  
t h e  p o s s i b l e  r o l e  o f  i n t e g r a l  e x p e r i m e n t s  h a s  r e a c h e d  i t s  c l i m a x .
The Summary R e p o r t  o f  t h e  ENEA/IAEA S p e c i a l i s t  M e e t i n g  on S h i e l d 
i n g  (D e ce m b e r  1 9 7 0 )  / 2 3 /  s t a t e s  t h a t  " i t  i s  e s t i m a t e d  i n  t h e  U .K .  
t h a t . . .  d a t a  w i l l  n e e d  a d j u s t m e n t s  a g a i n s t  b e n ch m a rk  e x p e r i m e n t s  
b e c a u s e  t h e  t a r g e t  a c c u r a c y  i s  u n l i k e l y  t o  be m et i n  t h e  n e x t  
d e c a d e  by d i f f e r e n t i a l  m e a s u r e m e n t s .  T h i s  c o n t r a s t s  w i t h  t h e  c u r r e n t
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v ie w  i n  t h e  USA w h e re  i t  i s  e n v i s a g e d  t h a t  a l l  t h e  i m p o r t a n t  c r o s s  
s e c t i o n s  w i l l  be m e a s u r e d  i n  t h e  f o r e s e e a b l e  f u t u r e " .

T h i s  c o n t r a s t  a p p e a r e d  somewhat a t t e n u a t e d  a t  t h e  r e c e n t  
S h i e l d i n g  C o n f e r e n c e  ( P a r i s ,  O c t o b e r  1 9 7 2 )  / 2 4 /  w h e re  M o n te -C a r lo  
c a l c u l a t i o n s  b a s e d  on d i f f e r e n t i a l  c r o s s  s e c t i o n s  w e r e  c o n sid e re d  
by t h e  U .K .  r e p r e s e n t a t i v e s  a s  an  a l t e r n a t e  a p p r o a c h  i n  g e n e r a t i n g  
t h e  " e m p i r i c a l "  c r o s s  s e c t i o n s  t o  be u s e d  i n  a d j u s t e d - d i f f u s i o n  
c a l c u l a t i o n s .  The u s e  o f  i n t e g r a l  e x p e r i m e n t s  f o r  d a t a  a d j u s t m e n t  
was. h o w e v e r  a d v o c a t e d  by o t h e r  p a r t i c i p a n t s ,  n o t a b l y  f ro m  F r a n c e .

B en ch m ark  t y p e  e x p e r i m e n t s  a r e  m e a n w h ile  c a r r i e d  o u t  in  
s e v e r a l  c o u n t r i e s .  A t y p i c a l  e x p e r i m e n t  c o n s i s t s  i n  s t u d y i n g  t h e  
p r o p a g a t i o n  o f  n e u t r o n s  f r o m  a w e l l -k n o w n  s o u r c e  i n  a  l a r g e  homo
g e n e o u s  b l o c k  o f  a  m a t e r i a l  o f  i n t e r e s t ,  and m e a s u r i n g  t h e  n e u t r o n  
s p e c t r a  a t  v a r i o u s  d i s t a n c e s  f ro m  t h e  s o u r c e .  What w i l l  be t h e  
u l t i m a t e  u s e  o f  s u c h  e x p e r i m e n t s  r e m a i n s  t o  be s e e n .  The s i t u a t i o n  
c a n  be e a s i l y  r e c o n d u c t e d  t o  o u r  schem e o f  F i g . l .  The i n t e g r a l  e x 
p e r i m e n t s  c a n  be u s e d  a s  a  c h e c k  o f  t h e  a d e q u a c y  o f  t h e  c r o s s  
s e c t i o n s  p l u s  c a l c u l a t i o n a l  m o d e l ,  o r  t o  i d e n t i f y  p o s s i b l e  d i s 
c r e p a n c i e s  t o  f e e d  b a c k  t o  t h e  e v a l u a t o r s  o r  f i n a l l y  t o  a d j u s t  t h e  
c r o s s  s e c t i o n s .  E x p e r i m e n t s  o f  t h i s  k in d  a r e  v e r y  s e n s i t i v e  t o  t h e  
f e a t u r e s  o f  t h e  c r o s s  s e c t i o n s  t h a t  a r e  i n t e r e s t i n g  f o r  s h i e l d i n g  
p u r p o s e s .  The t r a n s m i t t e d  n e u t r o n s  a t  o r  b e lo w  t h e  e n e r g i e s  o f  
c r o s s  s e c t i o n  minim a a c t u a l l y  v a r y  so  much w i t h  s m a l l  v a r i a t i o n s  
o f  t h e s e  c r o s s  s e c t i o n s  t h a t  t h e  a p p l i c a t i o n  o f  f i r s t  o r d e r  p e r 
t u r b a t i o n  t h e o r y  i s  g e n e r a l l y  n o t  a d e q u a t e .  I t  i s  t h e r e f o r e  t e m p t 
i n g  t o  u s e  t h e s e  e x p e r i m e n t s  a s  d i r e c t  s o u r c e s  o f  i n f o r m a t i o n .
The a p p l i c a b i l i t y  o f  r e s u l t s  o f  s u c h  m e a s u r e m e n t s  t o  o t h e r  s y s t e m s  
( i n  p a r t i c u l a r  t h o s e  w i t h  s t r o n g  h e t e r o g e n e i t i e s )  w i l l  h a v e  t o  be 
a d e q u a t e l y  s c r u t i n i z e d .

W hich w i l l  be  t h e  a c t u a l  s o l u t i o n  a d o p t e d  i n  t h e  v a r i o u s  
c o u n t r i e s  w i l l  l a r g e l y  d ep en d  on t h e  t i m e  s c a l e  im p o se d  f o r  t h e  
s o l u t i o n  o f  new s h i e l d i n g  p r o b l e m s  on t h e  o n e  hand  an d  on t h e  
p r o d u c t i o n  o f  d i f f e r e n t i a l  d a t a  s p e c i f i c a l l y  i n t e n d e d  f o r  s h i e l d i n g  
on t h e  o t h e r .

5 .  R a d i a t i o n  Damage and A c t i v a t i o n  M e a s u r e m e n ts

A s i m i l a r  s i t u a t i o n  i s  met w i t h  r e s p e c t  t o  r a d i a t i o n  d a m a g e .  
Two p a r a l l e l  l i n e s  c a n  be f o l l o w e d  when s t u d y i n g ,  f o r  i n s t a n c e ,  
t h e  damage l i f e  o f  a  s t r u c t u r a l  c o m p o n e n t .  One o f  t h e  m ain  c o n c e r n s ,  
i n  t h i s  c a s e ,  i s  t h e  c o m p a r i s o n  o f  damage r a t e s  i n  d i f f e r e n t  n e u t r o n  
s p e c t r a ,  so  a s  t o  be  a b l e  t o  p r e d i c t  m a t e r i a l  p e r f o r m a n c e  i n  a  r a 
d i a t i o n  f i e l d  o f  c h a r a c t e r i s t i c s  d i f f e r e n t  f ro m  t h o s e  o f  t h e  e n v i 
ro n m e n t  i n  w h ich  dam age e x p e r i m e n t s  w h ere  c a r r i e d  o u t .  The d i f f e 
r e n t i a l  a p p r o a c h  h e r e  c o n s i s t s  i n  a s s u m i n g  some b a s i c  m odel f o r  t h e  
p r o d u c t i o n  o f  dam age ( s u c h  a s  f o r  i n s t a n c e  t h e  L i n h a r d  m o del  f o r  
s t e e l  / 2 5 / )  and  c a l c u l a t e  on t h e  b a s i s  o f  t h i s  m odel and  o f  p o i n t -  
w i s e  s c a t t e r i n g  c r o s s  s e c t i o n s  f o r  t h e  n u c l i d e s  i n v o l v e d  a  d e t a i l 
ed  dam age f u n c t i o n  / 2 6 / .  The i n t e g r a l  a p p r o a c h  c o n s i s t s  i n  g e n e r a t 
i n g  d i r e c t l y  a  fe w  g r o u p  dam age f u n c t i o n  by c o n s i d e r i n g  some r a 
d i a t i o n  dam age e x p e r i m e n t s  i n  d i f f e r e n t  n e u t r o n  s p e c t r a  / 2 7 / .
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T h e s e  s t u d i e s  a r e  r e l a t i v e l y  new ( f o r m e r  i n v e s t i g a t i o n s  b o t h  o f  
d i f f e r e n t i a l  and i n t e g r a l  t y p e  w e re  b a s e d  on much c o a r s e r  a p p r o x i 
m a t i o n s )  and  a l t h o u g h  some c o m p a r i s o n s  b e tw e e n  r e s u l t s  f ro m  t h e  
two m e th o d s  h a v e  b e e n  c a r r i e d  o u t ,  i t  i s  t o o  e a r l y  t o  d raw  c o n c l u 
s i o n s .  H ow ever i n  p r i n c i p l e  t h e  same s i t u a t i o n  a s  f o r  c o r e  o r  
s h i e l d  n e u t r o n i c  c a l c u l a t i o n s  may a r i s e  i n  t h i s  f i e l d ,  and i t  i s  
p e r f e c t l y  p o s s i b l e  t h a t  a d j u s t m e n t  p r o c e d u r e s  a r e  d e v e l o p p e d  t o  
c o r r e c t  m u l t i g r o u p  dam age f u n c t i o n s ,  o r i g i n a t e d  f ro m  b a s i c  m o d e l s ,  
on t h e  b a s i s  o f  t h e  r e s u l t s  o f  i n t e g r a l  e x p e r i m e n t s .

A r e l a t e d  p ro b le m  i s  t h e  one o f  a c t i v a t i o n  d e t e c t o r s ,  w h ich  
a r e  w i d e l y  u s e d  i n  many a r e a s  o f  r e a c t o r  p h y s i c s ,  b u t  s p e c i a l l y  i n  
o r d e r  t o  o b t a i n  s p e c t r u m  and f l u e n c e  i n f o r m a t i o n  t o  be u s e d  in  
c o n n e c t i o n  w i t h  i r r a d i a t i o n  e x p e r i m e n t s .

A l o n g  t r a d i t i o n  o f  i n t e g r a l  e x p e r i m e n t s  i n  d i f f e r e n t  n e u 
t r o n  s p e c t r a  e x i s t s  f o r  t h e s e  d e t e c t o r s ;  t h e  d i f f e r e n t i a l  i n f o r m a 
t i o n  on th em  was u n t i l  q u i t e  r e c e n t l y  s c a r c e  o r  c o n t r a d i c t o r y ,  so  
t h a t  i n t e g r a l  e x p e r i m e n t s  w ere  e s s e n t i a l  f o r  t h e  n o r m a l i z a t i o n  o f  
c r o s s  s e c t i o n s  and i n  some c a s e s  a l s o  f o r  s h a p e  a s s e s s m e n t .

A c o o r d i n a t e d  e f f o r t  o f  d i f f e r e n t i a l  m e a s u r e m e n t s  and e v a 
l u a t i o n  h a s  b een  s t a r t e d  r e c e n t l y  i n  s e v e r a l  c o u n t r i e s  and a t  t h e  
IAEA / 2 8 / .  We s h a l l  s e e  in  t h e  n e a r  f u t u r e  w h e t h e r  t h i s  e f f o r t  
w i l l  m e e t  t h e  r e q u i r e m e n t s  o f  t h e  u s e r s  o r  w h e t h e r  f u r t h e r  f e e d 
b a c k  f r o m  i n t e g r a l  m e a s u r e m e n t s  w i l l  be n e e d e d .
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D I S C U S S I O N

/
Z . S Z A T M A R Y :  If you adjust cross-sections, there are several 

factors which affect the adjustment: errors in the cross-section m easure

ment, errors in the calculational model, errors in the integral m easure

ments and perhaps others. In your view, which of these is the major 

factor? Also, do you see any reasonable way of separating the effects 

of these factors?

U . F A R I N E L U :  The relative importance of the three factors you 

mention depends very m uch on the problem considered. For instance, it 

is generally assum ed that in fast reactor core calculations the uncertainty 

due to the cross-sections is predominant. In a typical shielding problem.
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the uncertainty m ay  be split equally between cross-sections and calculational 

methods (or rather, the representation of the system in the calculations).

In such cases, benchm ark experiments of very simple geometric description 

(such as neutron propagation in a large block of a single material) m ay  be 

chosen to enhance the contribution of cross-sections with respect to 

calculations.

Concerning the second question, modern adjustment procedures try 

to take into account all the possible sources of error in a statistically 

correct way and especially to verify a posteriori the consistency of the 

adjustments performed, although in practice this is a difficult job.

W .  W . H A V E N S , Jr . : The history of reactor development shows 

that both differential and integral m easurements are necessary. Discre

pancies between the results of integral m easurements and the sam e results 

calculated from differential measurements have lead to some of the most 

important improvements in the reactor field. The discrepancy requires 

both groups to re-examine their m easurements carefullyto determine the 

cause of the discrepancy. In m any cases finding the cause of the dis

crepancy has led to m ajor advances in the field as a whole.

U . F A R IN E L L I :  I fully agree with you.

W .  B . L E W IS : Would Dr. Havens agree that it is the models rather 

than the m easurements that have improved?

W . W .  H A V E N S , Jr . : In m y  opinion both the models and the m easu re

ments have improved considerably.

L . H J Ä R N E : Drs . Farinelli, Lew is  and Havens have touched upon 

an important topic of rather general nature. The evaluation of data is 

of course a very complex undertaking. The experimental data are evaluated, 

first, independently of the area of application and, secondly, with an orienta

tion towards application (referred to also as "adjusted sets"). W e  certainly 

need both kinds. Between data sets for different purposes we might very 

well find different values for one and the sam e quantity. One reason for 

this can be found in the differences in importance of data for different 

applications. For different applications, different parameters are varied 

and different criteria (e. g. consistency criteria) are applied in order to 

m inim ize the chances of errors or penalties in the end results of the 

applications, i. e. when calculations are m ade with the data. This illustrates 

the need not only for application-independent evaluations but also for what 

I should like to call "repackaged" data compilations/evaluations. This 

is probably true for m any kinds of data and their applications.

G . A .  K O L S T A D : You have touched upon an important area of 

confusion in the nuclear data field. If the evaluation of nuclear data 

through the use of integral information does not lead to "better values" 

of the cross-sections, then it follows that one should not conclude that, 

when experiments begin to yield the sam e results as those given in such 

evaluated data files as E N D F ,  no further experiments are needed. "Best 

values" for cross-sections, e .g . nuclear standards, should therefore be 

based only on careful differential experiments. Do you agree?

U . F A R IN E L L I :  I agree with your conclusions. In particular, J. 

believe that one important reason for having well-known standard differential 

cross-sections is to simplify analysis of the correlation of errors in other 

cross-sections.

G . A .  K O L S T A D : Is it reasonable to develop a set of application- 

independent evaluated cross-sections?
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U . F A R IN E L L I :  I think that a "universal" evaluated nuclear data file 

is certainly possible in principle but at least for the moment it is not 

practical.

R . N IC K S : I should like to m ake some comments about nuclear cross- 

sections and shielding.

First, the complex geometries involved in most shielding problems 

can be handled by newly developed 2- and 3-dimensional transport codes, 

so that uncertainties due to geometry can be greatly reduced. More 

generally, the availability of sophisticated shielding codes leads to an 

escalation of data requirements. I am  somewhat skeptical of the attribution 

of equal weights to nuclear data uncertainties and errors due to other 

sources.

Second, in shielding one needs differential cross-sections, and m ore 

particularly, gam m a production cross-sections.

Third, for deep penetration problems, the accuracy required m ay 

be of the order of 1% for some isotopes. I wonder if this is feasible 

experimentally at the present time.

J. T . B A R R E : It would be interesting to hear the views of users, 

i. e. people who really m ake reactor calculations, on this basic point.

The speaker and I belong to the "integralist" party. A re  there any other 

supporters in the hall?

G . CASINI: I should like to m ake a few rem arks on the choice of 

integral experiments for nuclear data testing. In the past the "integralists" 

committed an error by failing to indicate which integral experiments are 

suitable for nuclear data testing. M any calculations relating to such 

experiments were unproductive because the geometrical configurations 

were too complicated or the experimental data supplied by laboratories 

were insufficient.

To help clarify the situation, I think a limited number of experiments 

should be designated as suitable for checking nuclear data in different 

fields of application. These are the so-called "basic, clean" or "benchm ark" 

experiments. A n  example of this approach is the list of 12 benchm ark ex

periments chosen by the United States for testing fast breeder cores. The 

effort should be that of trying to implement these types of tests, if necessary 

with a num ber of European experiments, and then of concentrating efforts 

on checking the data from  these experiments.

Such endeavours should be concentrated mainly in new  areas where 

the need for clean integral checking of nuclear data is becoming important, 

e. g. in reactor shielding and fusion blanket problems.

D .  R . H A R R IS :T h e re  seem s to be some agreement, then, that integral 

and differential m easurements and evaluations are mutually helpful. If 

this agreement is to have practical significance, the need for a balance 

of funded effort is indicated. There is one subject which has been discussed at 

this conference where such a balance has been lacking. I am  referring to 

the matter of decay heat following potential loss-of-coolant accidents in 

reactors, for which integral m easurements are very m uch needed. In this 

area the funded support for differential m easured nuclear data in aid of 

nuclear physics has been disproportionately greater than the support for 

integral experiments in aid of applications.

P . R IB O N : The "differentialists" are convinced of the value of adjust

ments as a m eans of obtaining a satisfactory description of integral experi

ments and a better design of projects. The problem is to what extent
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account should be taken of these adjustments in making evaluations, i. e. 

to what extent their significance must be known from the point of view 

of nuclear data.

A  num ber of adjustments have proved to be significant and have con

firm ed (or been confirmed by) recent differential data determinations.

It would be useful to be able to compare the adjustments m ade by different 

laboratories, taking identical differential data as their starting point but 

working independently of one another (different program s, different 

types of experiment analysis, etc. ).

U . F A R IN E L L I :  I believe that one should distinguish between two 

possible results of the application of adjustment procedures. In the case 

where all errors in the original cross-sections are assum ed to be of a 

statistical nature, adjustment procedures tend to sm ear out the correction 

over a large number of data. Although the results are statistically correct, 

their value is limited essentially to applications, and they m ay  have little 

significance from a "fundamental" point of view; in this case, the correc

tions are likely to depend on the particular objective of the adjustment and 

a comparison of different cases is probably not very meaningful. The other 

possibility is that adjustment procedures result in the identification of a 

discrepancy (i.e. m any differences between calculated and m easured inte

gral parameters can be explained by a single change in a cross-section of 

a quantity m uch larger than the originally assum ed error). This can be 

found by most adjustment procedures, but methods specially suited for the 

purpose are being developed. In this case, a comparison of the results 

obtained by the various groups is essential; furthermore, these indications 

should be fed back to the evaluators and originators of the differential 

m easurem ents for the identification of possible causes of systematic 

errors.

H . G R U P P E L A A R :  I would m erely point out that there are cases in 

which integral m easurements are in fact the only measurements which are 

possible in actual practice. For instance, if targets are highly radioactive, 

differential cross-section measurements are hardly possible unless one is 

willing to apply the nuclear explosion technique. Another example is 

m easurem ent of the cross-section of an isotope for which not enough 

enriched target material is available.

J. J . S C H M ID T : At present a number of adjustment procedures are 

being used by various reactor groups. I wonder whether M r. Farinelli 

could comment on the extent to which nuclear physics knowledge and 

considerations are taken into account in the adjustments? There are 

examples in which adjustment has led to physically incorrect data, such 

as an increase, instead of a decrease, in a capture cross-section when 

passing an inelastic scattering threshold. He himself referred to these 

examples when he mentioned correlation between nuclear data values at 

different energies.

U . F A R IN E L L I :  Most adjustment codes have the capability of 

accepting supplementary conditions, such as correlation among different 

corrections, preservation of certain features of the original data etc.

A s  I point out in the paper, these codes should be regarded as flexible 

tools rather than as fixed routines. The problem now is how much 

fundamental information (such as that deriving from nuclear physics) is 

actually incorporated in the adjustment procedure. There is evidence 

that the quantity (and quality) of such information used is rapidly in
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creasing. I know of recent adjustment work in which different confidence 

values have been assigned to the shape and to the normalization of the 

P u -а value, or others (in progress), in which an excited level for inelastic 

scattering or a nuclear model for evaporated neutrons is specifically taken 

into account. All these things are possible and I think there is a definite 

trend towards introducing nuclear physics into these correlation procedures.

T . F U K E T A :  There have now been m any fairly favourable comments 

on the adjustment of cross-section data by integral m easurements. However, 

I think there is a similarity between the systematic error in the differential 

type of experiment and the effect of integralists1 model-system calculations 

on the adjusted data. If this comment is valid, what we need to have are 

m ore independent adjusted data so that we can recognize and evaluate 

the scattering among those data, which the individual investigator might 

not foresee.
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Abstract

T H E  U S E  O F  N U C L E A R  D A T A  IN  T H E  M O N T E - C A R L O  C O D E S  G E M  A N D  M O N K  IN  R E A C T O R  P H Y S IC S  A N D  

C R I T I C A L I T Y  C A L C U L A T I O N S .

T h is  p a p e r g iv e s  a  d e s c r ip t io n  o f  th e  n u c le a r  d a ta  used in  th e  M o n t e - C a r lo  codes G E M  and M O N K ,  

and  its  use in  re a c to r  p h ys ics  and  c r i t i c a l i t y  c a lc u la t io n s .  T h e  n u c le a r  d a ta  a re  based  o n  th e  U K  N u c le a r  

D a ta  L ib ra ry  and  b e ca u se  o f  th e  im p o r ta n c e  o f  th e  to t a l  c ro s s -se c t io n  in  th e  c a lc u la t io n ,n o  a p p ro x im a tio n s  

a re  m a d e  to  the  o r ig in a l l ib r a r y  d a ta . T h e  re p re se n ta t io n  o f  t o t a l  c ro s s -se c t io n ,  th e re fo re ,  is  in  th e  fo rm  o f  

a  ta b le  o f  p o in t  v a lu e s  a t  s p e c i f i c  e n e rg ie s , u n l ik e  m o s t codes w h ic h  h a ve  g ro u p  re p re se n ta t io n . G roup  

constan ts  h o w e v e r a re  used fo r  th e  r e la t iv e  p ro b a b il it ie s  o f  th e  p a r t ia l  c ro s s -se c tio n s .

T h e re  are  tw o  m a in  a p p ro x im a t io n s  in  th e  use o f  n u c le a r  d a ta  in  G E M  and M O N K :  th e re  is  a  s in g le  

e n e rg y  g ro u p  b e lo w  0 .1  e V  and  u n re so lved  re sonances a re  no t c o n s id e re d . C a lc u la t io n s  o n  c r i t i c a l  system s 

h a v e  show n  th a t th e  m u l t ip l i c a t io n  fa c to r ,  k , u s u a lly  l ie s  w it h in  a b o u t 5 p e r c e n t o f  u n ity .  It is  p o ss ib le  

th a t th is  sp read  in  the  m u lt ip l i c a t io n  fa c to r  c o u ld  b e  d u e  to  these  a p p ro x im a t io n s .  C a lc u la t io n  o f  re a c t io n  

rates in  lo w - p o w e r  re a c to rs  has show n  a g re e m e n t w it h in  a b o u t 10 p e r c e n t o f  e x p e r im e n ta l re su lts . I t  is 

c o n c lu d e d  that, in  s p ite  o f  th e  a p p ro x im a tio n s  in  th e  n u c le a r  d a ta , th e  use o f  th e  U K  N u c le a r  D a ta  L ib ra ry  

g iv e s  re a so n ab le  a g re e m e n t w it h  e x p e r im e n t.  I t  is re c o m m e n d e d  a t  p re sen t, h o w e v e r,  th a t s u f f ic ie n t ly  la rg e  

s a fe ty  fa c to rs  sh ou ld  b e  in c o rp o ra te d  in  th e  p re d ic t io n s  o f  c r i t i c a l  m ass u n t i l  th e  n a tu re  o f  th e  d is c re p a n c ie s  

is un de rs to od . F u tu re  w o rk  is  a im e d  a t re m o v in g  th e  a p p ro x im a t io n s  in  th e  n u c le a r  d a ta .

INTRODUCTION
The potential of the Monte Carlo method has long been appreciated but 

its implementation has not always been feasible, usually because of 
limitations of available computer facilities. These limitations have 
usually manifested themselves either as computer storage problems or 
excessive computer time required to achieve the desired accuracy. The 
Monte Carlo method attempts to solve the neutron transport problem with 
little approximation to the nuclear data or geometry and it is inevitable 
that this produces a computer storage problem.

A Monte Carlo method may be required to check an approximate method 
of solution to the transport equation as used in diffusion and transport 
codes. It has been used in some instances where great detail is required 
in the nuclear data such as in the calculation of the Doppler effect in 
nuclear reactors 1_/> In the UK, Monte Carlo techniques have been most 
frequently used in the solution of criticality problems. In many reactor 
physics calculations the effects of approximations in geometrical and in 
nuclear data are relatively well understood whereas in criticality work 
the diversity of chemical and metallurgical plant gives only limited 
opportunity to build up sufficient experience to enable approximations to 
be made with confidence. It is for this reason that Monte Carlo techniques

1 2 1
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are often used in the criticality field. The use of Monte Carlo techniques 
have so far found only limited application to reactor physios problems 
unless they have been written for a specific application. This is because 
reactor physicists are quite often interested in reactivity differences 
between different reactor configurations rather than the absolute values 
and it is difficult to achieve the required statistical accuracy by 
Monte Carlo methods. However, this difficulty can be overcome to some 
extent by the use of perturbation techniques. Monte Carlo could however 
be used where reaction rates are of interest since it is often feasible to 
calculate these to an acceptable accuracy.

In the Monte Carlo codes GEM /~2,3_7 and М О Ж  /~4_/ the basic 
philosophy was to provide codes with as little approximations in their 
treatment of geometry and nuclear data. The errors due to geometrical 
arrangement can be made negligible in both codes though this is somewhat 
easier in MONK. At the time these codes were written the intention was to 
use the most detailed information that was available on nuclear data. In 
the UK this was represented by the UK Nuclear Data Library. The contents 
of the library as used in the codes are described in reference /~5_7 and 
the format of the data in reference /~6_7. In effect the library is used 
without approximation with typically several thousand energy points for 
each nuclide. Two approximations had to be made owing to lack of data or 
means of prediction; this situation has now changed to some extent. At 
the time the codes were written there was no satisfactory method for 
sampling the thermal scattering laws, nor was there any data, so a single 
energy group for neutrons below 0.1 eV was employed in GEM and MONK. In 
addition the prediction of resonances in the unresolved resonance region 
was not well established so the actual values of the cross-sections from 
the library were used.

There are two benefits however from the use of the UK Nuclear Data 
Library in the way in which it is used in GEM and MONK. Firstly all 
calculations are done with the full library structure so there is no need 
to consider spectrum averaging in order to produce 1 fewer groups' .'
Secondly there is no need as in most other codes for particular attention 
to be payed to resonance self shielding as this is automatically accounted 
for if the resonance shape is represented in the cross-section data.

The rest of the paper describes some of the more detailed aspects of 
the nuclear data used in GEM and MONK and some of the experience gained 
with these codes.

THE FORM OF NUCLEAR DATA USED IN GEM AND MONK

A detailed description of the way nuclear data is used in GEM and М 0 Ж  
may be found in References /~3_7 and / ~ 7 The following sections
will highlight the important features in these reports.

1. Thermal Data
In GEM and MONK it is assumed that above 0.1 eV the kinetic energy of 

the nuclei of the medium at a given temperature is negligible compared with 
the kinetic energy of the neutron. When the energy of the neutron is less 
than 0.1 eV the thermal motion of the nuclei should be considered in the 
interactions with neutrons. In GEM and MONK neutrons may be absorbed, 
scattered isotropically or cause fission. A single energy group is used 
with associated group constants. The current values are based on those 
given by Norton ¿ 8  _/. It is recognised that the use of Maxwellian
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averaged values is an approximation as most thermal neutron density 
distributions are rarely similar to a Maxwellian distribution. Also since 
inelastic scattering is not allowed, molecular binding effects are largely 
ignored. In order to compensate for these approximations the scattering 
cross-section was calculated from the measured diffusion lengths for 
different materials and the Maxwellian averaged absorption cross-sections. 
This enabled binding effects to be taken into account approximately.

The nuclear data used in general corresponds to 300°K but for calcula
tions at higher temperatures different sets of data incorporating Doppler 
broadening of resonances and modified thermal constants are required.

2. Microscopic Total Cross-section

Nuclear cross-sections and energies are given in pairs in the Nuclear 
Data Library such that linear interpolation on a log-log scale introduces 
acceptably small errors. GEM and MONK interpolate between the points given 
in the library and in this way the total cross-section is as accurate as the 
main library data.
TYPES OP COLLISION AND THEIR DETERMINATION 

Six types of collision are possible:

(i) elastic scatter
(ii) absorption

(iii) fission
(iv) (n,n') or inelastic scatter
(v) (n,2n) reaction
(vi) (n,3n) reaction
The particular reaction is identified by sampling the ratio of the 

partial cross-section to the total cross-section. The ratio of the partial 
to the total cross-section does not vary with energy as much as the total 
cross-section does so it is a reasonable approximation to represent this 
ratio as a step function. The P0ND4 /~7_/ program calculates the energy 
boundaries for each step function in order to minimise errors.
NUMBER OF SECONDARY NEUTRONS

The mean number of neutrons per fission,У  , is represented in the data 
library in a similar way to cross-section. Linear interpolation is used
between points in the library. The number of secondary neutrons released _
in a fission, is an integral random variable whose expectation is equal to V .
DETERMINATION OF SCATTER ANGLES

The angle of scatter,в , is obtained by sampling the angular distribution 
given in the data file which is given as a frequency of probability against 
cosine of the scatter angle. In general when the distribution is anistropio 
there are two procedures which may be adopted. The first is the discrete 
scatter angle approximations P0ED4 produces 32 equiprobable values of 8 , 
one of which is chosen at random. The second method is to approximate 
cos 9 by a truncated cubic polynomial in Z, the random number,and has been 
found by trial to give a close representation of the angular distributions 
which occur.
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When it is not possible to calculate the emergent neutron energy from 
the scatter angle, secondary energy laws are provided by the Nuclear Data 
Library.

C ALC U LA T IO N  O F  SECONDARY EN E R G IE S

1. E' = Ed
2. E' = k(E-Ed)

3. E' is obtained from a probability distribution independent of E

4. E1 is obtained from a probability distribution dependent on E

5. E1 is obtained from a probability distribution dependent on E and
6. E' is obtained from a probability distribution dependent on E and

7. E’ is obtained from an evaporation spectrum given by
q(x) = ax exp (-x /fa) 

where x = E'/i/Ê"
A neutron of a given energy has a probability of obeying any of these 

laws so this probability has to be sampled in the first instance. When the 
type of law is decided the secondary energy, E' , is sampled for the 
probability distribution given in the data library.

FISSION SPECTRUM

It is assumed in the computer codes that the same fission spectrum 
applies to all nuclides and is independent of incident energy i.e.

f(E)dE = О.4527 exp(-E/0.965) sinh(V2T29Ë)dE 
the well known Rosen-Cranberg spectrum.

CRITICALITY CALCULATIONS
A good deal of the criticality assessment work which has been done in 

the UK in the past has been based on calculations done by GEM and MONK.
The reasons for this have been that little approximation needs be made to 
the geometry and the nuclear data has been based on the UK Nuclear Data 
Library. Unlike many computer codes no approximations were made to the 
original library data by group reduction procedures. When such principles 
are adopted it is generally found that the group cross-sections invariably 
have to be adjusted to give reasonable agreement with critical experiments. 
In spite of this the group libraries produced are usually applicable over 
particular energy ranges and it is quite common in reactor physics work to 
find different group libraries for reactor systems of different neutron 
spectra. This procedure has obvious disadvantages in criticality work where 
one can be dealing with systems which span the whole energy spectrum.
However GEM and MONK are available as codes with universal application 
because of the absence of such group reduction procedures. As we shall see 
later some improvements still need to be made.
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Nevertheless although GEM and MONK have great potential it has always 
been the policy in the UK to supplement this by calculations on critical 
systems of as varied a nature as could be found in the literature, and by 
this means confidence in the predictions of criticality can be achieved. 
Most of the work done to date has been done on GEM since MONK is still a 
relatively new code. However since the Nuclear Bata Library has been 
changed little since the GEM calculations have been done, the experience 
obtained from the nuclear data in GEM can be carried over to MONK. Some 
recent results on MONK are however included to confirm the general 
conclusions. The values of the multiplication factor, k, given in the 
following tables have a standard deviation of approximately 1$ associated 
with them. The values of к calculated by GEM are based on a cycle of 
tracking known as boundary В tracking /  9_/• The values of к from MONK 
calculated in Tables III and IV are for boundary В tracking whereas those 
in Table V were obtained from a fission to fission cycle of tracking. It 
is not within the scope of this paper to discuss the relative merits of 
these tracking cycles. However for a critical system к will be unity by 
both methods. In the critical systems described in this paper к is usually

T A B L E  I. C R IT IC A L IT Y  C A L C U L A T IO N S  D O N E  W I T H  

G E M  O N  U R A N IU M  S Y S T E M S

Core Description Reflector Description

из 4(93.15) metal cylinder None ORNL 1.O19O
U2(1) 4(93) metal sphere Thick water LASL О.9674
U11 U(93.9) metal sphere 10 cm uranium LASL I.OOO6

AM1 U(38) metal cuboid Thick polythene AWRE I.OO75

US11 4(93.4) solution н/ü  = 55 Thick water ORNL 1.0080
US21 4(93.4) solution Н/U = 466 Thick water ORNL 1.0130

T A B L E  II. C R IT IC A L IT Y  C A L C U L A T IO N S  D O N E  W IT H  

G E M  O N  P L U T O N I U M  S Y S T E M S

Core Description Reflector Description

SAP3 Pu metal sphere None AWRE O.98O
SAP 5 Pu solution sphere Н/Pu = 980 30 cm water Hanford 1.011
SAE1 Pu sphere 12.65 cm water AWRE 1.020
SAP10 Pu solution sphere н/Pu = 87 25 cm water Hanford 1.026
SAP7 Pu solution sphere H/Pu =140 Ï in Hanford 1.036
SAP4 Pu solution sphere H/Pu = 172 30 cm water Hanford 1.024
SAP8 Pu solution sphere H/Pu = 1158 None Hanford О.976
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T A B L E  III. C R IT IC A L IT Y  C A L C U L A T IO N S  D O N E  W IT H  

M O N K  O N  P L U T O N I U M  S Y S T E M S

Core Description Reflector Description

PuO^/Polystyrene compacts Н/Pu = 0.04 Plexiglas Hanford 1.0208
PuO^/Polystyrene compacts Н/Pu = 15 II ti 1.0177
PuO^/Polystyrene compacts Н/Pu = 50 It ti 1.0372
JEZEBEL Pu sphere 4 * 5% Pu240 None LASL 0.9741
JEZEBEL Pu sphere 20.1$ Pu240 и Hanford 0.9479
Pu nitrate slab H/Pu = 57 Pu240 = 4.6$ Water и 1.0456
Pu nitrate solutions spheres H/Pu = 87 
Pu240 = 4.6$

ti и 1.0491

Pu nitrate solutions spheres H/Pu = 244 
Pu240 =4.6$

и и 1.0248

T A B L E  IV . C R IT IC A L IT Y  C A L C U L A T IO N S  D O N E  W IT H  

M O N K  O N  U R A N IU M  S Y S T E M S

Core Description Reflector Description

Godiva U Sphere 
93.6$ U235

None LASL О.988О

2 x 2 x 2  Array Metal 
Cylinders 93.2$ U235

Paraffin Wax ORNL О.995З

Uranyl Nitrate 
Solution h/u 40 
93.2$ U235

None REP 1.0262

within 5$ of unity, so that differences between the two tracking schemes 
will produce on average a systematic difference of about 2$ on k. The 
purpose of this paper is to make deductions about the nuclear data from the 
general trends of the results rather than from the absolute values.

Tables I and II show some representative results obtained with GEM /То/ 
on uranium and plutonium systems with different reflector conditions. The 
details of the experiments may be found in Reference /""l1_7« It can be 
seen that in spite of the variety of systems, which include comprehensive 
range of hydrogen to fissile material ratio and reflector properties, that 
к lies mainly with +2$ or two standard deviations as one would expect from 
purely statistical arguments. However a few of the results deviate by up 
to 5$ from unity and a few have even greater deviations. Tables III and IV 
give results by МОИХ on critical systems /~12_/. It can be seen that these 
results show the same general trends as the GEM results.
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T A B L E  V . CA LCU LA TIO N S OF к OF VARIOUS
C R IT IC A L CO RES

Description of Core Source H/Fissile
Ratio к

239Pu metal/water spheres
water reflected LA З612 0 0.9471и tt 1 O.9659M tl 3 O.9645

ti tt 10 0.9743и tl 30 O.9978
tt tt 30 1.0203•1 tt 100 1.0460
It tl 100 1.0222
tl tl 300 1.0279It tt 500 1.0147tl tt 1000 O.9968
tt tt 2000 1.0007

^^Pu metal/water spheres,
unreflected It 0 O.9798

It tt 30 1.0049tt It 500 1.0084
(93.5) metal/water

spheres, water reflected It 0 0.9659
II II 9.96 0.9357II It 30 0.9999It II 100 O.9826
II tt 300 1.0070
It tl 1500 0.9837

SCAMP, Composition A, crit/op
25 cm Core /39 238 1.0521
30 cm Core tt 238 I.O615

37-5 cm Core tl 238 1.0557
50 cm Core tt 238 1.0468

SCAMP, Composition B,
30 cm Core 11 844 1.0140

З7.5 cm Core 11 844 1.0221
50 cm Core It 844 0.9943

SCAMP, Composition C,
37*5 o® Core tl 1453 1.0152
50 cm Core It 1453 1.0234

These trends have also been confirmed by recent calculations done by 
Parker Z ”l3_7 using MONK for plutoniuro-water and uranium-water systems with 
varying reflector conditions. The results are shown in Table V. Parker 
has plotted к against hydrogen to fissile material ratio for the plutonium- 
water systems, ¿Figure 1 _/7 The solid line represents the best fit to the 
data. It can be seen that МОШС underestimates к by about 5$ in the 
unmoderated region and overestimates к by a similar amount in the region of 
optimum moderation. Por the overmoderated cores where the predominant



1 2 8 MOORE

к

FIG . 1. F u lly  re fle c te d  p lu to n iu m /w a te i system s, p lo t  o f  к  versus h y d ro g e n /p lu to n iu m  ra tio .

effect is absorption by hydrogen к approaches unity. Figure 2 shows a 
similar trend for the variation of к against hydrogen to fissile material 
ratio for some unreflected plutonium-water systems, fully reflected 93*5$ 
U235 water systems and the SCAMP results.

DISCUSSION OF CRITICALITY RESULTS

The deviations from unity which have occurred in these results cannot 
all be explained by statistical variations. In the past when such 
discrepancies have occurred a closer look at the experimental data or its 
interpretation has frequently provided plausible reasons for some of the 
discrepancies. However, there remain a few systems with discrepancies 
larger than can be reasonably explained by these means. The only remaining 
possibility, apart from errors in the code, must be the nuclear data.
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FIG . 2 . -P lo t o f  к  ag a ins t hyd rogen  to  f is s ile  ra t io .

There are two possibilities; either there are errors or omissions in 
the Nuclear Data Library, or the treatment of nuclear data in MONK 
introduces errors. Improvements in the Data Library can only be made as 
better experimental evidence becomes available and suitable evaluations 
done. In GEM and MONK it is possible that the omission of the prediction 
of unresolved resonances may account for some of the discrepancies but as 
yet no final deductions have been made. In the optimum moderation region 
it is possible that the single thermal group representation below 0.1 eV 
does not give an adequate representation of the neutron behaviour. This 
deficiency could be removed from MONK as data is now available in the WIMS 
data library for the thermal scattering laws and the unresolved
resonance region. This could easily be achieved by having group representa
tion of the nuclear data in these regions in MONK and using the WIMS 
library data. A modified form of neutron tracking would need to be 
incorporated in MONK for the group representation. A version of MONKG has
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already been written and tested which uses group data but without upscatters; 
with some modification this could be made to give upscatters in the thermal 
region C ^ J  and give a better treatment of thermal neutron scattering.

The other main approximation in the nuclear data used in MONK is in 
the representation of the unresolved resonance region. The code CENEX /"Ï6~] 
does provide an independent evaluation of the unresolved region but the 
amount of data produced is so large that it would create an impossible 
storage problem. The best compromise would probably be to use the 2000 fine 
group library f M j  available at Winfrith which has basically a group 
structure based on GEMEX and the Nuclear Data Library.

REACTOR PHYSICS CALCULATIONS

Monte Carlo methods are most frequently used in reactor physics 
calculations where it is necessary to simulate complexity in either the 
geometry or the nuclear data; or to check approximate solutions to the 
transport equation. Another field of important application is the calcula
tion of perturbation effects e.g. the calculation of Doppler coefficient, 
control rod worths and small reactivity effects

GEM and MONK have been used to their full capability in the calculation 
of flux distributions and reaction rates in complex geometries. Figure 3 
shows a comparison of GEM calculations with experimentally measured reaction 
rates for an early core assembly of ZEBRA. The core had a typical fast 
reactor composition complete with breeder. The calculated results in GEM 
have been normalised to the measured reaction rate of U235 at the centre.
The standard deviation associated with the theoretical curve is typically a 
few percent. As can be seen the agreement is reasonably good. Figures 4 
and 5 show the comparison, of reaction rates for other nuclides. Thus the 
nuclear data used in GEM appears adequate in a typical fast reactor spectrum.

F IG . 3 . R ad ia l 235U  (n f) re a c t io n  ra te .
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F IG . 4 . R ad ia l (n f) re a c tio n  ra te .

oo n
FIG . 5 . R a d ia l N p  (n f )  re a c t io n  ra te .
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DISTANCE FROM CENTRE OF W ATER CAP, cm 

F IG . 6. C om pa rison  o f  ca lc u la te d  and m easured re a c t io n  rates.

To demonstrate the wide range of applicability of the nuclear data used, 
а М 0 Ж  calculation was done with a spectrum typical of a light water 
moderated reactor. One of the problems of interest in such a reactor is 
the calculation of the power peaking in water gaps between the modules.
Often the geometries are complex and because of the large flux gradients it 
is not feasible for methods based on diffusion theory to give predictions 
with very good accuracy. It is necessary, in order to get a reliable 
estimate of fluxes and reaction rates, to use a code based on Monte Carlo 
methods or transport theory. Figure 6 shows the results obtained with MONK 
in a typical water reactor at room temperature and the agreement with the 
experimentally measured U235 reaction rate in the fuel region is quite good. 
The standard deviation on the results however is about 10$. It is of 
interest to reactor designers to know the change in flux shape with 
temperature and Figure 6 shows the calculated reaction rates with the water 
density changed from 1.0 to 0.8 gm cm“-*. It was found that there was little 
change in the calculated U235 reaction rate at 300°K with this change in 
water density so à single curve is shown in Figure 6. This phenomenon has 
also been observed in some plastic moderated critical assemblies which are 
used to simulate coolant density variation. /~19_7

Figure 6 shows additionally the effect of changing the thermal constants 
to simulate a change in the thermal neutron spectrum. In order to test the 
reliability of the data at elevated temperatures it may be necessary to 
compare the results of calculations with experimental measurements from a 
high temperature test facility such as the Pressurised Test Reactor £ ~ 2 0 j .  
Meanwhile it is intended to compare the results of MONK with other computer 
codes at elevated temperatures.
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The calculations on critical systems have shown that discrepancies as 
large as 5$ can occur. It is likely that some of this variation is due to 
inaccuracies in the UK Nuclear Data Library and the representation of this 
data in the codes. The reaction rates are reasonably well calculated for 
fast reactor systems. The agreement between calculation and experiment lies 
within the statistical uncertainty for light water systems. However since 
most of the reaction rates occur in the thermal region the extrapolation to 
higher temperatures needs to be compared with the prediction of other methods. 
It is intended therefore that the thermal group representation and also the 
unresolved resonance region be improved. It is recommended therefore that 
in a safety assessment based on criticality calculations using GE5I and MONK 
that sufficiently large safety factors be incorporated in the predictions 
of critical mass to compensate for uncertainties in the nuclear data.

C ON C LU SION S
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D I S C U S S I O N

R .A .  B O N A L U M I :  I think reference might be m ade here to some 

adjustment work done by Chawla (India), I believe when he was at Winfrith. 

The adjustments were based on the W IM S  calculational system and the U K  

Nuclear Data File. If I rem em ber correctly, point-value cross-sections 

were varied (even for 235U) and the fission spectrum was softened. The 

results were quite satisfactory in several respects, covering keff's and 

reaction rate ratios equally well. In other words, no problem-dependence 

was visible, at least for H j O  and D 20  reactor lattices. Could M r . Moore 

comment on this, i. e. on the existence of a very satisfactory adjusted data 

set based on the W IM S  model? Could he indicate the range of Chawla’s 

problems?

J .G .  M O O R E :  Chawla considered only H 20  and D 20  moderated a s 

semblies and, using the adjusted data set, obtained k eff within about 1%  

of unity.
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Abstract

EFFECTS OF DIFFERENT N U C LEAR  CO M PU TER  CODES A N D  D A T A  LIBRARIES O N  TH E  E V A L U A T IO N  OF 
TH E  C R IT IC A L  HTR-EXPERIM ENT CESAR I I .

In  1972, an ex te nded  e x p e r im e n ta l p ro g ra m  on ne u tron  physics o f  lo w -e n r ic h e d  H T R  fu e l b a lls  has 
been  p e rfo rm e d  in  th e  g ra p h ite -m o d e ra te d  c r i t i c a l  f a c i l i t y  CESAR a t CEN C a d a ra ch e /F ra n c e . T h e  e xpe rim en ts  
w e re  ca rr ie d  o u t in  th e  fra m e w o rk  o f  a c o lla b o ra tio n  c o n tra c t be tw een  K F A  J ü lic h  and CEA C adarache .
A  la rg e  p a r t  o f  the  m easurem ents was designed to  neu tron  f lu x  m a p p in g  th ro ugh ou t th e  w h o le  re a c to r .  T he  
co re  ha d  in  i ts  ce n tre  a c a v ity  f i l le d  w ith  fu e l b a lls , and se ve ra l su rround ing  zones com posed o f  h e xa g o n a l 
g ra p h ite  b locks  w ith  va rious  u ra n iu m  fu e l rods in  o rd e r to  a c h ie v e  c r i t i c a l i t y  and to  a d ju s t th e  H T R  neu tron  
sp ec tru m  in  th e  ce n tre  o f  th e  re a c to r . T h e  e x p e r im e n ta l results and som e w e ll-k n o w n  co m p u te r codes 
h a ve  been co m p are d  b y  th e  a u th o r, show ing th a t th e re  are  d isc rep anc ie s  n o t o n ly  be tw een e x p e r im e n t and 
th e o ry  b u t also be tw een  th e  d if fe re n t  codes and l ib ra r ie s .  As an e x a m p le  ( th e  w h o le  com parison  w i l l  be 
pu b lished  la te r)  the  results o f  th e  G AM TER EX, M U P 0  and A N IS N  sp ec tru m  c a lc u la tio n s  in  co n n e c tio n  w ith  
2 -D  E X T E R M IN A T 0 R  re a c to r c a lc u la tio n s , us ing th e  G A M -I ,  th e  T H E R M A L IZ A T IO N , and th e  D R AG O N -5 
lib ra r ie s  are  re p o rte d . As i t  was po ss ib le  to  co m b in e  d if fe re n t  codes w ith  th e  sam e l ib ra r y ,  th e  e ffe c ts  
in tro d u ce d  b y  th e  d if fe re n t  m a th e m a tic a l m ethods in  s o lv in g  th e  B o ltzm a n n  e q u a tio n  can  be discussed 
se p a ra te ly . T he  results show th a t m ost o f  th e  d isc repanc ies  co n ce rn in g  th e  b e h a v io u r o f  ne u tron  f lu x  and 
re a c tio n  ra tes be com e  severe near th e  boundaries o f  fu e l zones w ith  ve ry  d if fe re n t  ne u tron  sp e c tra . T he  
e ig e n v a lu e  o f  th e  system  d iffe rs  fro m  code to  code by  abou t 2°}o m a x . T he  e ffe c ts  o f  u n c e r ta in tie s  in  neu tron  
da ta  seem  to  be  m o re  im p o r ta n t  than  the  u n c e r ta in tie s  o f  n u c le a r co m p u te r codes; thus g re a te r a tte n tio n  
should be p a id  to  l ib ra ry  p rob lem s in  th e  fu tu re .

GENERAL REMARKS

In 1972 a comprehensive experimental programme on neutron 
physics of low-enriched HTR fuel balls was performed in the cri
tical facility CESAR at the C.E.A. Nuclear Research Center Ca
darache/France, in the frame of a collaboration contract.

It was the purpose of the programme to achieve information 
on the applicability of nuclear computer programmes for reactor 
lay-out, and to find the influence of different data-libraries 
on calculated results or at least to learn how to evaluate them. 
The low-enriched fuel cycle was chosen because that one was 
less studied in Germany than the uranium/thorium fuel cycle. In 
addition, our French partners had performed similar experiments 
with prismatic fuel elements. Consequently a comparison between 
fuel ball and prismatic fuel element was enabled from the nu
clear point of view.

135
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A big part of the experimental programme refers to the mea
surement of global reaction rates of the whole reactor (see 
Fig. 1). Because the fuel elements for the experiment were li
mited in their availability, the reactor had to be made criti
cal by means of "classic CESAR elements” . These are lightest- 
enriched (0.96 %) uranium rods embedded into hexagonal graphite 
blocks. However, compared with HTR fuel balls these driver ele
ments have a completely different neutron spectrum; in order to 
stabilize the HTR eigenspectrum it was necessary to use several 
buffer and reference zones in the HTR fuel ball zone which fin
ally led to the very heterogeneous core configurations shown in 
Fig. 2. A more detailed information might be taken from [1] and 
[2] .

T H E  C E S A R - I I  C O R E

F IG .  1 . G e n e ra l v ie w  o f  C E S A R  re a c to r .

This core with its very many compositions and neutron spec
tra deviating from each other, on the one hand, does not repre
sent an optimum of simplicity in reactor calculations; on the 
other hand, it permits an extensive testing of computer pro
grammes and data libraries under strong conditions, thereby show
ing clearly the boundary conditions by which certain programmes 
could deliver reasonable results.

MEASUREMENTS
The measurements discussed here include the determination 

of reaction rates in both Mn and Au foils and the determination 
of cadmium ratios with those foils.
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102.6
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241.6
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357.6

387.6 

415.2

F IG .  2 .  R -Z  d e s c r ip t io n  o f  

th e  C E S A R  re a c to r .

Ц80.0
0 37.39 71.91 112.77 153.68 216.5S 266.8 310.8

The m easurements d id  not only re fe r  to that part of the 

reactor  f i l l e d  w ith  HTR fu e l  b a l l s ,  but also  to the outer zones 

of the c r i t i c a l  f a c i l i t y  which are present  for spectral adap ta 
tio n  and ac h iev in g  of c r i t i c a l i t y .  Of p a r t ic u la r  in te r e s t  is  i n 

form ation  from r e fle c to r  boundaries  and from t ra n sit io n s  of r e 

fle c to r  to fu e l  m a t e r ia l , because here a r is e  the most important 

problem s in  the c a lc u la t io n  of the neutron spectrum .

CALCULATION MODEL AND PROGRAMMES

The mathematical evaluation of the measurements was per
formed in three steps. First, there were carried out multi-group spec 
tral calculations for the different compositions of the core, 
and 4-group cross-sections were condensed. By recycling the buck 
ling for several times, the spectral coupling of the different 
compositions were considered. At least the reaction rates for 
the mentioned detectors were determined by 4-group fluxes and 
by 4-group activation cross-sections condensed from spectrum 
calculations.
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The following programmes are available for testing:

(a) AP0LL0
(b) GAMTEREX [3]
(c) GAMTERANEX [4]
(d) MUP0-EX [5]

The AP0LL0 programme represents a Pij code developed by C.E.A. 
which was kindly made available to evaluate the CESAR-II experi
ment. The pertinent library is a 99-group library of UKAEA. GAM
TEREX has been applied successfully in the KFA for many years 
to calculate the nuclear reactor lay-out. GAMTERANEX couples the 
GAM- and THERM0S-library with the well operating SN-code ANISN. 
MUP0 including the DRAGON-5 library is dependent on disadvantage 
factors from other calculations; a comparison, however, seems 
interesting because of the different library. The reactor calcu
lation itself was performed in all cases with the two-dimension
al diffusion code EXTERMINATOR-2.

RESULTS

The ka>-values calculated by the different codes are given 
as first results in TABLE I. The differences are about 2 % ex
cept the buffer-zone where the discrepancy is around 7 %. It is 
interesting to recognize that the differences are not due to 
errors in the thermal spectra in general, because the n -£_values 
as listed in TABLE II are in a much better agreement,especially 
for the buffer-zone.

T A B L E  I. V A L U E S  O F  k„

Zone AP0LL0 MUP0 GAMTEREX GAMTERANEX

HTR balls 1. 217 1.190 1.210 1.216
Powder balls 1.217 1 . 203 1 . 203 1.225
Prism, reference 1.328 1.333 1 .342 1.353
Buffer 0.791 0 . 850 0.834 0 .836
Driver (4) 1.152 1 .177 1 .151 1.147
Driver (5) 1.180 1. 205 1.180 1.176
Driver (6) 1. 152 1 .179 1.147 1.148

T A B L E  II. V A L U E S  O F  rj • f

Zone AP0LL0 MUP0 GAMTEREX GAMTERANEX

HTR balls 1.781 1.786 1. 785 1.785
Powder balls 1.774 1.789 1.777 1.783
Prism, reference 1.752 1 .763 1.758 1 .759
Buffer 1.216 1 .244 1.239 1.240
Driver (4) 1.266 1.303 1.267 1.267
Driver (5) 1.300 1.333 1 . 304 1 . 302
Driver (6) 1.266 1.306 1.268 1.268



IAEA-SM-170/79 139

T A B L E  III. VA LU ES O F  k eff

Programme APjtLL^-EX MUP0-EX GAMTEREX GAMTERANEX

*̂ ef f 0.9832 1.0003 0 .9968 1.0064
Ak - 1.7 % 0.0 % - 0.3 % 0.6 %

F I G .3 .  T h e rm a l neu tron  f lu x ;  R -Z  d e s c r ip t io n .

Therefore  i t  can be concluded that problems a r is e  in  c a l 

c u la t in g  the resonance in t e g r a l ,  and it  should be taken care of 

both  the methods and the resonance d a ta .

The computer programmes have c a lc u la te d  d e v ia t in g  ke ff- 

v a lu es  for the experim ental c r i t ic a l  f a c i l i t y .  They are given  
in  TABLE I I I .

Fig. 3 shows the thermal neutron flux in the reactor from 
which one can see the strong heterogeneity of the facility. The 
reaction rates measured by Au and Mn detectors show nearly the 
same shape.

Fig. 4 gives the Mn reaction rate in a radial section. The 
points connected by lines represent the calculation, the un
connected points the measurement. While the AP0LL0 results are 
in good accordance with the experiment and also the MUP0 calcu
lations could still be accpeted, GAMTEREX and GAMTERANEX show a 
relatively strong discrepancy in the region of the driver zones
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An exact investigation resulted that these discrepancies stem 
from difficulties in the calculation of resonance absorption.
For these two programmes the U-238 resonance integral was de
termined by means of ZUT-DGL. The transformation of the reso
nance reaction rate in a homogenized cross-section, however, is 
not perfectly performed in ZUT for extreme fuel elements like 
the CESAR driver element and buffer element. A correction is 
being carried out at the IRE.

Fig. 5 shows the axial section through the reactor core 
axis. It is shown the Mn reaction rate. (8008 = EXPERIMENT,
5313 = AP0LL0, 1101 = MUP0, 1301 = GAMTEREX, 131 = GAMTERANEX.) 
Deviations from the prognosis in the reflector are easy to re
cognize. GAMTEREX and GAMTERANEX are much better in that case 
than the others, which could be explained by the quality of these 
programmes in absence of a resonance absorber.

я  i хг- ci.oo с и . 10-8006 is • хг- o .oo  с и . 10.5313 о  • хг- o .oo  c h , 10-1101
+  i хг- o .oo  c h . 10-3101 *  , хг- o .oo  с и . 10- m

F IG .  5 . M a n g a n e se  a x ia l;  co m p a r iso n  b e tw ee n  theo ry  and  e x p e r im e n t.

Fig. 6 shows results for gold detectors in radial direction. 
Also here, the highest discrepancy in the driver fields is shown 
for the GAMTEREX and GAMTERANEX programmes. However, from Fig. 7 
we can see that this discrepancy stems from a failure 
in calculating the thermal flux. Fig. 7 shows the thermal neu
tron flux normed in the reactor center for all reactor programmes.
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The tested programmes essentially provide an exact record of 
the neutron-physical reactor behaviour. Deviations due to diffe
rent calculation methods (SN, Pij) are low compared with discre
pancies due to the library which include above all the determi
nation of group cross-section sets in the resonance region.

Deviations between experiment and theory do not significant
ly arise in typical HTR fuel elements. It is, however, necessary 
to improve the nuclear data libraries, as was demonstrated by the 
uncertainties of the calculated and measured values for the ex
tremely heterogeneous CESAR-II fuel elements.
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Abstract

W A T E R - M O D E R A T E D  R E A C T O R  A N A L Y S I S  W I T H  E N D F /B  D A T A .

T h e  c le a n  th e rm a l- re a c to r  la t t ic e s  w ith  h e a v y  and l ig h t  w a te r  as m od e ra to r , o r ig in a l ly  s tu d ie d  by 

H o n e c k ,  H e lle n s  e t  a l . , h a v e  b een  re -a n a ly s e d  w it h  re c e n t  ve rs ions o f  E N D F /B  d a ta . A  study  based  o n  the  

f ir s t  E N D F /B  c o m p i la t io n  u s ing  th e  H A M M E R  co d e  system  a t B rookhaven  N a t io n a l L a b o ra to ry  le d  to  e ig e n v a lu e s  

w h ic h  w e re  b y  o n e  to  tw o  p e r cents  to o  lo w .  T h e  la te r  da ta  sets* w h ic h  n e ce s s ita ted  m o d if ic a t io n  o f  the  

m u lt ig r o u p  l ib r a r y  p re p a ra t io n  c o d e  to  h a n d le  th e  new  fo rm a ts  and  im p ro v e d  in fo rm a t io n ,  h a v e  n o t ch an g ed  

th e  re su lts  s ig n if ic a n t ly .  A t te m p ts  h a v e  b een  m ad e  to  d e te rm in e  w h ic h  p a r t  o r parts  o f  th e  a n a ly s is  m ig h t  

a c c o u n t fo r  th e  d is c re p a n c ie s  w h ic h  h a v e  b een  fou n d .

A  n u m b e r o f  pa ra m e te rs  h a v e  been  c o m p a re d  w it h  M o n t e - C a r lo  c a lc u la t io n s  w h ic h  m a d e  use o f  the  

sam e  b a s ic  d a ta .  O f  these  co m p a r iso n s , the  ones re la t in g  to th e  re so n a n ce  and  th e rm a l re a c t io n  ra tes h a v e  

b e en  d e s c r ib e d  p re v io u s ly .  T h e  v a lu e s  o f  th e  e f fe c t iv e  re so n a n ce  in te g ra ls ,  as o b ta in e d  by the  N o rd h e im  

m e th od  in  the  H A M M E R  co d e ,  w e re  de c rea sed  in  a c c o rd a n c e  w it h  the  re su lts  then  o b ta in e d .  T h e  T H E R M O S  

in te g ra l  tran sport t re a tm e n t o f  th e  u n it  la t t ic e  c e l l  a t  th e rm a l e n e rg ie s  and  subsequen t F o u r ie r - T ra n s fo rm  

le a k a g e -s p e c tru m  c a lc u la t io n s  h a v e  b een  le f t  u n ch a n g ed . T h e  M o n t e - C a r lo  e s tim a te s , t re a t in g  the  

s c a tte r in g  an iso tro p y  m o re  f u l ly ,  h a d  re su lte d  in  ve ry  s im i la r  th e rm a l re a c t io n  ra tes and  s l ig h t ly  re d u ce d  

le a k a g e ;  fo r  D 20 - la t t ic e s ,  th e  re s u lt in g  in c re a se  in  k e f f  w as n o t m o re  than  0 .2  to  0 .4  p e r  cen ts , and  fo r  

H 20  la t t ic e s ,  th e  e ig e n v a lu e s  w e re  ch an g e d  e v en  less.

S ca t te r in g  an iso tro p y  as s p e c i f ie d  in  the  E N D F /B  da ta , to g e th e r  w it h  th e  b a s ic  re co m m e n d e d  c ro ss -se c tio n s , 

h a v e  now  a lso  b een  in c lu d e d  in  a M o n t e - C a r lo  c o d e  fo r  th e  e p it h e rm a l en e rgy  re g io n .  T h e  c o d e  has b een  

used to  v e r i f y  th e  a c c u ra c y  o f  th e  H A M M E R  c o d e  in  w h ic h  c e l l  h o m o g e n iz a t io n  is  e ffe c te d  by  m eans o f  

standa rd  c o l l i s io n - p r o b a b i l i t y  m ethods , and  th e  le a k a g e  sp e c tru m  is  o b ta in e d  by  th e  M U F T  B - l  p ro ce d u re .

A t  h ig h  e n e rg ie s , w h e re  th e  a n iso tro p y  o f  s c a tte r in g  b e co m es  m o re  im p o r ta n t ,  th e  M o n t e - C a r lo  e s tim a tes  

le d  to a so m e w h a t so fte r sp e c tru m  fo r  th e  H 20 -m o d e ra t e d  la t t ic e s .  T h e  le a k a g e  ra te s  as o b ta in e d  by  the  

tw o  m ethods a re  in  re a so n a b le  a g ree m e n t.

I t  m a y  be  c o n c lu d e d  th a t th e  a c c u ra c y  o f  ra p id  e v a lu a t io n s  o f  th e  e f fe c t iv e  la t t ic e  re so na nce  in te g ra ls  

fro m  th e  b a s ic  E N D F /B  da ta  is  th e  m a in  cau se  o f  e rro r in  th e  la t t ic e  a n a ly s is .

Introduction

The analysis of neutron multiplication and space energy distribution 
of reaction rates in thermal reactor lattices provides a good means of 
testing the adequacy of the nuclear data used for reactor calculations.
On the other hand the influence of the numerous approximations and simpli
fications introduced into computer codes to reduce machine times are by 
themselves a source of error which cannot be easily separated from the 
errors in the data themselves.

1 4 7
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The present paper extends the clean thermal reactor analyses made 
previously [3] to ENDF/B-II data* The calculations are based on the 
HAMMER code system [5]. In order to emphasize the assumptions and proce
dures used in the code for rapid computation the theoretical details have 
been brought together from the various relevant reports and papers and are 
presented in a consistent mathematical notation. The material is presented 
in the order in which the calculations are made in the code itself and 
should be borne in mind in the discussion of any effect which may give rise 
to discrepancies between experimental and calculated results.

Details of the ENDF/B-II multigroup libraries used are given and com
pared with the libraries used previously. Brief remarks are made about the 
data of the third version of ENDF/B. The systems analysed include clean 
heavy and light water moderated lattices. In the latter the calculations 
were extended to very tight lattices in which comparitively many fissions 
occur at epithermal energies. Some UO2 fueled systems were also analysed.

In several parts of the energy spectrum comparisons have been made 
with Monte Carlo calculations based on special codes which use the same 
nuclear data as fully as possible. In particular resonance absorption 
remains the area in which the HAMMER system is most liable to error 
especially at very small moderator to fuel volume ratios in the light 
water slightly enriched Uranium lattices.

The Unit Cell Analysis Performed by the HAMMER Code System

The HAMMER code system [ 5] calculates the space energy distribution 
of the flux, current and reaction rates in the unit cell of a reactor lattice 
in one dimensional - and in particular cylindrical - geometry. The 
results are approximate solutions of the Boltzmann Equation. In the following 
the assumptions and simplifications made in the analysis will be described 
as these may be in part responsible for any discrepancies between calculation 
and experiment.

In the steady state transport equation

(ÏÏ*V + E)f = q (1)

1 F o r  p re v io u s  s tud ie s  in  th is  f ie ld ,  see  Refs [ 1 - 4 ] .



IAEA-SM-170/8 1 4 9

the total cross section E, the angular flux density £ and the neutron 
emission density q are all functions of position x, energy E and direction 
ÏÏ.

The corresponding integral form of the transport equation is

со 'Ъ

f = J ds e q(x - sfl, E, Í!) (2)
о

*  ,s -where Es = J E(x - ЛП, E)d£ (3)
о

is the optical distance between the point of emission of the neutrons and 
the point where the flux is evaluated.

Alternatively the integral transport equation for the flux density 
at x, E and ÎÎ may be written in the form

- 'Xr

f - / ТГ e'2s! 6 (ft' - ÏÏ) q(x', E, ñ 1) (4)
S1

where Sj and íí' are the magnitude and direction of the vector x - x'.

The emission density at a specified location is

q(E,ÏÏ) = /dE'/dß1 [ES(E -*• E-, Í2 SJ'j + Х Ж  v(E')E£(E')]f(E'ñ') + (S)

in which all the quantities refer to that location. If the double differen
tial scattering cross section

Es (E 4- E', ÏÏ* ft’) = ^  I E (E E’) P¿(y0D, u0 = (ñ'-ñ) (6)
1=0

is replaced by its isotropic term ^S0(E E1J/(4tt3 , the emission density 
becomes fully isotropic and an integral equation for the scalar flux 
ф = ф(х,Е) results from integration of Eq. (4) over all directions

Ф = / ^ 2  e'£sl Q(x'), S l = | 7 - x ' |  (7)

Here the total emission density at location x' refers to energy E and is 
given by
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Q = /dn qCE.SJ) =■ /dE'[Igo(E <- E') + x(E) v(E') Zf(E')] ф(Е') + S(E)

where all quantities refer to the point x'.

In the cylindrical geometry of the HAMMER code the unit cell of the 
lattice is replaced by a cylindrised cell in which the volumes of all 
regions are preserved. The single coordinate r replaces the location x, 
and a mesh of space points rn each associated with volume AVn is speci
fied so that a number of values of n belong to each of the cell regions.

The calculations are divided into two parts, the first referring 
to thermal energies in which upscattering is taken into account and the 
second to epithermal energies. The order in which these two sections 
are treated is consistent with the assumption that after moderation the 
slowing down source into the thermal energy region is spatially flat in 
each region. The distribution of thermal fissions throughout the fuel 
region is then used as the fine structure of the fission source in the 
epithermal part of the code.

Both principal parts of the treatment use integral transport theory 
based on Eq. (7) with effectively isotropic sources to determine the 
space-energy distribution of the flux in the unit cell of an infinite 
lattice. After suitable homogenisation the transport equation (1) is 
used to estimate the effect of leakage on the energy spectrum. Finally 
the original space energy distribution of the flux in an infinite lattice 
is corrected for leakage, so that the resulting flux can be used for the 
calculation of any reaction rates desired.

The Procedure at Thermal Energies 
Homogenisation

The spectrum calculations at thermal energies are based on the 
THERMOS code [ 6] in which 30 thermal energy groups are used. Here the 
energy variable is replaced by the neutron speed v expressed in units of 
2200 m/sec :

v2 = E/(kTs) (9)

The discrete values v^ represent the central speeds of groups i and range 
from 0.1 to S.285 with gradual increase of the group widths ûv^. The 
cut-off of the thermal region is at the lower speed of group 30 (v = 5.0) 
which is not included in the averaging of thermal spectrum parameters.
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The integral equation (7) for the scalar flux for isotropic neutron 
emission (8) is adapted to this group structure and applied to the discrete 
space points r . The flux ф(Е), emission density Q(E) and slowing down 
source S(E) per unit energy at E=E^ corresponding to the characteristic 
speed of group i are replaced by the corresponding quantities 

and S  ̂per unit velocity in group i at space point n :

ф(г ,E. ) = N . / (2kT ), Q(r ,E. ) = Q./(2v.kT ), S(r ,E.) = S ,/(2v.kT ) (11)Y n ’ П1 s x n ’ Til v 1 SJ’ v П* l' П1 1 1 s' v J

Similarly the scattering kernel £SQ(E E’)dE' per unit final energy at E=E^, and
at E'=E., is replaced by the group kernel P°^ per unit final velocity at space
point n :

I  (r , E. +■ E.) ДЕ. = P . ,/v. so П 1 j j nij 1
(12)

so that
P . . = (2kT ) v. v. Av. I (r , E. «- E.)nij S 1 J J so n 1 J

(13)

The emission density equation becomes :

г  о
О .  = У P  . . N  . + S i n  b m j  n j  n

and the integral transport equation

(8 ')

N . ni I TL , nn 1 1 V. n' 1
( 7 ' )

F I G . l .  £p = A B p , i '  = A C p  . p  is  th e  

o rd e r  n u m b e r o f  the  in te rs e c t io n  o f  th e  

neu tron  pa th  w it h  ann u lu s  n , i f  an y .
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The transport kernel is obtained by integrating the transport
equation (7) over the volume ÜV^ surrounding space point n. For constant 
fluxes in each subregion n the kernel becomes

, _ _ "Sisi __

Tnn'i = М Г  J d x J  dx' ^4Ш -  • S1 = >x-x'l <14>n AV 4V , 1n n 1

(see Fig. 1).

In the THERMOS procedure the integral over the initial annulus n 1 is 
approximated by the integrand appropriate to an initial location on the 
central cylinder of the annulus multiplied by AV t. The kernel then becomes :

ЛУ

ДУ li 
P о

2тт dg
4ir

n/2

2 J sin9[e
-Z ip /s in e -Z 4 'p/ s in 0 j

ÙV , 2 tt j .

Z . A4 I  2? I ^ ^ i V "  Kí2^í4'p^ (15)m  n о P A

\ *  where Z . is the total cross section in annulus n in group i, and Z.i,p 
r\j m  i “

and are optical distances in group i. The reflecting boundary
condition at the outer cylinder of the unit cell can be altered effectively 
by an additional region of heavy scatterer which is taken into account in 
the spectrum calculations of the infinite lattice, but not in the averaging 
of the thermal parameters.

The scattering kernels of Eq. (13) are obtained from the Legendre 
moments of order zero of the scattering cross section, Eq. (6), for 
energies E=E^ and E'=E^. For the principal scatterer of the moderator 
of mass ratio A and free atom cross section a ^ the FLANGE code [ 7] calcu
lates the moments of order £, as^(E| ■*" from the scattering function 
S(a,g,T) tabulated in the ENDF/B format [8] :

a (E. - E., ft«- ft') = M ^ - ) 2 e‘ß/2 Л Г / Ё ~  S(a,0,T)/(4тгкТ) (16)
S I  J I JK 1 J

where

a = (E. + E. - 2 Æ7ÏÏ7)/(AkT) , в = (E. - Е.)/(кТ)

Osi(E. -e E.) = 2тг/ os (E. ft ft') . У0=(П''П) (17)
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The diagonal elements о . (E. *■ E.) are adjusted so that /о . (E. *■ E.)dE.
S 3 6 J J  SJC 1 J 1

gives the ¿'th moment of the scattering cross section as¿(Ej)- T^e inte
gral transport treatment of the THERMOS code makes use of °S0(Ê  E_.)
only, so that the scalar flux can be calculated directly from the integral 
equation (7). If the kernel '<_ Ej) is also available the code
replaces о (E.) by a . (E.) = a (E.) - a , (E.) and modifies a.(E.) 

e  so j s,tr у  so4 sll у  t j
accordingly.

For heavier isotopes the double differential cross section is taken 
from the gas model [9], which is also used to define the source into the 
thermal groups i. For one of the constituents К of the mixture in 
subregion n the microscopic slowing down source is

W  = f  °so <18)E
о

assuming a l/E flux above the cutoff Eq of the highest thermal group.

K af0^ -(e.-e)

aso (Ê  4- E) = " ¿ ¡г -  te {erf (â/F-çÆ^ ) - erf (eÆ+çÆ^)} + erf (e/ë\ +ÇÆ)

where

+ erf (e/ë -̂çv'ë) ] 
(19)

0 = (AK+ l ) / (2 /\ K) , ç = (AK- 1 ) / ( 2 ^ K) , e = E/(kT) , e. = E ./(kT)

The macroscopic scattering kernels P°.. and sources S ., derived from r 6 ni] m
the thermal library data (Ê  ■«- E^) for the different isotopes and the 
sources Sj,(Ê ), together with the transport kernel Eq. (15), are
the data for the iterative solution of Eqs. (7') and (8') for the spatial 
distribution of the neutron density N  ̂per unit velocity in group i, or 
the flux per unit energy. As initial guess the Maxwell distribution 
v? exp(- v?) is used.

The neutron density is used to homogenise the cross sections for 
the unit cell of the infinite lattice

P *. = ï P*. . N . AV /  [У N . AV 1
ij  £ nij nj n nj n ( 21)
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Leakage

The leakage calculations are based on the differential form of 
the transport equation (1). For leakage in the z direction only the 
equation is subjected to a Fourier Transform after which the critical 
eigenvalue В is assigned to the transform variable. This buckling 
makes the solution stationary. Denoting the transformed flux and

Tj 4,
emission density by f and q

f(z,E,y) = 2it f(z,E,n) = f(E,p)elBz , q = q elBz,B = / Щ  (22)

and

'ъ a.
(iBy + £) f = q at energy E (l1)

Expanding

'b 00
f(E>У) = [ i* F (E) P (U) (23)

&-0

'b
and using a similar expansion for q the P-l equations are obtained 
in the usual manner at energy E

Fo = (rq0 + Bqi)/(E2 + ÍB2) f ^  = . ¿ B q ^ / a 2 + |в2) (24)

If Eq. (I1) is first divided by (E + iBy) and the expansions are then 
made the B-l equations result for energy E

F = b q + b„, q ; F, = b, q + b,, q, (25)
O OO 4) ol ч ’ 1 lo no 11 v 1

b , 3(l-b) , (1-b) v 3(l-b)where b0Q = —  , bQl = ---g—  , blQ = - — g—  , bn  - (26)
00 Zt

tan *a . ~ „2_ i------- . if В > о
and a = | — , b = l  a (27)

1  in —  , if В2 < о
2a 1-a

Since q0(E) and qj(E) depend on FQ and Fj at other energies equations 
(24) or (25) are solved iteratively in their multigroup form.
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One group thermal parameters at energies E. corresponding to the 
speeds v^ are calculated from

(2 8 )

and the thermal diffusion constant is defined as

D = -I Fj (Ei ) AE./[b£ F0 (Ei ) ЛЕ.] (29)
i i

The previous neutron number density per unit speed (or flux per unit 
energy), in the infinite lattice is used as a spatial weighting function 
to determine the leakage corrected flux throughout the lattice :

These fluxes may ultimately be used to average any locally defined 
cross sections over a range of energy groups and geometrical regions in a 
manner which is equivalent to the two stage averaging process (infinite 
lattice spectrum and homogenised cell leakage spectrum) described above.

The Epithermal Procedure 
Lattice Flux

Infinite lattice calculations based on the integral transport equation 
are carried out for the unit cell in a manner which is similar to the 
method used in the thermal groups. There are however some spècial features.

The transfer matrix in each of the epithermal groups is calculated in 
the HAMMER code by means of the method of random chords and cosine currents 
as distinct from the procedure described before. An advantage of this method 
is that the matrix is properly averaged over the region in which the neutron 
starts its flight, instead of choosing the average radius as the initial 
location. On the other hand calculation time for evaluating the transfer 
matrix elements is saved by the assumption that currents incident on the 
cylindrical surfaces of an annular region are proportional to the cosine 
of. the angle of incidence.

N' . = N . F (E .)/J  N . AVni ni o i L ni nn
(30)

Two probabilities P° and P1 are calculated for a unit source of neutrons
thdistributed uniformly and isotropically throughout the n annular region.
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These are the probabilities of escape through the outer and inner surfaces 
respectively. They are given by

о
tf/2 an -Z x/sine

j  2 sinö de J 2irr dr /dg e n /(4irAV ) (see Fig. 2).
n i ^

The limits of ß are determined by the criterion whether fi, the neutron 
direction, will intersect the outer surface, for P° , or the inner surface, 
for . After introducing rdr dß = a^ cosiji dip dx, and performing the 
integration over x, the escape probability through the outer surface becomes :

a° tt/2 tt/2 0 -2E a0 /cosi|)°/sin9
P° = "  /  2d* °c°s* 0 /  de s i n 2 e ( i - e  n n J

n n sin-1«

a° sin К ir/2 . - (Z aocosil)°/sin0+Z a1costli1/sine)
- П / 2d*°cos*° ; desin e[l-e n n n n  ^Z AVn n о 0

1

ira°Z (1-K2) К n n
f  d t[i - K .3 (Zna V l- t ^]

ira°E (1-K2) о 
n n v '

where К = a1/a° and a° sind>° =* a1 sinÿ1 . n n n n

/  d t [ } -  K i 3 (Zn a V l - t 2 - Zn a V K * - t * ) ]  (3 1 )
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Similarly the second term is found to be P* . The appearance of 
(cosÿ0 sine) sine de di|) as well as the chord length in mean free paths in the 
exponential leads to the possibility of expressing the above two probabilities 
in terms of transmission probabilities G^° (from inner to outer), G^1 (from 
outer to inner) and G°° (from outer to outer) for cosine currents impinging 
on the surfaces of the annulus :

21 AV n n
d  - G°) (32)

2ZnAVr,n n ci - О
1 „10 О 01a_ G = a„ G n n nn

(33)

The transmission probabilities Gn and Gn are in fact the integrals over 
the functions appearing in Eq. (31) multiplied by (4/ir).

Assuming in the actual situation that the currents at the annular 
surfaces are cosine shaped, balance equations may be set up for (N-1) 
annular regions (n=2,3, .. . N) surrounding the central cylinder n=l.

J' . = S P1 + J" G01 (34)n-1 n n n n

J+ = S P° + J+ . G10 + J‘ G00 (35)
n n n n - l n n n  '

for n=2,3, ... N , together with

J* = Sj P° + Jj G°° (36)

A reflecting boundary condition

JN = JN <37)

completes the 2N equations from which the currents and are deter
mined, once P° has been determined for each region n from Eq. (31).
The other probabilities all follow from Eqs. ( 3 2 )  and ( 3 3 ) .

The final calculation of the transfer matrix is based on the solu
tion of the above equations for a source S = AV . 6 , in the annulusn n n 1 nn '
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n' only, and the calculation of the number of collisions (£ ф ÜV ) int n Ÿn n'
region n from

£ *¿V = 4V , i , + J + J , - J  - J ", (38)n Tn n n' nn1 n n-1 n n-1 1 J

The matrix element equivalent to Eq. (15) is then

T = ф (39)nn1 n J

The group structure for the epithermal calculations is the 54 group 
set of the MUFT code [ю] with lethargy intervals of 0.25 in the region 
of the principal resonances just above the thermal energies and again in 
the region of the fission spectrum, and intervals Ли = 0.50 for the 
intermediate groups. The first group is at the top of the fission spectrum 
(with upper energy at 10 MeV). For group i the integral transport equations 
(7') and (8') may now be written together in the form

where the flux and source here refer to unit lethargy of group i. The 
kernel pn î  is analogous to Eq. (13) and expresses the in-group scattering 
cross section from the entire group i into unit lethargy of the same group. 
The source includes fission and down scattering. The definition of
both quantities may be based on the Groeling-Goertzel [11] approximation 
for the elastic slowing down density

q(u) = С / e-(u-u')/1 i (u'H(u')du', Ç = <(u-u')>, ÇA = i<(u-u')2>
X -  (41)

which is correct to a two term Taylor expansion of the scattering rate in 
the integrand near u'=u for A>1, and becomes exact for Hydrogen for which 
q=r\ and Ç=A=1.

For a group of width Ли << X the contribution to the integral of 
Eq. (41) due to downscattering from outside the group is given by
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to a good approximation. The in-group scattering cross section is then

5E

Ди (Ди << X) ( 4 2 )

where all the quantities are group averages.
On the other hand for heavy materials with Ди >> A the in-group scattering 
cross section is

ÇEs
Ди (Ди >> X) (43)

The two expressions become identical if one sets X equal to for heavy 
isotopes.

The kernel P is thus given by

E - E , so si
2 (ÇE^) 

2X + Ди

2 E

2 + Ди ^in,i-*-i^n'
(44)

where the average cross sections in group i and the inelastic in-group 
cross section are summations over the constituents of the mixture in the 
subregion near point n'. The prime of denotes summation over all 
isotopes other than Hydrogen (H) and their average X is obtained using 
the individual values of ÇEg of these isotopes as weights. Hydrogen is 
treated entirely separately as shown.

The infinite lattice flux distributions are calculated from Eq. (40) 
starting with group i=l. Resonance capture calculations are made only at 
a subsequent stage, but before the next group is treated. Slowing down 
densities at the low lethargy of group i (indicated by superscript o) 
must therefore be corrected for resonance absorption in group (i-1), 
before they can be used to define the source Sn ,̂  of Eq. (40). The treat
ment is based on the differential equation derived from Eq. (41)

dSL = 
du (45)

Integrating over group (i-1) one obtains

2X - Ди. , 
l-l

2X
Aui- 1

Ч -l (1  - Ri- 1 }

2 ( Ç Z ' )  . , ф. , Ди.  , 
S-4-l Ti-1 1-1

2X + Ди. ,
1-1

(4 6 )
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where q? (1 - R^ )̂ is the corrected slowing down density at the low
lethargy of group (i-1), R^  ̂ being the resonance absorption fraction
in this group. The flux and  ̂ are average values in the
group. Eq. (46) refers to all constituents of the mixture other than
Hydrogen, which is treated separately by a corresponding expression with 

  H
q replaced by n, 5=A=1, and Eg in place of ÇE4

From Eq. (41) the slowing down density in group i becomes

-(u-u )/A 
л ч о оq (u) = qA e (47)

where u q is the low lethargy of the group. A similar approximation as 
the one used previously leads to the slowing down source into the entire 
group

Ди.
qi ---Ш 7  £or (A ^

X + 1 T

For groups which are very broad compared with A the corresponding source
into group i is q?. These expressions become again identical if A is 

Ди  ̂ 1
replaced by -y- for heavy isotopes. Consequently the source into unit 
lethargy of group i is

V i

~ О О О П2 q. 2,.
-т  , 2 + Ли.2А + Ди. 1

1

i-1
У Е. , ф ...Ди.,/Ди. + x- X ,

. , L, ín.n'.i'-*-! Yn 'i '  i ' i Л1 n'
х' = 1

(48)

where A is again the average value for all constituents of the mixture 
near location n', except Hydrogen, is the average fission spectrum in 
group i and Xn , the density of thennal fissions per unit volume near n'. 
It is calculated from the thermal spectrum calculations for the infinite 
lattice and replaced by a flat source in the fissionable regions if the 
THERMOS calculations have been omitted. Xn, is normalised to unity over 
the unit cell.

For the calculation of the transfer matrix T ,. the total crossnn' 1
section of each subregion is replaced by the transport cross section 
consistent with the procedure used for Eq. (44) :

(ÏJ . = (Z - E , + £ + E. ) . (49)t ni so si a in ni 1 ’

Equation (40) is solved iteratively for the flux Фп  ̂per unit lethargy 
normalised to one fission neutron injected into the unit cell.
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The resonance absorption calculations are carried out according to 
the Nordheim treatment [12 ] for isolated resonances of the Single Level 
Breit Wigner Shape. In the groups containing resolved resonances of one 
of the constituent nuclides of the mixture its cross sections near one 
of these resonances are given by :

oc(E) =

R e s o n a n c e  A b s o r p t io n

° s ( E )  =

Ф (х ,е )  =

a =
о

x =

I

(50)

The resonance nuclide of mass m Aq may be mixed with up to two other
nuclides of masses m A a n d  m A2 , (A1<A2), and constant cross sections
in group i. The atom densities Nq, N j and N2 are region averages over
all subregions containing the resonance nuclide and scattering cross
sections are normalised to N so that

о

°1 = ( ° s V  V N0 311(1 = ias52 N2/N0 (51)

The total cross section normalised to Nq is then, by Eq. (50),

<»t(u) = аа(ц) + °s (u) + °i + °2 > aa(u  ̂ = flcM  + ef ^  ’

°o r~ ̂ Cx.e)

e)
> af№ ) = ao —

Ё^ФСх.е)

’ ai (E:) = 1̂ V o 7 x(x’

1 ,°° .-(x-y)2/(49)
_ _  /  ------------------------ --------------- d y  f x ( x , 0 )  = — —  /  2y

9)

*(x-y)2/ (40)

/ 4 n 0  

■ft2

1+y /4ir0

4ir , Г = Г + Г + г .  ,’ n Y f

1+y2

2 J+l 
2(21 + 1)

-dy

, д2 4E kT
i  (E-Eo) . 0 = ’A2 = S

potential scattering cross section, m = neutron mass

nuclide spin , J = compound nucleus spin

* s (u )  = O g (u )  + c * ( u )  + a p (52)
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The re g io n  f l u x  p e r  u n it  le th a r g y  in  group i  i s  d e f in e d  by

« = У(ф . AV )/V  , V = У ÛV (S3)o ¿VYn i n J/ o ’ o L n v 1n n

where th e  summation in c lu d e s  a l l  su b re g io u s  c o n ta in in g  th e  reson an ce  

n u c l id e  and th e  f lu x e s  a re  c a lc u la t e d  from  Eq. (4 0 ) . The c o l l i s i o n  

d e n s i ty  p e r  u n it  le th a r g y  in  VQ i s  den oted  by  NqE ¥ ( u ) * o n e a r  the  r e s o 

nance and becomes a s y m p to t ic a l ly

N (a + a  + a  )Ф = N E ! в (и) Ф (54)o p l 2  o o v ' o  v

a t  e n e r g ie s  E w e ll  above the re so n an ce  en ergy  Eq . The fu n c tio n  V(u) i s  

c a l c u la t e d  by n u m e rica l in t e g r a t io n  f o r  l e t h a r g ie s  in  th e  v i c i n i t y  o f  

the re so n an ce  peak by n u m erica l in t e g r a t io n  o f  i t s  i n t e g r a l  e q u a tio n  

m aking u se  o f  c o l l i s i o n  and e sc a p e  p r o b a b i l i t i e s .

The e sc a p e  p r o b a b i l i t i e s  a re  in  g e n e ra l d e r iv e d  by th e  methods g iven  

in  E q s. (3 1 -3 9 ) . F o r t r a n s f e r  from VQ t o  a  su b re g io n  n ' o u t s id e  i t

P , (u) = E , 4V . T . (u) (55)n 'o  1 n ' n ' n ' o k 1

where Tn , Q(u) i s  the av erag e  f l u x  in  n 1 due to  u n it  so u r c e  in  VQ, d i s t r i 

b u te d  u n ifo rm ly  and i s o t r o p i c a l l y , and i s  o b ta in e d  from Eq. (3 9 ) .  The 

r e v e r s e  p r o b a b i l i t y  i s

P o n 'M  = N0 « t (u) v0 T0n .Cu) (56)

The q u a n t ity  TQn, ( u )  i s  in  f a c t  the k e rn e l o f  Eq. (14) m u l t ip l ie d  by

(l/AV n , ) ,  th e  so u rc e  d e n s i ty  in  su b re g io n  n ' ,  and s a t i s f i e s  th e  r e c ip r o c i t y

r e l a t i o n

To n - ^  = Tn ' o ^  (57)

Tbe c o l l i s i o n  d e n s ity  in  th e  su b re g io n s  n ' o u t s id e  Vq i s  tak en  t o  b e  asymp

t o t i c  a t  a l l  l e t h a r g i e s  in c lu d in g  th o se  n e a r  the  re so n an ce  p e ak .

M u lt ip ly in g  by th e  t r a n s f e r  p r o b a b i l i t i e s  PQn, (u) th e  c o n tr ib u t io n  t o  the 

c o l l i s i o n  d e n s i ty  in  re g io n  Vq from p r e v io u s  c o l l i s i o n s  in  n ' o u t s id e  VQ

b ecom es, u s in g  E q s. (5 5-57)

У P (u)Z , ф .. AV У P , (u)N V а. (и)ф N аДи)Ф P'(u)V L , o n '1 ' n ' * n ' i  n ' V , n ' o v ’ o o t v ' Tn ' i  o t v o o v 
o n '  o n '  (S8)
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where

Ф P '( u )  = I P , (u )ф (59)0 0  ‘- . n ' o  n ' in '

The a c tu a l  e sc a p e  p r o b a b i l i t y  from  Vq i s

P0 (u) = I, Pn - 0 (u) C60)n '

and becom es e q u a l to  P ¿ ( u) f ° r  a  f l a t  f lu x .  In f a c t  f o r  a  f l a t  f l u x ,

Фо = Фп ,^  f o r  a l l  n ' in  group i ,  a  s im p le  p ro ced u re  i s  u se d  to  c a l c u la t e  

PQ(u) m aking u se  o f  th e  D an co ff f a c t o r  C, which i s  the t r a n s m is s io n  

p r o b a b i l i t y  through  th e  su b re g io n s  n ' o u t s id e  Vq

P (u) = ----------- P°i»)...( l - Я ------------  (61)
0 1 - C [l-N oa t (u) lo P ° ( u ) ]

where P ° (u )  i s  th e  e sc a p e  p r o b a b i l i t y  through  th e  o u te r  s u r f a c e  o f  the  

i s o l a t e d  volume Vq , assum ed to  b e  th e  c e n t r a l  r e g io n ,  and i s  c a l c u la t e d  

from  Eq. (3 1 ) .  The l a t t i c e  e sc a p e  p r o b a b i l i t y  PQ(u) o f  Eq. (61) makes 

u se  o f  th e  e f f e c t i v e  in c r e a s e  o f  th e  mean chord  le n g th  th e  d iam e te r  

o f  the  c y l in d e r  o f  volume Vq , by (1-C)

U sin g  Eq. (58) th e  i n t e g r a l  e q u a tio n  f o r  ï ( u )  becom es :

Ÿ(u) = [1 - Po ( u ) ] [ T a ¥ + T ^  + T2 Ÿ]u -  P ¿ (u )  a t (u )/E  (62)

where 44u) -*■ f 35 (u) = (o^ + + a 2 ) /E  f o r  la r g e  (E-Eq ) , — s e e  Eq. 54 —

and th e  p r o b a b i l i t i e s  PQ(u) and P ¿ (u ) a re  d e f in e d  by E q s . (59) and (6 0 ) .

The i n t e g r a l  o p e r a to r s  T and T . ( j  = 1 o r  2) o p e r a t in g  on Ÿ (u ')  a reJ

1 ,u о (u') . u a .
T = /  . du ' -y. , T . = - -  /  , du ' — ¡¿t- .a  1 -a  ; . 1 o . ( u ' )  ' i 1 -a . 1 . 1 а д и ' )o u-í.n—  t  J n u-An—  tn J na  • ' a .

O J

(63)

ЧЧи) i s  c a l c u la t e d  f o r  a  mesh o f  le th a r g y  p o in t s  n e a r  th e  re so n an ce  

peak g iven  ap p ro x im ate ly  by

с = ^  (64)
о

where Д i s  th e  D oppler w idth  d e f in e d  in  Eq. (50) and r  i s  a  q u a n t ity  

d e f in e d  as
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and has been found sufficiently large to cover the resonance shape well.
In fact e is adjusted slightly so that an even integral number (£ 500) 
of mesh intervals cover the maximum collision lethargy range (4/Aq).
Above an energy Ej the asymptotic form Ÿ (u) of Eq. (54) is assumed to 
hold. This energy E^ is chosen so that (Ej- Eq) is the larger of

(5 • j -  • or 10Д) and is replaced by y  Eq if either quantity
exceeds thil value. Again E1 is slightly adjusted to ensure that an
even number of mesh intervals cover the energy range from Ej to
[Eq - (Ej- Eq) ]. Back values at the required number of mesh points
according to 4/(AQe) - of f (u) are calculated at E>Ej and make the
successive evaluation of ffu) at all mesh points through the energy range 
near Eq possible. Slight adjustments of cij and a , as well as and a2, 
are also made so that the ratios aj/fl-oij) and a2/(l-ct2) are preserved, 
in order to ensure that the same mesh is applicable for the calculation of 
T Í and T2¥. Finally the resonance integral is obtained from

л  o oo
/ ÎT7ÏÏT EV(u)du (66)
2Е -E, t l Jо 1

using numerical integration with the mesh points at which Ÿ(u) has been 
evaluated.

Three resonance wing corrections are applied to the resonance integral.
The first extends the result to cover the range from Ej to infinity and is 
a function of Zj = (Ej- Eo)/Eq. The second covers the energies from thermal 
cutoff Ec to the low limit of the effective range of the resonance 
[Eq - (Ej- Eq)]. It is a function of which in general equals ẑ  but is 
not allowed to exceed 4/7 and also is appropriately adjusted if 
[Eq - (E - Eq)] < Ec- The third negative correction removes the 1/v effect 
of the resonance itself from Ec to infinity; it is based on the value of 
the Breit Wigner absorption cross section at E ^  = 0.0253 eV. Assuming a 
l/E flux for all these effects the total correction is

r  = 5 + У  (65)
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where y, = Л +z, , y. = Л -z, , z = (E -E )/E , y = /l-z
'1  1 ’ '2  2 ’ c o c o c c

and oq is the peak resonance cross section of Eq. (SO).

In the energy groups i in which the resonances are unresolved the 
resonance integral for a single resonance is obtained from Eqs. (66) and
(62), in which the integral operators T , T and T2 of Eq. (63) are
replaced by their Narrow Resonance equivalents о /Е, Oj/E and a2/E 
respectively. The range of integration now covers all lethargies u.

cf (u)
1 = / [il - PQ(u)}(ap + Oj + a2) + P¿(u) at(u)]du (68)

For a group flux which is nearly flat P¿(u) = PQ (U) from E4- (59). Its 
simplest rational approximation is

N A a (u) 1
p0 (u) “  [1 + —  —  ] (69)

where С is the Dancoff factor and I the mean chord length. Introducing 
this expression into Eq. (68) in the absence of interference scattering

cDr “ , , 2 (E-E )
i = .-2JC. j (e ,e ) , J (e ,e ) = /  é r f e i r 1"  > * = — Г 2"  (70)

П -C lwhere a = a + a, + a. + \, . and В = a_/aВ p I 2 N A B o
r o o

The geometrical cross section (1-C)/(NqJIo) is actually replaced by 
(ap + Oj + a2) P¿/(1-PQ), calculated in the absence of resonances, which 
allows approximately for the non flatness of the group flux, Eq. (59).
Finally the resonance integral of Eq. (70) is averaged over the distri
bution of neutron widths and "summed" over the ЛЕ̂ /̂D resonances occurring 
in the group i. (D is the average spacing between resonances).

» -u/2 а_Г
I. = i  / dE/ du -Sgï- J(0,ß) , Г = u<r°>Æ (72)
1 U ДЕ. o b n n

i

The integrals are evaluated numerically using a suitable integration mesh, 
and the procedure may be repeated for the separate s or p wave resonance 
sequences.

For each resolved resonance integral in group i, Eqs. (66) and (67), 
or the unresolved resonance integral of each sequence, Eq. (72), the
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resonance absorption probability for the nuclide under consideration is 
given by

Ajç = It 1 - exp{- (I. Vo) / I (q? + n°) ÛV }] (73)
r k n n

The flux $o in group i and the volume V0 containing isotope к are given
in Eq. (53), the slowing down density q? in subregion n is given by Eq. (46),
П? is the corresponding expression for Hydrogen, and the summation £
1 n
covers the entire unit cell. The final summation over r covers all resolved
resonances or unresolved sequences in group i and the group resonance escape
probability is

(1 - R.) = П(1 - Z^) (74)

where R^ is the resonance absorption fraction appearing in Eq. (46) for 
the previous group.
Leakage

The leakage calculations are again based on the transport equation 
Eq. (1) with the Fourier Transform treatment of Eqs. (22-27), after homo
genising the epithermal cross sections using the fluxes obtained from
Eq. (40). The lethargy variable is used throughout. The source of 
moment zero of Eqs. (24 and (25) is now replaced by the average fission 
source x in group i and an average slowing down source ш into i due to 
inelastic scattering. The contribution due to elastic scattering is 
£s(u)<t>(u)-dn/du - dq/du where n and q are the slowing down densities due

to Hydrogen and heavier isotopes. The latter satisfies the Groeling-Goertzel 
equation given in Eq. (45) and applied to the mixture of nuclides. The quan
tity n satisfies the corresponding exact differential equation (Selengut-

pj
Goertzel) with the Hydrogen scattering cross section Eg and £=A=1. The 
first moment of the elastic slowing down source is denoted by p for Hydrogen 
and satisfies an exact differential equation, while the spproximate Egj(u) J(u) 
is used for the other materials with combined first moment of the scattering 
cross section Zgi(u). Introducing all these effects into Eq. (25) with 
F = Fq and J = -Fj in group i, the MUFT equations (10) are obtained after 
rearrangement in the B-l approximation.
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(77)

(78)

(79)

Here

a2 (tan'^aj/a 
3 [1 - (tan'^aj/a]

a £

ït
(80)

with tan *a replaced by 0.5 Лп[ (1+a)/(1-a) ] when B2<o. The (P-l) appro
ximation, analogous to Eq. (24) at thermal energies, is identical to

standard ag’e approximation results and omission of dp/du leads the basic 
Selengut-Goertzel method for Hydrogen. The resonance absorption rate is E.

The solution of Eqs. (75-80) is obtained after their integration 
over the energy group. Average group fluxes, currents and cross sections 
are used for this integration. The values of the slowing down densities 
are nQ» 40 and pQ at the low lethargy and n, q and p at the high lethargy. 
The integrated resonance absorption rate is

where R is the sum of the absorption fractions A^ of Eq. (73) for all 
resonance isotopes k. The five integrated equations resulting from 
Eqs. (75-79) have five unknowns in each group, nQ, qQ and pQ being known 
from the calculations in the previous group.
Few Group Parameters and Multiplication Factor

The 54 MUFT groups are ultimately combined into three broad groups, 
the first above 0.86 MeV, where fast fission is significant, the second 
covering the intermediate energies down to 5.5 keV and the third inclu
ding the principal resonance absorption down to thermal energies. The 
thermal groups combined into one form the fourth broad group. For the 
three epithermal groups the quantities calculated are vE^, D
and Er. The three first cross sections are defined so that reaction 
rates are preserved

Eqs. (75-79) with у replaced by unity. If A is replaced by zero the

f  Edu = (nQ + q )R (81)

x У (E ) F. Ди./[У F. Ди. ]
h x 'i  i i' ^  i
i 1 i

(82)
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where F^ is the average flux obtained for group i in the previous MUFT 
calculations for the homogenised cell from Eqs. (75-79), and the summa
tion covers all fine groups in a broad group. The diffusion constant 
is obtained from

D = i  I J. Au./[I F. Ли.] (83)B h i i ‘i i i

Finally for the first broad group the removal cross section - down 
scattering into the next group - is defined to be consistent with

(Z + Z„ + DB2) [У F. Ди.] = [У x- Au. ] = С1 a R ]L" i i i f i î j (84)
i ‘ i

while for the other two groups (ZR) [£ F^ Ди^] for the previous group is 
added to the integrated fission spectrum of Eq. (84),

The final four group data are used to obtain к к and В2,6 r eff’ » m’
the material buckling, by rewriting the broad group equations in the 
form

(Za + ZR + DB2) = Cj + (ZR*)i г , I = 1,2,3,4 (85)

where the last term is omitted for 1=1, and also Сц=о. For .tthe input 
buckling the fluxes calculated from Eq. (85) are clearly the same as 
the broad group fluxed [£ Ди^] of Eq. (84). Multiplying them by the 
broad group values of ( v ^ j  the multiplication constant is obtained

к ^  - C,[M,+P,M +P P M +P P P M, ] + С [M +P M +P P M ] + С [M +P M ]eff 1L 1 1 2 1 2 3 1 2 3 2l 2 2 3 2 3 >♦ 3 3 3 4
(86)

where

Mj = [vZ£/ (Z a + ZR + DB2) ] ̂  , Pj - [ZR/(Z a ♦ ZR ♦ DB2) ] i , (ZR)^ = 0

(87)
With B2=o in Eq. (87) the value of kœ results from Eq. (86), while for 
B2=B2 the eigenvalue kg££ = 1.

As in the case of the calculations at thermal energies the fluxes 
obtained from the integrated form of Eqs. (75-79) for the homogenised 
cell, and those from Eq. (40) for the infinite lattice may be combined 
as in Eq. (30) to give the leakage corrected flux throughout the unit
cell of the lattice in all epithermal groups i.
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ENDF/B-II Multigroup Cross Section Libraries 

Thermal Library

The thermal cross section library for the isotopes encountered in the 
water moderated lattices was obtained by group averaging the values of 
a , and a ■ The slowing down source was obtained in accordance with
eJ. (18).

The U-238 capture cross section in ENDF/B-II is given in considerably 
greater detail than in the first version of the data, and is slightly 
lower below 0.2 eV. The 2200 m/sec value is 2.72 b compared with 2.75 b 
previously. At energies above 0.2 eV the second version of ENDF has very 
slightly increased ac- For U-235 the value of v at thermal energies is 
2.423 compared with 2.43 previously. All the data for U-235 below 1 eV 
are given as smooth cross sections, whereas they were a combination of 
resonance and smooth data in ENDF/B-I. The 2200 m/sec values of and 
ac are 580.2 and 98.3 b respectively, so that a = 0.1694 at that energy.

In the first version of ENDF/B the value of a was constant up to 
nearly 0.1 eV, above which the effect of the resonance at 0.29 eV 
becomes noticable. In ENDF/B-II a is lower by about 2 percent at 
0.0253 eV and varies very slightly at energies below 0.1 eV.

The capture cross sections of the moderator isotopes are 0.332 b
-4 -4for Hydrogen, 5.1 x 10 b for Deuterium, and 1.4 x 10 b for Oxygen

at 2200 m/sec, the latter value having been ignored in ENDF/B-I. For these
nuclides and the cladding materials, Aluminium and the constituents of
stainless steel, the appropriate thermal group averages of ac were used
from ENDF/B-II. Thermal scattering kernels, Eqs. (16) and (17), were
obtained with the FLANGE code [7] for H and D in light and heavy water
respectively. They were based on the Haywood [13] scattering function
S(a,ß,T). For Oxygen and Aluminium gas kernels were used, while other
materials were treated as heavy scatterers.

The overall effect of the changes between the first two versions of 
ENDF/B on the thermal lattice parameters was very small. In a typical 
D20 moderated lattice with 1.0 cm radius U-metal rods and 7.0 cm pitch 
the one thermal group value of n changed from 1.3054 to 1.3038 when 
comparing ENDF/B-I and II. Similarity f changed from 0.9732 to 0.9727, 
so that nf and consequently the multiplication factor was reduced by 
0.2 percent. It should be pointed out also that the inclusion of a
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scattering ring outside the cylindrised unit lattice cell for the spec
trum calculations produced a negligible effect on nf (less than 0.1 
percent) even for very tight light water moderated slightly enriched 
Uranium lattices and a large rod diameter.

Epithermal Library

The differences of format [14] of the nuclear data in ENDF/B-I and
II necessitated considerable modifications of the ETOM code [15] which 
produces the multigroup cross sections for the epithermal calculations. 
The modified code [16] can convert p wave resolved resonances, or all 
resonances of structural materials, to smooth cross sections; it can 
handle energy-dependent unresolved resonance parameters and convert these 
to smooth cross sections for all resonance sequences or for the non-s 
wave resonances only; and finally it can deal with the inelastic scatte
ring cross sections for excitation of discrete levels and the continuum, 
as given in ENDF/B-II File 3, instead of the secondary neutron energy 
distributions given in ENDF/B-I File 5.

The library data for the materials encountered in the lattices 
studied were obtained for the 54 MUFT groups using a l/E weighting func
tion joined to a fission spectrum at 68 keV.

For U-238 the nuclear data are given as smooth cross sections below 
5 eV in both the first two versions of ENDF/B. This energy is suffi
ciently close to the large resonance at 6.67 eV to be still within the 
range of the detailed resonance integral calculations of Eq. (66). 
Consequently the resolved energy range must be extended effectively 
somewhat below 5 eV in order to ensure that shielding effects are pro
perly accounted for in the case of the most important resonance. It 
should be mentioned also that the wing corrections, Eq. (67), remove 
the entire l/v effect of the resolved resonances above the thermal 
cutoff E£ from the capture resonance integral. The corresponding 
average group cross section for a l/E flux must therefore be added to 
the smooth capture cross section in each epithermal group. This correc
tion is based on a =2.51 bams at 0.0253 eV, which is the combined с ’
2200 m/sec cross section of all resonances listed in ENDF/B-II obtained 
with the Breit-Wigner formula. In ENDF-I these smooth capture group 
cross sections were based on the actual a = 2.73 bams at 2200 m/sec, 
since in this compilation (contrary to ENDF/B-II) a resonance with peak 
at negative energies was included. In addition to the l/v effect,
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smooth corrections to the resonance capture cross section are given in 
the second version of the data and not in the first. ENDF/B-I contains 
also smooth cross sections in place of the p wave resonances in the 
resolved resonance range, while in ENDF/B-II the p wave resolved reso
nance parameters themselves appear. As the latter are weak they were 
converted to smooth cross sections with the modified ETOM code [16].
The various effects at the energies of the resolved resonances are 
summarised in Table I. The contribution of the l/v tail is clearly 
considerable in situations in which the effective resonance integral is 
only of the order of 10 bams. In addition these capture integrals, 
treated as unshielded, are larger in the second version of the nuclear 
data.

T A B L E  I. C A P T U R E  IN T E G R A L S  (B A R N S) O F  238U  B E T W E E N  5 A N D  

3920 eV .

ENDF/B-I E N D F/B-II

l/v tail of oc 1.08 1.00
Smooth file 3 corrections - 0.57
Resolved p-wave resonances 0.40 0.26

Total 1.48 1.83

In the unresolved energy region energy dependent parameters are 
given for U-238 for both the s and the p wave sequences in ENDF/B-II.
The smooth corrections are very small. In Table II the approximate para
meters are shown (ignoring their small energy dependence in ENDF/B-II), as 
well as the unshielded capture integrals and the shielded values for a 
lattice of 1.0 cm radius natural Uranium rods in D20 at 7 cm pitch. The 
shielding effect is clearly significant. The unresolved resonance integral 
for p wave resonances exceeds that for the s wave sequence. Consequently 
in the U-238 epithermal library the unresolved p wave resonance parameters 
were included so that these were treated as in the case of the s waves by
Eq. (72) to obtain the resonance integral.

For U-235 the same resolved resonance parameters appear in both the
first two versions of the ENDF/B data. On the other hand instead of

-3starting at 10 eV, the unresolved resonance region starts only at 1 eV 
in ENDF/B-II, all cross sections being smooth data below this energy.
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T A B L E  II. A P P R O X I M A T E  U N R E S O L V E D  R E S O N A N C E  P A R A M E T E R S  

(eV) A N D  C A P T U R E  IN T E G R A L S  (B A R N S) F O R  238U

ENDF/B-I ENDF/B-II

D 18.5 20.1
1 = 0, J  = I r °n 0.00174 0.00182

Г
Y 0.0246 0.0235

D 18.5 20.1
i  = 1, J  = \ Г°n 0.00292 0.0040

Г
Y 0.0246 0.0235

D 9.25 11.0
г = l ,  J  = f Г°n 0.00146 0.0022

Г
Y 0.0246 0.0235

s-wave Unshielded 1.26 1.10
capture
in te g ra l Shielded 0.52 0.45
p-wave Unshielded 1.00 1,43
capture
in te g ra l Shielded 0.96

*F o r  a la t t i c e  o f 1 cm rad ius natural U rods in  D̂ O at 8 cm p itch .

The second version contains s and p wave energy dependent unresolved 
resonance parameters from 64.5 eV to 24.8 keV which were converted to 
smooth cross sections by the ETOM code using a procedure essentially 
equivalent to Eq. (72), but averaging over the distribution of fission 
widths as well and allowing for a flux depression factor [15]. These 
conversions were made at infinite dilution.

For both U-235 and U-238 the scattering cross section in the groups 
at resonance energies was replaced by ap(=4TrR2). This is consistent with 
the resonance treatment described and also for comparison with Monte Carlo 
calculations [3] in which the resonance integrals are derived from the 
resonance reaction rates using the background value of ag for all nuclides.

The resonances of the constituents of the stainless steel cladding 
were all converted to smooth cross sections and for these nuclides, for 
which no shielded capture integral calculations are made, the group 
average resonance ag was included in the cross section library.
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As regards the moderator nuclides it should be mentioned that a f o r

Deuterium in ENDF/B-II is 3.35 bams below about 10 keV compared with the

value of 3.182 barns in the previous version. The higher value is consistent

with the neutron age values in D2O [3].

Xn ENDF/B-III the resolved resonance data for U-235 have been somewhat 

extended, and for U-238 the unresolved resonance parameters modified so as

to reduce the resonance integrals slightly.

Comparisons Between the HAMMER Lattice Analysis and Monte Carlo Calculations

Three principal areas have been selected for the comparison of para

meters obtained by the HAMMER lattice analysis code and Monte Carlo calcu

lations. The statistical estimates were obtained with programs utilising 

the same basic nuclear data and treating the exact lattice geometry.

The first aspect dealt with relates to the calculation' of resonance

integrals. The values based on the Nordheim treatment, which is made use 

of in the HAMMER code in the manner described previously, are overestimates 

resulting from an individual resonance treatment. It is assumed that the 

flux recovers completely between resonances so that the absorption integral 

can be obtained from the collision density calculated by numerical inte

gration of its integral equation and taking its asymptotic form above the 

resonance to be that which would apply in the absence of absorption. This 

assumption is particularly severe for U-235 with its small resonance spacing. 

In addition the flux depression due to one resonance at the peak of a 

resonance of another sequence, or another nuclide, is completely ignored, 

an effect which is again quite significant for U-235. As regards the U-238 

resonance wing corrections these are evaluated in the absence of flux 

depression and temperature dependence of the cross sections. At any one 

neutron energy these effects are quite small, but the integrals are extended 

to infinity and to thermal cut-off. For reasons of convenience most of the 

wing contribution is subtracted from the calculated resonance integral as a 

1/v term and added again as a smooth absorption cross section which, as 

shown in Table I has a considerable capture integral. Its magnitude is a 

measure of that part of the resonance integral which is unshielded in the 

Nordheim treatment.

The Monte Carlo calculations have been reported previously [13], [17] and 

were made for ENDF/B-1 data. In the code the resonance cross sections at 

each neutron energy are calculated exactly from the ENDF resonance para
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meters and the smooth point cross section data as appropriate. At the 

energies where the resonances are unresolved an individual resonance ladder 

is generated for each neutron history and for each of the relevant resonance 

sequences. The comparisons with the Nordheim calculations are made after 

reducing the Monte Carlo values by all the smooth capture integrals in the 

MUFT groups which are treated as unshielded cross sections in the HAMMER 

program. Consequently corresponding quantities are compared, which are in 

fact the total capture integrals of the U-238 resolved resonances and the 

unresolved s wave resonance sequence but excluding the l/v effect of the

T A B L E  III. COMPARISON O F  HAMMER L A T T IC E  ANALYSIS AND 
M O N T E -C A R L O  CALCULATION S FOR B N L  SLIGHTLY ENRICHED  
URANIUM M E T A L  -  H20  HEXAGONAL L A T T IC E S

Rod Diameter (inch) 0 .25 0 .60 0.25 0 .60

Volume Ratio 1 .5 1.5 3 .0 3 0

HAMMER M.C. HAMMER M.C. HAMMER M.C. HAMMER M.C.

F -  28* .0488 .0416 
( t  .0010)

.0519 .0448 
( ± .0013)

.0340 .0300 
( ± .0010)

.0372 .0333 
( ± .0014)

n - 28 .0040 
( ± .0009)

.0049 
( ± .0008)

.0052 
(t  .0009)

.0058
{ ± .0013)

F - 25 .0426 .041 2 
( ± .0006)

.0523 .0516 
(±  .0008)

.0255 .0252 
<± .0005)

.0309 .0310 
( ± .0009)

С -  28 .282 .253 
(± .004)

.249 .221

(± .003)
.166 .167

(± .004)
.149 .142 

(±  ,004)

С - 25 .0201 .0193 
( ± .0004)

.0240 .0235 
( ± .0004)

.01 21 .0119 
( ± .0003)

.0142 .0142 
( t .0005)

Ri .690 .686 

( t .007)
.687 .670

(± .007)
.709 .700

( ± .007)
.705 .682 

( *  .009)

»2 .879 .885 
( ± .002)

.875 .877 
(±  .002)

.918 .925 
( ± .002)

.920 .922 
( ± .002)

Age (cm2) 34.6 33.5 
± 0 .7

29.3 28. 5 
±0 .5

30.5 29.9
± 0 .7

27.4 26.6
±0.8

All reaction rates refer to one fission  neutron injccted into the unit ce ll o f  the la ttice 
F epithernal fission  rate Äj slowing down rate past 0.82 Mev
n (n,2n) reaction rate Rj slowing down rate past 5.S Kev
C epitheraal capture rate Age from fission  to 0,625 ev
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resonances themselves in a l/E flux. The unresolved p wave sequences were 

treated as unshielded in the original ENDF/B-I calculations [3]. It was 

found that the resolved resonance integrals of U-238 agreed in the first 

two versions of ENDF/B and small differences in the unresolved s wave 

contributions could be allowed for. Monte Carlo calculations [17] were 

therefore only made for lattices which had not been studied before. The 

statistical uncertainties of the effective resonance integral were of the 

order of 1 to 2 percent for U-238 and three to four times larger for the 

resolved resonances of U-235 (below 65 eV). Table VIII compares the 

values of the absorption integrals for both isotopes as made with the 

Nordheim and Monte Carlo procedures for the lattices referred to in Tables 

IV to VII. The former values were multiplied by appropriate factors to 

reduce them to the latter in the results reported for all the lattices in 

these tables (IV to VII). It should however be borne in mind that the 

correction factors for the resonance integrals are uncertain by the statis

tical errors of the Monte Carlo values, which affect both the resonance 

escape probability and the contribution to due to resonance fission

in U-235.

The second area treated by a Monte Carlo code was the thermal spec

trum [18] in a periodic lattice of infinite extent. Comparisons with 

THERMOS were made for the thermal parameters including <r2>, the mean 

square distance between the point of injection of the thermal neutron into 

the lattice and its subsequent absorption. The Monte Carlo program made 

use of the same scattering kernels Eq. (17) and other thermal nuclear data 

as the spectrum calculations based on integral transport theory which have 

been described before. The use of a thirty group thermal cross section 

set for the Monte Carlo calculations instead of point cross section values 

is a limitation which was necessitated by the difficulties arising from the 

use of the scattering function S(a,8,T) itself, Eq. (16), for the random 

choice of the scattering angle and neutron energy after scattering.

However a six term Legendre expansion of the scattering function, obtained 

with the FLANGE code [7], was used in the stochastic calculations. The 

lattices studied [18] were heavy water moderated systems in which thermal 

diffusion area considerably exceeds that at epithermal energies. The 

results showed good agreement of all thermal parameters with the values 

obtained by THERMOS, except in the case of L which was a few percent lower

in the Monte Carlo runs. The effect on к amounted to an increase of
erf

0.5 percent for natural Uranium rods of 1.5 cm radius in D.,0 near the 

maximum of the curve of buckling against pitch. At larger rod sizes and



T A B L E  I V .  W Ü R E N L I N G E N  N A T U R A L  U  -  D 20  S Q U A R E  L A T T I C E S  ( 1 . 0 - c m  F U E L  R O D  R A D I U S ,
0 .  0 2 5  c m  A I R  G A P ,  0 .  0 7 5  c m  A L U M I N I U M  C L A D D I N G )

Pitch (cm) 

Cio6 B2 cm"2)*

d2o % Га

Group 1 

(kj)

D £a

Croup 2

vZf  rR

Ck2)

D £a

Group 3

er

ttj)

D Ea

Group 4

c*4)

D

Total

ke ff

8.0 99.70 .00382 .00802 .0874 1 .94 .00097 .00011 .0349 1 .16 .00324 .00092 .0166 1 .20 .00903 .01159 .827
(780) I .0651) (.0028) (.0402) (.8692) .9773

9.0 99.62 .00369 .00768 .0874 1 .94 .00080 .00009 .0354 1 .16 .00257 .00073 .0172 1 .21 .00724 .009 27 .818
(835) (.0624) (.0023) ( .0320) (.8826) .9793

10.0 99.74 .00360 .00746 .0873 1 .95 .00069 .00008 .0356 1 .17 .00208 .00059 .0174 1 . 22 .00590 .00755 .817
(840) (.0607) (.0020) (.0263) (8914) .9804

12.0 99.74 .00350 .00720 .0872 1 .96 .00054 .0U006 .0360 1.18 .00145 .00041 .0180 1 .23 .00414 .00527 .810
(757) (.0588) (.0016) (.0187) ( .9054) .9845

14.0 99.74 .00345 .00707 .0872 1 .96 .00046 .00006 .0363 1 .18 .00107 .00030 .0184 1 .23 .00306 .00387 .806
(647) (.0579) (.0014) (.0140) ( .9139) .9872

16.0 99.49 .00342 .00700 .0871 1 .97 .00041 .00005 .0369 1.18 .00083 .00023 .0189 1 . 23 .00239 .00295 .794
(506) (.0575) (.0013) (.0108) ( .9193) .9889

Comparison with ENDF/B-1

Pitch (cm) 8.0 10.0 12.0 14.0 16.0
ke ff  (ENDF/B-1) .9814 .9840 .9873 .9893 .9888

ke ff  (ENDF/B-H) .9773 .9804 .9845 .9872 .9889



T A B L E  V .  B N L  1 .  0 3 %  E N R I C H E D  U -H ^ O  H E X A G O N A L  L A T T I C E S  ( 0 .  2 5  i n .  F U E L  R O D  D I A M E T E R ,
0 .  0 0 2  i n .  A I R  G A P ,  0 .  0 3 1  i n .  A L U M I N I U M  C L A D D I N G )

Volume
Ratio

(10* B2 cm’ 2) I a

Grotzp 1

vEf  er 

(kj)

D

Group 2 

v lf

(k2)

*R D £a

Group 3 

(k3)

er D Сa

Group 4 

VEf 

f*4)

D

Total

к ** efr

1 .5 .00768 .01756 .0870 1 .85 .00462 .00071 071 2 .997 .03002 .00932 0600 .757 .09504 .12574 .303
(1 214) (.1 3 6 3 ) (.0 0 8 5 ) (.0 8 7 5 ) (.7 4 1 6 ) .9739

2.0 .00682 .01556 .0898 1 .87 .00404 .00062 081 5 1 .00 .02747 .00816 . 071 4 .731 .08800 .11384 . 270
(1995) ( . 1166) (.0 0 6 5 ) (.0 6 9 7 ) ( .7 8 4 6 ) .9774

3.0 .00562 .01272 .0933 1 .90 .00322 .00049 0955 1 .02 .02299 .00655 . 0875 .698 .07617 .09409 .233
(2515) ( .0923) (.0 0 4 4 ) ( .0 5 0 9 ) (.8 3 3 2 ) .9808

4 .0 .00483 .01085 .0953 1 .93 .00266 .00040 1046 1 .03 .01951 .00547 . 0983 .679 .06730 .07939 .21 3
(2207) (.0 7 8 2 ) (.0 0 3 4 ) (.0 4 0 9 ) (.8 6 1 5 ) .9840



T A B L E  VI. HARW ELL 0. 928% ENRICHED U-HjO SQUARE L A T T IC E S  (1.20 in. D IA M ETER , 0. 0075 in. 
AIR G A P, 0. 020 in. ALUMINIUM CLADDING)

Volume
ratio

(IO6 B2 cm'2)
ra

Group

v if  IR 

(kj)

D £a

Group 2 

v lf er D Ea

Group 3 

vrf  

(k3)
ZR D

Group 4 

v£f
( V

D

Total

ke f f

0 . 590 .01309 .03001 .0929 1 .65 .00772 .00117 .0500 .905 .03391 .01261 0406 ,687 .11902 .15831 .333
(-1020 ) (.2 1 6 4 ) (.0 1 8 9 ) (.1 3 8 1 ) ( .5926) .9660

0.896 .01158 .02671 .0956 1 .68 .00661 .00100 .0635 .919 .03010 .011 2 . 0561 .672 . 1 0560 . 1 3689 . 281
(1110) ( .1842) ( .0127) ( .1036) ( .6756) .9761

1 .402 .00985 .02274 .0980 1 .72 .00545 .00082 .0785 .938 .02546 .00932 . 0741 .656 .08656 .10669 .235
(2410) (.1 5 2 8 ) (.0 0 8 6 ) (.0 7 6 0 ) (.7 4 0 0 ) .9774

1 .931 .00866 .01996 .0992 1 .76 .00468 .00069 .0887 .954 .02205 .00798 0869 .645 .07233 .08418 .210

(2190) ( .1344) (.0 0 6 6 ) (.0 6 1 5 ) ( .7749) .9774
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T A B L E  V I I .  U 0 2 -  H 20  S Q U A R E  L A T T I C E S

Volume
Ratio

106 B2 cm"2)

Group 1

ra vZf h  D 
(kj)

Group 2 

Г, v£f Er D 

(k2)

Group 3

Ja rR D 
(k3)

Group 4 

Га vlf D

Ck4)
Total
к ,, eff

В 6 W*

0.959 .00555 .01219 .0776 1.82 .00368 .00176 .0662 .977 .03366 .02290 .0531 .691 .15372 .25613 .314 .9746

(7900) (.0941) (.0192) (.1793 (.6820)

В 5 W*

1.139 .00519 .01136 .0798 1.82 .00340 .00163 .0722 .981 .03159 .02127 .0600 .683 .14688 .24314 .294 .9797

(8824) (.0846) (.01621 (.1572) (.7217)

WINF** .00584 .01287 .0793 1.81 .00370 .00142 .0676 .963 .03222 .01868 .0551 .692 .13611 .22060 .309 .9866

1.001 (.0997) (.0157) (.1527) (.7185)

(6600)

* Babcock 5 Wilcox 4.02% enriched UO^ lattices (0.444 inch diameter rod, 0.016 inch stainless steel cladding)

** Winfrith 3.003% enriched UÔ lattices (1.0119 cm diameter rod,0.0136 cm air Rap, 0.0267 cm stainless steel cladding)
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T A B L E  VIII. RESONANCE INTEGRALS* FOR THE L A TT IC E S OF  
T A B L ES IV TO VII, AS OBTAINED B Y  THE HAMMER CODE (R) AND 
A F T E R  CORRECTION IN ACCORDANCE WITH THE M O N T E -C A R L O  
ESTIM ATES R '

Lattice

Rod

Rod Diameter

Pitch (cm) 

or

Volume Ratio

U-2 3S 

R R'

U-238

R R’

WUrenlingen 2 .0 cm 8.0 cm 216.8 188.8 10.63 9 .6.6

U-metal 9.0 an 21 7 .1 1 89 .1 10.69 9.69

10.0 - 16.0 cm 217.3 1 89 . 3 10.71 9.71

BNL 0.25" 1 . 5 226.6 207.8 1 4.00 1 3.22

U-metal 2.0 230.0 21 3.0 14.75 14.25

3.0 233. 5 221 .3 15.65 15.38

4.0 235.2 227.0 16.14 15.85

Harwell 1 . 20" 0. 590 185.5 146.6 8.35 7.39

U-metal 0.896 191.5 1 58 .0 8.74 7.86

1 .402 195.2 173.8 8.99 8.45

1.931 196.7 1 86 . 8 9.09 8.94

U § W 0.444" 0. 571 212.2 200.1 17.44 1 6 . 50

uo2 0. 595 214.4 202 . 2 17.90 16.93

Winfrith 1.012 cm 1 .00 218.5 206.0 17.16 16.23

uo2
....

* Resolved resonances, and unresolved s and p wave sequences; not including 
l/v capture integral in l/E flux for U-238.

larger values of the pitch the increase of kg££ arising from the Monte Carlo 

estimates of L2 was even smaller.

A Monte Carlo program based on the MOCA [19] code was also written to 

treat epithermal effects in accordance with ENDF/B-II specifications of 

the cross sections. Neutrons were injected into the periodic lattice at
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random energies corresponding to the simple fission spectrum 

[4Е/(тг03) ] 1/,2exp (-E/0) for neutrons from thermal fissions. The scattering 

was treated taking the full anisotropy as given in File 4 of the data into 

account. The procedure adopted to select the random cosine yc of the 

scattering angle in centre of mass coordinates from the Legendre moments 

f^(E) of the angular distribution р(ус,Е), was the same as that used at 

thermal energies. In fact uc is the solution of

where r is a random number selected in the range (0,1) from- a uniform

random number generator in (0,1) and fj^E) = / p(yc,E) P{ (yc)dyc are the

tabulated moments truncated at 1=L. The choice of u and a random
с

azimuth angle lead to the neutron energy after scattering and its new 

direction. For inelastic scattering the angular distribution is iso

tropic in the centre of mass system and from the Q values of the levels 

excited, as specified with the cross section data the energy of the 

scattered neutron is found from

E' = E[(A2 + 1) + 2A yl - M í | í l l  ус]/(А+1)2 - |q |a/(A+1) (89)

where uc is chosen from a uniform distribution in (-1, 1). When the 

evaporation model is appropriate E' is selected from the distribution 

E ' / [ Q ( E )]2 exp [-E1 /0(E) ] , 0<E'<E-U where 0(E) and U are given in the 

nuclear data.

The output of the code was prepared in accordance with that of the 

HAMMER code, reaction rates being given in three broad epithermal groups 

with lower energies at 0.82 MeV, 5.5 keV and 0.625 eV, as well as for 

the entire epithermal range of energies. In Table III comparisons are 

shown for some BNL slightly enriched lattices of Uranium metal rods in 

H2O. For the rods of 0.25" diameter the enrichment was 1.03 percent, 

and the Aluminium cladding thickness 0.033" including a 0.002" air gap.

For the rods of 0.60" diameters the corresponding data were 1.30 per

cent, 0.033" and 0.005", respectively. The Table lists fission and 

capture rates in U-238 and U-235 per fission neutron injected into the 

unit cell for the entire epithermal energy range. Probable errors on 

the fifty percent level are also shown. The values listed for the
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corresponding runs with the HAMMER analysis code also refer to ENDF/B-II 

data. Here the U-238 fission rate includes the effect of the n-2n 

cross section at high energies which is given separately in the Monte 

Carlo calculations although statistical uncertainties are quite consi

derable. The resonance absorption rates are included in the Monte Carlo 

values only approximately; group cross sections, based on the effective 

resonance integrals, replace the actual point values of the resonance 

cross sections in each group of the MUFT structure. Finally removal 

rates past the low energies of the first two broad groups as well as 

the age from fission to thermal energies are given.

The results show reasonable agreement between the two methods of 

calculation allowing for the approximate nature of the resonance treat

ment in the Monte Carlo code. There is no significant difference in 

the age. The values of kg££ obtained with the HAMMER code therefore 

account adequately for the leakage in light water moderated systems.

The production rates at high energies may be used to estimate the accu

racy of the integral transport theory calculations where scattering 

anisotropy is significant. In the first lattice for example the lower 

production rate in U-238 (by fission and the n-2n reaction) as obtained 

by the Monte Carlo values suggests a slightly softer spectrum, but the 

statistical accuracy is not sufficient to draw precise conclusions.

In general the comparisons with Monte Carlo calculations did not 

reveal any considerable inaccuracies in the lattice analysis code 

except in the case of resonance capture where appropriate corrections 

were made (Table VIII).

Lattices Studied With the HAMMER Code

In Tables IV to VII detailed results are given of a number of 

heavy and light water moderated lattices analysed with the HAMMER code 

using corrected resonance integrals and ENDF/B-II data. The four groups 

refer to the energies of the fast fission of U-238 above 0.82 MeV, the 

intermediate region between 0.82 MeV and 5.5 keV, the energies of the 

U-238 resolved resonances down to 0.625 eV, and the thermal group. The 

cross sections listed in each group are the ones obtained after unit 

cell averaging in the absence of leakage for each of the 54 epithermal 

and 29 thermal groups, and subsequent group collapse after the leakage 

flux in the homogenised system has been calculated. The values of



IAEA-SM-170/8 183

ke£f) Eq. (86), refer to the experimental bucklings listed. All the 

calculations are made in accordance with the methods discussed in this 

paper and the resonance integrals were corrected to those obtained by 

the Monte Carlo calculations as given in Table VIII.

Table IV gives the results of a set of WUrenlingen Natural Uranium 

D20 moderated lattices [1]. They are well moderated systems with about 

90 percent thermal fissions. In Table V BNL light water moderated 

slightly enriched U-metal lattices with thin rods are analysed [2]. The 

Harwell lattices [2] of Table VI have a considerably larger rod diameter 
and go down to extremely low values of the water to metal volume ratio, 

systems in which there are about 40 percent of epithermal fissions. 

Finally some 3 to 4 percent enriched U02 lattices [2] are given in Table 

VII with 25 to 30 percent epithermal fissions.

The values of к „  for all the metal lattices described were about 
err

2 percent less than unity. For the systems of Table IV and V, which had 

previously been treated with ENDF/B-I data [3], this is consistent with 

the previous results and the details given regarding the capture cross 

section of U-238. At epithermal energies the capture integral is 

rather larger for the ENDF/B-II compilation. There are uncertainties in 

the final results because of the statistical errors of the Monte Carlo 

calculations which were used to obtain the corrected effective resonance 

integrals. However even allowing for errors of about 1 percent in the 

U-238 and 3 percent in the U-235 resonance integrals the general charac

teristics of the results obtained remain unaltered. The greatest 

deviation from unity is for the tightest lattices with very high contri

butions to kg££ from epithermal fissions.

Similar trends were found for the U02 water moderated lattices.

The kg££ values were low by about the same percentage as in the case of 

the U metal/H20 lattices.

Conclusion

A number of clean U-metal and UC>2 fueled thermal reactor lattices 

have been analysed with the HAMMER code to investigate the adequacy of 

the methods of analysis and nuclear data used. The principal area of 

difficulty is still that of the resonance absorption both as regards the 

calculational procedure and from the point of view of the nuclear data.



184 JABBAWY et al.

Regarding the data the low limit of the U-238 resonance regions at 

5 eV is close to the resonance which accounts for a very large part of 

the resonance capture; a lower limit is desirable for certain codes, 

such as the ones described, which calculate effective resonance inte

grals. The artificial separation of resonance and smooth absorption 

made in the HAMMER analysis leads to certain problems which are absent 

if Monte Carlo calculations are used instead. On the other hand 

statistical uncertainties now appear.

At the energies of the fission spectrum and in the thermal region 

no serious discrepancies between the HAMMER analysis and the Monte 

Carlo calculations were found.

The multiplication factor of the U metal ^ 0  and moderated 

clean lattices was found to about 2 percent less than unity for the 

ENDF/B-II data. Similar results were obtained for UO^ light water 

moderated lattices. Much of the discrepancy appears to be due to the 

U-238 resonance capture calculations and data.
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D I S C U S S I O N

R . A .  BONALUMI: Your main conclusion is that your k eff values 
calculated on the basis of the HAMMER code system are consistently  
below unity; this is also the case for oxide lattices, contrary to the table 
in the paper. I remember using HAMMER a few years ago, in conjunction 
with oxide-fuelled light-water lattices, and the problem there was that 
k eff was generally above unity. A  popular explanation for this (but one 
that I never looked into in detail) was that the 238U resonance absorption 
cross-section was somehow shielded twice in the HAMMER scheme. Do 
you have any comment on this point? The Canadians seem to be using 
HAMMER successfully now, even for D20  lattices.

W. ROTHENSTEIN: I do not think that the 238U resonance absorption 
is shielded twice. The methods adopted in the version of HAMMER used 
by us are fully described in the paper.

W. B. LEWIS: On the question of the use of HAMMER in Canada for 
heavy-water lattices, I can confirm that this has been achieved satis
factorily. However, I wish to state emphatically that this should not be 
taken as a general approval, as many adjustments were necessary.

W. ROTHENSTEIN: I should like to comment that the results presented 
here for E N D F /B -II data have not been subjected to any adjustments. They  
are consistently low in k eff for metal- and oxide-fuelled systems. It should 
be noted that Table VII of the full paper was corrected to eliminate an
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error in our thermal capture cross-sections of the constituents of stain
le ss  steel.

G. CASINI: Do you intend to extend your E N D F /B  data checking to 
homogeneous, hydrogen-containing 235U and 233U systems, where the 
absence of heterogeneity effects provides a basis for direct comparisons  
of number of the nuclear data of interest in light-water systems? I would 
also be interested in knowing whether you intend to extend your analysis  
to plutonium-bearing water systems, both homogeneous and heterogeneous.

W. ROTHENSTEIN: I think such calculations on the homogeneous 
system s referred to by Dr. Casini would certainly be very useful. We do 
intend to study plutonium-fuelled systems.
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Abstract-Résumé

MODERN TRENDS IN ACTIVATION ANALYSIS.
The author reports on two important meetings held at Saclay in October 1972: the Fourth International 

Conference on Modern Trends in Activation Analysis and the International Colloquium o f the CNRS on the 
Activation Analysis o f  Microquantities o f  Elements; he gives a brief survey o f the topics discussed and the 
trends resulting from the meetings.

TENDANCES MODERNES DE L’ ANALYSE PAR ACTIVATION,
L'auteur rend compte de deux importantes réunions qui ont eu lieu à Saclay en octobre 1972: la 

Quatrième Conférence internationale sur les tendances modernes de l'analyse par activation et le  Colloque 
international du CNRS sur l ’ analyse par activation de micro-quantités d'éléments; il passe rapidement en 
revue les thèmes discutés et les tendances qui s'en sont dégagées.

En  octobre 1972 se sont tenues à Saclay deux réunions internationales 
sur l'analyse par activation. L'une était la Quatrième Conférence inter
nationale sur les tendances modernes de l'analyse par activation, et l'autre 
un Colloque international du C N R S  sur l'analyse par activation de micro
quantités d'éléments. Ces deux réunions étaient organisées conjointement 
par le C E A  et le CNRS, sous les présidences des Directeurs du laboratoire 
d'analyse par activation Pierre Sue,

Ces deux réunions ont rassemblé 380 participants. Trente-cinq pays 
étaient représentés et nous avons eu le plaisir de réunir, à côté de déléga
tions très importantes de différents grands laboratoires des Etats-Unis 
d'Amérique et de tous les pays, une délégation particulièrement importante 
de l'URSS puisqu'il y avait 14 participants appartenant à quelques-uns des 
plus grands laboratoires spécialisés en analyse par activation.

Le nombre des scientifiques invités au Colloque international du C N R S  
était de l'ordre de 70 à 100 suivant les sessions. Il est évident que bien 
des scientifiques étaient, selon les journées, intéressés plus ou moins par 
le Colloque ou par les sessions de la Conférence.

Si ce qui caractérisait, d'une façon générale, les thèmes de la Conférence 
était la méthodologie en matière d'analyse par activation, la principale 
particularité du Colloque était de s'intéresser essentiellement à l'analyse 
des traces d'impuretés dans des matériaux de toutes natures, depuis les 
minéraux jusqu'au milieu biologique en passant par les métaux très purs, les 
semi-conducteurs et m ê m e  des échantillons lunaires comparés à des 
échantillons terrestres. Ce qui caractérisait également les travaux du 
Colloque était que les études discutées concernaient les difficultés rencon
trées et les solutions choisies pour résoudre des problèmes concrets dans 
le domaine du dosage de micro-quantités d'éléments.

189
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Je ferai une mention particulière de quelques conférences et communi
cations. Au  cours de la première session c o m m u n e  au Colloque et à la 
Conférence, M. Meinke, Chef de la Division de chimie analytique du National 
Bureau of Standards, nous a bien montré les objectifs à atteindre pour 
l'analyse par activation:

a) Développer davantage la méthode sous tous ses aspects sur des 
échantillons réels pour la solution de problèmes scientifiques et techniques.

b) Améliorer avant tout la précision des dosages (à ce point de vue 
le Dr Brunninx, des laboratoires Philips, nous a donné un bel exemple 
de réussite).

c) Grâce à son exactitude et en tenant compte de la précision alors 
obtenue et des prix des analyses, rechercher les applications spécifiques 
de cette méthode sous ses différentes formes.

Dès la Conférence du Dr  Amsel, nous s o m m e s  entrés dans le vif du 
sujet avec les magnifiques exemples d'applications en physique et chimie 
que nous a décrits ce spécialiste des méthodes des réactions nucléaires 
ou de rétrodiffusion. Il s'agit de développements nouveaux pour l'analyse 
de techniques nucléaires qui consistent à mesurer les rayonnements émis 
pendant l'irradiation des échantillons par des particules chargées (p, d, a, 3He). 
Par exemple: dosage de l'oxygène-18 par détection quantitative des a émis 
par les réactions 180(p,a)15N. Il est ainsi possible de doser dans des couches 
minces des quantités de 1СГ12 g d'oxygène par c m 2 de cible avec une résolu
tion en épaisseur de 150 à 1000 A.

Dans le domaine des études sur la radiochimie et les analyses de 
métaux, de très grands progrès ont été faits depuis 4 ans, et ceci aussi 
bien en chimie qu'en détection, par l'amélioration et la généralisation de 
l'emploi de bons détecteurs à cristaux Ge-Li; c'est une des importantes 
conclusions de ces journées. Un  autre aspect des sessions de ces journées, 
c'est la preuve éclatante du développement de l'emploi des activations par 
photons 7 et particules chargées pour doser les traces d'éléments légers 
dans les métaux purs.

Ces méthodes ont maintenant établi qu'il est possible de préparer des 
métaux à moins de 1 et m ê m e  0, 5 p p m  de carbone et d'oxygène. Des 
exemples concrets ont montré les possibilités très intéressantes des 
particules de 11 M e V  c o m m e  alternative à l'activation neutronique; cette 
activation protonique connaîtra certainement un très grand développement 
dans les années à venir.

Il faut noter particulièrement le très grand succès des discussions 
conduites par des rapporteurs sur les applications de l'analyse par activation 
aux Sciences de la Terre et à l'étude de l'environnement. Nous devons ces 
succès aux Professeurs Morrison et Winchester que je tiens â remercier 
pour le travail très important qu'ils ont réalisé. Ce succès s'est concrétisé 
par la réunion en session parallèle spéciale d'une table ronde sur les 
échantillons lunaires.

Au cours d'une session, le point a été fait de l'évolution des techniques 
analytiques utilisées pour les échantillons de semi-conducteurs. Il ne 
semble pas que de grands progrès aient été réalisés dans l'analyse des 
éléments légers. Les résultats déjà acquis il y a quelques années ont été 
confirmés et la précision des dosages a été améliorée. De nombreuses 
études des phénomènes d'interférences nucléaires possibles ont été faites 
pour délimiter aussi exactement que possible les risques d'erreurs dans 
l'analyse de certains matériaux (en particulier le silicium). Par contre,
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en activation neutronique, nous remarquerons que des résultats considérables 
ont été obtenus, en particulier par le laboratoire du Professeur Hoste, et il 
semble bien que l'activation neutronique et la spectromêtrie 7 sur cristaux 
de Ge-Li après de judicieuses séparations chimiques doivent s'imposer 
dans un proche avenir pour ces analyses. U  s'agira dans tous les cas 
d'étalonner les méthodes de spectromêtrie de masse ou infrarouge et, parmi 
les plus faibles teneurs en certains éléments, d'assurer les dosages qu'aucune 
autre méthode ne peut réaliser avec certitude.

Les sessions sur l'analyse par activation en biologie ont remporté 
un très grand succès je crois, et nous devons en remercier l'organisateur,
M. Comar. Dans ce domaine en particulier, les m ê m e s  équipes utilisent 
l'analyse par activation et les traceurs radioactifs pour des études de 
métabolisme. Il faut noter une très nette tendance au développement de 
l'utilisation de cyclotrons compacts, aussi bien pour l'activation par toutes 
les particules que pour la production d'isotopes de très grand intérêt pour 
des études en traceurs.

D I S C U S S I O N

R. L. JOLY: Since in your conclusions you go somewhat beyond the
bounds of activation analysis proper and mention analysis by observation of 
fluorescent radiations, might I ask your opinion on another method of 
physical analysis, namely, the observation of neutron resonances by trans
mission of resonance neutrons by the sample under study?

Ph. A L B E R T :  I have no experience of work along these lines but, on the
basis of general principles, I would say that this method is likely to be 
further developed only if it can provide solutions to analytical problems which 
cannot be suitably resolved by other methods. Perhaps Mr. Engelmann has 
some comment.

Ch. E N G E L M A N N :  No paper on analytical applications of this procedure
was presented at the Saclay International Conference on Modern Trends in 
Activation Analysis (2-6 October 1972). It seems to m e  that this is a tech
nique which is certainly elegant in principle but for which the equipment 
requirements are very extensive and difficult to reconcile with the expected 
yields. Moreover, it is by no means certain that the method would be 
suitable for trace analysis.

A.T.G. F E R G U S O N :  Analysis by observations of resonances of 
neutrons in the eV-keV energy range is in fact a method with a great poten
tial for analytical sensitivity. It has been done at Harwell by Moxon for the 
determination of impurities in uranium samples used in nuclear physics 
experiments. The samples in question were comparatively large. In more 
general use, costs would be competitive if the method were carried out on a 
routine basis. The accelerators used for time-of-flight experiments with 
neutrons in this energy range can generally run many experiments simul
taneously, with resulting reduction of costs.

Although some effort has been made to find applications for this tech
nique outside the nuclear field, in many cases it has to compete with other 
methods.

A.H.W. A T E N :  In connection with Professor Albert's remarks in his
oral presentation concerning the use of califormium neutron sources for
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activation analysis, I should like to point out that this method is very power
ful where it is a matter of determining the main components of a solution, 
the induced activity of which components represents the principal contribu
tion to the activity observed. The precision attainable is comparable with 
that reached in the calibration of neutron sources in a manganese bath. At 
the Institut voor Kernphysich Onderzoek, Amsterdam, this method has been 
studied by Dr. Louwrier, who used alpha-beryllium neutron sources; 
however the method will be easier to apply and more powerful when cali
fornium sources can be used.

Ph. A L B E R T :  I fully agree with your views on the prospects for the
future use of californium sources. W e  hope to compare their possibilities 
with those of other neutron sources by trying to delimit the areas of their 
specific or preferred application.

N.M. S P YROU: Further to Dr. Aten's comment, I believe that Pierce 
at Harwell is carrying out such activation measurements using californium-252 
as his source.

I should also like to ask a general question of Professor Albert: do you
foresee the use of activation techniques in large-scale, routine analytical 
programs, for example in regional hospital centres?

Ph. A L B E R T :  Only a dialogue between physicians and specialists in
activation analysis and their methods can provide guidance concerning 
experiments to be carried out in an effort to develop routine analytical 
programs based on activation analysis methods. A  second and even more 
important prerequisite will be the possibility of establishing radiation 
facilities on the spot or near to the user (hospital). Californium-252 sources 
and compact cylotrons represent new and decisive developments in this 
connection. T w o  novel experiments have now been made possible in France 
as a result of the establishment of activation analysis admission and service 
laboratories. These are the P. Sue Laboratory at Saclay (neutron activation 
in reactors) and the Orleans Cyclotron Laboratory, which is located close 
to a regional hospital centre. It should also be mentioned that the long- 
established Frédéric-Joliot Hospital Service at Orsay is now equipped with 
a compact cyclotron.

N.M. SP Y R O U :  If concentration on short-lived isotopes is necessary
to bring about greater use, should we not pay more attention to the technique 
of cyclic activation (i. e. pulsing the source or pulsing the sample)?

Ph. A L B E R T :  This type of analysis probably has more chance of
development in conjunction with compact cyclotrons.

B. K U C H O W I C Z :  It would seem important to mention here the relation
between activation analysis and mass spectroscopy. In general, we are 
accustomed to dealing with terrestrial samples of a constant isotopic c o m 
position in the case of multi-isotope chemical elements. Now, when we are 
embarking upon the analysis of extra-terrestrial samples, we should take 
into account the variability of isotopic composition (known to be a small 
effect where terrestrial samples are concerned). It might be desirable to 
combine, say, mass spectroscopy results with activation analysis, in order 
to avoid false abundance determinations. W e  cannot overlook the fact that 
isotopic abundances are certainly not universal constants.

Ph. A L B E R T :  I fully agree with you. It should be pointed out that
activation analysis is, like mass spectrometry, also an isotopic analysis.
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Abstract

NUCLEAR DATA FOR ACTIVATION ANALYSIS: REQUIREMENTS AND PRESENT STATE OF COMPILATIONS.
A survey o f the need o f nuclear data in solving individual activation-analytical problems is given. 

Criteria such as sensitivity, accuracy, feasibility o f non-destructive analysis and simultaneous determination 
o f several elements permitting the choice o f  an optimum activation technique and experimental parameters 
are discussed and related to the relevant nuclear data. The importance o f nuclear data in the practical 
application of activation analysis for both the absolute and the comparative method as well as for the 
identification of radionuclides and in analytical y-ray spectrometry is also discussed. —A critical picture 
is presented o f  the existing compilations and handbooks with regard to completeness, accuracy and presentation 
o f the nuclear data contained therein. — The activation with thermal, epithermal and fast neutrons, photons 
and charged particles is considered in detail. In addition, prompt-radiation activation analysis and analysis 
based on the elastic scattering o f heavy charged particles are included.

1. I N T R O D U C T I O N

The object of activation-analytical techniques in trace analysis — where 
the centre of gravity of its application lies — is to determine trace concen
trations of elements in a sample (matrix), i.e. concentrations in the ppm- 
and the ppb-range and below. The absolute amounts of the elements to be 
determined here are in the ßg, ng, and upper pg-range. Not only the minute 
absolute amounts of the elements to be determined but also the million and 
billionfold excesses of matrix elements become the central problems of 
activation analysis.

Activation analysis assumes one of the most important positions among 
the different existing determination methods. It is, however, not a universal 
method, and therefore in each special case only a critical comparison of 
all possible methods enables an optimum choice to be made. But activation 
analysis itself represents a wide variety of methods. Nowadays activation 
analysis can be defined as "the revelation of chemical composition through the 
modification of nuclear behaviour" [ 1] . Then this description includes, 
in addition to the conventional activation analysis with thermal, resonance 
and fast neutrons, with photons and with charged particles, also such rather 
innovatory methods as prompt-radiation activation analysis and analysis 
based on the elastic scattering of heavy charged particles. Table I gives 
a survey of activation analytical techniques.

To give an impression of the increasing spread of activation analysis, 
the growth-rate of the literature of activation analysis is shown in Fig. 1.
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T A B L E  1 . S U R V E Y  O F  A C T I V A T I O N  A N A L Y T I C A L  T E C H N I Q U E S

PROJECTILE MAIN SOURCE MAIN NUCLEAR 
REACTIONS

c o m 7ENTIONAL ACTIVATION ANALYSIS

Thermal and 
Resonance Neutrons Reactor (n, y)

Fast Neutrons

14-MeV Neutron 
Generators

Cyclotrons

Reactors

(n,2n) (n,p) 
(n, a)

Bremsstrahlung Betatrons (Y,n) (y,p)

Charged Particles 
p, d, 3H e , a

Cyclotrons Various

PROMPT -RADIATION ACTIVATION ANALYSIS

Thermal Neutrons Reactor (n, y)

Charged Particles 
p,a

Cyclotrons 

Linear Accelerators (P/a) (a,p)

ANALYSIS BY ELASTIC SCATTERING

Charged Particles 
p,a

Linear Accelerators 

Van de Graaff 

Cyclotrons

(p,p) (a,a)
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YEAR

FIG. 1. Growth rate o f  literature o f  activation analysis [ From LUTZ, G .J ., BORENI, R .J ., MADDOCK, R .S ., 
MEINKE, W .W ., Activation Analysis: A Bibliography, NBS Technical Note 467, August 1972].

According to the latest estimates, the total number of publications had 
already reached 10 000 at the end of 1972. In addition, it should be pointed 
out that the number of research and application projects in which activation 
analysis has been used exceeds the number of publications many times.

The ability to solve the various specific problems in activation- 
analytical practice depends on a good knowledge of the corresponding nuclear 
data. These are needed, first of all, for answering the fundamental 
question of whether at least one of the various activation-analytical methods 
offers itself as a suitable method for solving the given analytical problem. 
Furthermore the data are necessary for optimization of the experimental 
conditions for the selected method so as to obtain high sensitivity and ac
curacy, or to simplify the problem of activity measurements and to avoid 
chemical separations. More accurate nuclear data are required for the 
utilization of absolute activation analysis. Last but not least, in all cases 
the corresponding nuclear data are required for the identification of the 
radionuclides and for analytical 7-ray spectroscopy.

Several compilations and handbooks have already been published which 
can be used to obtain most of the required data. A  critical judgement of 
the existing special nuclear data sources for activation analysis shows the 
need for improving them mainly with respect to completeness, accuracy 
and presentation. A n  up-to-date compilation of the most important nuclear 
data for all kinds of activation analysis, which would enable a rapid orien
tation and choice of the optimum activation method, and, in the case of a 
given method, also optimization of experimental conditions in any particular 
situation, is not yet available.

The present paper gives a survey of the nuclear data needed in the 
various steps of the individual types of activation analysis and of the present 
state of nuclear-data compilations for these purposes.



2. N U C L E A R  D A T A  R E Q U I R E M E N T S  F O R  A C T I V A T I O N  ANALYSIS

2.1. Nuclear data in preliminary considerations and choice of the optimum 
activation method

2.1.1. General considerations

W h e n  solving a problem by means of activation analysis, it is indeed 
possible to proceed by simply testing experimentally what can be achieved 
in the analytical characterization of the given material by an activation.
In most cases, however, it is useful, or even absolutely necessary, to 
consider the problem carefully in advance and to make precise demands.
A n  accurate strategy of determination is also frequently-required because 
of the minute amounts of sample available. Thus, e.g. in high-purity 
materials, it is usually the case that with an increasingly pure matrix the 
sample material becomes more precious, and thus for the analysis of very 
low concentrations only very little sample material is, in general, available. 
For this reason, very often a non-destructive analysis is required.

In such cases, the corresponding analyses have to be carried out by 
a rather pinpointed approach. The questions to be answered are then the 
following ones: Is activation analysis an optimum or, at least, a suitable 
method for solving the given analytical problem? Which method of activation 
analysis is most suitable in the given case? Which are the optimum, ex
perimental conditions? To answer these questions, in ma n y  cases valuable 
hints can be obtained from the literature concerning already existing results 
of experimental activation analysis, but, generally, a good knowledge of 
the corresponding nuclear and other physical data for the matrix and for the 
trace elements of interest is required.

In the following, the most important criteria are discussed, according 
to which the applicability of individual methods can be judged and a choice 
of the optimum method can be made. The relationship between these criteria 
and the relevant nuclear data is indicated. It is to be noted that only those 
criteria will be considered here which are directly related to nuclear data, 
as opposed to e.g. the duration and cost of the analysis, etc.

2.1.2. Sensitivity

W h e n  considering the sensitivity, it is of primary importance to 
evaluate parameters affecting the m i n i m u m  detectable amount of the elements 
in question. For estimating the limits of detection the nuclear properties 
of the initial and final nuclides of the elements to be determined as well 
as those of the matrix elements have to be taken into account. The starting 
point of the corresponding calculations is the radioactivation equation.
All efforts are directed towards generating a m a x i m u m  activity of the 
indicator radionuclide from a given trace amount of an element by an 
optimum choice of the individual parameters of the radioactivation equation.

In a simple case, i.e. if the energy and the angular distribution of 
the projectiles and the energy dependency of the reaction cross-sections 
do not have to be considered, the m i n i m u m  detectable amount of an element 
can be calculated according to

IMe°-693t'/T
L D  ” а Ф N 0 fg t e Y  S (1 - e-°-693t/'1) ^
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where
I is the m i n i m u m  detectable counting rate (cps),
M  the mass number of the activated isotope,
a the reaction cross-section at the given projectile energy,
Ф projectile flux,
N 0 Avogadro's number,
fa isotopic abundance in the natural element,
t detection efficiency,
e branching ratio of the decay,
Y  yield in casual radiochemical separation,
S factor for self-absorption losses,
t the irradiation time,
t' time between the end of the irradiation and the middle of the counting

period,
T  half-life of the indicator radionuclide.

Equation (1) can only be applied to estimate limits of detection when 
discrete values can be assigned to the projectile flux Ф and to the reaction 
cross-section a, as, e.g. in activation with thermal and 14-MeV neutrons.

FIG. 2. Typical shapes o f  energy spectra o f  neutrons [ 0n (E)] produced by bombarding thick Be-targets with 
deuterons, o f energy spectra o f  bremsstrahlung radiation [®y(E)] by bombarding a target with high-energy 
electrons, and o f an excitation function [ о (E )].

These assumptions are not valid in some other types of activation 
analysis. Neutrons produced by deuteron bombardment of thick Be-targets 
and bremsstrahlung radiation from high-energy electrons striking a target 
have a characteristic energy and angular distribution dependent on the energy 
of the incident radiation. Figure 2 shows the shape of energy spectra of 
neutrons and photons produced in the ways mentioned. Thus, the reaction 
rate per target nucleus P, i. e, the total product of cross-section and 
projectile flux for a nuclear reaction induced by such radiations must be 
calculated by integrating the product of these two quantities in an energy
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increment over the energy range of interest, by considering the angular 
distribution

Em *1

P =  / / Ф(Е, ф)а (E) 2тгзшф dE йф (2)

where E m is the m a x i m u m  projectile energy, Ф1 the angle given by the size 
of the sample and its distance from the projectile source, Ф(Е,ф) is the 
projectile flux for the given energy E  and angle ф (relative to the deuteron 
and electron be a m  directions, respectively), and c(E) the cross-section 
at the projectile energy E. This integral can then be used instead of the 
product Ф ■ a in Eq. (1).

To estimate the sensitivity in charged-particle activation analysis, 
when thick samples are used, the average reaction cross-section is required, 
which can be defined [ 2, 3] as

/ a(x) dx

R
/ dx 
0

I a(E) 
о______

dx 
dE .

dE

E„
I
0

dx
dE

(3)

dE

where a(x) is the value of the cross-section at depth x, R  is the total range 
of the projectile particles in the target, a(E) is the cross-section at particle 
energy E, (-dx/dE) is the reciprocal of the stopping power, E  is the incident 
projectile energy. A n  approximation (- dx/dE) ~  E  leads to a very simple 
expression for a.

The average cross-section can be also used in activations with fast 
reactor neutrons by (n, threshold) reactions. It is given by

7 ф(E) cr(E) dE
à  = -2--------------  (4)

/ Ф(Е) dE
о

where Ф(Е) is the fission neutron flux of energy E  and a(E) is the cross- 
section for neutrons of energy E.

The average cross-section obtained in this way can then be used in 
Eq. (1) to calculate the limits of detection. In the case of charged-particle 
activation, the range of the projectiles in the sample must also be taken 
into account.

Thus, the fundamental nuclear data necessary for such calculations 
are: the cross-sections, the average cross-sections or the excitation 
functions, respectively, the stopping powers and the total ranges in the 
case of charged-particle activation analysis, the energy and angular dis-
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tribution of projectiles (if relevant), energies and absolute intensities of 
the radiation emitted in the decay of the indicator nuclide (affecting the 
overall counting efficiency), and the half-life of the indicator nuclide 
influencing the saturation factor and the decay losses.

2.1.3. Accuracy

A  number of different systematic errors can cause the results obtained 
by activation analysis to differ from the real values by as much as several 
orders of magnitude. For this reason the possible systematic errors should 
be carefully investigated in each case. The extent and nature of the system
atic errors in activation analysis depend upon the constituents of the sample, 
the nature and energy of the bombarding radiation, and the type of counting 
system used. In general, the factors described in the following sections 
m a y  affect the accuracy.

2.1.3.1. Reaction interferences

Interfering nuclear reactions are defined as reactions which modify 
the linear relationship between the amount of the element to be determined 
and the amount of the indicator radionuclide produced. Interfering nuclear 
reactions can increase or decrease the amount of the indicator radionuclide 
with respect to the element sought.

(a) Primary Interference Reactions. These are nuclear reactions 

induced by the primary bombarding radiation on elements other than the 
element to be determined. They yield the same indicator radionuclide as 
does the desired reaction. Reactions inducing a radionuclide of a neigh
bouring element which decays with a short half-life to the indicator radio
nuclide also belong to the primary interference reactions.

Examples of primary interference reactions are given in Table II. 
Figure 3 illustrates how the proportion of interfering reactions depends 
on experimental conditions. Interferences can often be avoided by the 
choice of the projectile energy. In other cases, corrections must be applied. 
For this purpose, the following nuclear data must be known: thresholds, 
cross-sections and/or excitation functions for both the desired and the 
interfering nuclear reactions, and possibly decay constants.

(b) Secondary Interference Reactions. These nuclear reactions, 
significant in non-reactor irradiations, take place between secondary 
particles and elements other than the ones to be determined. Such reactions 
m a y  produce the indicator nuclide and thus m a y  introduce errors. The 
secondary particles m a y  be formed by nuclear reactions induced by a primary 
radiation in the sample or its immediate environment. For example, when 
bombarding an organic matrix with fast neutrons, considerable fluxes of 
knock on protons can be produced by collision with hydrogen atoms. Rela
tively high neutron fluxes can be formed by secondary reactions in activation 
analysis with photons via (7, n)-reactions and with deuterons via (d,n)- 
reactions, stripping and breakup processes. Examples for such secondary 
interference reactions are given in Table III. For example, the secondary 
interference reactions in the determination of nitrogen via 14N(n, 2n)13N  
reaction can induce an activity corresponding to some hundred p p m  of 
nitrogen [4,5].
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T A B L E  I I .  E X A M P L E S  O F  P R I M A R Y  I N T E R F E R I N G  R E A C T I O N S

Projectiles
Reaction used 
for determi
nation

Thre
shold

Principal inter
fering reactions

Thre
shold

Fission
neutrons

23Na(n,Y)24Na O. 24 , ,24 
Mg(n,p) Na

27A1 ( n ,a )24Na

4.9

3.2

Fast
neutrons

28Si(n,p)28A1 4.0 31P ( n ,a)2 8A1 2.0

Photons 12C(Y ,n)11C 18.7 (y,t)lxc 

160(Y ,an)X1C

22.7

25.9

3He-
particles

160(3He:P )l8F

+

0. 19F(3He,a)18F 

23Na(3He,2a)l8F

0.

0.4

160(3He,n)l8Ne

ll* 18f

0. 27A1(3H e ,3ap)l8F

27, , ,3„ -,  ̂18_ A l ( He,3a) F

13.5

11.5

a-
particles

19F( o ,an)18F 12.6 160(a,2n)18Ne 

il* i 8f

29.7

To answer the question whether secondary interfering reactions 
can occur or not and under what conditions they can be avoided or what 
corrections must be applied, corresponding nuclear data for both the reaction 
inducing secondary radiation and the secondary interfering reaction itself, 
have to be known. The nuclear data include: cross-sections and/or excitation 
functions, and the energy and angular distribution of the secondary particles.

(c) Second-Order Reactions. These are nuclear reactions taking place 
with the transformation products of the sample constituents. Two types of 
second-order reactions m a y  occur:

(cl) the amount of the indicator nuclide can be markedly reduced by its 
activation induced by the original bombarding radiation, if the cross-section 
is large, i.e. between 103 to 104 barns. Therefore, these interferences 
are of importance in thermal-neutron activation analysis using long irradiation 
times. For example, in the determination of tantalum via the181Ta(n, 7)182Ta
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FIG.3. Energy dependence o f the contribution o f the interfering reactions to the production o f the indicator 
nuclide in determination o f carbon (curves 1 and 4), nitrogen (curve 2). and fluorine (curve 3) by photon 
activation analysis [ 5 ].

T A B L E  III. E X A M P L E S  O F  S E C O N D A R Y  I N T E R F E R I N G  R E A C T I O N S

Primary
radiation

Reaction used 
for determina
tion

Reaction in
ducing secon
dary radiation

Secondary in
terfering re
actions

Fast
neutrons

14N ( n ,2n)13N p-knock on 13C(p,n)13N 

160(p,a)13N

Photons 25,, . . 24.. 
Mg(y,p) Na (y ,n) 23Na(n,Y )24Na

91 9 A 
Al(n,a) Na

Deuterons 12„,, ,13лт C (d, n) N (d,n)

+

stripping and 
break-up

14 П 
N(n, 2n) N
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reaction (ст = 19b, T  = 111 d) one must take into account that the 
182Ta(n, 7)183Ta reaction (ct = 17 000 b, T  = 5. 5 d) occurs. To judge the 
importance of this interference, the following nuclear constants have to 
be known: the cross-sections of both the desired and the second-order 
reactions and the half-lives of the indicator nuclide and the nuclide produced 
by the second-order reaction.

(c2) The amount of the nuclide to be activated (and, consequently, also 
the amount of the indicator nuclide) can be enhanced by the decay of a short
lived radionuclide produced from a neighbouring element. This kind of 
second-order interfering reaction can be demonstrated by the example of 
the determination of phosphorus in silicon [ 6]. W h e n  phosphorus is 
determined via the 31P(n, 7)32P  reaction, the matrix element is also acti
vated forming 31Si which decays to 31P  and thereby increases the number 
of the target nuclei:

30Si(n,7)31Si gÊjHj. 31P(n,7)32P

The nuclear data required are again the cross-sections for both nuclear 
reactions and the decay constants.

2.1.3. 2. Self-shielding

In activations with any type of particle, self-shielding effects occur 
which result in an attenuation of the original radiation flux within the sample 
itself. This effect is of particular importance in thermal and resonance 
neutron activation in cases where the total absorption cross-sections are 
very large for the matrix elements. Systematic errors caused by this 
effect can occur also in the activation analysis with fast neutrons and 
photons.

In any particular case, it is necessary to estimate the significance 
of the self-shielding effect in order to be able to judge whether the flux 
attenuation is serious or can be neglected.

In thermal-neutron activation it is in general sufficient to utilize 
the simple attenuation formula

J- = e"Nox (5)
®o

where Ф0 is the incident flux, Ф is the transmitted flux at depth x (in cm) 
inside the sample, N  is the number of atoms of a given element per c m 3 
of sample and a is the neutron absorption cross-section. Several other 
calculation procedures have also been suggested [ 7-11] . In some of them 
the resonance neutron self-shielding is also treated.

In activation analysis with 14 M e V  neutrons, an additional important 
effect is neutron scattering. Therefore, the total removal cross-section 
instead of the total cross-section has been introduced [12] as a more accurate 
measure of the attenuation.

Attenuation of bremsstrahlung is usually an unimportant source of error 
in photon activation analysis, unless the samples are large, or very ac
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curate results are required. For estimating the attenuation, a simple ex
pression has been suggested [ 13,14], for which the bremsstrahlung ab
sorption coefficients at the energy of the peak cross-section and the densities 
for each element in the sample must be known.

Unfortunately, the procedures for estimating the significance of the 
attenuation by self-shielding generally can not be used for obtaining an 
actual correction factor. One of the most serious reasons is the low ac
curacy with which ma n y  absorption cross-sections have been determined. 
This would increase the uncertainties in the correction factor considerably. 
Very often, the sample composition is not sufficiently well known prior 
to the analysis to permit an accurate statement concerning the elements 
present. Therefore, if preliminary estimates indicate that a significant 
flux attenuation will exist, either steps should be taken to avoid errors due 
to self-shielding (e.g. use of small samples, suitable dilution, preparing 
the standard in a matrix of the same cross-section and the same shape and 
volume) or a correction should be applied on the basis of the experimental 
measurement of the self-shielding effect (e.g. by using a series of samples 
of different weight and by extrapolating the specific activity curve to zero 
sample weight).

It can easily be recognized that the self-shielding effects are most 
severe in activation analysis with charged particles. In this case, however, 
the self-shielding problems are different from those in neutron and photon 
activation. Whereas self-shielding problems are caused by flux attenuation 
in neutron and photon activation, in charged-particle activation they arise 
because of both the rapid energy decrease of the incident particles pene
trating into the matrix and the variation of the activation cross-section with 
projectile energy and, therefore, with the depth of their penetration. For 
this reason, in charged-particle activation the self-shielding must be con
sidered in any case. So m e  practical aspects of this problem are discussed 
in section 3.2.

2.1.4. Non-destructive activation analysis

Activation analysis offers the special advantage that determination 
can be carried out non-destructively. Chemical separations are generally 
time-consuming and an additional source of error. W h e n  solving a given 
problem using activation analysis, it should therefore first be investigated 
whether it is possible to work non-destructively. In principle, this is 
possible only when the activity from the matrix elements is low enough 
during the measurement. If higher activity is present, the main limitation 
is caused by the Compton continuum in the pulse-height spectra in cases 
where the energies of interfering g a m m a  rays are higher than the g a m m a -  
ray energies of the indicator radionuclides. Then the peaks of interest are 
superimposed on the Compton level corresponding to the g a m m a  rays of 
the nuclides produced from the matrix elements. The limits of detection 
for non-destructive activation analysis will in general be higher than those 
for radiochemical activation analysis, or a non-destructive determination 
is impossible, at all. The possibility of overlapping of two peaks must 
in some cases also be taken into account.

The basic requirements for non-destructive activation analysis are 
met when 1) the activation cross-sections of the reactions with the matrix 
nuclides are substantially smaller than those of the desired reactions, or
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2) when the half-lives of the radionuclides resulting from the matrix are 
very long or very short compared with the half-lives of the radionuclides 
of interest: in the first case, only little activity results from the matrix, 
in the second case, the activity resulting from the matrix elements can 
be allowed to decay. For each case there is an optimum ratio between 
irradiation time and the time of waiting before the measurement is carried 
out.

In m a n y  cases non-destructive analysis is only possible under the 
optimum irradiation conditions. Thus, e.g. activation with resonance 
neutrons is more favourable than that with thermal neutrons or with a 
fission spectrum in all those cases when

Jffi. < < (6)
°x  °x

where Jm and Jx are the resonance integrals and am and ax are the thermal 
neutron cross-sections for the matrix element or the element to be 
determined.

Activation analysis with cyclotron-produced fast neutrons (bombarding 
a thick beryllium target with deuterons) is a very powerful method [ 15].
A  great advantage of this method is the possibility of varying the position 
of the m a x i m u m  of the neutron spectrum by varying the deuteron energy. 
The deuteron energy can be selected in such a way that the m a x i m u m  of 
the neutron spectrum is located at the same energy as the m a x i m u m  of 
the excitation function for the desired reaction. In this way, an optimum 
deuteron energy m a y  be selected which ensures m a x i m u m  sensitivity for 
the desired reaction with a m i n i m u m  interference yield. Figure 4 demon
strates this by the example of the determination of aluminium traces in 
niobium.

FIG. 4. Choice o f  optimum neutron spectrum in the determination o f  aluminium in niobium by fast-neutron 
activation analysis using a cyclotron [1 5 ] .
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Similarly, the optimum bombarding energy can be chosen also in 
activation analysis with charged particles and bremsstrahlung.

Knowledge of the following nuclear data is essential for preliminary 
calculations giving an answer to the question of whether a non-destructive 
determination is possible or not as weir as for its optimization and for 
calculating the limits of detection (according to the kind of activation 
analysis): activation cross-sections, resonance integrals, excitation 
functions and average cross-sections, decay schemes, half-lives.

2.1.5. Ability to determine several elements simultaneously

In many cases it is very desirable that several or — if possible — all 
elements of interest should be determined simultaneously. This require
ment m a y  become one of the most important criteria and is predominantly 
of economical character either with respect to time and price of analysis 
or with respect to costliness of the sample. Preliminary calculations of 
sensitivity and accuracy must be made for each element to be determined 
in order to answer the question if a simultaneous determination is possible 
and if so under what conditions.

2. 2. Carrying out the activation analysis

The importance attached to the knowledge of the nuclear data for the 
performance of activation analysis chiefly depends on whether the absolute 
or the comparative method is used.

2.2.1. Absolute activation analysis

This method is based on activating the samples, measuring the ac
tivities with a calibrated gamma-ray spectrometer, and calculating the 
unknown amount of the elements to be determined by using Eq. (1). Absolute 
activation analysis would have some essential advantages over the more 
generally used comparative method. The greatest advantage is to be seen 
in the fact that a considerable portion of experimental work — namely, the 
frequently very time-consuming preparation of standards, their irradiation 
and measurement as well as the evaluation of the errors due to standard 
preparation and inhomogeneity of the projectile flux between standard and 
sample — could be avoided. Thus, the absolute assay technique would 
certainly be the essentially simpler alternative in many cases. Unfortunately, 
this direct method can only very rarely be applied in practice and then 
mostly only as semiquantitative method. In the absolute method many 
factors must be considered which contribute to the overall accuracy and 
precision.

To give an impression of what kind of errors m a y  occur in absolute 
activation analysis and what signficance the errors introduced by nuclear 
data m a y  have thereby, generalized data of error analysis obtained by 
Cali et al. [16] for thermal neutron activation analysis are shown in Table IV. 
A  similar error distribution has been obtained by Girardi et al. [ 17] .

Table IV shows clearly that uncertainties in nuclear data constitute 
the main obstacle to the applicability of the absolute method. The errors 
introduced by nuclear data m a y  exceed the errors caused by other sources 
by a factor of up to one order of magnitude, and so they are decisive for
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T A B L E  IV. S U R V E Y  O F  S O U R C E S  O F  E R R O R S  A N D  THEIR E X T E N T  IN 
A B S O L U T E  N E U T R O N  A C T I V A T I O N  ANALYSIS [2]

Source
Estimated 
Error (%)

1. Chemical manipulations

a. Sample weight + 1

b. Yield determination + 2

2. Irradiation

a. Self shielding (correction < 50 %) + 4

b. Flux depression + 2

c. Thermal enhancement + 2

d. Absolute value of thermal flux + 5

e. Value of cadmium ratio + 2

f. Irradiation time (< 1 min) + 3

g. Inhomogeneity of neutron flux + 1

3. Counting

a. Detector calibration + 3

b. Counting rate (< 103 cps) + 4

c. Geometrical factors + 1

4. Interfering and competing nuclear reactions variable

5. Nuclear data

a. Half-life + 2-10

b. Decay schemes + 2-50

c. Thermal activation cross sections + 5-30

the accuracy of the absolute activation analysis. The random erros in this 
method generally do not exceed those obtained by the comparative method 
As will be shown in the discussion of the accuracy of the existing nuclear 
data, the size of errors in other kinds of activation as compared with (n,-y) 
activation by thermal neutrons are in general even larger since the thermal 
neutron cross-sections for (n, y) reactions are, on the average, more 
precisely known than the cross-sections or excitation functions for other 
nuclear reactions. In charged-particle activation analysis, in addition 
to the exact knowledge of excitation functions, also the stopping powers 
and the ranges are required for the absolute method.

Of course, the successful application of the absolute method does not 
depend only on a knowledge of nuclear data, though this is generally the 
most critical point. It can be stated with certainty that absolute activation 
analysis could be used to an essentially greater extent, if more accurate 
nuclear data, especially cross-sections and/or excitation functions, and 
decay data, were available.
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2.2.2. Comparative activation analysis

This method utilizes comparative standards containing known amounts 
of the trace elements to be determined. These standards are processed 
(irradiated and measured) in the same way as the samples. The method 
requires relative measurements only so that accurate values of reaction 
cross-sections (excitation functions) and the branching ratio of the decay 
are not necessary. These nuclear data must only be known for preliminary 
considerations and for the choice of optimum irradiation conditions as well 
as for the post-irradiation assay.

The only data often needed with high accuracy are the half-lives used 
in corrections for post-irradiation decay.

W h e n  there are no great differences in the composition and amount 
of the sample and the standard, the attenuation of the projectile flux is an 
unimportant source of error in neutron and photon activation. This is 
rarely the case in charged-particle activation, because the monoenergetic 
incident particles are rapidly slowed down and stopped in solid matrices. 
Since the cross-section is strongly dependent on the projectile energy and 
the stopping powers on the target composition, activation analysis with 
charged particles is generally more involved than that with neutrons and 
photons.

T w o  methods have been developed for the mathematical treatment of 
charged-particle activation analysis: the method of the equivalent thickness 
[ 18] and the simpler method of the average cross-section [ 2, 3]. In the 
first method, excitation functions, stopping powers, and bombarding energy 
do not enter into the calculations, but an activation curve must be measured 
for each nuclear reaction and each sample using very thin foils. With the 
second method, the unknown concentration С of the element to be determined 
can be obtained from

С = C s
AIS R s 
A J R (7)

where C s is the concentration of the sought element in the standard, A  and 
A s are the activities, I and Is are the beam intensities, and R  and R s are the 
particle ranges for sample and standard, respectively. The validity of 
this equation is based on the assumption that the properties of the sample 
and standard do not differ essentially with respect to the average cross- 
section. Therefore, the sample and the standard should have similar 
densities and atomic numbers, if really accurate results are to be obtained. 
F r o m  Eq. (7) it is evident that the determination or calculation of the average 
cross-section is not necessary in the comparative method of charged- 
particle activation analysis. What must be known are the particle ranges 
in sample and standard, whereby the accuracy of these data can play an 
important role.

2.2.3. Evaluation and interpretation of experimental results

Today., the basic measuring technique of activation analysis is un
doubtedly gamma-spectrometry using semiconductor detectors or Nal(Tl)
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crystals. Therefore, the final part of activation analysis usually consists 
of the evaluation and the interpretation of the gamma-spectra. These 
provide: 1) the qualitative identification of the radionuclides by means of 
the energy lines contained in the g a m m a  spectrum, and 2) quantitative 
evaluation of the spectra from peak intensities corrected for background, 
the Compton background, and, possibly, the interfering reactions.

In most cases the qualitative identification of the radionuclides is ac
complished only by means of 7-energies and their intensities. Sometimes, 
however, the half-lives of the spectrometrically separated 7-energies must 
also be evaluated. For the purpose of analytical 7-ray spectroscopy, 
special tables, which are simple to handle and which enable rapid, accurate, 
and precise evaluation and interpretation of experimental results, are 
required. This can be achieved by arranging the nuclides according to 
the proper parameters, thus, e.g. according to 7-energies, half-lives, 
and atomic numbers. The completeness of the gamma-energies for each 
nuclide can be of great significance. In addition to these, still some 
supplementary data should be properly included in such a table to facilitate 
the identification of unknown 7-spectra, e.g. production reactions, satura
tion activities, etc. Naturally, such a compilation of energies should fully 
meet the demands made on the accuracy of measurements using germanium- 
lithium detectors.

The method based on the determination of the half-life m a y  be applied 
to the identification of radionuclides with an arbitrary type of radiation 
emitted. This method is applicable in cases where the radionuclides of 
interest are sufficiently short-lived to obtain significant reduction in radio
activity during acceptable periods of counting. The identification is made 
by comparing the measured half-life with tabulated values. Therefore, 
the accuracy of the compiled half-lives can possibly be of importance.

3. P R E S E N T  S T A T E  IN N U C L E A R  D A T A  C O M P I L A T I O N S

In section 2 the requirements for nuclear data and the demands on 
their accuracy for activation analysis have been discussed in detail. In 
Table V  the nuclear data needed for the most important preliminary calcu
lations and the performance of activation analysis are summarized. It is 
also indicated if accurate data are required or if approximate values are 
sufficient. Naturally, in such a presentation one can only generalize and 
is not able to draw an exact borderline between requirements for approximate 
and for accurate data.

3.1. Survey of existing compilations

The existing compilations of nuclear data for activation analysis, 
their usefulness, presentation, and completeness are surveyed below.
In this consideration also compilations are included which indeed do not 
contain any direct nuclear data but parameters closely related to them, 
e.g. tabulation of sensitivities, reaction interferences, etc. Obviously, 
old compilations are incomplete as seen from today's standpoint, or they 
contain many inaccurate data. For this reason, compilations edited in 
the forties and fifties have not been considered. Furthermore, with few 
exeptions only compilations have been taken into account which contain
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T A B L E  V. S U R V E Y  O F  N U C L E A R  D A T A  N E E D E D  F O R  INDIVIDUAL 
P U R P O S E S  IN A C T I V A T I O N  ANALYSIS A N D  T H E  D E M A N D S  O N  THEIR 
A C C U R A C Y :  •  A C C U R A T E  D A T A  R E Q U I R E D ,  О LESS A C C U R A T E
D A T A  S U FFICIENT
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data on more than 20 elements. Bibliographies giving only a listing of 
literature but no data are generally not taken into account.

Table VI contains a survey of existing handbooks and data compilations 
giving the first of the authors (but both if there are only two), year of 
publication, bibliographical reference, and the most important data contained 
which are needed for activation analysis with reactor neutrons, fast neutrons, 
photons and charged particles as well as data needed for nuclide identification 
and gamma-ray spectrometry. If the given data are fully contained in the 
compilation, this is indicated by a full circle. In other cases, i.e. if the
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data are not presented in a form directly usable or if an important component 
is missing for completeness, this is indicated by an empty circle. It should 
also be noted that the compilation given in Table VI does not pretend to be 
complete. This m a y  be particularly true for cases where the data sources 
refer only to a relatively narrow field of activation analysis.

All the existing compilations cover only a smaller or greater part of 
the entire field of activation analysis. The most universal is the "Activation 
Analysis Handbook" by Koch [19], which, however, was published as long 
ago as 1960. Taking into account the state of development of activation 
analysis and the knowledge of nuclear data at that time, the author has still 
to be congratulated for the conception of this handbook. It contains detailed 
data for neutron activation, including a listing of possible interfering reactions 
and self-shielding effects. In addition, some valuable information for 
charged-particle and photon activation is given. The information for each 
element and various activation techniques is summarized on facing pages 
and so is readily accessible.

Now, however, many additional nuclear reactions are utilized for 
activation analysis, and ma n y  new and especially more accurate data are 
available.

In the field of neutron activation analysis there exist several special 
compilations. The most universal in its application is the "Handbook of 
Nuclear Data for Neutron Activation Analysis" by Aliev et al. [44], published 
in 1969, which can be utilized for practically all neutron sources. In ad
dition to activation data for thermal, resonance, fission, and 14-MeV 
neutrons as well as excitation functions for neutron threshold reactions it 
contains decay data of radionuclides produced by neutron activation and 
self-shielding data. Unfortunately, the tables are based on data which 
were obtained up to 1965, so that in several instances data are either 
missing, or, in part, old and less accurate values are presented. Reaction 
interferences and corresponding data have not been treated.

The "Handbook of Neutron Activation Analysis" by Maslov and Lubnicki 
[ 62 ], published in 1971, is indeed the most recent handbook in the field of 
activation analysis; it contains, however, only activation data for thermal, 
resonance and 14-MeV neutrons. Unfortunately, the data are arranged 
according to the atomic number of the generated nuclide without direct 
indication of the nuclear reaction or at least its type. This makes the use 
of the compilation a little cumbersome. It is somewhat surprising that in 
such a special handbook, in the column "Intensity" it is only indicated 
whether the 7-intensity is "strong", "medium" or "weak" without giving 
any quantitative information. Alos in this handbook the possible interfering 
reactions with corresponding data are not given.

For activation analysis using reactor neutrons there exists a successful 
and very practical presentation of data in the "Table of Neutron Activation 
Constants" by Baumgartner [ 34]. It enables its user to carry out very 
easily and rapidly preliminary calculations for sensitivities, primary 
interfering reactions, for the non-destructive activation analysis, and for 
the optimization of experimental conditions. Unfortunately, the data making 
up this table have to be replaced by newer and more accurate ones in many 
cases or have to be supplemented by data now available.

All cross-section data essential for neutron activation are compiled in 
the well-known B N L  325 series [27-30] . But also in this case a new 
edition would be highly desirable.
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Practically no detailed handbook or data compilation exists for activation 
analysis with photons and charged particles.

The most extensive and still very useful compilation of cross-sections 
of photonuclear reactions has been published by Goryachev in 1964 [ 22] .
For many purposes the catalogue of g a m m a  spectra for photon activation 
prepared by Baker, Hunter and W o o d  [37, 38] can be of great practical 
importance. However, the applicability of empirical spectra measured 
under defined experimental conditions is rather limited. Some good extracts 
of the most important data for significant photonuclear reactions can be 
found in reviews and special contributions, e.g. by Lutz [14, 71] and 
Slunecko and Kosta [51] . In this situation the most important key to nuclear 
data on photon activation is still the Photonuclear Data Index [ 72, 73]. It 
is more than a bibliography since it supplies quantitative information on 
the content of the papers. Information is given on the type of measurement, 
the range of excitation energies covered, source type and energies, detector 
type and angular ranges.

A n  essential improvement in nuclear data compilations for char.ged- 
particle activation is made by the comprehensive compilation of excitation 
functions by Lange et al. [70] which is now becoming available. In addition 
to graphical presentations of excitation functions for projectiles from proton 
up to 40Ar, it includes a tabulation of projectile energy ranges, m a x i m u m  
cross-sections and their energy positions, F W H M  of the excitation functions, 
Q-values and thresholds ordered according to target and product nuclides.
The stopping powers and ranges can be obtained from an extensive table 
prepared by Williamson et al. [ 74] .

The situation is most favourable in tabular compilations for nuclide 
identification and gamma-ray spectrometry. Two recently published tabular 
compilations are to be mentioned especially in this connexion, namely 
the "Catalogue of 7-rays Emitted by Radionuclides" by Wakat [61] and 
"Gammaenergien" by Meixner [ 60]. In some cases it is very useful for 
the evaluation of g a m m a  spectra if, in addition to catalogues of g a m m a -  
rays prepared according to nuclear aspects, also a catalogue of experi
mentally measured standard spectra (e.g. [ 23, 37, 38, 41, 53, 59]) is available. 
For example, such standard spectra can help in identifying the escape 
peaks in measured spectra. Normally, no information is given in tabulations 
of gamma-ray energies concerning the photon escape peaks.

3.2. Quality of the nuclear data

In section 2 the significance of the accuracy and precision of the existing 
nuclear data has already been pointed out on several occasions. W h e n  high 
demands are made in this respect, this frequently becomes a serious 
problem. In most cases there are considerable discrepancies between 
the values of the same nuclear constants found by different authors, and 
it is difficult to choose the most accurate value.

In Table VII the estimated scattering of the experimental values of 
nuclear data obtained by different authors is shown, i. e. the typical scatter 
as well as the m a x i m u m  scatter of experimental data which can occur in 
individual cases. The scatter of experimental thermal neutron activation 
cross-sections, activation resonance integrals and 14-MeV neutron activation 
cross-sections is shown in more detail in Figs 5-7 respectively. It is 
defined as (range/average X 100).
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T A B L E  V I I .  S C A T T E R I N G  O F  E X P E R I M E N T A L  N U C L E A R  D A T A *

Nuclear data Typical scattering 
(%)

Maximum scattering 
(%)

Half-lives 1 - 1 0 «= 60

Decay-scheme
values

2 - 1 5 * 8 0

Thermal neutron 
act. and abs. 
cross sections

5 - 4 0 > 100

Neutron act. and 
abs. resonance 
integrals

10 - 50 >100

(n, threshold) 
14 MeV neutron 
cross sections

30 - 80 > 100

(n, threshold)- 
reaction excita
tion functions

20 - 60 >100

Charged-particle- 
induced reaction 
excitation functions

5 - 5 0 >100

Defined as (range/average x 100)

FIG, 5. Scattering of experimental 
thermal activation cross-sections obtained 
by different authors.
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Scattering of experimental values [% ]

FIG. 6. Scattering of experimental activation resonance integrals obtained by different authors.

FIG.7. Scattering o f  14-M eV neutron activation cross-sections for (n ,2n )-, (n ,p )- and (n, a)-reactions 
obtained by different authois.

The scattering of the data is in general surprisingly large. Naturally, 
these deviations are not to be regarded directly as the actual error. By 
means of a critical analysis (consideration of experimental conditions, 
primarily those referring to the measuring technique), hints can be obtained 
as to which values m a y  be more correct and which are less correct.
However, there are no entirely objective criteria for such an analysis, and 
thus a choice of the recommended value from all existing data will always 
be more or less erroneous because of subjective selections. As a rule, 
the more recent data, which have been obtained using modern measuring 
techniques, above all semiconductor detectors, are more correct than older 
data. In general, they show smaller scatter than the older ones. The 
selection of recommended values based on careful analysis of the available 
data can be considered one of the most important tasks for the compilators 
and evaluators. In this direction muc h  has already been accomplished in 
the area of decay data by the Nuclear Data Group of Oak Ridge (Nuclear 
Data Sheets), Ajzenberg-Selove et al. [ 75-79] and Endt and van der Leun [ 80].



T A B L E  V I I I .  E X A M P L E S  O F  S C A T T E R I N G  O F  N U C L E A R  D A T A  I N  D I F F E R E N T  C O M P I L A T I O N S

Nuclear data

K
o
c
h
,

1
9
6
0

G
i
l
l
e
s
p
i
e
, 

H
i
l
l
,

1
9
6
1

i-
--
--
--
--
-
—

BN
L 

32
 
5,
 

1
9
6
6

 ̂K
e
n
n
a
, 

C
o
n
r
a
d
,
 

1
9
6
6

B
a
u
m
g
ä
r
t
n
e
r
,

1
9
6
7

S
e
e
l
m
a
n
n
-
 

E
g
g
e
b
e
r
t
 

et
 

a
l
.,
 

1
9
6
8

Al
ie
v 

et
 

a
l.

 
1
9
7
0

M
a
s
l
o
v
,
 

L
u
b
n
i
c
k
i
j
, 

1
9
7
1

M
e
i
x
n
e
r
, 

1
9
7
2
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69
Half-life of Zn (min) 52 - - - 59 55 58.5 58.5 55

Thermal act. cross-section of 

2°2H g (n,у)203Hg (b)
3. 8 - 4.5 - 4.0 5.0 3.8 5.04 -

Thermal act. cross-section of 

94Zr (n,y)95Zr (b)
Э.08 - 0.075 - 0.1 0.075 0. 36 0.08 -

Thermal act. resonance inte-
. ^ 186 , . 187„ ... 

gral of W(n,y) W (b) 355 - - - 484 - 355 562 -

Thermal act. integral of 

51V(n,y)52V (b)
2.2 - - - 0. 46 - 2.2 O. 46 -
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14-MeV neutr. cross-section of 

31P(n,a)28Al (mb)
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216 
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The difficulty of selecting the most accurate value from the many 
existing datais reflected in handbooks and compilations, even in those published 
recently. For some nuclear constants very different values m a y  be found 
in different compilations. Several examples are listed in Table VIII. It is 
surprising that this situation also holds true for data for which recommended 
values are given in Nuclear Data Sheets.

The state of half-lives, if compared with other nuclear data, can be 
termed satisfactory: in general, the values given in different tabular 
compilations agree quite well. But in several cases the values for the 
half-lives of nuclides important in activation analysis given in different 
tables deviate by 5 to 10%. The situation is best for half-lives in the range 
of hours and days, where the data given in compilations scatter between 
1 and 3%.

In most cases the errors stated for decay data are also within the range 
of 1 to 5%. However, for some nuclides the uncertainty is substantially 
greater, up to several ten per cent, e.g. for 65Ni (gamma abundance), 42K  
(gamma-to-beta ratio), 203Hg (internal conversion coefficient ratio), 86Rb 
(beta-branching ratio), etc.

Conditions are more critical with the agreement of individual compi
lations in reaction cross-sections for neutron activation, where values for 
reactions of considerable interest in activation analysis can be found, which 
differ by a factor up to 2, e.g. for 202Hg(n, 7)203Hg or 65Cu(n, 7) 66Cu. There 
even exist cases where the suggested values differ by a factor of about 10, 
for instance for the 14-MeV neutron cross-section of the 90Zr(n, 2n)89mZr 
reaction which can be interesting for activation analysis. One always has 
to keep in mind that even the best known thermal activation cross-sections 
have a possible error of approximately 10%, only few have smaller ones. 
Normally, a substantially larger error has to be expected for resonance 
integrals and 14-MeV neutrons cross-sections as well as for excitation 
functions of reactions using fast neutrons, photons and charged particles.

3.3. The significance of systematics

A n  additional serious problem m a y  arise with respect to completeness 
of existing nuclear data. Above all, this concerns the excitation functions, 
where man y  gaps in experimental data are to be found. For most nuclides 
only parts of the excitation functions are known, or the excitation functions 
have not been measured, at all. This is particularly true for (n, threshold) 
reactions. Therefore, substantial emphasis is laid on the development of 
special systematics.

The already existing systematics of excitation functions for charged- 
particle induced reactions [43] and for fast neutron induced reactions [65, 66] 
are based on the dependence of the characteristic magnitudes (maximum 
cross-section, the position of the m a x i m u m  cross-section, F W H M ,  and 
the asymmetry-factor at F W H M )  of an excitation function on the atomic 
number of the target nuclide. Using these systematics, an unknown exci
tation function can be constructed. In the case of (n, threshold) reactions, 
the systematics were checked by comparing the activities calculated using 
the constructed excitation functions and the experimentally determined 
activities [65, 66]. The deviations obtained for nuclides, which are close 
to the stability curve, are in general smaller than the scattering of 
experimental data obtained by different authors.
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The systematics of excitation functions for (n, threshold) reactions 
have been applied in calculations to obtain trends for sensitivities of fast 
neutron activation analysis using a cyclotron [ 15] — to give only one example 
of the application of such systematics. Certainly, these systematics are 
very useful, above all in those cases where no or only incomplete, experi
mental excitation functions are available. But they m a y  also be useful 
when the experimental data are very contradictory.

Systematic trends of excitation function parameters for photon induced 
reactions [14, 81, 82] and of cross-sections for 14-MeV neutron induced 
reactions [ 83-85] have also been described.

For many radionuclides decay data are also missing. In activation 
analysis this makes itself especially felt in branching ratios where absolute 
values are frequently missing. For instance, the most recent catalogue 
of g a m m a  energies by Meixner [60] gives g a m m a  abundancies with respect 
to the listed nuclides as follows: 52% absolute values for all energies, 12% 
absolute values for only some energies, 24% relative values for all energies, 
7% relative values for only some energies, and for approximately 5% of the 
nuclides neither the absolute nor the relative intensities are known. 
Unfortunately, the systematics for decay data is substantially more difficult 
than that for cross-sections and excitation functions.

3.4. Some aspects of preparing future compilations

As has been shown, a number of valuable compilations of nuclear data 
exist which have either been especially prepared for activation analysis or 
which can be used largely for its purposes. Nevertheless, the present 
situation in handbooks and compilations could still be improved. This is, 
of course, less important for laboratories where an activation method is 
used for daily routine analysis. The need for improved compilations and 
handbooks will be felt especially in research establishments where only 
a small part of analysis is of routine nature and where new materials are 
continually being analysed, i.e. the kind of trace elements to be determined 
and of the matrix materials vary frequently. This need will increase even 
more if the instrumental equipment for several activation analytical methods 
is available. In such cases the nuclear data have to be looked for in many 
data sources, frequently also in original papers. A n  activation analytical 
handbook containing the most recent recommended nuclear data for the 
most important types of activation for each element, namely as element 
to be determined and as matrix, would be very desirable. O n  the other 
hand, compiling a new handbook is not unproblematic. Such a special 
compilation of data is only meaningful if no substantial alteration in the 
state of the data is to be expected within the next few years.

The excellent energy resolution of semiconductor detectors introduced 
in the years 1964-1966 led to a break-through in the quality of the data.
The first detectors were unfortunately very small, and only the semiconductor 
detectors manufactured in the last 5-6 years satisfy the highest demands 
of measurement techniques.

In general, the radionuclides located close to the stability curve are 
of interest for activation analysis. The nuclear data for the predominant 
majority of these nuclides have already been measured using the most 
modern measuring techniques. Certainly, in the years to come development 
of the experimental techniques will go on yielding improvements in some
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points, however, no break-through is to be expected which would enable 
one to obtain extensively more accurate and more precise nuclear data 
than in recent years.

Therefore, the time would now seem ripe for beginning the preparation 
of a new comprehensive compilation for activation analysis. A  successful 
compilation can only result from close collaboration of analysts, compilers, 
evaluators and experimenters. The analysts would clearly determine the 
desirable data and their optimum presentation in the compilation. The 
most demanding part of the preparation of such a compilation would be up 
to the compilers and evaluators, i.e. selection of the most reliable values 
from the available experimental data, use of systematics and, if possible, 
also of nuclear theory for obtaining data in cases where experimental data 
are missing, and indication of cases where reliable data cannot be obtained 
by either of the two ways. Then it could be a task for experimenters to 
try to supply the most important missing data.

The international co-operation, developing successfully in evaluation 
and compilation of nuclear data [ 86] could facilitate or even make possible 
the realization of such a project. The necessary expenditure would pay off 
for two reasons. One of them is to be seen in the significance and wide
spread utilization of activation analysis, the other in the fact that most of 
the data are required also for other nuclear applications.

4. ANALYSIS B Y  D I R E C T  O B S E R V A T I O N  O F  N U C L E A R  R E A C T I O N S

As has already been mentioned, prompt-radiation activation analysis 
and analysis based on elastic scattering of heavy charged particles m a y  
be viewed as partially belonging to some extent to activation analytical 
techniques.

4.1. Prompt-radiation activation analysis

This kind of activation analysis is based on the measurement of the 
prompt particle or photon released from the compound nucleus following 
absorption of a projectile particle.

Analysis by prompt-gamma radiation following neutron capture in the 
(n, 7) reaction has been most extensively developed. The excitation energy 
of the compound nucleus is given off by the emission of prompt-gamma- 
radiation. The branching ratios and the energies of the transition from 
the excited state are characteristic for each nuclide. The energy of the 
neutron capture radiation covers a range from 50 keV to approximately 
10 MeV. The spectra of most elements are very complex because of 
numerous populated levels. The data required for activation analysis by 
prompt-gamma-ray following neutron capture are isotopic abundance, 
total thermal-neutron-capture cross-sections, promptrgamma ray energies, 
and absolute and relative gamma-ray intensities. Theprompt-gamma-ray 
energies and intensities are relatively well known, and there exist also 
excellent tabulations by Bartholomew et al. [ 87-89], by Rasmussen et al. [ 90], 
and by Duffey et al. [ 91, 92] .

Activation analysis by observation of prompt-charged particles emitted 
in nuclear reactions induced by charged particles on light nuclides is being 
increasingly applied. The most important data for these purposes are:
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cross-sections, Q-values, Coulomb barriers, and stopping powers. They 
have been already discussed in connexion with charged-particle activation 
analysis.

4.2. Analysis by elastic scattering

Significant new developments have been made in the analytical application 
of elastic scattering of heavy charged particles, such as protons, o-particles,

FIG.8 . The ratio of experimental (o ) and Rutherford (o^l elastic scattering cross-sections as a function of 
the scattering angle if for 40-M eV protons [9 4 ] .
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and heavier ions [ 93]. The most important data needed for this technique 
are the scattering cross-sections and stopping powers.

The Rutherford model of elastic scattering can be applied to explain 
the physical principle of the method. However, in practical applications 
the Rutherford cross-sections ctr do not suffice. The knowledge of the 
dependence of the experimental cross-sections a or the ratio a/aR on the 
scattering angle q> is essential for the nuclides of the trace elements to be 
determined as well as the nuclides of the matrix elements in order to 
optimize the irradiation conditions and/or to carry out the analysis according 
to the absolute method. Figure 8 shows examples of such a dependence. 
Unfortunately, these experimental data are not available for all nuclides 
and energy ranges coming in question for carrying out this analysis. As yet, 
no compilations of elastic-scattering data, similar to those existing for 
conventional activation analysis, have been prepared. For this reason, 
the existing bibliography [95-98] is of special significance. The same is 
true for inelastic-scattering cross-sections which must be considered one 
of the possible interferences. To master interferences of this type the 
excitation states must also be known. Additional interferences can be 
caused by prompt radiation of nuclear reactions discussed above.
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D I S C U S S I O N

D. BERENYI: I would like to inquire about the availability of tabulations
of cross-section s for fast neutrons, i . e.  with energies different from 14MeV.
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These would be very useful for planning activation analysis experiments with 
a neutron source.

V. KRIVÂN: Cross-sections of this kind can be found in the BNL 325
series or, for (n, 2 n)-, (n, 7 )- and (n, d)-reactions, use can be made of the 
systematics developed by us, which enables one to construct unknown 
excitation functions.

D. BERENYI: In cases where the cross-section data are as scattered
as those we have seen in some of the tables shown, the problem cannot be 
solved simply by computation or by carrying out one further measurement.  
Thorough analysis must be made of the experimental conditions on which the 
published measurements are based, in certain cases with control experiments  
to demonstrate why particular values are so scattered. Only after such an 
analysis can we plan and perform a new and more accurate experiment and 
thus hope to settle the question.

V. KRIVÁN: I would like to add the following to your comment. In 
principle, there are four steps which we can take in making "recommended  
values" for the case of very contradictory experimental data: (1 ) careful  
analysis of the experimental conditions under which the relevant studies were 
carried out; (2) performance of additional measurements; (3) comparison  
with theoretical calculations; and (4) the use of systematics, where 
available.

A. H. W.  ATE N : I should like to come back to the fact mentioned by the
preceding speakers, namely, that new measurements do not eliminate the 
spread in published data. F or this reason it would be useful if two or more 
good physicists could remeasure standard cross-sections and try to arrive at 
results which agree. With the use of modern methods this should be possible 
with an accuracy of a few per cent. The work could be done in modestly 
equipped laboratories. The measurements in question would presumably be 
thermal cross-sections, resonance integrals and 14 MeV cross-sections.
In future one might also include cross-sections for fission neutrons, which 
by then would presumably be californium neutrons.

A second point I should like to mention is a recommendation made by 
several international organizations interested in the subject of neutron 
measurements. If a certain neutron fluence is used for irradiation and if 
a gamma-measurement is performed the intensity of the signal is determined 
by the product of the cross-section and the intensity (percentage abundance) 
of the gam m a-ray. F or this reason a cross-section measurement can only 
be evaluated or used if details are known concerning the decay scheme  
adopted in the interpretation of the original measurement. As recommended 
by the international organizations in the field, such details should be 
mentioned in connection with cross-section measurement.

D. J.  HOREN: In connection with Dr. Aten's comment, it seems to me
that it may be time for the users of nuclear data to convey their desires for 
researchers to include the details of their measurements in submitting 
their papers to the editors of the basic nuclear physics journals. Some of 
us have not been having much success in inducing them to do so.

N .M . SPYROU: I should like to make the specific request that future
compilations indicate not only the energies of internal conversion electrons  
but also their absolute intensities. In some cases it may be more suitable 
to measure a radionuclide by electron spectrometry (by measuring internal 
conversion electrons) rather than by gam m a-ray spectrometry; although 
the latter of course is the usual method.
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K. H. LIESER: As we chemists prefer to avoid chemical operations
whenever possible, I would like to emphasize that for non-destructive  
activation analysis a thorough knowledge of all y-lines is very important.
To take an example: in the ppm range, there may be interference by unknown
7 - lines of macrocomponents with transition probabilities of 1 0 ' 6.

M. LEDER ER : In reactor irradiations, variability of neutron flux im
plies a need for internal standards; variability of the neutron spectrum  
requires that a standard of the same element be used. In view of these 
problems, how useful are accurate neutron cross-section s? Or, in other 
words, can accurate analysis be done by absolute methods?

V. KRIVAN: I believe that absolute activation analysis can be used 
successfully in many situations especially where an accuracy of 1 0 - 2 0% is 
acceptable, which is very frequently the case. And I must admit that, from 
the point of view of accuracy, there is less risk in using the comparative  
method, particularly when the sample and the standard are as similar in 
composition as possible. For dealing with the variability of neutral fluxes, 
use is made of monitors, and in this case the accuracy of nuclear data is 
significant as a matter of principle.

F .  DYER: I might comment that at the Oak Ridge National Laboratory
we carry out neutron activation analysis almost entirely by absolute methods 
because of its lower cost compared with the comparative methods.

I should also like to ask how many radionuclides are included in 
Meixner's Table.

V. KRIVÁN: As Mr. Meixner is present, I shall ask him to answer
your question.

C. MEIXNER: I think it is about 450.
F . DYER: How is the table being distributed?
C. MEIXNER: You can receive it by writing to me.
D. J .  HOREN: I should like to ask Mr. Meixner what effort went into

his compilation? Did it involve a detailed analysis of all the data to determine 
absolute intensities?

C. MEIXNER: The time required for preparing the compilation was
about three ye ars. A check was made on the literature since 1967, on the 
basis of recent references of the Nuclear Data Sheets, and for the literature 
from the period before 1967 I used information from the Table of Isotopes 
(LEDERER, C . M . ,  HOLLANDER, J . M . ,  PERLM AN, I.,  6th ed. ,  Wiley,
New York 1967).

So far it has seemed impossible to me to determine all the absolute 
intensities of gamma rays because of the lack of experimental information, 
e . g.  if there is only one publication which gives only relative intensities, 
without further information on conversion coefficients and absolute 
ß- intensities or anything e l s e . i t i s  impossible to calculate absolute intensities.

Speaking for myself I have always tried to calculate absolute intensities  
but very often this has proved impossible, especially in the case of short
lived fission products.
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Abstract

NUCLEAR DATA BASES FOR ACTIVATION ANALYSES.
This paper surveys several existing nuclear data compilations and discusses their applicability to 

activation analysis. These compilations generally fall into two categories: those dealing solely with 
neutron activation data, both for instrumental and radiochemical purposes, and those providing more general 
data for a wide range of nuclear activation mechanisms. The former type is mainly restricted to a 
single application while, to date, the latter type is only useful for reference purposes. Two approaches 
to data reduction in instrumental activation analysis are currently employed. The first method utilizes 
a library o f standard spectra which are unique to the particular irradiation and counting facilities used.
In contrast, the second approach uses a library o f basic nuclear parameters together with a mono-standard 
flux determination. Experience with an existing data base o f this latter type for the semi-automatic 
analysis o f  environmental samples has revealed some deficiencies in contemporary nuclear information. 
These predominate in the areas o f absolute gamma-ray intensities and particle capture cross-sections. 
Extensive use o f  this system has revealed other requirements not directly related to the reliability o f the 
available nuclear data. To m eet these requirements for quality control purposes, it was possible to 
generate different hard-copy sub-sets o f  the data file , notably photon energy and isotope-ordered listings 
and a compilation o f gamma-ray interferences. There is also an obvious need for more technical 
information regarding reactor characteristics, e .g .  neutron energy profiles and flux gradients. A list o f 
parameters for charged-particle, photon, slow-neutron and fast-neutron activation analysis is discussed 
in relation to the establishment o f an international master data base.

Introduction

Since the introduction of high resolution (Ge(Li)) y -ray  detectors 
it has been feasible to carry out instrumental, or non-destructive, neutron 
activation analysis on a wide variety of sam ples. Generally the methods 
employed can be divided into two categories. The first, regularly used 
when the content of the m aterial to be analyzed is known qualitatively, 
compares the spectrum from  the unknown with a catalogue of spectral data 
generated by the irradiation of known quantities of the elements involved. 
The second method has advantages when the composition of the samples is 
unknown, varying, or when a large number of elements are to be deter
mined. It utilizes a library of nuclear data and a neutron flux monitor 
for the solution of spectra from  the irradiated sam ples. This paper will 
confine itself prim arily to the second method and will discuss the com pila
tions of nuclear data and the techniques required for its use.
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Since the advent of neutron activation analysis there has been a con
tinual need for reliable nuclear data. Initially much of this m aterial was 
extracted from  primary sources such as journals and secondary sources 
such as the Nuclear Data Sheets (1). The first important compilation of 
data directly useful for activation analysis was Heath's "G am m a Ray 
Spectrum Catalogue" (2) which appeared in 1957. In the early I9 6 0 's many 
such sources were published. Noteworthy were Koch's "Activation Analysis 
Handbook" (3) and "Tables of Gamma Rays from  the Decay of Radionuclides"
(4) by Hawkings, Edwards and M cLeod. Koch provided a thorough com pila
tion of nuclear reactions (with cross sections and experimental sensitivities) 
applicable to activation analysis of each element together with a comprehen
sive list of interfering reactions. Hawkings et al. were the first to provide 

both ascending energy and ascending half-life subsets of radionuclide 
Y-rays as a further aid to spectral peak identification. With these and other 
compilations (5 ,6) it was possible to carry out m ulti-elem ent analysis, 
using sodium iodide detectors and post-irradiation chemistry, without 
continual reference to primary data sources.

When Ge(Li) detectors came into general use, the inherent se lec 
tivity of the counting procedures was markedly increased. Many energy 
levels and decay schemes were subsequently re-exam ined to produce better 
y -ra y  energy and intensity values; and in 1968 and 1969 there appeared 
several compilations containing improved data. Undoubtedly the most 
versatile of these publications was the sixth edition of "Table of Isotopes"
(7) by Lederer et al. which included basic nuclear level schem es, 
abbreviated data compilations for engineering and analytical applications 
and a list of precisely determined y-ray  calibration energies. At about 
this time it was realized that the continuing improvement in resolution of 
Ge(Li) detectors, combined with computerized spectral reduction, might 
obviate post-irradiation chemical separations. To assist analysts moving 
in this direction, Adams and Dams (8) published in 1969 a compilation of 
precisely determined energies of the main y -rays for radionuclides 
produced by thermal neutron capture. Subsequently these authors published 
an additional list of y -rays from  fission product nuclides (9). A lso in 1969 
Heath (10) produced a new catalogue of nuclear data for both stable and 
radioactive nuclides, ordered by element only. It is significant that the 
author adopted numerical as opposed to spectral or analogue data presenta
tion.

A  comprehensive catalogue of thermal and fast neutron activated 
nuclides and their associated gamma radiations was prepared by the Nuclear 
Data Centre of Washington State University in 1969 and was revised Ln 
1970 (11). It is perhaps still the most complete compilation for thermal 
neutron activation purposes. In 1970, Balagna and Helmick (12) at Los 
Alam os irradiated some 70 elements with thermal neutrons and analyzed 
their induced activities using a high resolution Ge(Li) spectrom eter. Their 
atlas presents plots of the spectra and tables of the y -rays ordered both by 
energy and by element. A more general catalogue of Y-rays was published 
by Wakat in 1971 (13), although the author_ had discussed its format and 
content some three years earlier (14). This compilation contains an energy- 
ordered list of Y-rays for radionuclides produced by all reaction modes.

C o m p i l a t i o n s
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However, since thermal neutron cross sections, atomic numbers and 
parent isotope abundances were not included, it is useful only for manual 
identification and inspection procedures.

Also in 1971, Pagden, Pearson and Bewers (15) of the Bedford 
Institute of Oceanography, Canada, published a printed version of their 
computer library for instrumental activation analysis. It is sim ilar in con
tent to that of the Washington State University group but more easily under
stood because of its self-explanatory headings and comparatively open fo r 
mat. Much common material exists in the previously described data com 
pilations but the important distinction between that of Pagden et al. and the 
others is that the form er is a working data base for instrumental thermal 
neutron activation analysis. While some of the compilations, in particular 
the Washington State University file and Heath's "Table of the Isotopes" 
contain sufficient material to be adapted to these purposes, the principal 
applications are for visual reference and spectral inspection. None of the 
catalogues, as published, is easily adapted to assessing the degree of 
radiochemical separation required for conventional activation analysis, and 
this aspect will be dealt with later.

Instrumental Activation Analysis

As previously mentioned there are two basic approaches to instru
mental or non-destructive activation analysis. In the first category, used 
when the general composition of the sample is known, the y -ray  spectra of 
the irradiated sample can be solved by choosing component-element stand
ard spectra from  a library and iteratively transforming them into a least -  
squares regression fit to the unknown (16, 17, 18, 19, 20, 21). Within the 
same category, another method is to calculate peak areas and energies and 
relate these data to a library of sim ilar param eters obtained from  irradiat
ing standards (22, 23, 24). These methods require that the data for the, 
libraries be obtained under identical conditions to those pertaining to the 
sample and therefore they are only applicable to the irradiation and counting 
facilities for which they were designed. The libraries must of course con
tain examples of all sample constituent elements in order to account com 
pletely for all possible interferences.

A library of basic nuclear data, rather than a library of experimen
tally determined parameters is used in the second major category of 
instrumental procedures for analyzing spectra. This approach is preferable 
when the general composition of the sample is unknown or when such large 
numbers of elements are to be determined that time and costs prohibit the 
preparation and analysis of standards. Many environmental samples fall 
into this c la ss . Although calibrated y-ray  standards are used to measure 
the efficiency of the counting system  and standards may be used to 
characterize a particular irradiation facility initially, the aim of the method 
is to provide a reliable analytical procedure using a single standard such as 
a cobalt flux monitor. A unique characteristic of this approach is the 
entirely numerical handling of spectra. It is therefore necessary that 
y -ray  spectra be reduced to peak areas and energies. Methods in this 
second category are based upon the use of the equation for post-irradiation  
photon em ission rate of a radioisotope form ed by thermal neutron capture:



2 3 2 BEWERS et al.

л г  W k „  „  -0 .6 9 3 t .  ,T U -0 .6 9 3 1, .T ,S = o 0 1  — — N (1 - e irr /  ¿ )  e d e c / jy th y M ¿ г

where is the em ission rate of a gamma ray of energy E y from  a

product radioisotope R 

u is the thermal neutron capture cross section

Ф  is the thermal neutron flux

I is the absolute intensity of photons of energy Ey from  the

product radioisotope R in y ' s / decay

W is the mass of the target element in the irradiated sample

к is the fractional abundance of the target isotope

N is Avogadro's number

t. is the irradiation period 
irr

T i is the half-life  of the product radioisotope R 
2

t is the post-irradiation decay time

M is the atomic weight of the target element

The param eters k, N, M, Iy, ath anc* T l  are constants of a chemical or nuclear 
nature, while t^r r , t ¿ ec and 0  describe experimental conditions. If 0  and 
Sy can be determined, it is possible to deduce W, the m ass of the target 
element in the sample. 0  is measured by using a single standard such as 
a cobalt flux monitor. The evaluation of Sy is based upon the determination 
of the peak areas and energies of the y~r ay spectrum.

The accuracy with which W is determined will depend upon the 
accuracy with which all the other parameters are known, but in general, 
the limiting factors will be the uncertainties in cross section, flux and Sy. 
For most samples the values in the library should be adequate but if high 
accuracy is required it may be necessary to measure Of-h and 0  initially 
with standards. For subsequent irradiations, determination of 0  with a 
flux monitor is sufficient, provided that the neutron spectrum of the 
irradiation facility has not changed. The accuracy with which Sy can be 
determined is largely a function of the complexity of the y -ray  spectra.
In addition, it is essential that all possible products of thermal neutron 
bombardment are considered as possible constituents of the post-irradiation  
sample mixture, and the library of nuclear data must include information 
on significant (n, f ) , (n, P) etc. reaction products.

In I 9 6 7 , Gunnink, Levy and Niday (25, 26), developed an instrumental 
activation technique of this type. Their basic library consisted of nuclear 
data including half-lives, y -ray  energies, y -ray  intensities and parent- 
daughter relationships. Their procedure could be subdivided into three 
stages: the conversion of spectral data to photopeak energies and areas, 
the identification of constituent nuclides and the conversion of peak 
intensities to activities based on counting geometry and detector efficiency.
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Constituent elements are then calculated using thermal neutron capture 
cross sections, neutron fluxes, isotopic abundances and irradiation tim e s .

In 1970, the Bedford Institute group reported on a system  of instru
mental activation analysis (27) using the single standard approach. The 
procedure was designed and tested for the analysis by neutron activation 
of a wide range of oceanographic samples for which it was not possible to 
make prior assumptions regarding composition.

The system  consisted of a set of computer routine together with a 
disc-based library of nuclear data and detector efficiency calibrations. A  
subset of the library was subsequently published (15) and has already been 
discussed. The complete analytical procedure involves the selection for 
each spectrum of an overall set of possible constituent radionuclides which 
is system atically reduced to a "best set" by various tests based on the 
catalogued nuclear data. First the photopeak áreas and energies of the 
sample spectrum are determined by the method of Routti (28). The initial 
nuclide set is then assembled by comparing these photopeak energies with 
all y -ray  lines stored in the data base. Nuclides having lines which match 
spectral lines to within a specified energy lim it based on detector resolution  
are then retained in the set. Subsequent computer routines then test each 
nuclide of the set for suitability of h alf-life , presence or absence of most 
intense line, presence or absence of second and third strongest lines and 
the probability of production during the sample irradiation. These tests 
are carried out sequentially and employ tbe catalogue param eters of half- 
life, y -ray  energy, Y 'ray relative intensity, target stable isotope abundance 
and thermal neutron capture cross section. Input data for the tests include 
duration of irradiation, decay time of the sample prior to counting and 
pulse height analyzer live -tim e. At the completion of each test the user 
has the option of obtaining print outs of surviving and rejected nuclides. 
Manual intervention is possible before the application of any of the routines 
but is normally only exercised after the probability of production test.

The surviving "best set" of possible constituent nuclides is then 
arranged into an activity matrix and equated to the spectral peak areas in an 
equation of the form

I. = Г e. A . a.. i = 1, n
1 j=l> m  1 J j = 1, m

where L is the peak sum of the i th photopeak of energy E. 

is the detector efficiency at the energy E.

Aj is the relative activity of the j th nuclide

a „  is the relative photon intensity of the i th line of ■

the j th nuclide 

n is the number of spectral lines

m is the number of nuclides in the "b est set"
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G a m m a  Ray 
Energy 
(keV)

Original
catalogue

1967*

Matrix
predictions

1969*

Lederer et al. 
(7) 1968

Heath (10) 
1970

Filby et al
fil) 1970

Wakat (13) 
1971

Pagden et al. 
(15) 1971

152 13.6 6. 5 7 57 7. 1 7 7.3

222 13.6 8.5 8 97 7.98 8 8.0

229 6. 8 3. 9 3 3. 6 3. 8 3.4 4.0

1122 37 37 - 35. 6 37 37 35

1222 31 31 - 27. 9 28. 9 28. 9 27. 8

* Relative intensities normalised to 37 @  1122 keV.
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The solution is weighted by the spectra l line intensities and the resulting 
m atrix equation is solved by the method of least squares. Since it is 
im plicit that the m atrix of the aij term s must be non-singular, a com puter 
routine excludes non-soluble nuclides, while ensuring that the maxim um  
number of solutions are obtained. The resulting A j's  are a set of num bers 
proportional to the activities of the j nuclides. A  final routine uses 
catalogued values of therm al neutron c ro ss  sections and ratios o f relative 
to absolute y -ra y  intensities, together with input figures fo r  cobalt flux 
m onitor and sam ple m ass to calculate final values of elem ent concentration 
in the sam ple. In cases where a spectrum  is found to contain products of 
reactions other than (n, y )'s  (e .g . fiss ion ), no calculations other than isotope 
activity are ca rr ied  out.

A  set of test spectra  from  irradiated  sam ples of C r, Ru, Tb, Hf, 
and Ta, counted both singly and in com bination achieved acceptable results 
but pointed out d iscrepan cies  in intensity values fo r  Ta and Hf. Table I 
shows the data for  Ta used in the original catalogue (1967, unpublished) 
o f the Bedford Institute group, the predicted  values from  the m atrix analysis 
and the values presented in m ore  recent com pilations. It is im m ediately 
evident that intensity values predicted  by the m atrix analysis are in good 
agreem ent with the m ost recent com pilations. The large differences 
noticeable in Heath's com pilation (10) are probably due to typographical e r r o r s .

Because of the least-squ ares method used fo r  the solution of spectra, 
the system  is quite sensitive to e rro rs  in the catalogued data, and an error  
in the intensity data fo r  one nuclide may affect the calculations of activity 
fo r  many others. T herefore re liab le  intensity values are n ecessary  to ca rry  
out effective com parative analyses. In order to extend the use of the system  
to absolute analyses, accurate cro ss -se ct io n  data are also required.

The foregoing d iscussion  of a particular analysis system  c lea rly  
indicates the advantage of a com puter-based  data file  over a printed 
re feren ce  catalogue. Subsets and rearrangem ents of the base file  are 
easily  obtained and can provide com pilations ordered  by energy, h a lf-life , 
nuclide, e t c . ,  through new program m ing. The subsets can be made 
available as either printed com pilations or further com puter file s  for 
analytical purposes. Appropriate program m ing and estim ates of the p ro 
bable sample m atrix  can be used with the data base to predict optimum 
irradiation  and counting procedures for  the analysis o f particular sam ples.

A particu larly  useful m athem atical treatm ent of the existing data 
file  (29) has provided a catalogue of possib le  spectra l in terferences 
encountered in therm al neutron activation analysis. This com putes the 
degree of in terference o f the five  m ost intense y -ra y s  of each catalogued 
radionuclide with all other lines in the catalogue subject to an "in terferen ce  
width" of ± 5 keV from  the re feren ce  energy. It is divided into three sub
sets corresponding to reactor irradiation  tim es of 10 m inutes, 1 .5  hours 
and 12 hours and values of relative peak height at the end of the irradiation  
are given fo r  equal elem ent m ass.

This com pilation  can be used very  profitably by laboratories which 
do not have sophisticated com puter techniques to predict possib le  constituents
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of m ultiplets in the sample spectrum . A lso , predictions of detectability of 
one elem ent in the presence of another can be made, optimum lines for 
detecting a particular elem ent can be selected  and the m ost advantageous 
use of rad iochem ica l separations for unambiguous analysis can be d eter
m ined.

The in terference listing has also shown that the method of assigning 
radionuclides with well-know n decay schem es to sp ecific  spectral peaks is 
not practica l fo r  the analysis of sam ples containing m ore than a few  elem ents. 
Even the highest resolution  Ge(Li) detectors do not reso lve  this problem  
since significant in terferences with centroid d ifferences of less  than 1 keV 
are com m on, con trary  to the rem arks of V erheijke (30). The m atrix  method, 
which by its nature accounts for all in terferences, is the m ost reliable 
approach to the analysis of com plex sam ples.

Concluding Rem arks

The advancement of automated activation analysis is dependent upon 
refinem ent in the areas of available nuclear data and inform ation regarding 
serv ice  irradiation  fa c ilit ie s . Irradiation positions which are w ell 
ch aracterized  fo r  total flux and neutron energy distribution are essential 
for re liab le  analysis. It is relatively  sim ple to obtain these conditions 
in low flux positions near the reactor shield or in the therm al colum n. It 
w ill not, how ever, be possib le  to use high flux co re  positions unless 
detailed inform ation regarding the neutron spectrum  is available.

With resp ect to nuclear data, the lim iting fa ctors  fo r  reliable 
automated analysis at the tim e of the m ost recent data com pilations (10 , 1 1 ,
15) are the a ccu racy  of absolute Y -ray intensity and neutron capture c r o s s -  
section  values. An exam ple of this type o f problem  is given in Table II 
which shows a chron olog ica l survey of the у-т&у intensity data for $7 Co as 
given by com m ercia l suppliers and in the m ost recent com pilations.
Although ^ C o  has been used in standard calibration  sou rces fo r  a number 
of years, the ratio of the intensity o f the 122 and 137 keV lines varies from  
7 .4  to 10 .2 . S im ilar d iscrepan cies w ill probably be apparent in other m ore 
com plex and less  thoroughly studied decay sch em es. R eliable c ro s s - 
section  data is also needed if absolute, rather than com parative analyses 
are to be perform ed  using this technique.

Further nuclear re sea rch  d irected  toward the co rrection  of these 
d e ficien cies  would be w elcom e.

As better inform ation becom es available the need fo r  an international 
nuclear data bank fo r  all purposes can be foreseen . The basis of such a 
com pilation would naturally be the nuclear leve l structure. The base should 
include all nuclear param eters such as name o f elem ent, atom ic number, 
m ass number, decay m ode, leve l lifetim es, y -ra y  energies, v -ra y  absolute 
intensities, h a lf-life , branching ratips, particle decay energies, level 
energies and spins, transition  m ultipolarity, isom eric  transition  strengths,
Q values, cascade characterizations (doubles), particle capture c r o s s -  
section  pro files , etc . C hem ical and atom ic param eters such as isotopic



TABLE II. INTENSITIES OF 57Co GAMMA RAYS (7 's / l 0 0  DECAYS)

IAEA-SM-170/36 2 3 7

Source 122 keV 
intensity

136 keV 
intensity

Ratio of 
122 k eV /136 keV 

intensities

A m er sham 1962 88 10 8 . 8

IAEA 1966 85. 3 8 .4 1 0 . 2

Am er sham 1966 8 8 . 8 8 . 8 1 0 . 1

L ederer et al.(7) 1967 87 11 7 .9
Heath (10) 1969 85 11 7 .7

Filby (11) 1970 85. 3 8 . 54 1 0 . 0

Wakat (13) 1971 87 11 7 .9
A m er sham 1971 84.8 11.4 7 .4

Pagden et al.(15) 1971 85 11 7 .7

abundances, atom ic m ass, e lectron ic structure and chem ica l period icity  
should all be included fo r  analytical purposes.

The large quantities of data available and the com plex nature o f the 
nuclear p ro ce sse s  involved would requ ire a detailed system s analysis to 
define the methods of data storage and retrieved. Continual updating of the 
file  is essential and conventions regarding experim ental uncertainties and 
file  acceptance must be included as part of the system s approach. The end 
resu lt would be a com prehensive data base which could be a ccessed  to p ro 
duce su b -file s  for any desired  application including evaluation of contem po
ra ry  data d e fic ien cies . These su b -files  would be made available either as 
printed outputs or on m agnetic tape in order to be com patible with com puter- 
based system s of analysis.
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D IS C U S S IO N

D .J . HOREN: The com parison  in Table II o f the paper might be 
m eaningless without a knowledge of the uncertainties assigned by the authors. 
A ctually, there may very  w ell be good agreem ent with these uncertainties.

A s regards your desire  fo r  an international com puterized data base , I 
too would like to see th is. Maybe i f  you all w rite the NSF they might give 
us som e funds to pursue this matter faster!

W .B . LEWIS: I would like to re fe r  to another aspect o f the question 
reused by D r. Horen on your table o f the ratio o f intensities tabulated 
fo r  the 57Co 7 - ra y s . These values derive from  values given by m easu rers . 
We need som e means of weeding the garden, i . e .  cutting out resu lts that 
the experim enter now knows to be fa lse and may wish to withdraw. We 
need a means o f com m unication to bring this into e ffect, say, by writing to 
the com p ilers  and asking them to approach m easu rers with a request to 
exclude such in form ation . Otherwise we may continue averaging in data 
that no one would rea lly  sponsor.

J . J. SCHMIDT: As an example to illustrate the com m ent of Dr. Lew is,
I would like to mention that in the s o -ca lle d  EXFOR system , which is  a 
system  fo r  international exchange (by means of com puters) o f experim ental 
neutron nuclear data between the four main neutron data cen tres, each 
com puter being in constant contact with the experim enter whose data are 
being entered into the EXFOR file , in ord er  to verify  whether the data are 
still valid , whether the experim enter wants to make changes, e tc . Only 
with the exp licit approval o f the author are the data and associa ted  physics 
inform ation characteriz ing  the experim ent then finally entered into the file 
and through the fou r-cen tre  network made available to u sers  requesting these 
data.

M. LEDERER: With re feren ce  to D r. L ew is ' rem ark , I re ca ll a 
com m ent by M iss K. Way som e years ago that "the past goes aw ay". Given 
the rate at which new and better m easurem ents appear, one can hope that 
many in correct m easurem ents will be re jected  by  the evaluator on the light 
o f newer data (esp ecia lly  in the m atter of gam m a-ray spectra ).

M iss K. W AY: We used to write to experim enters w hose values seem ed 
discrepant with those o f others to ask them to review  their resu lts . Often 
they found reason  to c o rre c t  o r  withdraw their data. This was duly noted 
on the Data Sheets.
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Abstract

R E S O N A N C E  IN T E G R A L S  A P P L IE D  T O  T H E  M U L T I P L E - C O M P A R A T O R  M E T H O D  IN  R E A C T O R  N E U T R O N  

A C T I V A T I O N  A N A L Y S IS .

C la s s ic a l  re a c to r  n e u tro n  a c t iv a t io n  a n a ly s is  re q u ire s  p re p a ra t io n , ir r a d ia t io n  and  c o u n t in g  o f  a s tandard  

fo r  e a c h  e le m e n t  to  be  d e te rm in e d . T h is  m e th od  is  t im e - c o n s u m in g ,  e s p e c ia l ly  fo r  ro u t in e  m u lt i- e le m e n t  

a n a ly s is , and  m a y  be  a cau se  o f  errors, m a in ly  due to  f lu x  g ra d ie n ts  in  th e  ir r a d ia t io n  c a p s u le . M o reo ve r, 

u n e x p e c te d  e le m e n ts , fo r w h ic h  n o  s tandards a re  с о - ir ra d ia te d ,  ca n n o t  b e  d e te rm in e d .

T h e se  d isa d va n ta g es  c a n  be  a v o id e d  b y  a p p ly in g  a m u lt ip le  c o m p a ra to r  m e th o d . In  th is  te ch n iq u e , the 

s p e c i f ic  a c t iv i t ie s  o f  the  standards a re  d e r iv e d  fro m , a t  le a s t , tw o  c o m p a ra to r  iso topes ir r a d ia te d  to g e th e r w ith  

th e  s a m p le .

I f  th e  ra t io s  o f  the  s p e c i f ic  a c t iv i t ie s  o f  th e  iso tope s  in v e s t ig a te d  to  the  s p e c i f ic  a c t iv i t ie s  o f  the  c o m 

p a ra to r  iso topes ( к -v a lu e s )  a re  e x p e r im e n ta l ly  d e te rm in e d  in  a  w e l l- d e f in e d  standard  re a c to r  s ite , th ey  c a n  be  

c o n v e r te d  fo r  e a c h  new  ir r a d ia t io n  p o s it io n .  A s  th e  is o t o p ic  a c t iv i t y  in d u c e d  b y  re a c to r  neu tron  ir r a d ia t io n  

is a n  a d d it iv e  fu n c t io n  fo r  th e rm a l and  e p ith e rm a l a c t iv a t io n ,  th e  c o n v e rs io n  o f  the  к - v a lu e s  sh ou ld  ta ke  in to  

a c c o u n t th e  th e rm a l a n d  th e  e p it h e rm a l a c t iv a t io n  pa ram e te rs , n o t o n ly  o f  the  re a c to r  n e u tro n  spe ctru m , b u t 

a ls o  o f  the  iso top e s . A s  fa r  as th e  fo rm e r is c o n c e rn e d , i t  c a n  be  p ro v e d  m a th e m a t ic a l ly  th a t the  k n o w le d g e  o f 

th e  ra t io s  o f  th e rm a l to  e p it h e rm a l n e u tro n  f lu x e s  ( f lth ^ e p i)  ôr th e  stanclarcî and  the  u nknow n  i r r a d ia t io n  p o s it io n  

is  s u f f ic ie n t  fo r  th e  c o n v e rs io n  o f  the к - v a lu e s .  A s  to  the  is o to p ic  p a ram e te rs , i t  c a n  be  show n th a t o n ly  the  

ra t io s  o f  th e  in f in i t e  d i lu t io n  re so na nce  in te g ra ls  to  the  th e rm a l a c t iv a t io n  c ro ss -se c tio n s  (Iq /o^ )  a re  need ed  fo r  

the  iso top e s  d e te rm in e d  and  fo r  th e  c o m p a ra to r  iso top e s . T h u s  i t  c a n  be  s ta ted  th a t the  m u lt ip le - c o m p a ra to r  

m e th od  re q u ire s :  a) e x p e r im e n ta l d e te rm in a t io n  o f  th e  к -v a lu e s  u n d e r w e l l- d e f in e d  ir r a d ia t io n  and  c o u n t in g  

c o n d it io n s .  T h e se  ra t io s  c a n  be  e v a lu a te d  a fte rw a rd s , thus o ffe r in g  the  p o s s ib i l it y  o f  d e te rm in in g  u n e x p e c te d  

e le m e n ts ;  b) k n o w le d g e  o f  the  f lu x  ra t io s  fo r  the  i r r a d ia t io n  p o s it io n s . T h e se  ra t io s  c a n  be  c a lc u la t e d  fro m  

th e  a c t iv i t ie s  o f, a t le a s t, tw o  ir r a d ia te d  c o m p a ra to r  iso topes, u s ing  a  r e la t iv e  a c t iv i t y  m ea su re m en t m e th od ;  

c) k n o w le d g e  o f  a c c u ra te  ^ / o ^ - v a lu e s .  Because  o f  the  la c k  o f  w e l l- k n o w n  ^ -v a lu e s  fo r  m a n y  isotopes, 

th e  I f j/o ^ -v a lu e s  w ere  d e te rm in e d  fo r  a l l  y - e m it t in g  n u c lid e s  u s e fu l in  r e a c t io n  n e u tro n  a c t iv a t io n  a n a ly s is .

T h e  m easu rem en ts  w ere  c a r r ie d  ou t a c c o r d in g  to  th e  H ^ g d ah l f lu x  c o n v e n t io n .  T h e  v a lu e s  w ere  d e te rm in e d  in  

d i f fe r e n t  re a c to r  neu tron  s p e c tra .  In  som e  cases, a n  e x p e r im e n ta l study was m ad e  to  a v o id  s e lf - s h ie ld in g .

Errors a re  e s t im a te d  to  be lo w e r  th a n  5%.

A  study  o f  the  e rro r m u lt ip l ic a t io n ,  w h en  a p p ly in g  the m u lt ip le - c o m p a ra to r  m eth od , w as p e r fo rm e d . T h e  

m e th o d  w as a n a ly se d  s tepw ise , a n d  th e  ch an g e  o f  the  in i t i a l  e rro r cau sed  by  ir r a d ia t in g  and  m ea su rin g  the  

iso tope s  is  d e s c r ib e d  as a fu n c t io n  o f  th e  m a th e m a t ic a l  o p e ra t io n s . A  g e n e ra l e xp re ss io n  is d e r iv e d  fo r  the  

o v e r a l l  e rro r o n  th e  f in a l  a n a ly t ic a l  re su lt .  T h is  study  o f  e rro r m u lt ip l ic a t io n  is  e s p e c ia l ly  im p o r ta n t  in  g iv in g  

a m a th e m a t ic a l  s o lu t io n  fo r  th e  c h o ic e  o f  c o m p a ra to r  iso topes and  i r r a d ia t io n  c o n d it io n s  fo r  e a c h  in d iv id u a l  

a n a ly t ic a l  p ro b le m .

INTRODUCTION

As rea ctor  neutron activation analysis is founded on the fact that the 
induced isotop ic activities are d irectly  proportional to the weights o f the 
elem ents, it requ ires , in its c la ss ica l form , preparation, irradiation  and

* R esea rch  a sso c ia te  o f  the  IW O N L .

* *  R esea rch  a sso c ia te  o f  th e  N F W O .
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counting of a standard for each elem ent to be determ ined. Consequently, 
when dealing with routine m ulti-elem ent analyses, a lack of space in the 
irradiation  capsule can becom e a problem . M oreover, this procedure is 
very  tim e-consum ing, and, thus, to ensure identical irradiation  conditions 
fo r  standards and sam ples, it necessitates a num ber of precautions con 
cerning the se lf-sh ie ld in g  of the elem ents and the flux gradients in the 
irradiation  can. F inally, with c la ss ica l activation analysis, it is im possib le 
to analyse for unexpected elem ents, as no standards w ill be available.

In the literature, som e of these problem s have been solved  in one way 
or another. A m ixture o r  severa l mixture groups of the standards can be 
irradiated as a solution, follow ed by chem ical separation [1 ] or  
G e(Li) 7 - spectrom etry  [2 -4 ] . The solutions can be rep laced  by sm all paper 
strips [5] o r  ion exchange beads [6 ], on which the standards are spotted or 
adsorbed, resp ective ly . F o r  analyses of b io log ica l and geolog ica l sam ples, 
m ulti-standard m ateria ls can be used, such as dried kale powder [7] o r  
standard rock s [8 - 1 0 ].

Another possib ility  consists in using a s in g le -com parator method, e .g .  
a flux m onitor irradiated  together with the sam ples. This method has been 
cr it ica lly  evaluated by G irardi et al. [11 ]. It was found that the accuracy  and 
p recis ion  are s im ilar  to those of the c la ss ica l method. However, as stated 
ea rlie r  [12], the method is restricted  to a constant ratio o f th erm al-to - 
epitherm al rea ctor  neutron flux, <j>tb/ 0,epi. If this condition is  not met, the 
applicability o f the procedure can be extended by an appropriate choice of 
the single com parator, nam ely with a l^j at[]-value (IQ = activation resonance 
integral at infinite dilution; <rth = therm al activation cro ss -s e c t io n ) c lo se  to 
the one of the elem ents. In spite of these adaptations, with the single
com parator method, no exact correction  procedure is possib le  fo r  variations
o f < w  v

In this w ork, the s in g le -com parator method is extended to a relative 
m u ltip le-com parator method, making it possib le  to co rre c t  fo r  the different 
ratios of th erm al-to -ep ith erm al neutron flux in the d iverse irradiation 
positions. In this procedure, knowledge of the I j  ath-values for the com 
parators and the elem ents under investigation is of fundamental im portance. 
Because o f lack of well-know n values fo r  the resonance integrals, the 
I0/ o * " ratios fo r  122 (n, 7 ) reactions w ere experim entally determ ined. To 
check the a ccu racy  and p recis ion  of the method, a study of the e r r o r  change, 
when applying the m ultip le-com parator method, was perform ed .

PRINCIPLE OF THE RELATIVE M ULTIPLE-COM PARATOR METHOD

When irradiating an elem ent in a nuclear rea ctor , the photopeak 
activity A o f a radioisotope form ed by the (n, 7 ) - reaction  is given by the 
relation

where г> is the isotop ic abundance o f the target nuclide, A vogadro 's  
number, E the counting e ffic ien cy  fo r  the 7 - ray measured(A'= Ex disintegration 
rate), S the saturation fa ctor  = 1 - exp ( -Xt) (X being the decay constant and



IAEA-SM-170/31 243

t the irradiation  tim e), D the decay fa ctor  = exp (-XT ) (with T the decay 
tim e), w the weight o f the elem ent, M the atom ic weight o f the elem ent, 
ath the therm al activation c ro s s -s e c t io n , I0 the activation resonance integral 
at infinite dilution, Ah the therm al neutron flux, and $epi the epitherm al 
neutron flux.

If one defines the sp ec ific  photopeak activity A sp as

and if  one equals

•û N. E
---- = С (3)M ' ;

E q .( l )  can be written as

A = C(cr. ф. + I ф .) (4)
sp ' th  4 h  0 e p i '  '  '

In c la ss ica l neutron activation analysis the unknown weight o f the elem ent 
to be determ ined in the sam ple is calculated from  the equation

A„„ „ = Am „
sp ,x  sp, St (5)

w here the subscript "x" re fe rs  to the sam ple and "st" to the standard.
Using a com parator method one can introduce a k -fa ctor  for  each 

standard defined as,

д
k = sp.st____

sp, c o m p

(6)

where the subscript "com p " re fe rs  to the com parator.
When determ ining these к-fa c to rs  in a "r e fe re n ce "  rea ctor  position  

(subscript " r e f " ) ,  they can be written as

r e f

sp, st
" « ■ A t . + i,

e p i^ re f
0, st

A I  * С
‘ sp, c o m p  / r e f  c o m p

+ i„th , c o m j\  ф O .com p
e p i  r e i

П )

It should be mentioned that a " re fe re n ce "  rea cto r  position  re fe rs  to a known 
ratio o f th erm al-to -ep ith erm al reactor neutron flux.

When analysing the sam ple by irradiation , together with the com parator, 
in an arb itrary  rea ctor  position  (subscript "an a l"), these k -fa cto rs  are
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( i ß - ) + I
e p iV a n a l

0,st

a n a l
c o m p í  фй

^ t h ,c o m ¿  ~¡¿ J '  A0 ,c o m p  
^ e p i 'a n a l

+ In
(8)

F rom  Eqs {7) and (8) it follow s that kanal can be computed from  kref by the 
relation

ânal
• ^ ep i' a n a l th  At -

_Ж
C / r e f

Л
t h / c o m p -

e p i  a n a l th

vth + ( ±
^ e p i - l e f th^st

( 9 )

Equation (9) shows that, concerning the rea ctor  param eters, knowledge of 
the ratios o f th erm al-to -ep ith erm al neutron fluxes fo r  the "re fe re n ce "  and 
the "an a lysis" irradiation  position is sufficient fo r  the con version  o f the 
k -va lu es. F o r  the "re fe re n ce "  rea ctor  position, фл /  0epi can be readily  
determ ined from  the cadmium ratio, Rcd> o f a radioisotope with a known 
I0/  ĉ j- value, accord ing  to the relations

A,sp
C d

( A

and

êpi
(R C d

s p 'C d

I ) '

(10)

(11)

where (A sp)cd is the sp ecific  photopeak activity induced by irradiation  under 
a cadmium cov er .

Since this technique has the disadvantage of causing large flux depressions 
in the neighbourhood o f the cadmium foil, it cannot be used fo r  the determ ina 
tion o f the flux ratio in the "an a lysis" irradiation  position . It is , however, 
possib le  to evaluate ( ф ,̂/ Фер1)аПа1 when irradiating, at least, two com parators 
F o r  the activity ratio o f two com parators, denoted hereafter as 1 and 2, in 
the "re fe re n ce "  rea ctor  position , one can write

sp, c o m p  1

p , c o m p  2 ' r e f

^ c o m p  1 g th , c o m p  1 

С <тc o m p  2 th , c o m p  2

* e p i 'ref 4  th' 'tl r c o m p  1

Y * * )  + f V )
■ /ref 'r-rv e p i  7 r e f  4  th c o m p  2

An analogous relation  holds fo r  the "an a lysis" rea ctor  position

A sp, c o m p  1 

^sp, c o m p  2

p (j
c o m p  1 th , c o m p  ]

С (7
c o m p  2 th , c o m p  2

7 J s l )  t  ( к Л
X ^ e p i a n a l ° t h  c o m p  1 '

' 'th

e p i  'a n a l

(12)

(13)
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By com bination of Eqs (12) and (13) an R -value can be defined as:

R =

° th  c o m p  2

g th  / c o m p  1

'Ф ь \  + ( j a \
^ e n i /a n a l \ ° t h / c

° t h  c o m p  1

rt h  / t u r n  2 (14)

Finally, ( « t̂h/^epi)anal can 'эе computed from  the experim entally determ ined 
R -value by the expression :

The a b ove-d escrib ed  com parator method is ca lled  a relative one, since 
the flux ratio ( Ф{ь / f̂epi)anal *s calculated from  relative activity m easurem ents,
i . e .  without knowledge o f the counting e ffic ien cy . It is obvious, however, 
that the counting conditions [E -fa ctor  from  E q .( l ) ]  should be kept constant 
during the experim ental w ork. This is an essentia l requirem ent fo r  the 
application o f the com parator method.

Although th eoretica lly  only two com parators are needed, the p recis ion  
on the evaluation o f the flux ratio (0th/^epi)anai can im proved by the use of 
a m u ltip le-com parator m ethod. If N com parators are irradiated together 
with the sam ple and counted, N (N -l)/2  values o f (</>th/̂ epi)anal can 'эе com puted. 
Another alternative o f the relative m u ltip le-com parator technique consists in 
using a m u lti-isotop ic  elem ent as com parator. In this case, it is , o f  cou rse , 
required  that the photopeak activities of the different rad ioisotopes, produced 
by (n, 7 ) - reaction , can be m easured sim ultaneously on a G e(Li) detector.

F rom  the a b ove-d escribed  com parator method it follow s that one o f the 
attractive advantages is the possib ility  of analysing fo r  unexpected elem ents. 
Indeed, the kref-fa c to rs  o f E q .(7 ) can be determ ined experim entally a fter
w ards, so that, with the aid o f Eqs (15), (9) and (6 ), the sp ecific  photopeak 
activities A sp st can be com puted.

F rom  Eqs (9) and (15) it is apparent that the relative m ultip le-com parator 
method can only give reliab le  resu lts when the ratios o f the activation r e s o 
nance integrals at infinite dilution to the therm al c ro ss -s e c t io n s  are on hand, 
both fo r  the com parator and fo r  the standard isotopes. Because o f the lack 
o f w ell-know n IQ-values for many (n ,7 ) - reactions, the Iq/o^ ratios were 
experim entally determ ined fo r  m ost of the 7 -em itting nuclides, useful in 
rea cto r  neutron activation analysis. It should be mentioned that the IQ-va lu es, 
used in this w ork, are defined accord ing to the approach proposed by

where E stands fo r  the neutson energy and Ecd.is  the cadmium cu t-o ff 
energy. A ccord in g  to the EANDC [14], I^ d is set at 0.55 eV fo r  a cy lindrica l

(15)

H(4gdahl [13]:

(16)
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cadmium box with a wall thickness o f 1 m m . The 10/ crth -ra t io s  can be 
determ ined from  the cadmium ratio Rcd in a rea ctor  position  with a known 
^th/^epi- value, accord ing  to Eqs (10) and (11).

ERROR MULTIPLICATION BY APPLYING THE RELATIVE M U LTIPLE - 
COMPARATOR METHOD

T o sum m arize the above-described  technique, it can be stated that the 
relative m u ltip le-com parator method proceeds in four w ell-defined  steps:

1. E xperim ental determ ination of the kje f-ra t io s , [E q.(6)J , in a re feren ce  
rea ctor  position  (with known (<̂th/^epi)ref-value). These ktef-va lues can 
re fe r  to one o r  m ore com parator isotopes.

2. Calculation o f (4>th/tf>epI)anal [Eq. ( 15) ].
3. C onversion  of the kref-va lues to the kanal-values [E q .(9 )] .
4. Computation o f the sp ecific  standard activities in the "an a lysis" rea ctor  

position  [Eq. (6) ].

Apparently, it is important to know the e r r o r  on the kanal-va lues, as a 
function o f the experim entally determ ined R -va lu es. F o r  the sake of c le a r 
ness, the calculations are sub-divided into two parts, namely the e r r o r  on 
( «¿»th/̂ epiJanai relative to the e r r o r  on R [E q .(15)] and the e r r o r  on kanal relative 
to the e r ro r  on W’th/'Î’epiïanal [Eq- (9)J • F inally, the e r ro r  on kanal relative to 
the e rro r  on R can be evaluated by com bining the two separate parts. To 
sim plify  the m athem atical equations, the follow ing abbreviations are used:

E rro r  on fanal relative to the e r ro r  on R

The e r r o r  on fanal, relative to the e r r o r  on the experim entally determ ined 
R -value, can be expressed  as

Ф./Ф . = fth' epi

and

Zf " dR 
R

f  . anal (17)

Differentiating E q .(15 ) gives fo r  this Z f -va lue:

z, + ĉompl) Ĉief + Dcomp 2 ) ( ̂ comp 2 " ĉomp l) (18)
[’R D comp l ( f, . f  + D
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Zf

F IG .  1 . Z f  as a fu n c t io n  o f  R [E q .(1 8 )]  .

D c o m p  1 = 3 .3  (103R u ); D co m p  2 = 2 3 . 1 ( ” Ru); f r e f  = 2 3 .8 .

Equation (18), from  which Zf can be calculated as a function o f R, is graphi
cally plotted in F ig . 1. It is worth mentioning that the lim its fo r  R are 
given by

^ref + ^comp 1 „ j  ^comp 2 r̂ef + ^comp 1

f f +D „ D . f f + D „ < '
re f  c o m p  2 c o m p  1 r e f  c o m p  2

the upper and low er lim it depending on the value o f Ekomp 2/Dcompl com pared 
to unity. The lim its (19) can be derived from  E q .(15 ) where fanal should have 
a positive value.

F rom  F ig . 1 it can be concluded that the minimum Zf -value corresponds to

f , + D . ID
n  _  r e f  c o m p  1 I c o m p  2

( z f ) " f , + n  V D '  }
m in '  r e f  •L c o m p  2 ' c o m p  1

this expression  being the harm onical average of the lim its fo r  physical
meaning o f R . In this case Z f . becom es

'm in

Z f . =
rm n

Jd  7  + n/d
c o m p  2 c o m p  1

n/ д, _ *Пг)
c o m p  2 c o m p  1

( 2 1 )
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F IG .  2 . Z f  as a  fu n c t io n  o f  f a n a j  [E q . (22 )] .

D c o m p  1 = 3 .3  (103Ru) ; D c o m p  2 = 2 3 .1  (^Ru).

Equation (21), independent o f r̂ef * shows that the value o f Z fmin is always 
la rger than unity, so that Z f can be considered to be a rea l e r r o r  m ultiplica
tion fa ctor . If the two com parators have the sam e D -value it is apparent 
from  Eqs (14) and (20) that R =R(Zf  . ) = 1, independent o f the fref-va lue.
In this case , how ever, the values o f Z f  . and Z, are infinite.

_ Jr n i n  f

By com bination o f Eqs (15) and (18), one can set up the equation in which
Zf is  given as a function o f the activation param eters fanai, Dcomp i and
^comp 2'

Zf = ( ^anal +  -̂ ç o m p  i  ) ( ^ anal ~l~ ^ c o m p  2 ) 

^ ana l ( ^ c o m p  2 ^ c o m p  1 )

(22)

F rom  E q .(2 2 ) it is  obvious that the e rro r  m ultiplication factor Zf is 
not influenced by ftef.
The function corresponding to E q .(22 ) is plotted in F ig . 2 as Zf versus ^ а1. 
Again, it should be mentioned that the curve has only a physical meaning fo r  
positive fanal-v a lu es . Zf shows a minimum value at

^ a n a l ( z f  ) \ / ^ c o m p  1 Ц ; о т р  2 
Tm in
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this exp ression  being the harm onic average o f the D -values fo r  the two 
com parator isotop es. F or  this value, Z f . , can be expressed  identically 
to E q .(2 1 ). F rom  Eqs (21) and (22) it сапЧэе concluded that, if 
D c o m p  1 = D c o m p  2 > Z f = Z fm¡n = oo . In case one of the com parators has a very  
large D -value com pared to the other one, Z fmin approaches unity. F urther
m ore , from  Eqs (21) and (22) (F ig . 2) it appears that, fo r  any value o f fanal, 
the best resu lts are obtained:

1. i f  Z f . is as low as p oss ib le . Equation (21) shows that this is  perform ed
by using two com parators with a large spreading o f their D -va lues, i . e .  
the ratio Dcomp 2/Dcompi should be very  sm all o r  very  large;

2. if  the asymptote

Zf =
______ fanal_______ + ^comp 2 + 4:omp 1
I-'comp 2 " ^comp 1 Ц,отр 2 ’  ^comp 1

has a sm all firs t  derivative, i . e .  i f  the value | l/D comp2- Dcomp 1 1 *s 
sm all. Again, this condition requ ired a large spreading o f the D -values 
fo r  both com parators.
So as to give a graphical solution fo r  the m ost suitable conditions, the 

follow ing reasoning can be helpful. If an e r r o r  m ultiplication fa ctor  Zfmax

is tolerated, the lim its fo r  Dcomp2 can be calculated as a function of Dcomp x 
fo r  the flux ratio interval that might be expected, i . e .  from  fanal to 
f a n a l  (m a x )-  These relations can be written as

_  _ fanal [fanal + Qiomp l(Z fmax + 1)]
comp 2 (min) “

^anal^f •*■) Цютр 1max y

if  Doompl< fanal(Z fmax - 1) andDcompl<Dcomp2 and a lso :

_  ^ a n a lt~ ^ ana l +  ^comp 1 (Z fmax '   ̂ , 9C . .

comp 2 (max) "
f A Z( + 1) + Danal' fmax comp 1

if I-’comp 1-̂  fanal/Z f max 1) and Dcomp ^  Dcomp2-
F rom  F ig . 3, where the lim its of Dcomp2are plotted as a function o f 

Dcomp 1 f ° r ŵ0 values o f fanal and fo r  a Zf = 5 , it is apparent that there is 
à region  (shaded area) where the com bination o f Dcompi and Dcomp2 may lead 
to a la rger e r r o r  m ultiplication fa ctor  than the tolerated Z fmax- Obviously, 
fo r  large Dcompl-va lues, the curve corresponding to fanai(mln) is determ ining 
the unfavourable area. The rev erse  is  true fo r  low Dcompl-va lu es .

E rro r  on kanai relative to the e rro r  on fanai

The e r r o r  on kanal, induced from  com puting this fa ctor  from  the 
fanai-value with the aid of E q .(9 ), can be expressed  relative to the e r r o r  on 
fanal:
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Zk =
a n a l

df.
a n a l

a n a l

(26)

D ifferentiating E q .(9) g ives:

Z k =
a n a l ( ° «  "  Я : о т р )

(^anal + -̂ comp ) ^anal + *̂st )
(27)

F igure 4, where Zk is plotted as a function o f fanal, shows that the curve 
has a maximum value at:

W 2 !« ) = J D s t D c o m P f 2 » )
m a x  v

this expression  being the harm onical average of the D -values fo r  the 
standard and the com parator isotope.

F I G .3 .  W o rk in g  c o n d it io n s  fo r  the  d e te rm in a t io n  o f  fa n a i  [Eqs (24) and  (2 5 )] .
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F I G .4 .  Z k  as a  fu n c t io n  o f  fa n a j  [E q . (2 7 )] .

D st = 5 4 . 9 ( ^ S b );  D c o m p  = 2 3 .1  (97Ru).

At this point Z k b ecom es : 
K m ax

' / d T -
st c o m p

' / d  + n/ d
st c o m p

(29)

F rom  E q .(29 ) it appears that Zkmax is  always sm aller than unity, so  that 
Z k can be considered  as an e r r o r  reduction fa ctor. If Dst = Dcomp it is 
obvious that Z k = Zkmax = 0 [Eqs (2 7) and (2 9 )]. This is the case in c la ss ica l 
activation analysis.

F rom  the above-d iscu ssed  considerations it can be stated that the best 
results are obtained if  the D -values fo r  standard and com parator are close  
together, and i f  their harm onical average is much different from  f anal.

E rro r  on ka^  relative to the e r r o r  on R

The total e r r o r  change fa ctor  Z can.be defined by the com bination o f 
Eqs (17) and (26):

Z  = Z f Z k (30)
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and thus by m ultiplying Eqs (18) and (27) and substituting fanal by its value 
from  Eq. (15), one can write

 ̂̂ ref + Pcomp I Ĥref + 4:omp 2̂ ĉomp 2 ĉomp lĤ « Яатр )
[R (fref + Dcomp 2)(Dcomp I ' DsJ + (fref + DcomplKDst ' Dcomp г)][Н (fref + DcompгКСсотр1 Dcomp) + <fref +DcomplXDcomp ' Dcomp 2)]

(31)
The curve Z versu s R, corresponding to E q .(31 ) shows two optimum 
values at a positive R -value of:

„  _  ^ref +  Dçomp 1 M ^ s t  ~ ^com p 2 ) ( Q :om p О го т р  2 )

(Z  opt) f t + D  o V i D - D  ( D - D  ) '
r e f  c o m p  2 \ st c o m p  1/ * c o m p  c o m p  1 *

At this point Z reaches a value of:

J opt
■JTd  П5 „ ) (D , - D i + -ftD - D HD - D )

'  c o m p  c o m p  2 > 1 c o m p  1 st '  '  st c o m p  2 ' '  c o m p  1 c o m p  '

(33)

At the lim its fo r  R, given by E q .(19 ), the Z -va lu es  becom e:

z l im  I

D - D  
st c o m p

D ft - D ~ 
c o m p  2 c o m p  1

and Z
l im  II

D , Dc o m p  1 c o m p  2

D , D 
st c o m p

Z l im  I
(34)

F rom  Eqs (31), (32) and (33), it is apparent that the form  and the 
position  o f the curve are highly dependent on the relative values o f the four 
D -ra tio s . F igure 5, where Z is plotted as a function of R, gives an idea 
about som e p ossib ilities  when dealing with p ractica l c ircu m stances. It should 
be mentioned that in every  case D.„_„ is identical to D„„m„ , o r  D„„„„ 0 , i - e.

 ̂ L u i ijp  c o i i ip  j. c o m p  ^

that the к-va lues are related to one of the com parators used fo r  the determ in
ation o f fanal. F urtherm ore, it is apparent that, in all the cases under con 
sideration, the R(Z optj-value is positioned beyond the lim its fo r  physical 
meaning o f R, so that Z is  lim ited by the two Z lim values [E q.(34)]_

As a conclusion , it can be stated that the e r r o r  change fa ctor  Z is de
creasin g  if  there is a large spreading o f the D -values fo r  both com parators, 
and if  the D -values o f the standards and the com parators, to which they are 
related to determ ine the к-fa c to rs , are c lose  to each other.

EXPERIM ENTAL 

D eterm ination o f In/crtll-va lues

The irradiations w ere perform ed  in channels 3, 9 and 16 of the Thetis 
rea ctor  (Ghent). The ratios o f the therm al-to -ep ith erm al neutron fluxes 
w ere computed from  the cadmium ratio o f 198Au, when irradiating a
0. 500% A u -A l a lloy [Eqs (10) and (1 1 )], using the value (I0/crth)198Au = 15.7 [15 ].
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F IG .  5 . Z  as a fu n c t io n  o f  R  [ E q .(3 1 ) ] .

b  D „ „ m „  . = 3 . 3  (u3Ru) ; D  0 = = 2 3 .1  (97Ru ) ;
с о ш р  1 '  / comp 2 comp ' '  '

D s t = 1 5 .7  (198A u );  f r e f  = 2 3 .8 .

II. Dcompr DC0mp = 3 .3 ( « » R u ) ;  Dcomp 2 = 2 3 .1  ("to): 
Dst = 1 5 . 7 ( ls8A u );  f r e f  = 2 3 .8 .

1П- Dcomp j  = D c o m p  = 3 .3  (»»Rn): D c o m p  2 = 2 3 .1  (” Ru); 

D st = 5 4 .9  (^ S b ) :  fre f  = 2 3 .8 .

i v - D com p 1 = D com p = 13'°  ( “ 5Ru>: D com p 2 = 23 - l  ( " N i  

D st = 5 4 .9  (1!4Sb); fr e f  = 2 3 .8 .

V .  Dcomp 1 = D c o m p  = 1 3 .0  (™ R u ) ; Dcomp 2 = 2 3 .1  («Ru) ; 

Dst = 2 .0 3  (®°Со) ; f r e f  = 2 3 .8 ) .

The follow ing results w ere obtained:

( * t h /V 3  = 23 - 8 ± 0 - 3
^ t h / A p i ) 9  = 1 8 - 3 ± 0 - 2

«ta A p ifce “ 144 ± 1

The e r r o r s  are expressed  as standard deviations on the mean (average of 
20 experim ents).



F I G . 6 .  T h e r m a l  a n d  e p it h e rm a l s e lf - s h ie ld in g  cu rv e s  fo r  Sm , Eu, G d, D y  a n d  C d .
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The Io/CTth-values w ere calculated from  the cadmium ratios o f the isotopes 
under investigation [Eqs (10) and (1 1 )] . F rom  E q . ( l l )  it is apparent that the 
cadmium ratio should d iffer significantly from  unity to m inim ize the e rro r  
on Io/Otf,* As Rcd is dependent on the flux ratio ф^/ф the experim ental 
conditions can be optim ized by irradiation  in a rea ctor  channel with a suitable 
Фгъ/ФерГ value. In this w ork it was possib le  fo r  alm ost a ll the (n, y)- reactions 
to perform  the irradiations in the three above-cited  rea ctor  channels. 
N orm ally, about 1 mg o f a suitable high-purity compound o f the elem ent was 
irradiated  with and without a cadmium cover during an appropriate tim e.
In cases where high absorption c ro s s -s e c t io n s  o r  absorption resonance 
integrals w ere involved, specia l precautions w ere taken to avoid se lf-sh ie ld in g  
e ffects  during irradiation . This was achieved either by m echanical mixing 
o f a suitable compound of the elem ent with A120 3 , o r  by spotting 100 д1 o f a 
6NHNO3 solution o f the elem ent on a sm all Whatmann-41 filte r  paper, 
follow ed by drying under a I .R . lam p. F o r  Sm, Eu, Gd, Dy and Cd, all 
these elem ents having a very  high absorption c ro ss -s e c t io n , dilution was 
perform ed  by с о - precipation  with calcium  oxalate, follow ed by conversion  
to the carbonate at 500°C. Even with concentrations o f 10-3 weight per cents 
o f the elem ents in the calcium  carbonate, the hom ogeneity o f the m ixtures 
was better than 1. 5% (standard deviation on the average value). Further
m ore , the grav im etric  y ield  was found to be better than 99%. Some typical 
se lf-sh ie ld in g  cu rves, obtained by irradiating m ixtures with different con 
centrations with and without a cadmium cov er , are shown in F ig . 6 . It is 
apparent that, except fo r  Eu, a concentration as low as 10"2 weight per cents 
is sufficient to avoid therm al and epitherm al se lf-sh ie ld in g  e ffects . In the 
case of Eu, the concentration  should be low er than 10"3 weight 
per cen ts .

The activity m easurem ents w ere carried  out on a Ge(Li) diode 
(resolution  = 2 .25 keV, e ffic ien cy  = 7. 8%) o r  a low energy photon detector 
(resolution  = 245 eV fo r  the 5 .9  keV Fe X -ra y ) coupled to a 4000 channel 
analyser. In these counting conditions, it was possib le  in m ost cases to 
determ ine sim ultaneously the Ig/cr^,- values fo r  the different isotopes o f the 
sam e elem ent. When dealing with lon g-lived  radioisotopes som e activity 
m easurem ents w ere perform ed  on a N al(T l) w ell-type detector (3 "X 3 " )  
coupled to a 4 0 0 -channel analyser. The identification o f the radioisotopes 
was effected  either by determ ining the photopeak energies [16] or by h a lf-life  
con tro l [17 ].

In Table I, the Iq/ct^-values fo r  122 (n, 7 ) - reactions are listed . In 
general, one reported  value is the average of six  experim ental resu lts, 
namely two fo r  each o f the three irradiation  channels m entioned. The e r r o r  
is  expressed  as the standard deviation on the mean.

F rom  Table I it can be seen that Ru can serve  as a choice fo r  a m ulti
isotop ic com parator elem ent. The 10/стл - values fo r  the three R u-isotopes 
are :3 . 3 (103Ru); 13. 0 (106Ru) and 23.1 (97Ru). In F ig . 7 the Z f -values are
plotted versu s the flux ratio in the "an a lysis" rea ctor  position  fo r  the three 
p ossib le  com parator com binations. Apparently, the com bination 103R u + 97Ru 
w ill give re liab le  resu lts fo r  m ost flux ratios encountered in p ractica l w ork. 
The other com binations are only giving acceptable results when the flux ratio 
is not much d iffering from  the harm onical average o f the respective  I0/ctjJj-values. 
It is worth mentioning that the three radioisotopes o f ruthenium can be 
m easured sim ultaneously on a G e(Li) detector, by counting the follow ing 
7 -rays:215 .7  keV fo r  97Ru, 497.9 keV fo r  103Ru and 724.3 keV fo r  105Ru [19].
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T A B L E  I. CO M P IL A T IO N  OF I0/ 0 th- VALUES

Produced
radioisotope Half- life Iо

ffth

20f 11 .2  s 3 .9  ± 0 .1
24Na 15 h 0. 66 + 0. 02
2 7 ..Mg 9. 45 m 1 .0  + 0 .1
28a i 2. 31 m 1 .05  + 0 .02
3 iSi 2. 62 h 6 .6  + 0 .3
38C1 37.3 m 0 .49  + 0 .02
42k 12.52 h 0 .90  + 0 .04
49Ca 8. 8 m 0. 82 + 0. 01
46Sc 83.9  d 0. 50 + 0. 04
51T i 5. 8 m 31 + 3
52v 3. 76 m 0. 60 + 0. 02
51C r 27 .8  d 0 .49  + 0 .02
56Mn 2. 58 h 1 .0 4  + 0 .06
59Fe 45 .1  d 1 .4  + 0 .0 8
6 0 „Co 5 ,2  y 2 .03  (18)
65_T.N1 2. 56 h 0. 51 + 0 .02
64Cu 12 .8  h 1 .3  + 0 .1
66Cu 5.1 min 1 .2  + 0 .1
65Zn 245 d 2 .2  + 0 .1
69m Zn 1 3 .8  h 3 .1  +0.3
70Ga 21.1 m 6 .2  + 1 .0
72Ga 14.3  h 2 .7  + 0 .1
75Ge 79 m 1 .59  + 0 .06
77Ge 11.3  h 12 + 1
76As 26.3  h 9 .5  + 0 .2
75Se 121 d 8 .2  + 0 .3

81mSe 56. 8 m 6 .0  + 0 .2
80Br 17. 6 m 18.5  + 0 .5

82B r 35.9 h 15 + 1

86Rb 18. 66 d 7.93 + 0.43
S6mRb 1 m 19.3  + 0 .5
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TABLE I. (continued)

88Rb 17. 8 d 0 .16 + 0. 01
85Sr 64 d 25. 8 + 3 .2
85mSr 70 m 7.9 + 0. 3
87mSr 2. 84 h 5. 70 + 0. 30
90m Y 3 .1 4  h 885 + 80
95Z r 65 d 7 .6 + 0. 4
94mNb 6 .6  m 7.3 + 2 .2
99Mo 66 h 9 .22 + 0. 71
101Mo 14. 6 m 21. 2 + 1 .0
97Ru 2 .88  d 23.1 + 1 .0
103Ru 39.8  d 3. 3 + 0. 3
105Ru 4. 5 h 13 .0 + 0. 6
104mRh 4. 4 m 55 ±  2
109Pd 13.46 h 15. 5 + 0 ,8
l ° 9m pd 4. 69 m 11.9 + 0. 2

Pd 22 m 12. 7 + 1 .5
l l l m Pd 5. 5 h 20 ±  1
108Ag 2. 42 m 3.91 + 0 .16
110 . Ag 24. 6 s 12. 6 + 0 .8
110m .Ag 253 d 12. 2 + 0 .2
111m Cd 48. 6 m 19. 7 + 0 .9
115 Cd 53. 5 h 1 1 .4 + 0 .6
114m.,In 50.0 d 27. 3 + 1 .0
116mTIn 54 m 13. 6 + 0 .1
113Sn 115 d 38. 6 + 1 .9
117mSn 14 d 81 + 3
123mcSn 40. 3 m 5.55 + 0.13
123mSn 9 .6  m 62 + 3
122Sb 2. 74 d 20.9 + 0*8
124Sb 60 .2  d 54.9 + 2 .6
127Te 9. 3 h 8 .9 + 0. 7
129Te 69 m 7.9 + 0. 3



258 V A N  DER LINDEN e t  a l .

T A B L E  I. (continued)

131Te 25 m 1. 7 + 0 .2
128 25. 0 m 15.3  + 0 .9
134_Cs 2. 06 y 12 + 3
134mCs 2 .9  h 11 + 2
131Ba 11. 7 d 25.1 + 0 .8
133mBa 38.9 h 5 .6  + 0 .3
135mBa 28. 7 h 151 + 7
137m Ba 2.551 m 68 + 4
139B̂a 83. 2 m 0.88 + 0 .04
140TLa 40.2  h 1 .28 + 0 .08
141„Ce 32.5 d 0. 76 + 0 .04
1W Ce 33 h 1 .10  + 0 .06
142P r 19.2 h 1 .80  + 0 .15
147 * Nd 11. 06 d 2 .03  + 0 .15
1497Nd 1. 73 h 5 .6  + 0 .3
151Nd 12 .4  m 15 .8  + 0 .9
153Sm 46 .8  h 15.1 + 0. 7

155Sxn 22. 3 m 4 .2  + 0 .2

Eu 14 y 0 .6 7  + 0.03
152m _Eu 9 .3  h 0. 92 + 0. 05
1 5 4 E u 7 .8  y 3.81 + 0 .19
l5 9 Gd 18.0  h 33.3 + 1 .6
160Tb 72,4  d 16.1 + 0 .8
165rvDy 2. 35 h 0. 30 + 0. 02
i6 6 Ho 26. 8 h 10.1 + 1 .5
171Er 7. 5 h 4 .2  + 0 .5
170Tm 129 d 13. 7 + 0. 5
169Yb 31 d 7.2  + 1 .7

175УЪ 4.19 d 0. 58 + 0.02

177Yb 1.9  h 2 .4  + 0 .2
17&nTLu 3.69 h 30 .4  + 4 .5
1 7 7 L u 6.71 d 0 .52 + 0 .02

175Hf 70 d 0 .78  + 0 .0 4
1 8 0 г П щ 5.5  h 14 .4  + 0 .5

181h î 42 .4  d 2 .58  + 0 .13
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T A B L E  I. (continued)

182 Та 115 d 3 2 .5 + 3
182m Ta 15 .9  m 27 .6  + 1
185w 75 d 12 .2  + 0 .5
187w 23 .9  h 1 1 .4  + 1 .3
186Re 91 h 12.9  + 0. 7
188Re 16. 8 h 4 .2  + 0 .4
188т_,Re 18. 6 m 4 .4  + 0 .4
185Os 94 d 0.200+ 0.015
190mOs 9. 9 m 50. 5 + 5
191Os 15.5  d 2 .4 4  + 0 .04
191mOs 13 h 2 .40  + 0.05
l9 3 Os 31 h 2. 25 + 0. 06
192lr 74. 3 d 3 .64  + 0 .4
194lr 17 .8  h 12. 6 + 1 .0
197Pt 2 0 .0  h 7 .0  + 0 .2
199 31 m 13. 0 + 0. 8
198.Au 2. 7 d 1 5 .7  (15)
1 9 7 „Hg 64.1 h 0. 41 + 0. 04
l9 7 m „Hg 23. 8 h 0. 39 + 0. 02
199m Hg 43 m 102 + 1 5
203 Hg 46. 6 d 0 .83 + 0. 03
205 Hg 5 .5  m 1 .98  + 0.10
233 Th 22. 2 m 9 .8  + 0 .6
2397U 23 .5  m 97 + 8

H owever, it should be taken into account that the 497.9 keV photopeak of 
103Ru is disturbed by the 499.3 keV y -lin e  o f the 4 .5  h 105R u-isotope.

Thus to investigate the accu racy  and the reproducib ility  of the flux ratio 
determ inations with the aid o f a Ru com parator, the relative m u ltip le -com 
parator method was applied to evaluate ф̂ /феp¡ in channels 9 and 11 of the 
Thetis rea cto r . Channel 3 [^th/^epi = 23.8 ± 0 .3 ]  was considered  as the 
re feren ce  irradiation  p lace. The flux ratios o f channels 9 and 11 as 
determ ined from  the cadmium ratio o f  198Au, w ere found to be 18 .3±0 .2  and 
33.2 ± 0.3, resp ective ly .

Next, the ф[Ь/фер;- values fo r  the two "an a lysis" channels w ere evaluated 
from  the m u ltip le-com parator method using the three possib le  com parator 
sets o f the R u -isotopes [E q.(15)]_  The results are sum m arized in Table II. 
Each result is the average o f 16 experim ents.
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F IG .  7 . Z f  as a fu n c t io n  o f  fa n a i  fo r  the  c o m p a ra to r  sets 

105Ru  + 97Ru, 103Ru + 105Ru  and  103Ru + 9,Ru.

TABLE II. ACCURACY OF THE DETERMINATIONS OF THE 
FLUX RATIO DETERMINED BY THE RELATIVE 
M U LTIPLE-COM PARATOR METHOD

C om parator
Set

Ф 1./Фth' epi in channel number

3 9 11

9 7_ X 103D Ru + Ru . 17. 5 + 1 .0 * 31. 5 + 2 .5
103 105 Ru + Ru - 19. 7 + 2 .4 31. 5 + 4 .1

Ru + Ru - 15 .8  + 2. 7 34. 9 + 7. 0

198Au (Rc d ) 23. 8 + 0. 3 18.3  + 0 .2 33.2 + 0 .3

* Standard deviation on a single determ ination.



TABLE III. COMPARISON OF THEORETICAL AND EXPERIM ENTAL STANDARD DEVIATIONS ON 
THE FLUX RATIO
(Standard deviations calculated on a single determ ination)

Channel C o m p a r a t o r  S e t

n u m b e  г
9 7  1 0 3 D  

R u  - R u
1 0 3

R u  - l 0 5 R u
1 0 5  

R u  - R u

S R  % Z f S f a n a l  %  

t h e o r .

S * a n a l  %

e x p .

S r %
Z f s w %

t h e o r .

S * a n a l ^

e x p

S R  % Z f S f a n a l %

t h e o r .

s f  i %  
a n a l

e x p .

9 3 . 0 2 . 4 7 . 2 6 2 . 8 3 . 9 1 0 . 9 1 2 2 . 9 7 . 0 2 0 . 3 1 7

1 1 2 .  6 3 .  5 9 . 1 8 2 . 9 5 . 5 1 5 . 9 1 3 2 . 5 7 . 2 1 8 .  0 2 0
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F rom  Table II it is apparent that the resu lts are m ore accurate when 
using two com parators with a large spreading o f their I0/a th-va lu es. This 
is a lso  true with respect to the reproducibility  of the resu lts . In Table III, 
the relative standard deviation on the flux ratios, s fanal %, was calculated 
with the aid o f Eqs (17) and (18), and com pared to the experim ental relative 
standard deviations. Apparently, the experim ental and theoretica l results 
are in good agreem ent.

C O N C L U S IO N S

From  the fo rm er  d iscussions it can be stated that the determ ination o f 
the flux ratio in the "an a lysis" rea ctor  position  is the m ost important source 
o f e r r o r  in the relative m ultip le-com parator method. However, the accuracy  
and the p rec is ion  can be im proved by an appropriate choice  of the com para
tor isotopes. These isotopes should preferably  have a large spreading on 
their Iq/ô - values, with their harm onical average not too much differing 
from  the expected flux ratio in the "an a lysis" rea ctor  position. Furtherm ore, 
the total e r r o r  on the final result (the sp ecific  activities o f the standards), 
originating from  applying the relative m ultip le-com parator method, can be 
markedly decreased  when converting the k -values by re ferrin g  the standards 
to the m ost suitable com parator. The Iq/ct^,-values fo r  a standard and a 
com parator, to which the standard is related through the к-value, should not 
d iffer  too largely , and their harm onical average should not approach the flux 
ratio in the "a n a lysis" rea ctor  position.

When applying the relative m ultiple- com parator method it is always 
possib le  fo r  a known flux ratio in the re feren ce  rea ctor  position, and fo r  a 
given set o f com parators and standards, to calculate the e r ro r  on the final 
resu lt, arisin g  from  the m athem atical operations, as a function o f the 
experim entally determ ined R -value. This supplies inform ation o f the p re
c is ion  on the standard activities in the given circu m stances. F urtherm ore, 
it was found that Ru can serve  as a suitable m u lti-isotop ic com parator 
elem ent. Although the com parator sets 97Ru (I0/a th = 23.1) - 105Ru (l0/a th =13.0) 
and 103Ru (I0/a th = 33) - 105Ru (Io/°th = 13.0) are far from  being an ideal com 
bination, they can give reliable results when the flux ratio o f the "an a lysis" 
rea ctor  position  is  not too much different from  the harm onical average of 
both I0/a th-va lu es.

F inally, the relative m ultip le-com parator method can now be applied to 
a large variety  o f m ulti-elem ent analyses, as the lg/0th-va lues fo r  most 
(n, 7 ) - reactions, usefu l in rea ctor  neutron activation analysis, have been 
determ ined. A com parison  o f the resonance integrals o f infinite dilution 
calculated from  the Iq/ct^ ratios and the m ost recently  reported therm al 
c r o s s -s e c t io n s , with the values previously  given in the literature, has been 
published elsew here [20 , 2 1 ].
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D IS C U S S IO N

A . H. W. ATEN: Is anything known concerning the energy distribution 
o f  the epitherm al neutron fluxes in which the resonance integrals have been 
determ ined, i . e .  to what extent they deviate from  a 1/ Е - spectrum ?

F .D E  CORTE: Although we did not study in detail the extent o f deviations 
from  a l /E -s p e c tr u m  we could reasonably assum e that these deviations were 
sm all. We determ ined experim entally the I0/CTth -values for all the (n, y) 
reactions under investigation by irradiation  in three different channels o f 
the Thetis rea ctor , obtaining a considerable spread o f the therm al to ep i
therm al flux ratios ( i .e .  ranging from  18.3  to 144). The resu lts w ere 
con sidered  as belonging to one population and the standard deviations for 
m ost o f the values did not exceed  10%; they w ere even low er than 5% for 
about half o f the ca ses .
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NUCLEAR DATA OF IMPORTANCE IN 
EPITHERMAL NEUTRON ACTIVATION 
ANALYSIS

E. S TE INNES
Institutt for Atom energi, Isotope Laboratories,
K jeller, Norway

Abstract

N U C L E A R  D A T A  O F  IM P O R T A N C E  IN  E P I T H E R M A L  N E U T R O N  A C T I V A T I O N  A N A L Y S IS .

T h e  use o f  a s u ita b le  f i l t e r  m a te r ia l  such  as c a d m iu m  to  f a c i l i t a t e  s e le c t iv e  a c t iv a t io n  w ith  e p ith e rm a l 

neu trons is o f  in te re s t in  m any  cases in  re a c to r  a c t iv a t io n  an a ly s is . T h is  e n a b le s  c o n s id e ra b le  suppress ion  o f  

in te r fe r in g  a c t iv it ie s ,  p ro v id e d  th a t the  ra t io  re so na nce  a c t iv a t io n  in te g ra l/ th e rm a l n eu tron  a c t iv a t io n  cross- 

s e c t io n  o f  th e  ta rg e t n u c l id e  g iv in g  r is e  to  the  in te r fe r in g  a c t iv i t y  is lo w  c o m p a red  to  th a t upon  w h ic h  the  

a n a ly s is  is  based . T h is  te c h n iq u e  is p r im a r i ly  o f  in te re s t fo r  im p ro v in g  p re c is io n  and  s e n s it iv ity  in  p u re ly  

in s tru m e n ta l a c t iv a t io n  a n a ly s is , b u t in  som e  cases m ay  a lso  b e  a p p lie d  to  m in im iz in g  f is s io n -p ro d u c t  

in te r fe r e n c e ,  o r, s im p ly ,  to  a re d u c t io n  o f  th e  m a tr ix  a c t iv it y  to  an a c c e p ta b le  le v e l  in  cases w h e re  m a jo r  

e le m e n ts  in  th e  s a m p le  h a v e  h ig h  a c t iv a t io n  c ro ss-se c tio n s . T o  p e rm it  e s t im a t io n  o f  th e  p o ss ib le  a d van tag e  

o f  in tr o d u c in g  e p it h e rm a l a c t iv a t io n  in  a s p e c i f ic  case, i t  is necessa ry  to  know  th e  v a lu e s  o f  th e rm a l and 

e p ith e rm a l a c t iv a t io n  c ro ss -se c tio n s  o f  the  n u c lid e s  in v o lv e d .  M o re o v e r ,  i t  is u se fu l to  know  th e  en erg ie s  

o f  th e  m a in  re sonances c o n t r ib u t in g  to  the  a c t iv a t io n  in te g ra l,  in  o rd e r to  a s c e r ta in  th a t the  f i l t e r  used does 

no t in te r fe re  s ig n if ic a n t ly  w ith  the  re sonance  a c t iv a t io n .  In so m e  cases, i t  m a y  be  d e s ira b le  to  c a lc u la t e  

the  e x te n t o f  re sona nce  neu tron  s h ie ld in g  in  the  sa m p le , in  w h ic h  case  the  k n o w le d g e  o f  re so na nce  p a ra 

m eters  such  as p a r t ia l  w id th s  fo r  neu tron  and g a m m a  e m is s io n  is im p o rta n t. U n fo r tu n a te ly ,  in  m a n y  cases 

the  necessa ry  d a ta  are no t a v a i la b le  fro m  the  lit e r a tu re ,  w h ic h  is p a r t ic u la r ly  the  case  fo r  ta rg e t n u c lid e s  

w ith  lo w  is o to p ic  abundances. In the  pre sen t pape r, the  im p o r ta n c e  o f  v a r io u s  types o f  n u c le a r  d a ta  in  

re sona nce  neu tron  a c t iv a t io n  a n a ly s is  and the  a v a i la b i l i t y  o f  such  d a ta  in  th e  lit e r a tu re  are  d iscussed .

INTRODUCTION

In m ost activation analyses ca rried  out with a nuclear rea ctor , the 
sam ples are subjected to irradiation  with neutrons o f the entire energy 
spectrum , in which case (n, 7 )-rea ction s  induced by therm al neutrons are 
usually responsib le  fo r  the greater part o f the induced activity. It may often 
be advantageous, how ever, to d iscrim inate against therm al neutron activa
tion by means o f a suitable filter  m aterial such as cadm ium . This w ill 
always be useful in ca ses  where fast-neutron-induced reactions o f the 
(n ,p ) - ,  (n ,a )- or  (n ,2n)-types are concerned, but m ay also be o f con 
siderable  advantage in the case o f (n, 7 ) - reactions introduced by ep i
therm al neutrons. This w ill be the case if  the nuclide upon which the 
analysis is based has a high I/cro-ratio com pared to elem ents interfering 
in the analysis in som e way.

Although the possib ility  o f epitherm al neutron activation analysis was 
pointed out as early  as 1951 [1], the applications reported  have been 
re la tive ly  few, considering the rapid growth of this field  in general. In 
the a u th or 's  laboratory , epitherm al activation has been found to be 
particu larly  useful in the case  o f geo log ica l m ateria l [ 2 - 6 ] .  During this 
work the need fo r  reliab le  data fo r  severa l ca tegories  o f nuclear data has 
becom e evident.

265
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The useful applications o f epitherm al activation analysis can be 
c la ss ified  as follow s:

1. Reduction o f in terference from  elem ents with one o r  m ore stable
isotopes with high therm al-neutron c ro s s -s e c t io n s  for (n, 7 ) -rea ction s .
(a) Im provem ent o f p recis ion  and sensitivity in purely instrum ental 

activation analysis [2 - 4].
(b) Reduction o f the total activity to a m ore suitable working level.

F or  exam ple, epi-cadm ium  activation can be utilized fo r  the 
depression  o f 15.0 h 24Na activity in geo log ica l sam ples where 
palladium is to be determ ined by means o f 13.5 h 109Pd [7].

(c) Elim ination of shielding effects caused by m ateria ls with high 
absorption c ro s s -s e c t io n  in the therm al region  but not to the 
sam e extent above 0.4 eV , such as e .g . in the determ ination o f 
Au in cadmium telluride [ 8].

2. Reduction o f interference from  other nuclear reactions leading to the
sam e nuclide as that under investigation.
(a) F ission  product in terference. The reaction  235u (n ,f) has a low 

I/ct0 ratio com pared to many (n, 7 ) -rea ction s . Benefit from  this 
fact has been taken in the determ ination o f Mo in s ilicate  rock s, 
in which case fiss ion  product "M o  is a seriou s problem  unless 
epitherm al activation is em ployed [5].

(b) A s w ill be d iscussed  later, the in terference from  secon d -ord er 
nuclear reactions m ay in som e cases  be m inim ized if  epitherm al 
activation is em ployed.

The feasib ility  of epitherm al activation using cadmium as a filter- 
m ateria l can be expressed  by means o f an "advantage" factor [9], defined 
as fo llow s:

-p .  (Red )d 
a (R c d b

where d and D denote, respective ly , an in terfering nuclide and the nuclide 
o f in terest in the analysis. Establishm ent o f the advantage that can be 
obtained in a certain  case  is thus possib le if the cadmium ratios o f the 
nuclides involved are known at the irradiation  site to be used. These 
values can be determ ined experim entally o r  can be calculated from  the 
follow ing equation:

T A u

R Cd = 1 + ( R «  - x>

provided that the cadmium ratio o f 197Au has been determ ined in the i r 
radiation site and that the constants ct0 and I (including the " 1 /v - ta i l " )  
are known fo r  the nuclide in question. The form ula can be used provided 
that the nuclide follow s the 1 /v -la w  below 0.4 eV and has no appreciable 
resonances c lo se  to the C d-cutoff. Even for  nuclides showing som e

U T IL IT Y  OF E P IT H E R M A L  A C T IV A T IO N  ANALYSIS



IA E A -S M “  17 0 /7  7 267

deviation from  the 1/v - la w  in the therm al neutron region , a useful estim a
tion may be made using the a 0 -value.

Need fo r  nuclear data

F rom  the above form ula it is c lea r  that an estim ation o f the possib le  
benefit o f epitherm al activation assum es knowledge o f the сто - and I-values 
o f the (n, 7 )-rea ction s  involved.

C onsidering the therm al-neutron c r o s s -s e c t io n , values are now 
available fo r  m ost stable nuclides which can be transform ed to a ra d io 
active isotope by an (n, y )-rea ction . In a great num ber o f ca se s , dubious 
values from  the early  days o f nuclear spectroscop y  have now been re^ 
placed by presum ably m ore  accurate data.

As concerns resonance activation in tegrals, how ever, the situation 
does not seem  so satisfactory . When preparing a review  paper on ep i
therm al activation analysis o f geo log ica l m ateria ls [ 10 ] a few years ago, 
the author found that out o f 138 (n, 7 ) -rea ction s  o f potential interest in 
this connection , resonance integral values w ere not available in the 
literature fo r  49 o f these reactions. F urtherm ore, for  a num ber of 
reaction s, only a single value o r  severa l values in mutual disagreem ent 
w ere available.. The lack  of data was evident esp ecia lly  fo r  nuclides with 
low fraction al isotop ic abundance, in which case m easurem ents involving 
absorption techniques would necessitate an isotop ica lly  highly enriched 
sam ple. Even in the case o f nuclides fo r  which m ajor resonances had been 
w ell identified and resonance param eters had been determ ined by independent 
groups, there w ere no data fo r  the resonance integral.

When we started our work on epitherm al activation analysis of g eo 
lo g ica l m ateria l in 1968, no resonance integral values w ere available for 
nuclides such as 26Mg, 46Ca, 50T i, 85Rb, 84Sr, 130Ba, 152Gd, and 158Gd, 
which w ere a ll o f som e im portance to us. R ecently, there has been som e 
em phasis on resonance integral m easurem ents using activation techniques, 
and severa l papers have been published during the last couple o f years.
This trend was verified  by inspection o f the m ost recent issue o f CINDA, 
w here re feren ces  to, at least, one value fo r  the resonance integral could 
be found fo r  each o f the nuclides m entioned. The situation still does not 
seem  to be satisfactory , how ever, and m ore  work is needed to fill the 
s t ill em pty spaces and to v erify  values fo r  those reactions that have so 
fa r  been studied by one o r  two groups only.

EVALUATION OF ERRORS IN EPITHERM AL ACTIVATION ANALYSIS

T here are two im portant sou rces  o f e r ro rs  that should always be 
considered  in rea ctor  neutron activation analysis, nam ely, the decrease  
o f induced sp ecific  activ ity  due to neutron shielding e ffe cts , and the 
possib le  influence from  interfering nuclear reactions leading to the 
nuclide upon which the analysis is based. The aspects o f these two 
types of e r r o r s  that apply sp ec ifica lly  tQ epitherm al activation and the 
nuclear data n ecessa ry  to estim ate the extent o f such e r ro rs  are b rie fly  
d iscu ssed  in the follow ing.
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The m ost seriou s shielding effects in epitherm al neutron activation 
analysis are associated  with nuclides having large resonances above the 
cadm ium  cutoff. They may be class ified  in two different groups, nam ely, 
those due to resonances o f the elem ent investigated, and those caused by 
m ore abundant elem ents in the sample possessing  resonances that o v e r 
lap in energy m ajor resonances of the elem ent to be determ ined. The 
firs t  group is in m ost cases  insignificant fo r  sam ples o f 100 mg o r  less  
if  the elem ent is present at a concentration below 0.1%, provided that its 
d istribution in the sam ple is hom ogeneous. The second type o f e rro r  
m ay, how ever, be seriou s in many ca se s , such as , e .g . the determ ination 
o f gold in s ilv er  [11], where the 4 .9 -eV  resonance o f 197Au, which is 
respon sib le  fo r  a m ajor part o f the 198Au atom s form ed by epitherm al 
activation, overlaps the 5.1 eV resonance o f 107A g. To be able to decide 
whether e r ro rs  of this kind m ay be significant, it is n ecessa ry  to know 
the energies o f the m ajor resonances fo r  the elem ents to be determ ined 
as w ell as fo r  the m ajor elem ents in the sam ple concerned.

As shown by H^gdahl [11] the interference from  resonance neutron 
shielding in activation analysis can in som e cases be fa ir ly  accurately  
estim ated using the form ulas o f Chernick and Vernon [12] fo r  the ca lcu la 
tion of e ffective resonance integrals. In this ca se , besides the resonance 
energy E t and the total c ro s s -s e c t io n  at at the maximum o f the resonance, 
the resonance width Г and the partial widths Гу and Гп must also be known 
fo r  a ll significant resonances.

Interfering nuclear reactions

E rro rs  from  (n ,p )- and (n ,a )-rea ction s  w ill be m ore seriou s in 
epitherm al activation as com pared to irradiation  with the whole reactor 
spectrum , since m ost reactions of this type do not occu r  with therm al 
neutrons. The knowledge o f reactor fast-neutron  c ro ss -s e c t io n s  fo r  this 
kind o f reaction  is , th ere fore , o f im portance. Unfortunately, a considerable 
number of data is still lacking here. An additional d ifficu lty  is  that 
values determ ined in one rea ctor  position need not be valid in another 
position  with different energy distribution of the fast-neutron flux, which 
is particu larly  the case fo r  reactions with com paratively  low threshold 
va lu es .

Interference from  secon d -ord er  reactions of the type 

z iÎ X (n ,7) 2-1 X  -  2 Y (n, y) A+z Y

may often be significant in the determ ination o f elem ent num ber Z , but 
the amount o f in terference is , in general, not the same in therm al and 
epitherm al activation analysis, the d ifferen ce  being dependent on the I /a 0 
ratios o f the nuclides

zIÎX , z -i X and azY

The calculation o f this interference [13, 14] requ ires knowledge of the 
ct0 and I values o f the three nuclides.

Shielding e f fe c t s
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A sim ilar  sou rce  o f in terference , which has not been extensively  
d iscu ssed  in the literature, is that o f su ccess ive  neutron capture which is 
in som e cases  likely  to be significant when high fluxes are used:

z lî X  (n, y) X  (П, y) K¿\  X  -  A+zY

The m ajor d ifficu lty  when attempting to calculate in terferences o f this type 
is probably the lack of resonance integral data fo r  radioactive nuclides 
o f the type 2^ X  (and z -iX ).

As already m entioned, e r ro rs  due to 235U fission  products may in 
som e cases be appreciably reduced since the 235ц- (n ,f) reaction  has a 
re la tively  low I/cro value. To know these cases and be able to calculate 
the in terferen ce , it is again important that good values for  the resonance 
activation integrals are available fo r  nuclides which upon (n, 7 )-rea ction  
lead to nuclides that are also high-abundance fission  products. The 
chain y ields o f fiss ion  products which are also n ecessa ry  for calculations 
o f this kind are probably in m ost cases known with sufficient a ccu racy .

CHOICE OF FILTE R  MATERIAL

Cadmium filte rs , in m ost cases  o f thickness 0.5 - 1.0 m m , have so 
far been used in alm ost a ll epitherm al activation work reported in the 
literature. To change the effective  cutoff energy, how ever, other filter  
m ateria ls might w ell be used, separately o r  together with cadm ium . As 
shown by R ossitto et al. [1 5 ], boron , o r  a cadm ium /boron  com bination, 
could be useful if an elem ent such as Mn with a m ajor resonance at a 
re la tive ly  high energy is to be determ ined. Here again, knowledge o f the 
energ ies o f the main resonances of the elem ents to be determ ined is very  
useful.

If future techniques o f neutron spectrom etry  make it feasib le to i r 
radiate sam ples uniform ly with a virtually  m onoenergetic neutron beam , 
the se lectiv ity  o f the analysis could be very  much im proved. This would, 
how ever, necessitate a m ore exact knowledge o f the energies o f the 
resonances involved than is n ecessa ry  at the present state o f the art.

CONCLUSION

The knowledge of therm al and resonance neutron c ro s s -s e c t io n s  for 
(n, y )-rea ction s  leading to a radioactive product is o f m ajor im portance 
in epitherm al activation analysis. In som e cases also therm al and r e s o 
nance c ro s s -s e c t io n s  fo r  (n ,-y)-reactions induced in radioactive nuclides 
as w ell as rea ctor  fast-neutron  c ro s s -s e c t io n s  fo r  (n ,p )- and (n ,a )-rea ction s  
must be known in o rd er  to perm it calcu lations o f in terferences . F or 
calcu lation  o f resonance shielding e ffects , severa l resonance param eters 
must be available. Although the situation concerning the availability of 
som e o f the abovem entioned types o f data has im proved considerably  in 
recent yea rs , there still appears to be a number of "gap s" that need to 
be filled .
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R E F E R E N C E S

D IS C Ú S S IO N

H. JUNG: Can you give a list, or  at least som e exam ples, o f isotopes 
for  which you would like to know such param eters as resonance energies 
and partial widths?

E . STEINNES: Such data are o f sign ificance when resonance shielding 
e ffects  are to be estim ated. In our work on epitherm al activation analysis 
we have so far been concerned  alm ost exclu sively  with trace  elem ents in 
geo log ica l sam ples, where the m ajor elem ents do not represent any problem  
in this resp ect. I th erefore  cannot give you such a list offhand.

R . NICKS: The response of the irradiated  sam ple depends greatly on 
the neutron spectrum . Thus the low -energy resonances m ay make the m ajor 
contribution to a soft spectrum , whereas the higher resonances (perhaps 
unresolved) may predom inate in harder spectra . B esides the fact that the 
latter resonances are probably known with le ss  p recis ion , one should in all 
cases  know the neutron spectrum . This neutron spectrum  is  not easily  
available, and its p recis ion  might affect the p recis ion  of the analysis.

E . STEINNES: I agree . H owever, in our work on epitherm al activation 
analysis we always use the relative method, em ploying standards for each 
elem ent to be determ ined. In this case the actual shape o f the neutron 
spectrum  should not affect the precis ion  o f the resu lts appreciably.
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Abstract

N U C L E A R  D A T A  FO R  N E U T R O N  M E T R O L O G Y .

F o r  m a n y  i r r a d ia t io n  e x p e r im e n ts ,  k n o w le d g e  o f  th e  neu tron  f ie ld  c h a ra c te r is t ic s ,  su ch  as th e  n eu tron  

sp e c tru m  an d  th e  f lu x  d e n s ity  d is tr ib u t io n ,  is  n e ed e d . F o r  the  d e te rm in a t io n  o f  th e  f lu e n c e  and  th e  spe ctru m  

o f  neu trons in c id e n t  o n  i r r a d ia t io n  sa m p le s  a c t iv a t io n  and f is s io n  d e te c to rs  a re  o fte n  a p p l ie d .  T h is  w e l l- k n o w n  

m e th o d  c a n  y ie ld  r e l ia b le  resu lts  w h en  th e  r e a c t io n  c ro ss -se c tio n s  and  th e  d e ca y  s ch em es  fo r  th e  p ro d u c t 

n u c lid e s  a re  w e l l- k n o w n ,  and  a b so lu te  a c t iv i t ie s  a re  d e te rm in e d  w it h  good  p re c is io n .  S om e  to p ic s  in  th is  

f ie ld  a re  d iscu ssed , and  so m e  re c o m m e n d e d  da ta  a re  p re sen ted , based  o n  th e  w o rk  p e r fo rm e d  w it h in  th e  

f ra m e w o rk  o f  th e  E u ra tom  W o rk in g  G ro u p  o n  R ea c to r  D o s im e try .  S om e  q u e s t io n a b le  po in ts  fo r  fu tu re  in v e s t ig a 

t io n s  o r  m easu rem en ts  o f  n u c le a r  da ta  fo r  re a c t io n s  o f  in te re s t a re  a lso  m e n t io n e d .

1. INTRODUCTION

In the last few years, the "E uratom " W orking Group on R eactor 
D osim etry, (abbreviated EWGRD) had severa l d iscussions on the topic of 
nuclear data requ ired  for neutron m etrology  by means o f activation and 
fission  detectors . It was stressed  many tim es, and not only inside the 
W orking Group, that experim enters should give full re feren ce  o f  nuclear 
data used in ord er  to facilitate, i f  n ecessary , re -ca lcu la tion  by other authors 
when new nuclear data becom e available.

It was decided by the W orking Group to prom ote the establishm ent o f 
recom m endations for  сто , <(a-)> and T1/2 values.

The procedure orig inally  planned com prised  three steps or phases:
(a) the preparation o f a list o f recent data, to be sent around to all 

co -op era tin g  laboratories, to ask whether they had any objections to an 
adoption o f this com m on set o f recent data, and i f  so, for  an explanation 
o f these objections. This step aim ed at a sh ort-term  harm onization o f 
nuclear data in the European Community;

(b) the preparation o f a list o f evaluated data. At the second m eeting 
o f the IAEA W orking Group, held in Vienna in A pril 1971, it was decided 
to invite the IAEA N uclear Data Section to prepare a report on the status 
o f the knowledge o f the data relevant to neutron m easurem ent. Just before 
the third m eeting o f this IAEA W orking Group, held in N ovem ber 1972 in 
Seattle, this status report becam e available [ l ] 1. This report deals only 
with h igh -priority  reactions, and we hope that the N uclear Data Section w ill 
soon also con sider other reactions o f interest;

(c) the preparation o f a lis t o f  best and consistent data carefu lly  checked 
by integral experim ents. In this respect, one should aim  at a w orld-w ide

1 In th is  p a p e r,  th e re  a re  tw o  d is t in c t  sets o f  re ferences: o n e  fo r  re fe ren ce s  in  th e  te x t and  th e  o th e r 

o n e  fo r  re fe ren ce s  in  th e  ta b le s  and  th e  fig u re s .
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TABLE I. TENTATIVE RECOMMENDED VALUES FOR THERMAL AND INTERMEDIATE NEUTRON REACTIONS 
(1973)
<j0 : the 2200 m /s cross-section;
Ecd : the cut-off energy, determining the lower energy limit of I tot ;
Itot : the total resonance integral cross-section for activation (thus including 1/v contribution);
I1 : the resonance integral cross-section for activation (thus excluding the 1/v contribution) , I' = i t o t  -  i i / v  ;

I 1/v : the contribution to the resonance integral cross-section, arising from the 1/v part of <r(E).

Reaction T j Error Réf. Oo 
( in  b)

Error

( in  b)
Ref. ECd

(in  eV)
*tot 

( in  b)

Error

( in  b)

Г  

( in  b)

Error 

( in  b)
Ref.

23N a (n ,y )24Na 15.030 h 0 .003 h [1] 0 .534 0.005 [2] 0 .62 0 .075 0.010 [3]

3<>Si(n,y)31S i 2 .62  h 0 .01  h [4] 0.108 0.002 [5] 0 .55 0 .66 0.03 [10]

s lV (n ,y )  52 V 3.760 m in 0.008 m in [1] 4 .93 0 .06 [5] 0 .55 0.48 0.09 [5]

н М Е (п ,у )и  M n 2.587 h 0 .006 h [1] 13.23 0.10 [6] 0.55 14.06 8.46 [6]

5»Fe(n ,y)H Fe 44 .5  d 0 .2  d [1] 1.14 0.02 [5] 0.55 1.7 0.01 [10]

s9C o ( n ,y ) M Co 5.272 a 0.001 a [7] ¿7 .34 0 .09 [8] 0 .55 70 6 [9]

« C u ( n ,y ) “ Cu 12.71 h 0 .01  h [1] 4 .4 0 .2 [53 0 .55 2 .5 0 .2 [5]

M N i(n ,y )* s N i 2.521 h 0 .005 h [4] 1.49 0.03 [5] 0 .55 0 .44 0.14 [5]

98M o ( n ,y ) 99M o 66.02 h 0 .01  h [1] 0 .15 0.2 [13] 0.622 9 .9 1.1 [3]

1MA g (n ,y )  uom Ag 253 d [2] 4 .98 0.47 [13] 0 .55 81.1 2 .2 77.7 2.1 [ И ]

lls In (n ,y )“ '  m In 54.34 m in 0 .09 [1] 161 3 [5] 0.55 2710 200 [5]

139L a (n ,y )140La 40.27 h 0 .05  h [12] 8 .2 0.8 [13] 0 .4 12 1 [14]

ISIEu(n,y)'52m Eu 9.3  h [23 3100 400 [13] 0.63 1230 30 [15]

164D y (n ,y ) I65Dy 2 .32  h [16] 2700 200 [13] 0.5 332 10 [17]

1,5Lu (n ty )1T6mLu 3 .69  h [16] 13.26 [15] 0.63 405 15 [15]

1T6L u (n ,y )177Lu 6 .74  d [16] 2100 150 [13] 0 .5 2400 250 [17]

1MW ( n ,y ) ln W 23 .9  h [16] 38 2 [13] 0 .5 441 22 [18]

197A u (n .y) 198Au 2.6946 h O.OOlOd [19] 98.8 0.3 [13] 1535 40 1490 40 [20]

23'U (n ,y ) !3sU 23 .5  m in [2] 2.73 0.02 [21] 280 12 [22]

Ï35U  (n, 0  F . P. 580.2 1.8 [23] 270 10 [23]

ï39Pu(n , f) F . P. 741.6 3.1 [23] 300 10 [23]



L A E A -S M -1 7 0 /7 3 273

recom m endation. Both the Euratom and the IAEA W orking Group rea lized  
that a few years would be needed b e fore  such a consistent set o f c r o s s -  
sections could be achieved.

The present report con siders  som e activities perform ed  in co llectin g  
recent data and com paring available evaluated data.

A rather extensive lis t o f evaluated integral c r o s s -s e c t io n s , averaged 
in a fiss ion  neutron spectrum , was published last year by Fabry [2]. The 
IAEA report and the Fabry report both give an excellent and up-to-date 
review  o f the state o f art o f neutron m etrology  for rea cto r  radiation 
m easurem ents.

2. THERMAL AND INTERMEDIATE NEUTRON REACTIONS

In 1971, a sub-group o f the Euratom W orking Group prepared a 
tentative recom m endation fo r  nuclear data for rea ctor  neutron m easurem ents
[3]. An up-dated lis t  with data for therm al and interm ediate neutron 
reactions is shown in Table I.

3. INTEGRAL MEASUREMENTS IN A FISSION NEUTRON SPECTRUM

The Fabry rep ort is  a very  valuable contribution to our knowledge of 
the integral c r o s s -s e c t io n s  for a fiss ion  neutron spectrum . The report 
con siders  experim ental c ro s s -s e c t io n  ratios as determ ined by severa l 
authors in 1) m ore  or less  pure fiss ion  neutron spectra  (e. g. rea lized  with 
a 235U con verter in cavity), o r  in 2) rea ctor  neutron spectra  in so far as 
reasonable experim ental an d /or theoretica l evidence existed that deviations 
from  a fission  neutron spectrum  w ere without influence or could be 
co rre cte d  for.

A ll experim ental data have been assigned weights in determ ining 
average values for the c ro s s -s e c t io n  ratios. As a re feren ce  reaction  the 
235U (n, f) reaction  was chosen, for which the m ost p robab le  value o f the 
average c ro s s -s e c t io n  lies  between about 1200 and 1300 mb. F or his 
evaluation study, Fabry accepted a c ro s s -s e c t io n  for the re feren ce  reaction 
in a pure fiss ion  spectrum  equal to 1250=± 70 mb. The absolute e rro r  in 
this figure has not been com bined to the uncertainties o f the reactions 
under consideration.

The procedure chosen gave an appreciable weight to the c ro s s -s e c t io n  
ratio <(a ( 235U))>f/'\ о ( 238U))>f ; it was assigned a value of 3. 8lJ= 0. 15. The 
resu lts o f F a b ry 's  evaluations are mentioned in Table II.

4. CALCULATIONS BASED ON DIFFERENTIAL CROSS-SECTION DATA

This study com p rises  a lso calculated c ro ss -s e c t io n s  derived from  
evaluated d ifferentia l data. The energy range considered  here is 0 to 
20 MeV. Evaluated c ro s s -s e c t io n  data sets have been supplied by the CCDN 
(Centre de Com pilation des Données N u cléa ires), which collected  and d is tr i
buted evaluated data from  the N uclear Data L ibraries  in the United Kingdom, 
the United States o f A m erica , and the F ederal R epublic o f Germ any 
(UKDL, E N D F/B  and KEDAK, respective ly ).
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TABLE II. TEN TATIVE RECOMMENDED VALUES FOR FAST-NEUTRON 
THRESHOLD REACTIONS (1973)
A ll c r o s s -s e c t io n  values re fe r  to a fiss ion  neutron spectrum  and are 
relative to the average c ro s s -s e c t io n  value o f 1250±  70 mb fo r  the 
re feren ce  reaction  235U (n, f).

R e a c t io n H a l f - l i f e R ef.

E f fe c t iv e

th resh o ld

( in  M e V )

<o> 

( in  m b)
R ef.

24M g ( n ,p )  24Na 15 .0 3 0  ± 0 .0 0 3  h t l ] 1 .5 3 ± 0 .0 3 [24]

21 A l i n ,  p ) 21 M g 9 .4 6 m in [2] 4 .5 4 .0 ± 0 .4 [24]

27 A l  ( n , a )  24Na 1 5 .03 0  ± 0 .0 0 3  h [1] 7 .1 0 .7 2 5  ± 0 .0 2 [24]

31P ( n , p ) 31 S i 2 .6 2 h [2] 2 .4 36 ± 2 [24]

32S (n ,p )  32P 1 4 .29 ± 0 .0 3 d [12] 2 .7 69 ± 2 [24]

46T i ( n ,  p ) 46Sc 84 d [2] 3 .8 12 .3 ± 0 .5 [24]

47 T i ( n ,  p ) 47 S c 3 .3 5 d m 2 .2 20 ± 2 [24]

48T i  (n, p) 48S c 4 4 .1 h [2] 7 .6 0 .3 1 5 ± 0 .0 2 [24]

55 M n ( n , 2 n ) 54 M n 3 1 2 .5 ± 0 .5 d [12] 1 1 .5 0 .2 5 3  ± 0 .0 1 [24]

и Р е ( п ,р )  и М п 3 1 2 .5 ± 0 .5 d [12] 3 .3 8 2 .5 ± 2 [24]

56F e ( n ,  p )56 M n 2 .5 8 7  ± 0 .0 0 6  h [1] 6 .1 1 .07 ± 0 .0 6 [24]

58N i( n ,  p ) 58C o 7 1 .3 ± 0 .2 d [12] 2 .8 113 ± 2 . 5 a [24]

58Ñ i£ n , p) S8m c o 9 .1 5 h [2] 3 5 .4 ± 1 .0 [24]

58N i ( n , a ) 5S Fe 2 .6 0 a [2] 4 . 95 [25]

59G o ( n , a )  S6M n 2 .5 8 7  ± 0 .0 0 6  h [1] 6 .8 0 . 156± 0 .0 6 [24]

63C u ( n , a ) 60C o 5 .2 7 2 ± 0 .0 0 1  a [7] 6 .7 0 .5 0 ± 0 .0 5 [24]

63C u ( n ,2 n )  62C u 9 .7 6 m in [2] 1 2 .4 0 .1 2 4  ± 0 .0 9 [24]

65C u ( n ,2 n )  ^ C u 12 .71 ± 0 .0 1 h [1] 1 1 .2 0. 31 [26]

64Z n (n ,p )  M C u 1 2 .71 ± 0 .0 1 h [1] 31 ± 1 .5 [24]

“ M o  (n, p )9Z m Nb 10 .2 d [2] 7 .0 ± 0 .4 [24]

93N b ( n , n ' ) 93 m N b 1 1 .4 ± 0 .9 a [27] 97 ± 35 [25]

93N b  (n ,2 n )92 m N b 10 .2 d [2] 1 0 .2 0 .4 7 ± 0 .0 3 [24]

^ R h C n . n ' ) 103 m Rh 5 6 .1 1 6  ± 0 .0 0 9  m in [28] 0 .7 560 ± 7 [29]

115In (n ,  n ')  l l s m in 4 . 5 h [2] 1 .4 188 ± 4 [24]

127I ( n ,2 n )  12eI 12 .8 d [2] 1 1 .5 1 .0 9 ± 0 .0 5 [24]

232T h ( n ,  f) F . P . 1 .4 7 0 .2 ± 1 3 .2 [30]

238U ( n ,  f ) F . P . 1 .4 328 ±10 [24]

237N p ( n ,  f ) F . P . 0 .7 1289 ±87 [30]

a In c lu d e d  th e  fo rm a t io n  o f  58C o ,  fro m  58mC o ,  p ro d u ce d  b y  th e  re a c t io n  58N i( n , p )  58mC o .



IAEA -SM-170/73 275

A lso  som e recent sets o f c ro ss -s e c t io n  data from  other sou rces have 
been included.

With the aid o f som e com puter program s developed in our centre we 
obtained the follow ing results for each c ro ss -s e c t io n  set:

(a) a graph o f the c ro s s -s e c t io n  data points as a function o f the energy;
(b) a list o f the group c ro s s -s e c t io n  data points in fixed energy groups;
(c) the c ro s s -s e c t io n  averaged with three representations o f the 

fiss ion  neutron spectrum ;
(d) the effective  threshold energy determ ined by a least-squ ares method.
The method o f calculating the effective threshold energy (T) and the

effective  c ro s s -s e c t io n  (S) for a neutron spectrum  is based on the princip le 
that the step function should give the same response in the neutron spectrum  
as the actual c ro s s -s e c t io n , and that there is a best fit between ideal and 
actual response curve, using a least-squ ares adjustment [3].

The follow ing three analytical expressions for the fiss ion  neutron sp e c 
trum of 235U have been used in our calculations. They have been norm alized 
to an integral value o f unity. In the follow ing expression s, E denotes the 
neutron energy, expressed  in MeV.

(a) the form ula proposed  by Watt [4]

Xi(E) = 0.48395 e x p ( -E ) ,  sinh -Í2K

(b) the form ula proposed  by Cranberg, F rye et al. [5]

X2 (E) = 0. 45274 exp ( - E /0 . 965) sinh n/2 . 29E

(c) the form ula proposed  by Leachman [6]

X3 (E) = 0. 76985 exp (- 0. 775E) -JË

A d iscussion  of the representations of the prom pt fiss ion  neutron 
spectrum  has recently  been published [7].

A ll c r o s s -s e c t io n  values from  the evaluated data files  have been in ter
preted  as point values belonging to a sm ooth a(E )-function . Detailed results 
o f our study showing the graphs and a ll num erical resu lts are available as 
laboratory  report [8].

In F igs 1 and 2, the shape and differences between the fission  spectra  
are shown. The resu lts o f our calculations fo r  the fiss ion  neutron averaged 
c ro s s -s e c t io n  values applying the various form ulae are presented in 
Table III.

The average c ro s s -s e c t io n  values calculated with our com puter 
program  fo r  the reactions 235U (n, f) and 231 Np (n, f) might be slightly too 
low, because o f the application o f interval widths equal to 100 keV, which 
is relative large , esp ecia lly  for  the low est energy group.

The calculated effective  threshold values using a Watt fiss ion  spectrum  
are presented in Table II.

The values o f T obtained with the various fiss ion  neutron spectrum  
form ulae do not show d ifferen ces la rg er  than 0. 1 MeV.

F igure 3 shows two exam ples o f the calculated e ffective threshold (T) 
and the effective  c ro s s -s e c t io n  (S).
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F I G . l .  T h e  f is s io n  n e u tro n  sp e ctru m  a c c o rd in g  to  W a t t ,  C ra n b e rg  and L e a c h m a n  (rep o rted  f ro m  R e f. [ 4 0 ] ) .

F IG . 2 . T h e  ra t io  o f  s p e c t ra l f lu x  d e n s it ie s  d e r iv e d  fro m  d if fe r e n t  sp e ctru m  exp ress ions (re p ro d u ce d  fro m  

R e f. [ 4 0 ] ) .  X j ( E )  = W a t t fo rm u la ;  x 2 (E) = C ran b e rg  fo rm u la ;  x 3(E )  = L e a c h m a n  fo rm u la .
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TABLE III. CALCULATIONS OF AVERAGE FISSION NEUTRON 
CROSS-SECTIONS
A ll c ro s s -s e c t io n  values are expressed  in mb = 0. 1 fm 2; x i(E ), х г (Е ), and 
Х з ( Е )  denote the fiss ion  neutron spectrum  representations by Watt, 
C ranberg and Leachm an. F or footnotes see below  last part o f this table.

R e a ctio n C o d e Library R e fe re n ce
с

D a te

A v e ra g e  cr o ss -se ct io n s  
o b ta in e d  w it h a

X i(E ) x 2C£ ) X,CE>

24 M g (n ,p ) 1 12 0241X 024 UKDL DFN 225 6508 1 .4 4 6 1 .3 2 9 1 .4 8 3

27 A l ( n . p ) 1 1 3 02 7 12 0 27 S im o n s [3 1 ] 7005 3 .8 3 9 3 .6 7 9 3 .6 7 8

3 13 0 2 7 1 2 0 2 7 UKDL DFN 35E 6402 3 .8 7 7 3 .7 1 6 3 .7 1 8

4 1 3 0 2 7 1 2 0 2 7 UKDL DFN 226 6508 4 .1 1 4 3 .9 4 8 3 .9 1 9

5 13 02 7 12 0 27 EN D F/B M A T  1135 7201 4 .1 6 3 3 .9 9 1

n A l ( n , a ) 1 1 3 0 2 7 1 1 0 2 4 UKDL DFN 2 26 6508 0 .6 1 4 3 0 .5 6 1 5 0 .6 3 7 8

2 1 3 0 2 7 1 1 0 2 4 UKDL DFN 95 7 00 4 0 .6 9 2 2 0 .6 3 3 2 0 .7 1 7 2

3 1 3 0 2 7 1 1 0 2 4 UKDL DFN 96 7 0 0 4 0 .6 7 6 9 0 .6 2 0 7 0 .7 0 6 2

4 1 3 0 2 7 1 1 0 2 4 UKDL DFN 35E 6402 0 .5 9 0 5 0 .5 3 9 4 0 .6 1 3 7

5 13 0 2 7 1 1 0 2 4 EN DF/B M A T  1015 7006 0 .6 8 6 9 0 .6 2 7 4 0 .7 1 3 6

6 13 0 2 7 1 1 0 2 4 K ED AK В 69 6901 0 .5 9 0 5 0 .5 3 9 4 0 .6 1 3 7

7 13 0 2 7 1 1 0 2 4 S im o n s [3 1 ] 7005 0 .6 6 3 0 0 .6 0 6 1 0 .6 8 8 7

8 1 3 0 2 7 1 1 0 2 4 K anda  [3 2 ] 7202 0 .6 9 2 2 0 .6 3 3 2 0 .7 1 7 2

9 1 3 0 2 7 1 1 0 2 4 EN DF/B M A T  1135 7201 0 .6 2 8 1 0 .5 7 3 7 0 .6 5 2 8

31 P (n , p) 1 5 0 31 1 40 3 1 UKDL DFN 228 6508 3 4 .4 5 3 3 .9 2 3 2 .5 0

CO S
' 1 1 6 0 3 2 1 5 0 3 2 . UKDL D FN 2 29 6508 6 0 .8 1 5 9 .6 1 5 7 .3 1

2 16 0 3 2 1 5 0 3 2 UKDL DFN 97 7 0 0 4 6 7 .2 8 6 3 .5 2

46T i ( n ,p ) 5 2 2 0 4 6 2 1 0 4 6 S im o n s [3 1 ] 700 5 1 1 .2 8 10.88 1 0 .7 4

6 2 2 0 4 6 2 1 0 4 6 UKDL DFN 912 7201 11.66 11.22 1 1 .1 4

47T i ( n ,p ) 5 2 2 04 7 21 0 47 S im on s [3 1 ] 7005 1 7 .1 9 1 6 .9 6 1 6 .2 6

48T i ( n ,p ) 5 22 04 8 21 0 48 S im on s [3 1 ] 700 5 0 .2 3 6 5 0 .2 1 4 0 0 .2 5 1 9

54 F e (n ,p ) 1 26 05 4 25 0 54 UKDL DFN 63 6802 7 0 .3 5 6 8 .6 0 6 6 .4 3

2 2 6 0 5 4 2 5 0 5 4 UKDL DFN 233 6508 9 6 .2 8 9 4 .4 0 9 1 .1 4

4 2 6 0 5 4 2 5 0 5 4 B resesti [3 3 ] 7008 7 6 .2 3 7 4 .3 5 7 1 .8 7

5 2 6 0 5 4 2 5 0 5 4 S im o n s [3 1 ] 7005 7 6 .2 8 7 4 .4 6 7 2 .0 8

6 2 6 0 5 4 2 5 0 5 4 P au lsen  [3 4 ] 710 9 7 2 .5 0 7 0 .7 8 6 8 .4 2

7 26 0 5 4 2 5 0 5 4 R eed  [3 5 ] 6609 7 3 .8 8 7 2 .1 2 6 9 .6 5

55M n (n ,2 rO 1 25 05 5 25 0 55 EN D F/B M A T  1019 6706 0 .1 5 4 3 0 .2 0 3 6
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T A B L E  III (cont. )

L ib ra r y
с

A v e ra g e  c ro ss-se c tio n s  

o b ta in e d  w it h  a

X! CH) x 2 ( e ) x 3CO

56F e ( n ,p ) 12605625056 U K D L D F N  62 6802 1 .0 2 7 0 .9 5 5 8 1 .0 2 9

22605625056 U K D L D F N  234 6508 0 .9 6 2 5 0 .8 9 8 5 0 .957 7

32605625056 U K D L D F N  98 7004 1 .1 2 0 1 .0 4 6 1 .116

52605625056 S im on s  [31] 7005 1 .0 8 4 1 .0 1 0 1 .0 8 4

62605625056 Fab ry  [36] 7006 1 .028 0 .9 5 9 4 1 .0 2 6

72605625056 K a n d a  [32] 7202 1 .120 1 .0 4 6 1 .1 1 6

58N i( n , p ) 12805827058 U K D L D F N  236 6508 113 .6 1 11 .5 107 .3

32805827058 U K D L D F N  909 7201 110 .1 108 .0 1 04 .1

42805827058 B resesti [33] 7008 1 02 .5 1 00 .6 9 6 .8 8

52805827058 S im ons  [31] 7005 1 02 .2 1 00 .2 9 6 .5 9

62805827058 Fa b ry  [36] 7006 1 11 .4 1 09 .2 105 .3

72805827058 P a u lsen  [34] 7109 1 06 .5 1 04 .5 1 00 .8

82805827058 Reed [35] 6609 109 .8 107 .6 103 .6

59C o ( n , a ) 12705925056 E N D F /B M A T  1118 7201 0 .1 5 1 2 0 .1 3 8 9 0 .1 5 5 5

52705925056 S im ons  [31] 7005 0 .1 4 6 5 0 .1 3 4 8 0 .1 5 0 4

63C u ( n , a ) 12906327060 U K D L D F N  250A 6712 0 .3 0 6 4 0 .2 8 2 2 0 .312 7

42906327060 E N D F /B M A T  1085 6812 0 .3 0 0 9 0 .2 7 6 8 0 .3077

52906327060 * S im ons  [31] 7005 0 .3 5 4 8 0 .3 2 6 8 0 .3 6 2 1

63C u ( n ,  2n) 12906329062 S im on s  [31] 7005 0 .0 8 5 8 8 0 .0 7 0 3 6 0 .1 1 9 8

22906329062 K a n d a  [32] 7202 0 .07 0 3 2 0 .0 5 7 4 9 0 .09 8 5 9

32906329062 U K D L D F N  250A 6712 ' 0 .0 7 9 8 9 0 .0 6 5 4 3 0 .1 1 1 5

42906329062 U K D L D F N  237A 6508 0 .08 3 3 0 0 .0 6 8 0 5 0 .1 1 7 1

52906329062 E N D F /B M A T  1085 6812 0 .0 9 0 1 4 0 .1 2 3 4

62906329062 U K D L D F N  99 7004 0 .070 32 0 .0 5 7 4 9 0 .0 9 8 5 9

65C u ( n ,2 n ) 12906529064 K a n d a  [32] 7202 0 .2 8 5 5 0 .2 4 0 1 0 .367 8

22906529064 E N D F /B M A T  1086 6812 0 .2 9 5 5

32906529064 U K D L D F N  100 7004 0 .2 8 5 6 0 .2 4 0 0 0 .3 6 8 7

42906529064 U K D L D F N  251A 6802 0 .2 9 9 5 0 .3 8 1 2

93N b (n ,2 n ) 14109341092 E N D F /B M A T  1164 6708 0 .6 8 5 4 0 .5 8 6 1 0 .8 4 1 0

103R h (n , n ') 14510345103 U K D L D F N  94A 7004 7 2 2 .6 7 2 0 .0 7 0 4 .2

115I n ( n , n ' ) 14911549115 U K D L D F N  239 6508 1 74 .3 1 7 3 .8 1 6 7 .6

24911549115 Pauw  [37] 7104 2 0 5 .6 2 0 4 .8 1 97 .9
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T A B L E  III (cont. )

279

R e a c t io n C o d e L ib ra r y R e fe ren ce D a t e c

A v e ra g e  c ro ss -se c tio n s  

o b ta in e d  w it h a

X j(E ) x2(e) X , ®

115In (n ,n * ) 54911549115 S im on s  [31] 7005 1 8 4 .6 1 83 .8 177 .3

( c o n t . )
64911549115 F a b ry  [36] 7006 1 8 7 .6 1 8 6 .9 1 80 .6

ш 1 (п ,2 п ) 15312753126 U K D L D F N  240 6508 0 .6 8 5 4 0 .5 8 6 1 0 .8 4 1 0

J32T h ( n , f ) 19023256140 U K D L D F N  242 6508 7 1 .5 8 7 0 .9 1 6 8 .57

29023256140 U K D L D F N  22A 6402 7 5 .6 7 7 4 .8 7 7 2 .5 0

39023256140 E N D F /B M A T  1117 6705 7 1 .3 1 7 0 .6 4 6 8 .3 4

59023256140 D a v e y  [38] 66 6 9 .8 1 6 9 .1 3 6 6 .8 3

235U ( n , f ) b 19223556140 E N D F /B M A T  1102 7001 1202 1202 1202

29223556140 K E D A K В 168 6602 1249 1249 1247

39223556140 U K D L D F N  27 ID 7201 1212 1212 1212

49223556140 U K D L D F N  66A 7004 1222 1222 1221

59223556140 S im on s  [31] 7005 1208 1208 1209

69223556140 F a b ry  [36] 7006 1206 1206 1206

79223556140 G re e n e  [39] 7201 1202 1202 1202

89223556140 E N D F /B M A T  1157 7201

238U  (n , f) 19223856140 U K D L D F N  76D 6709 3 0 8 .6 3 0 6 .4 2 9 5 .6

29223856140 U K D L D F N  401 D 6802 3 0 0 .1 2 9 8 .0 2 8 7 .6

39223856140 E N D F /B M A T  1103 7006 2 8 5 .7 2 8 3 .7 2 7 3 .9

49223856140 E N D F /B M A T  1158 7103 3 0 0 .4 2 9 8 .3 2 8 8 .0

59223856140 S im o n s  [31] 7005 2 8 6 .5 2 8 4 .4 2 7 4 .7

69223856140 F a b ry  [36] 7006 3 0 0 .4 2 9 8 .5 2 8 8 .7

89233856140 U K D L D F N  272A 7201 2 8 4 .1 2 8 2 .1 2 7 2 .4

237N p  (n , f  ) b 19323756140 U K D L D F N  61 6802 1352 1350 1328

29323756140 E N D F /B M A T  1048 6905 1360 1358 1334

59323756140 S im on s  [31] 7005 1321 1319 1297

a fo rm u la  p ropo sed  by  W a t t .

X 2* fo rm u la  proposed  b y  C ra n b e rg ,  F ry e  e t a l .

X 3: fo rm u la  proposed  by  L e a c h m a n .

b F o r  the  re a c t io n s  235U  (n , f )  a n d  237N p ( n ,  f ) ,  o u r  c a lc u la t e d  v a lu e s  fo r  th e  a v e ra g e  c ro s s -se c t io n  m ig h t  

be  s l ig h t ly  to o  lo w  d u e  to  th e  in te r v a l w id th  o f  100 k e V ,  w h ic h  w id th  is  r e la t iv e ly  la rg e  e s p e c ia l ly  fo r  

th e  lo w e s t e n e rg y  g roup .

c  T h e  c a le n d a r  dates  a re  th e  issue  dates  o f  th e  repo rts  i n  w h ic h  the  v a lu e s  h a v e  b e en  p u b lis h e d ,  o r  in  th e

ca se  o f  u n p u b lis h e d  v a lu e s ,  th e  c a le n d a r  da tes  a re  th e  dates w h en  th e  f i le s  h a v e  b e e n  re le a se d .
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F IG . 3 . E f fe c t iv e  c ro s s -se c t io n  c o m p a re d  w ith  a c tu a l c ro s s -se c t io n  cu rv e .

— • —  115I n ( n , n ' ) U 5 m In; S = 3 2 9 .1  m b; T  = 1 . 4 M e V

----------- 21 A l ( n ,  a ) 24N a ; S =  5 7 .8 5  m b; T  = 7 .1  M e V

5. COMPARISON OF MEASURED OR CALCULATED AVERAGE
CROSS-SECTIONS

In Table IV, we com pare the evaluated experim ental values, as reported 
by Fabry, and som e calculations from  evaluated differential data. In the 
com parison, we consider the well-known evaluated data set o f Simons and 
M cE lroy [9] supplemented by less  recent data from  the early SAND-II 
library . F rom  this com parison, a ser ies  o f large d iscrepancies becom es 
apparent. One o f the m ost urgent problem s to be solved is the average 
c ro s s -s e c t io n  for the reaction  63Cu (n ,a )60Co. Is the observed inconsistency 
due to a "su b -thresh old" contribution to the reaction, to a C o-im purity  o f 
the target m aterial, to inaccurate m easurem ents, o r  to som e other 
system atic e rro r?

The nuclear data for routine therm al and fast flux density m easurem ents 
are in general quite sufficient, but for spectrum  determ inations we need 
integral data which are known to within 5%, not only for the routine reactions 
but also fo r  other reactions, because o f their different energy response.
The inaccuracy of the group c ró ss -se ct io n s  can, however, be somewhat 
la rger (see Appendix for som e explanatory rem arks).
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TABLE IV. COMPARISON OF EVALUATED AVERAGE CROSS-SECTIONS 
FOR A FISSION NEUTRON SPECTRUM (1973)
C ro ss -se ct io n  values re fe r  to a Watt spectrum  and are expressed  in 
mb (= 0. 1 fm 2)

R eac t io n

In teg ra l 

e x p e r im e n ta l v a lu e  

(Fab ry  report [24])

In teg ra l 

c a lc u la te d  v a lu e  

(S A N D -II  lib ra ry )

D is c re p a n cy  

(order o f  m agn itude)

63C u ( n ,y ) M C u 10 .1  ± 1 .5 10 .9 a 8%

n 5 I n ( n ,y ) u s m In 146 ± 5 - -

197A u ( n ,y )  19aA u 88 ± 4 .5 82 .8 a
6%

24M g ( n ,p ) 24 Na 1 .53  ± 0 .0 3 1 .50 d 2<fc

27 A l ( n , p ) 27 M g 4 .0  ± 0 .4 3 .8 4 b 4%

27 A l ( n , a ) 24Na 0 .725± 0 .02 0 .663 a lO 1?»

31P (n, p ) 31 S i 36 ± 2 33 .0
с

io?»

32 S (n, p ) 32 P 69 ± 2 60 .9
с 13%

4sT i ( n , p ) 4 sSc 12 .3  ± 0 .5 11 .3 a 10“?»

47T i ( n , p ) 47Sc 20 ± 2 17 .2 a 157»

4BT i ( n , p ) 48Sc 0 .315± 0.02 0 .236 a > гб^о

ssM n ( n ,2 n ) 54M n 0 .2 5 3 ± 0 .01 0 .154 f > 257»

54F e ( n , p ) 54 M n 8 2 .5  ± 2 76 .3 a 87»

S6F e ( n , p ) 56 M n 1 .07  ± 0 .06 1 .08 b Vb
58N t ( n .p ) s8C o 113 ± 2 .5  g 102 .0 a IO?»

й С о ( п , а ) 56 M n 0 .156  ± 0 .06 0 .147 a 67»

6sC u ( n , a ) “ C o 0 .5 0  ± 0 .0 5 0 .356 a > 25%

63C u ( n ,2 n ) 62 Cu 0 .1 2 4  ±0 .0 9 0 .0859 b > 25%

“ Z n ( n , p ) H C u 31 ± 1 .5 38 .0 d ,e 20%

9zM o ( n ,p )  92mN b 7 .0  ± 0 .4 - -

93N b ( n ,2 n ) 92mNb 0 .4 7  ± 0 ,03 1 0 .685 f > 25%

115I n ( n , n ' ) u s m In 188 ± 4 184 .6 b 2%

12,I ( n ,  2n) 126I 1 .0 9  ± 0 .05 0 .687 d >25%

232T h ( n ,  f ) F . P . 83 ± 3 .5 71 .3 d , i 15%

235U ( n , f ) F . P . 1250 ±70 h 1230 a 2%

237N p (n ,  f ) F . P . 1370 ±75 1293 a , i 67»

238U  (n , 0  F .P . 328 ± 10 2 87 .0 a , к 15%

z39P u (n ,  0  F .P . 1859 ±60 1762 a 6%

a V a lu e s  ta ken  from  B N W L-131 2  (1970), see R e f . [33]; th is  data set is c la im e d  to  be  a  consisten t set. 

k V a lu e s  c a lc u la te d  by  au tho r (1972), based on  data  from  R e f.[33]. 

c  V a lue s  pub lished  b y  M c E lr o y  (1969), see R e f . [3 2 ] . 

d V a lue s  from  S A N D - II  report by M c E lr o y  e t a l .  (1967), see R e f . [31 ]. 

e  A  v a lu e  o f  47 m b is  m en tio n ed  by M c E lr o y  (1972), see R e f .[34]. 

f  R ea c t io n  data no t p resent in  S A N D -II  lib ra ry ; v a lu e  ta k en  from  E N D F/B . 

g T h e  Fabry report assigns the  v a lu e  o f  3 5 . 4 ± 1 .0  m b  to  th e  re a c t io n  58N i( n ,p )  58mC o . 

h  T h is  v a lu e  is  th e  re fe ren ce  v a lu e .

* T h e  e v a lu a t io n  by  Bak (1971) [30] g ives  7 0 .2  m b .

j T h e  e v a lu a t io n  by  Bak (1971) [30] g ives  1289 m b.

k  T h e  e v a lu a t io n  by  Bak (1971) [30] g ives  285 m b.
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A well-know n method of determ ining the neutron spectrum  in an ex 
perim ent position  in a rea ctor  is  the m u ltip le -fo il activation method. The 
neutron spectrum  is then determ ined from  the m easured activities o f  a set 
o f detectors , irradiated sim ultaneously at the sam e location . F or  this 
method, a good knowledge o f the c ro ss -s e c t io n  curves is required , and 
also high p recis ion  and accuracy  in the absolute fo il activ ities. The 
method con sists o f unfolding a set o f integral equations o f the follow ing type:

6. NEUTRON S P E C T R U M  D ETERM IN ATIO N

where a i is  the experim ental saturation activity per target atom o f the 
i-th  detector, ct¡ (E) the c ro s s -s e c t io n  o f the i-th  detector, and фЕ (E) the 
unknown spectra l distribution o f neutron flux density.

The m ost prom ising com puter program s for neutron spectrum  unfolding 
are at present SPECTRA [10, 11] and SAND-II [12, 13]. These program s 
apply a num ber o f energy groups which is  much la rger than the num ber o f  
activation reactions. T hese codes need, th erefore , extra physical spectrum  
inform ation as input, and this inform ation w ill, to som e extent, have an 
influence on the final output spectrum .

In p ra ctice , it turns out that a consistent and well-known set o f c r o s s -  
section  values is  needed to obtain a physically  acceptable and sm ooth 
calculated spectrum . Inconsistent data o r  inaccurate activity data w ill 
resu lt in a se r ie s  o f  peaks and valleys. This is in particular c lear for 
resonance detectors , where unbalanced detector data give r is e  to " in v erse " 
resonance structure in the neutron spectrum .

The procedure is som etim es so sensitive to showing unrealistic 
structure that it can be used to trace in consistencies.

Since (n, Y )-reactions have their main response in the therm al energy 
and, to a le s s e r  extent, in the interm ediate energy region  below  1 keV, and 
since (n, p), (п ,о ) and (n, f) are norm ally threshold reactions with a 
threshold above 1 M eV, there are often gaps in the response in the region  
between say 0. 01 MeV and 1 MeV (see F ig. 4). To a certain  extent,
(n, n ')-rea ction s  might be used to partly fill in the gaps, but these reactions 
have a se r ie s  o f prob lem s:

poor knowledge o f the c ro ss -s e c t io n s ;
not very  w ell established decay schem es (h a lf-lives  and gamma 
abundances;
d ifficu lty  o f  m easuring absolutely low -en ergy  gam m a-rays and X -ra y s  
( i .e . from  103mRh and 93mNb).

The low effective threshold m akes the (n, n ')-rea ction s  very  attractive 
fo r  neutron spectrum  m easurem ents. The problem s related to these r e a c 
tions are d iscu ssed  in the next section.

о

7. THE (n, n')-REACTION S

7 .1 . The 93Nb (n, n ')93m N b-reaction

The nuclide 93mNb produced by inelastic neutron scattering, goes to 
the ground state by a gamma transition with an energy o f 28 keV. Since
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energy (in MeV)

F IG .  4 .  R ep re se n ta t iv e  H F R  n e u tro n  sp e c tru m  in  e x p e r im e n t p o s it io n  E5 . T h e  h o r iz o n ta l  bars d e n o te  th e  

e n e rg y  re g ion s  c o rre sp o n d in g  to  90% d e te c to r  response .

the effective  threshold is , th erefore , also of the order of 28 keV, this 
reaction  might be o f extrem e im portance for  fast neutron fluence deter
minations fo r  irradiation  damage purpose.

The status report of the IAEA N uclear Data Section [ 1] shows that 
there exists a rem arkable d iscrepancy in the c r o s s -s e c t io n  values below 
3 MeV and that there is an appreciable lack o f knowledge o f the differential 
c ro s s -s e c t io n  shape for la rger energies.

R ecently, Hegedüs [ 14] proposed a histogram  curve covering  the entire 
energy region  up to 15 MeV. Hegedtls also gave a fiss ion  spectrum  average 
value of 97 mb fo r  this c ro ss -s e c t io n . The status report also mentions 
another difficulty with using the 93Nb (n, n1) reaction  as a fluence m onitor: 
the d iscrepancy in experim ental determ inations o f the h a lf-life  o f the 
iso m e r ic  state. M easurem ents before  1954 give about 4 years for  the 
h a lf-life , and later m easurem ents about 12 y ea rs  o r  even 16 years 
(recent com m unication from  D r. L lore t from  CEAN G renoble). Hegedüs 
recom m ends 11. 4 i  0. 9 year.

The status report concludes as follow s: At the present tim e, the 
m ulti-group cro s s -s e c t io n s  o f Hegedüs should be used as they are the only 
values spanning the entire energy region , and they are not in disagreem ent 
with the other m easurem ents below  3 MeV. H owever, the group data need 
confirm ation before  the re liab ility  o f the data can be assured.

7 .2 . The 103Rh (n. n ') 103mR h-reaction

This reaction  is  very  in teresting for fast flux density determ inations, 
because o f its low effective  threshold (about 0. 7 M eV), its re latively  large
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F IG .  5. P h o to n  spe ctru m  o f  a n  ir r a d ia te d  rh o d iu m  f o i l .

activation c ro s s -s e c t io n , and its appropriate h a lf-life  (56 min). The energy 
o f the iso m e r ic  transition  is 40 keV.

With resp ect to the d ifferential c r o s s -s e c t io n  curve, one has the situa
tion that there are large d iscrepan cies between the resu lts from  the different 
authors (for a review , see Ref. [1]).

There are also wide d iscrepancies in m easured fission -spectru m  
averaged activation c ro ss -s e c t io n s . There are very  old values near 
1100 mb. M ore recent values give 716 ±  40, 558 ±  32 and 403 ±  40 mb. 
Review [1] concludes that the uncertainty o f between 20 to 40% in the d if
ferential data make this reaction  unsuitable fo r  use at this time.

The c ro s s -s e c t io n  problem  is partly related  to d ifficu lties encountered 
in the absolute activity determ ination o f 103mRh sou rces. The 40-keV  
gam m a-ray energy o f the isom er ic  transition  shows a very  large  internal 
conversion  (very near to 100%). The internal conversion  leads to the 
production o f Rh К X -ra y s , with energies o f about 20 keV, which have an 
appreciably la rger  abundance than the 40 keV radiation.

An illustration  o f the photon spectrum  as m easured with a low -en ergy  
Ge (Li) detector is  given in F ig. 5.

F or absolute activity m easurem ents, one has to calibrate the detector 
e ffic ien cy  by m eans of a se r ie s  o f low -en ergy  photon radiations with known 
abundance em itted by calibrated re feren ce  sou rces (e. g. 57Co (14. 4 keV) 
and 241Am  (26. 348 keV) from  an IAEA radionuclide set). F or accurate 
m easurem ents, one should like to have w ell known decay schem es for all 
nuclides used in detector calibration. M oreover, one should like to apply 
m ore  photon em itters with low  energy from  available re feren ce  sou rces.
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Another prob lem  is  related to the purity o f the sam ple. The m etal sheet 
which is obtained com m ercia lly  w ill show many radioactive im purities 
after irradiation . The p h otoelectric  absorption o f photons from  the ra d io 
active im purities also caused a contribution o f К X -ra y s , which had an 
influence on the 20-keV  peak on which the activity m easurem ent was based. 
One should, th erefore , perform  an accurate analysis of the decay curve 
fo r  this peak, but because o f the spread in the h a lf-life  o f 103mRh, an 
unambiguous analysis is difficult.

7 .3 . The 115In (n, n ' ) 115mIn-reaction

The iso m e r ic  transition o f  the product nuclide has an energy o f about 
335 keV. The effective  threshold for a fiss ion  spectrum , equal to about
1. 4 M eV, and the h a lf-life  o f the product nuclide, equal to 4. 50 h, make 
this reaction  very  useful for fast flux density determ ination.

The available evaluated d ifferential c ro s s -s e c t io n  curves [1] show 
a deviation o f about 5% in the average c ro ss -s e c t io n .

M oreover, it turns out that the available values for  the abundance o f 
the 335-keV  gamma radiation (46 and 50%) show a relative d iscrepancy of 
8%. R egrettably, the com bination o f both d iscrepan cies  m akes this reaction  
le ss  suitable for accurate fast-neutron m easurem ents.

8. LON G-TERM  FLUENCE DETECTORS

In som e ca ses , one w ishes to determ ine the neutron fluence incident 
on a rea cto r  m ateria l during a very  long irradiation  period . One m ay think 
o f determ ining the neutron fluence incident on rea cto r  constructional 
m ateria ls during an extended period  o f rea ctor  operation. F or  purposes 
o f determ ining the radiation damage, e. g. to the rea ctor  p ressu re  vesse l, 
one should like to apply lon g -term  neutron fluence detectors over a period  
o f 10 years or m ore (e. g. to predict the econ om ic life -t im e  o f rea ctors). 
The usefu lness of a fluence detector as a radiation damage detector is 
greater since the detector response is  m ore  linear and correction s  for 
irradiation  h istory  becom e sm aller.

T here are only a few techniques' which can be considered  for  use in 
m ateria ls surveillance program s fo r  power rea ctors . Activation techniques 
have the advantage o f s im plicity , the lim itations being in the choice  of 
suitable reactions. One might also think o f form ation o f 137Cs by fiss ion  of 
235{j, 239 pu , 238u  ̂ 232-p^ ancj 237]vfp_ M a ss -sp ectrom etr ic  techniques such 
as the helium  accum ulation technique for  the absolute determ ination of 
transmutation products can, in princip le , give very  satisfactory  resu lts 
although the equipment is  le s s  com m on.

With resp ect to the activation detectors  we have listed  som e relevant 
data fo r  reactions yield ing product nuclides with a h a lf-life  longer than
10 y e a rs (se e  little table on next page).
The c ro s s -s e c t io n s  for therm al burn-up and the average fiss ion  neutron 
c r o s s -s e c t io n  are inaccurate.

The nuclide 40K is  a ß -em itter  (89% ß~ with E = 1. 314 MeV; EC 11% 
with gamma rays o f 1.460 M eV). One often p re fe rs , how ever, gamma 
counting. M oreover, the h a lf- life  o f 40K is so large that fo r  p ra ctica l 
purposes the induced sp e c ific  activity w ill, in general, be too sm all.
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R e a c t io n H a l f - l i f e  

( in  a)

R a d ia t iv e  c a p tu re  c ro ss -se c t io n
A v e ra g e  

c ro s s -se c t io n  

fo r  f is s io n  neu trons 

( in  b)

T a rg e t  n u c lid e

( in  b)

P ro d u c t n u c l id e  

( in  b)

40C a ( n ,p ) 40K 1 .2 7  x 1 0 9 22 70 «  0 .0 4 7

93N b ( n ,y ) 94N b 20 x  1 0 s 1 .0 0 15 -

54M o ( n , p ) 94N b 20 X 1 0 s ? 15 «  0 .0 0 0 8 3

154G d  (n, p) 154E u 10 «  23 1500 «  2 X 1 0 ' 5

The reaction  154Gd (n, p) 154Eu seem s le s s  favourable from  the results 
listed  above. M oreover, this reaction  has the disadvantage that it may be 
perturbed by the side reaction  153Ru (n, 7 ) 154Eu, which has a c ro s s -s e c t io n  
o f about 390 b; this reaction  o ccu rs  in europium  im purities in the gadolinium 
detector. A few ppm of Eu in Gd may already perturb the response (both 
Gd and Eu are lanthanides! )

The nuclide 94Nb em its ß -  and 7 -rad iation  (nearly 100% ß~ with 
E = 0 .4 9 M e V ; two gam m a-rays: 0. 702 MeV (100%) a n d 0 .8 7 1 M e V  (100%)). 
F rom  the nuclear-data  point o f view the reactions 93Nb (n, 7 )94Nb and 
94Mo (n, p ^ N b  seem  to be the m ost suitable and prom ising ones.

T here is , at present, no practica l experience available. M oreover, 
the c ro s s -s e c t io n  data are not very  w ell established. The value o f 0. 83 mb 
for  the average fission  neutron c ro s s -s e c t io n  o f the 94M o(n, p) reaction  is 
based on an old th eoretica l estim ate [15]. It should be mentioned that the 
target m ateria l should be extrem ely  pure. A very  sm all amount of niobium 
im purity in molybdenum w ill perturb the response.

The conclusion  is that the reactions 93N b(n, 7 ) and 94Mo (n, p) should 
be investigated in m ore  detail, not only with resp ect to m aterial purity and 
absolute m easurem ents, but a lso with resp ect to c ro s s -s e c t io n  data.

9. FURTHER REMARKS ON NON-NEUTRON DATA

N early always the activ ities induced in activation and fiss ion  fo il 
detectors are determ ined with gam m a-ray sp ectrom eters  with Nal(Tl) 
scintillation  detectors o r  with Ge (Li) sem i-con du ctor detector.

F or accurate absolute activity determ inations one has to know the 
decay schem e, and esp ecia lly  the gamma abundances o f dominant gamma 
transitions. E specia lly , since h igh -resolution  Ge (Li) spectrom eters  have 
becom e available, in terest in gam m a-ray data has increased.

V ery valuable and extensive data on gam m a-ray energies and abundances 
have recently  been reported  by M eixner [16]. Only for low energies, where 
X -rad ia tion  might be o f im portance, one has to re ly  on le s s  recent tabula
tions o f X -r a y  energies (e. g. the Table o f Isotopes [17] for the К X -ra y s , 
and Croutham el [18] for L X -ra y s ).

The accu racy  o f absolute activity determ inations is now som etim es 
determ ined by the knowledge o f the decay schem e o f the product nuclide 
form ed in activation detectors . It is  reasonable to ask for w ell-estab lished
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and evaluated decay sch em es of many activation detector products. As 
exam ple one could mention: 27 Mg, 64Cu, 110 Ag, 116m In, 152Eu, 165Dy,
17®Lu, 182Ta and 137W.

Sim ilarly  justified  is  the great in terest in having w ell-estab lished  fission  
product y ields fo r  som e re feren ce  spectra , e. g. fo r  131I, 132I, 140Ba and 
"M o . Even for 23&u and 239Pu, variations are seriou s , som etim es between 
5 and 10% (corresponding to an uncertainty o f 5%). F or " M o  from  239Pu 
the uncertainty seem s to be even la rg er , while for fiss ion  detectors like 
232Th and 237Np the situation is  much w orse.

10. CONCLUSIONS

In the last few yea rs , one has been able to observe  that there is  an 
increasing  need for better and m ore  re liab le  neutron-spectrum  data.
Advanced com puter codes such as SAND-II which are able to unfold the 
respon ses from  activation and fiss ion  d etectors , demand consistent c r o s s -  
section  data sets and accurate activity m easurem ents which, in turn, 
requ ire  well-know n decay schem es (h a lf-lives and gamma abundances).

There still rem ains an appreciable num ber o f d iscrepan cies  between 
evaluated m easured average c ro s s -s e c t io n s  and integral values derived 
from  evaluated d if fe re n tia l-cro ss -se ct io n  data (see Table IV).

11. GENERAL CONCLUSIONS OF THE EURATOM WORKING GROUP
ON REACTOR DOSIMETRY (EWGRD)

At its 32nd m eeting in R om e, Septem ber 1972, the EWGRD devoted 
an essential part o f  its tim e to the problem  o f  im provem ent o f detector 
c ro ss -s e c t io n s . Some conclusions m ay be sum m arized as follow s:

1. The problem  o f c ro s s -s e c t io n s  fo r  the detectors used in reactor 
dosim etry  (irradiation  experim ents, shield assessm ent, reactor perform ance 
studies) is  a very  c r it ica l one and may appreciably influence the develop
ment o f com petitive nuclear pow er. This fact has recently  been recogn ized  
by many organizations, and a certain  amount o f system atic work has been 
started, notably in the USA and by the IAEA.

2. The EWGRD con siders  o f prim ary im portance that the im provem ent 
in these c ro s s -s e c t io n s  should be paralleled  by an e ffort to arrive  at 
norm alized  values to be recom m ended fo r  use in the different laboratories 
so that rea ctor  experim ents, and in particular irradiation  experim ents, 
can be d irectly  com pared  and exchanged, in creasing the amount of available 
inform ation and reducing duplication o f  e fforts . The acceptance of 
norm alized values on as wide a basis as possib le , and the internal con 
sistency  o f such values, are considered  by the EWGRD to be potentially 
m ore  im portant than the im provem ent o f single c ro ss -s e c t io n s .

3. In this p ro ce ss  of norm alization , the ro le  o f the IAEA (and 
esp ecia lly  o f its N uclear Data Section) is essentia l; the EWGRD acknowledged 
the im portant effort already done by the Agency in this field.

4. One im portant aspect o f the need fo r  standard values is  the n ecessity  
fo r  the free  and unrestricted  circu lation  of detector c ro ss -s e c t io n s  (evaluated 
d ifferentia l file s , adjusted fine group or m ulti-group sets , integral values), 
much in the sam e way as has been done for  "standard c ro s s -s e c t io n s " .
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5. In the norm alization effort, one should firs t assum e a re feren ce  
data set and use it in the interpretation o f integral resu lts . A part of
this re feren ce  data set could e. g. be the D etector Tape o f the EN D F/B  now 
being produced in the USA.

6. New evaluations o f detector c ro ss -s e c t io n s  not available in the 
available data tapes should be encouraged; the resu lts should be com piled 
in a data file  form at allowing an easy exchange.

7. Integral experim ents in well-know n (reference) neutron spectra  
and in other rea ctor  spectra  should be encouraged for the intercom parison  
o f detector c ro s s -s e c t io n s , for  the check o f internal consistency , for
the identification o f d iscrepan cies  in shape o r  in norm alization factor of 
the re feren ce  data. The accepted re feren ce  data set should be used, so le ly  
o r  in addition to d ifferent evaluations, in the interpretation o f the integral 
experim ents.

8. U sers o f these c ro ss -s e c t io n s  should at all stages contact the 
orig inal evaluators o f the c ro ss -s e c t io n s  so that a prompt feedback is 
provided and im provem ents are sure to be included in su ccess ive  evalua
tions. In the countries participating in the European Community, at least 
for the m om ent, the appointed sub-group could co lle c t  and co-ord inate the 
resu lts o f these integral evaluations.

9. Integral experim ents generally requ ire unfolding codes fo r  their 
interpretation. The introduction o f the re feren ce  data into the unfolding 
codes is no triv ia l endeavour, and prom pt solution o f this problem  should 
be encouraged.

10. In a second step, a new intercom parison  o f integral detectors in 
various rea ctor  spectra  (as already accom plished  som e years ago by the 
EWGRD) could be organized in co -operation  with the IAEA.

11. By a co-ord ination  o f e fforts among countries o f the European 
Community, the IAEA and the other main contributing countries o r  
organizations, one should reach  a rev ised  evaluation for  detector c r o s s -  
sections, which would constitute the first standard to be recom m ended for 
general use. It seem s reasonable to assum e that such a stage could be 
reached in approxim ately two years from  now. The recom m ended values 
could then be up-dated period ica lly  in a system atic way by co-ord inated  
e fforts  among the various evaluation centres.
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A P P E N D IX

RELATION BETWEEN VARIANCE OF RESPONSE INTEGRAL AND 
VARIANCES OF INDIVIDUAL CROSS-SECTION MEASUREMENTS

How p rec ise  should points on a c ro s s -s e c t io n  curve be m easured in 
order to y ield  a given precis ion  of the response integral?

One can im agine that there is  an influence o f the number o f points o f 
the curve, of the spacing between these points, and of the weighting spectral 
distribution.

The response integral a can be defined as

= J  ст(Е) фЕ (E) dE =J~tj(u) фи (u) du (A l)

where A is the disintegration rate at saturation, when the flux density is 
constant in tim e, N is  the num ber of target atom s, a (E) o r  cr(u) is  the 
c r o s s -s e c t io n  as function o f energy or lethargy, and<£E(E) or </>u(u) is the 
flux density p er unit energy or per unit lethargy, respective ly .

F or m ulti-group applications we can write

П . ‘

a = X f lC T i  
i  = l

where f¡ represen ts фЕ ¡ (E )A E ¡ or фи ¡ (u )A u ¡, the fraction  o f the spectra l 
distribution in the energy (or lethargy) range under consideration, and " 
i represen ts the se r ia l num ber o f one o f the neighbouring in tervals, c o r r e s 
ponding to the i-th  interval.

A ccord in g  to the law of propagation o f  e r ro rs  one has

П

vara  = /  f 2 varcr. +2 /  r.. f . f. \l vara . va ra . (A3)Z_, 1 i Z_. ч  i i 1 J
1=1

In general, the correla tion  coefficien ts  w ill have different signs and d if
ferent s ize s , and we may expect that often in practica l cases the second 
term  on the right-hand side is  negligible com pared to the firs t  term .

We further assum e that, on the average, each interval gives the sam e 
contribution to the variance in a. This leads to the relation :

(A4)n f ?

Here we have to rem em ber that f¡ represen ts a group flux density.
Let us con sider the case that all group intervals are equal. If we deal 

with energy intervals, then f¿ =фЕ ¡ A E. The num ber o f group intervals 
i s  n = ( E m a x  _ E m in  ) / Л Е -

We now may w rite

Varai ------ - E  . )ДЕ(ф„. )2 (A5)
'  m a x  m in  '  ' v E , i  '
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Since the quantity фк,i does not depend on the magnitude of ДЕ, we see that 
the variance is  in versely  proportional to ДЕ, the interval width, and thus 
d irect proportional to n, the num ber o f intervals. Introducing the average 
c ro s s -s e c t io n  ( a  /  by the relation

Ef; Ef

we obtain

v a r a j  v a ra  / лп\
< a > 2 = n a ^ l / L î f  (A7)

This relation exp resses the condition for the variance in group c r o s s -  
section  values, when one has an a -p r io r i knowledge of:

the accuracy  to be reached for the total response, 
the num ber o f groups contributing to the total response, 
the relative shape o f the weighting spectra l distribution.

The above relation  can be used if an acceptable group structure is  present 
so that large variations o f o r  f¡ do not o ccu r  inside a group, and if  only 
those groups are considered  which contribute significantly to the response 
integral a.

The latter condition may, e. g. be expressed  by the condition that the 
group contribution fjCTi is le ss  than the standard deviation o f the average 
contribution to a.

f¡. <j¡ ê n/ (var a/n) (A 8)

Combination o f Eqs (A8) and (A4) leads to the relation

a ?
< 1  (A9)

which im plies that fo r  the least contributing group the relative standard 
deviation never exceeds 100%.
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D I S C U S S I O N

R.  NICKS: I should like to make two observations. F irs t , the use of 
threshold detectors fo r  fast spectrum  m easurem ents is  somewhat 
unsatisfactory as the determ ination of the activation rates leading to the 
exp licit spectrum  requ ires the use o f a tria l spectrum  as an input, and it 
is  not at all certain  that the resulting calcu lated spectrum  is  independent 
o f the input spectrum . M oreover, I think that the method is  inadequate for 
showing dips (even broad  dips) in the spectrum . Threshold detectors do, 
how ever, have their value when one is  com paring m easured activation rates 
with calculated ones, as a means o f checking calculation cod es , fo r  instance 
shielding co d e s .

Second, as far as the sandwich technique is  concerned, this is  a 
cum bersom e and som etim es an im p rec ise  procedure (the e r r o r  o f the 
different activity is  com posed  of the e r ro rs  o f the single fo il m easurem ents'. ) 
M oreover, i f  the detector presents m ore  than one resonance, you also need 
a tria l spectrum  to determ ine the contributions o f the single resonances.

W . L .  ZIJP: The best procedure fo r  determ ining a neutron spectrum  
with activation detectors is  to cover the whole range, the fast neutron range 
with sp ecia l detectors  and the low -energy part, with therm al and resonance 
d etectors . One should irradiate a whole set o f detectors at the sam e tim e 
and at the sam e location  if p ossib le , so  that the whole range is  covered .
The sandwich technique, I agree, is  a fa irly  specia l technique but, i f  you 
apply it very  carefu lly , you can obtain sp e c ific , loca lized  inform ation, 
although only at the site of the main resonance. In general, how ever, we 
want to have the whole spectrum . F or  this, with the com puter technique 
now available, one gets a tr ia l input spectrum  and then calcu lates the 
activ ities for the set of detectors . By com paring the calculated activities 
and the m easured activ ities one can then m odify the neutron spectrum .

L . HJÄRNE: In view  o f the persistent d iscrepan cies  between fiss ion - 
spectru m -averaged  d ifferential and integral c ro s s -s e c t io n  data, which o f 
the two kinds o f data do you, in general, personally  trust and use m ost?

W . L .  ZIJP : In the present circu m stances, I cannot g ive  a soundly 
reasoned answer to your question. P erson a lly , I have a slight preference 
fo r  evaluated experim ental integral values, fo r  which consistency  of a whole 
set is  claim ed.
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N E U T R O N - F L U X  S P A T I A L  D IS T R IB U T IO N  A N D  N U C L E A R  C O N S T A N T S :  A P P L I C A T I O N  T O  A C T I V A T I O N  

A N A L Y S IS .

S ep a ra tin g  the  in te r fe r in g  a c t iv i t ie s  p ro d u ce d  b y  n e u tro n  g e n e ra to r a c t iv a t io n  is  in  an y  case  a  c o m p l ic a t e d  

task, e s p e c ia l ly  w h en  th is  ca n n o t be  done  b y  g a m m a  sp e c tro s cop y . T h e  n e u tro n  g e n e ra to r  i t s e l f  p rod u ce s  neu trons 

b y  a n u c le a r  r e a c t io n ;  se v e ra l re a c t io n s  a re  used fo r  th is  purpose, b u t m ost o fte n  the  3T ( d ,  n ) 4H e  n u c le a r  

re a c t io n  is  u sed . T h e  p rodu c ts  o f  th is  n u c le a r  re a c t io n  a re  a lp h a  p a r t ic le s ,  w h ic h  a re  ab so rbed  in  th e  parts  o f  

th e  n e u tro n  g e n e ra to r, and  " fa s t neu tron s" o f  1 4 .7  M e V  energy, w h ic h  le a v e  the g e n e ra to r  and  th e re fo re  c a n  be 

u t i l i z e d  fo r  a c t iv a t io n .  F o r  a g iv e n  ir r a d ia t io n  system , neu trons a re  p ro d u ce d  w it h  d if fe re n t  energy , d e p en d in g  

on th e  e f f e c t  o f  th e  su rround ings. Fo r a  g iv e n  a c t iv a t io n  re a c t io n ,  the  s p a t ia l en e rg y  d is tr ib u t io n  o f  the  

ir r a d ia t in g  neutrons, as w e l l  as th e  en e rgy  d e p en d e n ce  o f  the  a c t iv a t io n  c ro s s -se c t io n  o f  the  p ro d u ce d  n u c le a r  

re a c t io n ,  th e re fo re , p ro v id e  a m eans  o f  d is t in g u ish in g  the  a c t iv i t ie s  a c c o rd in g  to  th e ir  o r ig in .

T h is  p r in c ip le  c a n  b e  u t i l i z e d  fo r  s im u lta n e o u s  and  n o n -d e s tru c t iv e  d e te rm in a t io n  o f  s i l i c o n  and a lu m in iu m  

con ten ts , and  thus has p a r t ic u la r  s ig n if ic a n c e  in  the  a n a ly s is  o f  m in e ra l  sa m p le s . A n  e x a m p le  fo r  th e  a p p l ic a t io n  

o f  th e  m e th od  is  g iv e n .

D IS T R IB U T IO N  S P A T I A L E  D ES  F L U X  N E U T R O N IQ U E S  E T  C O N S T A N T E S  N U C L E A IR E S :  A P P L I C A T I O N  A  

L ’ A N A L Y S E  P A R  A C T I V A T I O N .

L * a c t iv a t io n  d ’ é c h a n t i l lo n s  à l ’ a id e  d ’ un  g é n é ra te u r  de  neu tron s p e u t don n e r n a is sa n ce  à des a c t iv it é s  

p a ra s ite s  d i f f i c i l e s  à  d is t in g u e r, en  p a r t ic u l ie r  lo rsque  la  sp e c tro s co p ie  g a m m a  n ’ est pas a p p l ic a b le .  L e  g é n é ra 

te u r  lu i- m ê m e  p ro d u it  des neu trons p a r ré a c t io n  n u c lé a ir e .  D ive rse s  ré a c t io n s  sont u t i l is é e s  à  c e tte  f in , m a is  

la  p lu s  fré q u en te  est la  ré a c t io n  3T ( d ,  n )4H e .  C e t te  ré a c t io n  don n e  n a issa n ce  à des p a r t ic u le s  a lp h a , q u i sont 

absorbées p a r les  com posan ts  du gén é ra teu r, e t  des neu trons ra p id e s  de 14, 7 M e V  q u i q u itte n t le  g é n é ra te u r e t 

p e u ve n t a in s i s e rv ir  à  Г  a c t iv a t io n .  D ans une  in s ta l la t io n  d ’ ir r a d ia t io n ,  les  neu trons p ro d u its  on t d if fé re n te s  

é n e rg ie s , c o m p te  tenu  des e ffe ts  du m il ie u .  Pou r une  ré a c t io n  d ’ a c t iv a t io n  donnée , la  d is t r ib u t io n  s p a t ia le  en  

é n e rg ie  des neu trons in c id e n ts  e t la  s e c t io n  e f f ic a c e  d ’ a c t iv a t io n  e n  f o n c t io n  de  l ’ é n e rg ie  o ffre n t don c  un 

m o y e n  de d is c r im in e r  le s  a c t iv it é s  s e lo n  le u r  o r ig in e .

C e  p r in c ip e  p e u t ê tre  a p p liq u é  à la  d é te rm in a t io n  s im u lta n é e  e t  n on  d e s tru c t iv e  des teneu rs  e n  s i l i c iu m  e t 

e n  a lu m in iu m ,  e t  re v ê t une  im p o r ta n c e  p a r t ic u l iè r e  p ou r l ’ a n a ly se  d ’ é c h a n t i l lo n s  m in é ra u x .  U n  e x e m p le  

d ’ a p p l ic a t io n  de la  m é th od e  est donné .

Le principe de la méthode d ’ analyse par activation consiste tout d 'abord 
à rad ioactiver 1* elem ent à doser, puis à déterm iner cette radioactiv ité. 
L 'éch an tillon  contenant une certaine quantité de l'é lém en t à d oser  est 
irrad ié , le plus souvent au m oyen de neutrons, et des radionucléides appa
raissent, suivant les propriétés nucléaires des isotopes de l 'é lém en t soum is 
à l'an a lyse .

La sensib ilité  de la méthode dépend de l'intensité du flux de particules, 
de la section  e ffica ce  d 'a ctiva tion  de l'é lém en t con sidéré , de la période du 
radionucléide form é, du type de rayonnement ém is par c e lu i-c i  et, enfin, de

295
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la présence d 'é lém en ts  susceptib les de fournir, avec des sections e fficaces  
é levées, des radionucléides interférants.

S 'il existe une in terférence d'une telle origine, et si le radionucléide 
n 'a  pas une période plus courte que le radionucléide produit de l'é lém en t à 
doser, il sera  parfois  possib le  de les distinguer en exploitant la d ifférence 
entre les rayonnem ents ém is.

En appliquant la méthode non destructive, cette discrim ination  peut être 
faite en mesurant les én erg ies, les périodes et les différents types de 
rayonnement m entionnés. M ais la d iscrim ination  effectuée de cette façon 
est plus ou moins lim itée. L 'irrad iation  de différents isotopes stables peut 
produire les m êm es radionucléides, com m e par exem ple l'irra d ia tion  du 
fluor par des neutrons rapides, où le radioisotope 1SN se form e par réaction  
nucléaire (n ,a) ,  de m êm e que par réaction  160(n , p)16N. C 'est pourquoi, 
lo rs  du dosage de 1' oxygène au moyen de 1' analyse par activation avec les 
neutrons de 14 MeV, il est im possib le  d 'é lim in e r  l 'a c t iv ité  parasite du 
fluor par la m esure de l 'a c t iv ité .

A insi il y a des cas dans lesquels il  n 'ex iste  aucune possib ilité  de 
séparer les différents radionucléides ou d 'é lim in er des activités parasites 
au m oyen de la m esure, la séparation n 'u tilisant que les données ca ra c 
téristiques des radionucléides produits.

Mais il existe une autre possib ilité  de supprim er les perturbations 
m entionnées, en agissant sur 1' activation pendant l 'ir ra d ia tion . Pour cela
il est n écessa ire  de connaître les constantes nucléaires des réactions en 
question.

On sait que pendant 1 'activation d ' un échantillon, l 'a c t iv ité  augmente en 
m êm e tem ps que le flux de neutrons, et cela  d'autant plus que la section  
e ffica ce  est plus grande. Il existe encore une constante nucléaire assez 
im portante, c 'e s t  l 'é n e rg ie  de seuil de la réaction  nucléa ire . La valeur de 
la section  e ffica ce  dépend aussi de 1' énergie des particules incidentes, et 
la fonction qui exprim e cette corré la tion  est aussi une donnée très  importante 
pour 1' analyse par activation.

Les sections e ffica ces  peuvent en général être ca lcu lées à l 'a id e  des 
lo is  connues, m ais cette m anière d 'ob ten ir  leur valeurs est assez im précise  
et ne peut pas être la base d 'un e méthode de d iscrim ination .

F IG . 1 . S e c t io n  e f f i c a c e  de la  r é a c t io n  г1А1 (n . p ) 21M g  en  fo n c t io n  de l ’ é n e rg ie  des n eu tron s.



IA E A -SM -170/31 2 9 7

L a  f ig u r e  1 m o n tr e  la  s e c t i o n  e f f i c a c e  ct d e  la  r é a c t io n  27A l ( n ,  p )27M g e n  
f o n c t io n  d e  l 'é n e r g i e  d e s  n e u t r o n s . L a  f ig u r e  2 m o n tr e  l e s  v a le u r s  d e s  
s e c t io n s  e f f i c a c e s  d e  1 9F (n , a )16N et d e  1 60 ( n ,  p )16N .

O n t r o u v e r a  dans le  ta b le a u  I q u e lq u e s  r é a c t io n s  et le u r s  c o n s ta n te s  
n u c lé a ir e s .  T o u te s  le s  v a le u r s  d e s  s e c t io n s  e f f i c a c e s  f ig u r a n t  d a n s  ce  
ta b le a u  son t d e s  v a le u r s  m e s u r é e s .

S e lo n  le s  d o n n é e s  du ta b le a u  I, l ' i s o t o p e  s ta b le  160  i r r a d ié  a v e c  d e s  
n e u tro n s  d 'é n e r g i e  in fé r ie u r e  à 10 M e V  d o it  d o n n e r  une fa ib le  a c t iv it é  de 
16N, p a r  c o n t r e  l ' i s o t o p e  s ta b le  19F  d o it  ê tr e  p lu s  fo r te m e n t  a c t iv é .  L a

ENERGIE (MeV)

F IG . 2 .  S e c t io n  e f f i c a c e  des ré a c t io n s  19F (n , a ) KN (c o u rb e  1 ) e t  ieO  (n , p ) l6N  (c o u rb e  2 ) e n  fo n c t io n  de  l ’ é n e rg ie  
des n eutron s.

T A B L E A U  I. C O N S T A N T E S  N U C L E A IR E S  D E Q U E L Q U E S  R E A C T IO N S  
( T i r é  de [1 ])

R é a ctio n  n u c lé a ir e
S e c t io n  e f f i c a c e  

à 14 M e V  
(m b a m )

E nergie de seu il 
a p p ro x .
(M eV )

P ériod e  
de 1* is o to p e  

produ it

E nergie 
du ra y o n n e m e n t y

(M e V )

l9F (n , ot)16N 50 1, 5 [2 ]
3 , 9 [3 ]

7, 3 6 ,1 3

41K (n , p ^ A r 80 1 , 8 [ 2 ] 1, 83 h 1, 29

27A l (n ,  p )27M g 80 1. 9 [2 ] 9 , 5 m in 0 , 8 4 ;  1 ,0 1

4lK  (n, <x)38C l 50 3, 3 [2 ] 37, 3  m in 1 ,6 2 ;  2 , 16

27A1 (n, a ) z4Na 115 4 .0  [2 ] 15, 0 h 1, 3 7 ;  2 , 75

24M g (n , p j ^ a 180 4 , 9 [2 ]  
2 ,1  [33

1 5 ,0  h 1, 3 7 ;  2 , 75

wO  (n, p )16N 90 1 0 , 2 [ 2] 7 ,3  s 6 , 13

WF (n, 2n) 18F 60 1 1 , 0  [ 2] 
1 0 ,4  [3 ]

1 1 0  m in e +

14N (n , 2 n )13N 5 1 1 . 1  [ 2 ] 1 0 , 0 m in e +

39K (n , 2 n )38K 5 1 3 ,4  [2 ] 7, 7 m in 6  + ; 2 .1 6
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f ig u r e  2 le  m o n tr e  c la ir e m è n t .  E n  c o n s é q u e n c e ,  s ' i l y  a un  ou  p lu s ie u r s  
e m p la c e m e n ts  d 'i r r a d ia t io n  où  l 'é n e r g i e  d e s  n e u tro n s  e s t  v a r ia b le ,  ou  s i  la  
d is t r ib u t io n  s p a t ia le  en  é n e r g ie  d e s  n e u tro n s  e s t  co n n u e , c o n n a is s a n t  le s  
r a p p o r ts  e n tr e  le s  f lu x  r a p id e s  e t  t h e r m a l is é s  on  peut s é p a r e r  c e r t a in e s  
a c t iv i t é s  p a r a s i t e s .

L e s  e x p é r ie n c e s  et le s  m e s u r e s  n ou s  ont p e r m is  de c o n s t a t e r  q u 'u n  
g é n é r a te u r  d e  n e u tro n s  u t i l is a n t  la  r é a c t io n  n u c lé a ir e  n e u tro n ig è n e  t (d , n )a  
p r o d u it  un  f lu x  de n e u tro n s  r a p id e s  de 14 M e V  e n v ir o n  q u i d im in u e  t r è s  v ite  
e n  s 'é lo i g n a n t  d e  la  c ib le ,  a lo r s  q u e  le  f lu x  de n eu tron s ' t h e r m a l is é s  ne 
d im in u e  p a s  s i  r a p id e m e n t .  L a  f ig u r e  3 m o n tr e  la  d is t r ib u t io n  d e s  f lu x  de 
n e u tro n s  r a p id e s  et t h e r m a l is é s .  L a  c o u r b e  1 r e p r é s e n t e  la  v a r ia t io n  du 
f lu x  ( e x p r im é  p a r  l 'a c t i v i t é  d e s  é c h a n t i l lo n s )  d e s  n e u tro n s  r a p id e s  qu i 
in d u ise n t la  r é a c t io n  n u c lé a ir e  27A l ( n ,  p )27M g e t la  c o u r b e  2 de c e u x  q u i 
in d u ise n t la  r é a c t io n  27A l(n , 7 ) 28A 1 , la  m e s u r e  étan t fa ite  a v e c  d e s  d is q u e s  en  
a lu m in iu m  d e  27 m m  de d ia m è tr e  et d e  7 m m  de h a u te u r .

N ou s a v o n s  p la c é  d ev an t la  c ib le  un r é s e r v o i r  d 'e a u  d e  3 0 0 X 3 0 0 X 2 5 0  m m  
e t a v o n s  d is p o s é  d e d a n s  t r o i s  é c h a n t il lo n s  en  t r o i s  p o s it io n s  ( v o i r  f ig .  3 ).

F I G .3 .  D is tr ib u tion  des flu x  d e  neutrons ra p ides  e t  th e rm a lisé s  (v o ir  t e x t e ) .

D a n s c e s  c o n d it io n s ,  l e s  d is t r ib u t io n s  d e s  f lu x  r a p id e  et t h e r m a l is é  
d on n en t le s  c o u r b e s  1 ' e t  2 ' . O n peut c o n s t a t e r  q u e  le  f lu x  de n e u tro n s  
r a p id e s  d im in u e  un  peu  m o in s  r a p id e m e n t  q u e  dan s le  c a s  1 ; p a r  c o n t r e  le  
f lu x  de n e u tr o n s  t h e r m a l is é s  a une v a le u r  s e n s ib le m e n t  p lu s  é le v é e .  L e s  
c o u r b e s  3 et 3 ' m o n tr e n t  le s  d is t r ib u t io n s  d e s  flu x  d e  n e u tro n s  in d u isa n t la  
r é a c t io n  2 8 S i(n , p ) 28A l .

L e s  d is t r ib u t io n s  s p a t ia le s  d e s  f lu x  de n e u tro n s  d 'é n e r g i e s  d i f f é r e n t e s  
f o u r n is s e n t  d o n c  un m o y e n  d e  d is t in g u e r  l e s  a c t iv i t é s  p a r a s i t e s .
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P r e n o n s  p o u r  e x e m p le  le  d o s a g e  du s i l i c iu m  dan s le  S ilu m in , a l l ia g e  
d 'a lu m in iu m  et de s i l i c iu m .  L 'a c t i v i t é  p r o d u ite  p a r  l ' i r r a d i a t i o n  du s i l i c iu m  
à u ne é n e r g ie  d 'e n v i r o n  1, 78 M e V  e s t  p e r tu r b é e  p a r  l 'a c t i v i t é  du r a d io 
n u c lé id e  28A1 c r é é  p a r  la  r é a c t io n  (n , 7 ) de l 'a lu m in iu m . C e tte  p e r tu r b a t io n  
d ép en d  de la  d is t r ib u t io n  d e s  f lu x  de n e u tro n s  d 'é n e r g i e s  d i f f é r e n t e s ,  
c 'e s t - à - d i r e  du r a p p o r t  e n tr e  d e s  f lu x  ayant d e s  é n e r g ie s  d i f f é r e n t e s .  M a is  
s i  n ou s  d é te r m in o n s  c e  r a p p o r t  — en  ir r a d ia n t  deu x  d is q u e s  en  a lu m in iu m  
p u r  e n  m ê m e  te m p s , p u is  d eu x  c a p s u le s  r e m p l ie s  d e  S i0 2> l 'u n e  d a n s  la  
p o s it io n  1 et 1' a u tre  dan s la  p o s it io n  3 p a r  e x e m p le  ( v . f i g .  3), e t  en  m e s u r a n t  
1' a c t iv ité  à 1' é n e r g ie  7  de 0 , 8 6  M e V  e t 1, 78 M e V  — n ou s  o b t ie n d r o n s  d e s  
c o n s ta n te s  ( e x p r im é e s  p a r  le s  a c t iv i t é s  m e s u r é e s ) .

L e  r a p p o r t  d e s  a c t iv i t é s ,  d o n c  le  r a p p o r t  du flu x  d e s  n e u tro n s  r a p id e s  
à c e lu i  de n e u tro n s  t h e r m a l is é s  d a n s  le s  p o s it io n s  m e n t io n n é e s , dan s le  c a s  
d 'u n e  g é o m é t r ie  f ix é e ,  e s t  don n é  p a r  l e s  e x p r e s s io n s :

p o u r  1 '  a lu m in iu m : x i = С0 ,8б / С1 , 
У1 = ^0.8б/^1,

78

78

p o s it io n  1 

p o s it io n  2

et p o u r  s i l i c iu m : б / с 1 , 78 

У2  =  ^ О . в б / ^ ! ,  78

*■2 = C0 ,8 6 ' p o s it io n  1 

p o s it io n  2

(L e s  in d ic e s  0 ,8 6  et 1, 78 in d iq u en t q u e  le s  c o m p ta g e s  ont é té  e f fe c t u é s  
r e s p e c t iv e m e n t  aux é n e r g ie s  de 0, 8 6  e t 1, 78 M e V .)

L o r s q u 'o n  a c t iv e  un  é c h a n t il lo n  d e  S ilu m in  p o u r  d o s e r  le  s i l i c iu m  i l  fau t 
d é t e r m in e r  l 'a c t i v i t é  p a r a s it e  de 28A1 p r o v e n a n t  de l 'a lu m in iu m  a c t iv é  p a r  
l e s  n e u tro n s  t h e r m a l is é s .  I l  fau t d o n c  c o n n a ît r e  d 'u n e  p a r t  l 'a c t i v i t é  de 
l 'a lu m in iu m  e t d 'a u t r e  p a rt  l 'a c t i v i t é  du s i l i c iu m .  O n  c a lc u le  l 'a c t i v i t é  de 
l 'a lu m in iu m  e n  u t il is a n t  l e s  v a le u r s  c0¡ g6 e t  C 0 8 6  o b te n u e s  à l 'a i d e  de x  et y  
( c o m p t e  tenu  du fa it  que  l 'a c t i v i t é  p r o v e n a n t  d e  28A1 peut d im in u e r  p a r  
d é c r o i s s a n c e ) .

F IG . 4 .  D is tr ib u tion  des flu x  in du isan t le s  r é a c t io n s  *43 (n , p ) 16N (c o u rb e  1) e t  19 F (n, a  ) (c o u rb e  2 ) .
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Il c o n v ie n t  de n o te r  q u e , d a n s  le  c a s  d e s  r é a c t io n s  n u c lé a ir e s  ayant un 
s e u i l  d 'é n e r g i e ,  i l  e s t  a u s s i  im p o r ta n t  d e  c o n n a ît r e  le s  d is t r ib u t io n s  d es  
f lu x  de n e u tro n s  d ’ é n e r g ie s  d i f f é r e n t e s .

On peut t r o u v e r  dans la  l it t é r a t u r e  de n o m b r e u s e s  c o n s ta n te s  n u c lé a ir e s  
e t  d e s  c a lc u ls  d e s  s e c t io n s  e f f i c a c e s  et d e s  s e u i l s  de d iv e r s e s  r é a c t io n s  
n u c lé a ir e s  [1, 3 - 7 ] .  T o u t e fo is  le s  v a le u r s  m e s u r é e s  a v e c  n o tre  p r o p r e  
a p p a r e i l la g e  son t a u s s i  im p o r t a n te s ,  p a r c e  q u 'e l l e s  p eu v en t c o n t r ib u e r  à 
r é s o u d r e  d e s  p r o b lè m e s  p r a t iq u e s .  L a  f ig u r e  4 en  e s t  une i l lu s t r a t io n :
O n  y  v o it  la  d is t r ib u t io n  d e s  f lu x  in d u isa n t le s  r é a c t io n s  160 (n , p )16N ( c o u r b e  1) 
e t  1 9 F (n ,  a) 16N ( c o u r b e  2 ) .  D e t e l le s  m e s u r e s  s e r v e n t  à c a l c u le r  le s  
c o r r e c t i o n s  à a p p o r t e r  l o r s  du d o s a g e  du f lu o r  e n  p r é s e n c e  d 'o x y g è n e .
A in s i  c e t te  f ig u r e  m o n tr e  q u 'à  l 'e n d r o i t  où  la  c o u r b e  2 s 'e s t  a b a is s é e  à la  
m o it ié  de s a  v a le u r , '  la  c o u r b e  1 a a tte in t le  q u a r t  d e  sa  v a le u r .  L e s  
m e s u r e s  on t é té  fa i t e s  s a n s  au cu n e m a t iè r e  th e r m a l is a n te .

E n  c o n c lu s io n ,  on  c o n s ta te  que  le s  d o n n é e s  c o n c e r n a n t  le s  s e c t i o n s  e f f i c a c e s  
et le s  s e u i l s  d 'é n e r g i e  p eu v en t f a c i l i t e r ,  dan s le  c a s  de c e r t a in e s  r é a c t io n s ,  
la  s é p a r a t io n  de q u e lq u e s  a c t iv it é s  p a r a s i t e s ,  e t que  l 'é t u d e  d e s  c o n s ta n te s  
n u c lé a ir e s  p r é s e n te  a u s s i  d e s  a v a n ta g e s  p o u r  l 'a n a l y s e  p a r  a c t iv a t io n .
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D I S C U S S I O N

J . A .  C Z U B E K : W h en  y ou  p e r fo r m  th e  e n e r g y  d is c r im in a t io n  it s e e m s  
to  m e  that th e  a c c u r a c y  o f  y o u r  m e a s u r e m e n ts  w o u ld  b e  a f f e c t e d  b y  ch a n g in g  
th e s a m p le - t a r g e t  d is t a n c e .  In v ie w  o f  th e f in it e  d im e n s io n s  o f  th e  s a m p le ,
I d o  n o t th in k  that th e s a m p le  p o s it io n  i s  v e r y  w e ll  d e f in e d , and it ca n  le a d  
to  g r e a t e r  in a c c u r a c ie s  in  th e fin a l r e s u l t s  th an  th o s e  due to  th e  in a c c u r a t e  
n u c le a r  d ata  w h ich  w e  h a v e  b e e n  d is c u s s in g  to d a y .
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Abstract

THE EXPAN D IN G  ROLE OF THE UN ITED  S T A T E S  NU CLEAR D A T A  C O M M IT T E E .
T h e  n e e d  fo r  e x ch a n g e  o f  in fo rm a tio n  b e tw e e n  m ea su rers , c o m p ile r s ,  e v a lu a to rs , and users o f  n u c le a r  

da ta  has lo n g  b e e n  re c o g n iz e d  in  the r e a c to r -p h y s ic s  f i e ld .  B oth  N a t io n a l and In tern a tion a l A d v isory  
C o m m itt e e s  h a v e  e n co u ra g e d  a c t iv e  c o - o p e r a t i o n .  In the U n ited  Sta tes , the US N u cle a r  D ata  C o m m itte e  
f i l l s  the r o l e .  On the in te rn a tio n a l l e v e l ,  the E u r o p e a n -A m e r ic a n  N u cle a r  D ata  C o m m itt e e  and the 
In te rn a tio n a l N u c le a r  D ata  C o m m itt e e  o c c u p y  s im ila r  a d v isory  ro le s  u n d er the a u sp ice s  o f  the N u cle a r  
E nergy  A g e n c y  o f  O ECD  and the In tern a tion a l A t o m ic  E nergy A g e n c y ,  a  U N  b o d y . It has re c e n t ly  b e c o m e  
c le a r  that i t  is n ecessa ry  to  p r o m o te  c lo s e  t ie s  b e tw e e n  m ea su rers , c o m p ile r s  and users in  the non *n eu tron  
d a ta  f ie ld s .  In the U n ited  S ta tes , the U SN D C now  assists in  e sta b lish in g  a  fe e d b a c k  fro m  users to  
m ea su rers by  c o m p il in g  a  request list  fo r  m ea su re m e n ts  n e e d e d  fo r  fiss ion  re a cto rs , sa feguards , fusion  
re a c to r s , b io m e d i c a l  and b a s ic -p h y s ic s  a p p l ic a t io n s .  T h e  m e ch a n ism  fo r  d o in g  th is w as to  c r e a te  a 
n u m b e r o f  s p e c ia l iz e d  s u b -c o m m it t e e s  to  survey the n eed s and esta b lish  u se r -m e a su re r  re la tion sh ip s  in  
these s p e c ia l iz e d  f ie ld s .  T h ese  s u b -c o m m it t e e s  w i l l  e m u la te  the re la tion sh ips  w h ic h  h a ve  b e e n  so 
su cce ss fu l in  the re a c to r -p h y s ic s  f i e ld .  T o  the .ex ten t p o s s ib le , th e  c o m m it t e e  and s u b -c o m m it t e e  m e m b e rs  
im p le m e n t  th e ir  ow n  r e c o m m e n d a t io n s . T h e  c o m m it t e e  a lso  m a k e s  a v a ila b le  to  users status reports on  
m e a su re m e n ts  cu rre n tly  p la n n ed  o r  u n d erw a y , and sponsors c o n fe r e n c e s  and sy m p os iu m s.

T h e  U SN D C op e ra te s  under the g e n e ra l a u sp ice s  o f  the US A t o m ic  E nergy C o m m iss io n  w ith  p a r t ic ip a t io n  
fr o m  o th e r  g o v e rn m e n t  a g e n c ie s ,  in c lu d in g  the N a t io n a l Bureau o f  S tandards, the D e p a rtm e n t o f  D e fe n se  and 
the N a t io n a l S c ie n c e  F ou n d a tio n .

1. INTRODUCTION

The U .S . N u clear Data Committee e v o lv e d  from  a s e r ie s  o f  p re d e ce s s o rs  
s t a r t in g  in  1948 w ith  th e  N eutron C ross S e c t io n  A d v isory  Committee t o  the 
A tom ic Energy Com mission. L a ter  i t s  fu n c t io n s  were broadened and i t  became 
the AEC's N u clear C ross S e c t io n  A d v iso ry  Com m ittee. However l i t t l e  a t t e n t io n  
was p a id  t o  the needs o f  o th e r  than n eu tron  c r o s s  s e c t io n  d a ta  and o th e r  
r e la t e d  n eu tron  d a ta  such as a ,  ç ,  v and th e  s p e c ia l  p r o p e r t ie s  o f  th e  f i s 
s io n a b le  m a t e r ia l .  Only r e c e n t ly  have th e le g it im a te  needs f o r  o th e r  than 
n eu tron  d a ta  u se rs  been  r e c o g n iz e d , r e s u l t in g  in  th e fo rm a tion  o f  th e  U .S . 
N u clear Data Com m ittee.

The U .S . N u clear Data Committee i s  in  the p r o c e s s  o f  e v o lv in g  s e v e r a l  
mechanisms and p ro ce d u re s  f o r  th e  exchange o f  in fo rm a tio n  betw een m easu rers , 
c o m p ile r s , e v a lu to r s  a n d .u sers  o f  n u c le a r  d a ta . One o f  th e se  mechanisms i s  
the p u b l ic a t io n  o f  documents u s e fu l  in  the n eutron  c r o s s  s e c t i o n  f i e l d .
The fo re ru n n e r  o f  the c r o s s  s e c t i o n  c o m p ila t io n  known tod a y  as BNL-325 was 
f i r s t  p u b lis h e d  under NCSAC a u sp ice s  in  1952 as AECU-2040. N eutron c r o s s  
s e c t i o n  re q u e st  co m p ila t io n s  were o r ig in a te d  b y  th is  group and have grown 
t o  th e  p o in t  where in t e r n a t io n a l  re q u e s t  l i s t s  are assem bled under IAEA 
a u s p ic e s . The la t e s t  v e r s io n ,  INDC(SEC)-276, has r e c e n t ly  been  d i s t r ib u 
te d . S ta tu s r e p o r ts  o f  r e le v a n t  n u c le a r  en ergy  program s have been  d issem 
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in a te d  b y  th e com m ittee under the t i t l e  o f  "R ep orts  t o  the NCSAC" and co n 
ta in  v a lu a b le  and t im e ly  d e t a i l  o f  work in  p r o g r e s s .  These summaries have 
p rov ed  in v a lu a b le  a id s  t o  w orkers in  the n eu tron  c r o s s  s e c t i o n  f i e l d ,  and 
an in d ic a t io n  o f  t h e i r  s u cc e ss  i s  t h e i r  em u lation  by  analagous o rg a n iz a 
t io n s  in  o th e r  c o u n t r ie s .

USNDC and i t s  p r e d e c e s s o r s  have sp on sored  many c o n fe re n ce s  and sym
p o s ia  s in c e  th e  in c e p t io n  o f  th e C om m ittees. The most r e c e n t  s e r ie s  o f  
c o n fe re n ce s  have been  in  the area  o f  N eutron C ross S e c t io n s  and T ech n ology . 
The p r o ce e d in g s  o f  th ese  c o n fe re n ce s  are  fa m il ia r  t o  m ost s c i e n t i s t s  who 
s p e c i a l i z e  in  n eu tron  p h y s ic s .  The C on feren ces  have p r o b a b ly  been  one o f  
the m ost s u c c e s s fu l  methods o f  im provin g th e com m unication betw een m easurers 
and u se rs  o f  n u c le a r  d a ta . Many o f  th e r e c e n t  co n fe re n ce s  on n u c le a r  d ata  
have been  sp on sored  b y  th e  EANDC and th e INDC b ecau se  o f  the grow ing r o le
o f  in t e r n a t io n a l  c o o p e r a t io n  in  th e f i e l d  and th e f a c t  th a t  th ey  are  so
im p ortan t as a method o f  d is se m in a tin g  in fo rm a tio n . The C on feren ce  we are 
p r e s e n t ly  a tte n d in g  i s  a good  exam ple o f  an attem pt to  assem ble a group o f  
m ea su rers , co m p ile rs  and u se rs  o f  n u c le a r  d a ta  to  im prove the com m unication 
among th ese  groups and t o  a sse ss  th e need f o r  fu r t h e r  s te p s  t o  m eet the
n eeds o f  n u c le a r  d a ta  u se rs  on a Jjroad s c a le .

The th re e  docum ents, the N eutron C ross S e c t io n  C o m p ila tio n , th e C ross 
S e c t io n  Request C om p ila tion  and the p ro g re s s  r e p o r ts  from  U .S . L a b o r a to r ie s , 
w hich have been  w id e ly  d is t r ib u t e d  are  th e p u b l ic  m a n ife s ta t io n s  o f  th e work
in g s  o f  what was f i r s t  a n a t io n a l ,  (U .S .,  NCASC), secon d  a t h r e e -n a t io n , 
(T r ip a r t i t e  N eutron C ross S e c t io n  Com m ittee, U .S .,  Canada and th e U nited 
K ingdom ), th ir d  a m u lt i -n a t io n a l  (EANDC) and f i n a l l y  a w orld -w id e  com m ittee 
(INDC). The documents them selves have p rov ed  im portan t b ecau se  th ey  d e s 
c r ib e  what has been m easured in  th e  n eutron  c r o s s  s e c t io n  a re a , the mea
surem ents in  p r o g r e s s ,  and what n eu tron  c r o s s  s e c t io n s  need t o  be  measured 
f o r  n eu tron  p h y s ic s  a p p l ic a t io n s .

S u p erv is in g  the p r e p a ra t io n  o f  th e se  documents i s  o n ly  a sm all p a r t  o f  
the work o f  th ese  C om m ittees. Most o f  th e  tim e the members d e v o te  to  the 
work o f  the Committees i s  sp en t in  attem p tin g to  a ssess  the needs f o r  n u c le a r  
measurement d ata  th a t  w i l l  be needed in  th e  r e l a t i v e l y  d is t a n t  fu tu r e  (more 
than two y ears  in  advance) and making arrangem ents f o r  th e a p p ro p r ia te  man
pow er, f a c i l i t i e s  and sam ples to  en ab le  th ese  measurements t o  be made. The 
mechanisms and p roced u res  d ev e lop ed  by th ese  Com mittees have been so  s u c c e s s 
f u l  in  the n eu tron  n u c le a r  d a ta  f i e l d  th a t  i t  appears d e s ir a b le  t o  attem pt 
t o  a sse ss  the f e a s i b i l i t y  o f  u s in g  th ese  mechanisms and p roceu d res  in  the 
n on -n eu tron  n u c le a r  data  f i e l d  as th ese  n on -n eu tron  d a ta  a p p l ic a t io n s  
become in c r e a s in g ly  im p ortan t.

2 . HISTORY

In the e a r ly  days o f  th e  Manhattan P r o je c t  i t  was n o t  n e ce ss a ry  to  
have an o r g a n iz a t io n  even  as s im p le  as a com m ittee t o  determ ine what c r o s s  
s e c t io n s  were n e c e s s a r y . Fermi u n d e rsto o d  th e p h y s ic s  o f  ch a in  reactors, 
knew a l l  the p e o p le  who were m easuring n eu tron  c r o s s  s e c t io n s  and what 
th ey  were d o in g . He was m easu rer, c o m p ile r , e v a lu a to r , and th e  u s e r  o f  
the n eu tron  da ta  a l l  r o l l e d  in t o  on e. Of c o u r s e , the d a ta  a v a i la b le  in  
1941 was v e ry  m eagre, and th ere  were v e r y  few s c i e n t i s t s  in  th e  f i e l d  
so  th a t  one man c o u ld  know a l l  th a t  was g o in g  on . H owever, as the 
Manhattan P r o je c t  expanded , even Fermi co u ld  n o t  keep up w ith  ev e ry th in g  
th a t was b e in g  m easured. H.H. G oldsm ith  u ndertook  the task  o f  k eep in g  
tr a c k  o f  a l l  n eu tron  c r o s s  s e c t io n  measurements in  p r o g r e s s  and o f  com
p i l i n g  the r e s u l t s .  At t h is  tim e th ere  was no d i f f e r e n c e  betw een the
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m easurers and u se rs  o f  n eutron  d a ta . The o n ly  p e o p le  who knew anything 
about the f i e l d  had t o  make the measurements which were re q u ire d  and th e 
same p e o p le  used th e  r e s u l t s  f o r  r e a c t o r  c a lc u la t io n s .

As th e Manhattan P r o je c t  expanded i t  soon  became c le a r  th a t  no 
in d iv id u a l  c o u ld  c o n tr ib u te  t o  a l l  p a r ts  o f  the p r o je c t .  I f  the p r o je c t  
was t o  be  speeded  u p , some s c i e n t i s t s  had to  s p e c ia l i z e  in  making the 
measurements r e q u ir e d , w h ile  o th e rs  had to  s p e c ia l i z e  in  th e d e s ig n  o f  
th e  r e a c t o r s  and o th e r  new system s b e in g  d e v e lo p e d . The o b je c t iv e  o f  the 
Manhattan P r o je c t  was c le a r .  A l l  the e f f o r t s  o f  everyone w orking on the 
p r o je c t  were d ev o ted  t o  the p r a c t i c a l  a p p l ic a t io n  o f  n u c le a r  en ergy .

In th ose  days th e m easurers and u sers  would g e t  to g e th e r  t o  d is c u s s  
w hich measurements sh ou ld  be g iv e n  f i r s t  p r i o r i t y .  The m easurers in  
g en era l made th ose  measurements the u se rs  re q u e ste d . However, as i s  u su al 
in  th e p r o g re s s  o f  any i n t e l l i g e n t  re se a rch  p r o j e c t ,  the m easurers d id  
n o t  measure o n ly  th ose  q u a n t it ie s  re q u e ste d  by  th e  u s e r s .  Being c lo s e  t o  
th e  m easuring equipm ent, th ey  co u ld  see  th a t some p o t e n t ia l l y  u s e fu l  mea
surem ents co u ld  be made w ith  a v e ry  sm all in vestm ent o f  tim e . At th e tim e 
th ese  measurements were made, the u sers  o f t e n  d id  n o t know th a t the m easure
ments would be u s e fu l  and would n o t  have req u ested  them. Some o f  th ese  
" b o o t le g "  measurements p a id  o f f  handsom ely and some d isa p p ea red  in to  o b l i 
v io n .  H owever, the im portan t p o in t  f o r  the p u rp oses  o f  th is  C on feren ce 
was n o t  th a t good  measurements were made b u t th a t  the m easurers and u sers  
had the same background and ed u ca tio n  and co u ld  ta lk  t o  each  o th e r  w ith ou t 
d i f f i c u l t y .  They u n d erstood  each  o t h e r 's  problem s and the p ro ce d u re s  used 
t o  s o lv e  them.

There was l i t t l e  d i f f i c u l t y  in  com m unications as lon g  as a l l  o f  the 
work on th e p r o je c t  was b e in g  done in  the same la b o r a to r y . H owever, when 
th e  plu ton ium  p a r t  o f  the Manhattan P r o je c t  moved from Colum bia U n iv e r s ity  
t o  C h icago in  the f a l l  o f  1942, a com m unications problem  d e v e lo p e d . Formal 
com m unications mechanisms were s e t  up in  the form  o f  b i-w e e k ly  p r o g re ss  
r e p o r t s .  However, anyone who has been  c l o s e l y  con n ected  w ith  a re se a rch  
p r o je c t  knows th a t v e ry  l i t t l e  i s  a ccom p lish ed  in  a two week p e r io d .  T here
f o r e ,  th e se  b iw eek ly  p r o g re s s  r e p o r ts  became ra th e r  r e p e t i t i v e .  The r e p e t i 
t iv e n e s s  o f  the p ro g re s s  r e p o r ts  and the cumbersome c l a s s i f i c a t i o n  system  
w hich was u sed  f o r  t h e ir  d i s t r ib u t io n  tended  t o  d ecrea se  the amount o f  
com m unication through  th ese  p r o g r e s s  r e p o r t s .  Q uicker and more in fo rm a l 
m ethods o f  com m unication had t o  be a rran ged . H.H. G oldsm ith assumed the 
ta sk  o f  im proving com m unications in  the n eu tron  c r o s s  s e c t io n  f i e l d .  He 
would v i s i t  Colum bia t o  f in d  o u t what had b e e n , and was b e in g  m easured, 
and in form  th e  group o f  th e most im portan t q u a n t it ie s  t o  measure f o r  the 
developm ent o f  r e a c t o r s ,  always g iv in g  an e x p la n a tio n  o f  why th e se  p a r t i c 
u la r  measurements were n eeded . V ery l i t t l e  c r o s s  s e c t i o n  in fo rm a tio n  was 
a v a i la b le  a t the tim e and p r o g re s s  on c r o s s  s e c t i o n  measurements was a ls o  
l im ite d  by th e  sam ples which co u ld  be o b ta in e d . A lm ost as much tim e was 
sp en t on the procu rem en t, p u r i f i c a t i o n  and packaging  o f  sam ples f o r  n eutron  
c r o s s  s e c t io n s  measurements as was sp en t on any o th e r  a s p e c t  o f  th e n eutron  
c r o s s  s e c t i o n  program . However, a l l  q u a n t it ie s  th a t  have been measured 
were im m ediately  u s e fu l  and the r e s u l t s  were d is t r ib u t e d  in fo r m a lly  by  
G oldsm ith  and o th e r  s c i e n t i s t s  who tr a v e le d  betw een New York and C h icago  and 
l a t e r  Oak R id g e , H anford and Los A lam os. Of c o u r s e , t h is  in fo rm a tio n  was 
more fo r m a lly  d is t r ib u t e d  by  P rog ress  R eports b u t i t  was r e a l ly  through 
in fo rm a l com m unication th a t the r e s u l t s  o f  th e more im portant measurements 
were r a p id ly  d is t r ib u t e d .  I t  was G oldsm ith  th a t  s ta r t e d  the in fo rm a l com
p i l a t i o n  o f  n eu tron  c r o s s  s e c t io n s  w hich la t e r  d ev e lop ed  in t o  the AECU-2040 
and BNL-325. The c o m p ila t io n  w as, f o  c o u r s e , a c l a s s i f i e d  document a t the
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tim e w ith  l im ite d  c i r c u la t i o n  and i t s  f i r s t  p u b l i c  m a n ife s ta t io n  was a 
Review o f  Modem P h ysics  a r t i c l e  in  1947. (H.H. G oldsm ith , H.W. I b s e r ,  and 
B .T . F e ld , Review o f  Modern P h ysics  19, 259 , 1947).

A fte r  World War I I ,  most o f  the s c i e n t i s t s  in  the N a tion a l L a b o ra to r ie s  
which had been  e s ta b lis h e d  du rin g the war re tu rn ed  to  t h e i r  academ ic p o s t s .
I t  took  s e v e r a l y ea rs  f o r  the Atom ic Energy Commission t o  be  o rg a n ize d  and 
become e f f e c t i v e .  In 1948, th e  D iv is io n  o f  R ea ctor  Development r e c o g n iz e d  
th a t  th e  c r o s s  s e c t io n s  n e ce ss a ry  f o r  fu r th e r  developm ent o f  n u c le a r  en ergy 
were n o t b e in g  m easured and s e t  up the Neutron C ross S e c t io n s  A d v isory  
Com m ittee. The Committee c o n s is t e d  o f  s c i e n t i s t s  who were a c t i v e ly  mea
su rin g  and u sin g  n eu tron  c r o s s  s e c t i o n s .  I t  was th e  f i r s t  tim e th a t the 
d i f f e r e n c e  betw een m easurer and u ser  was r e c o g n iz e d , a lthough  in  1948 
th ere  w a s n 't  v e r y  much d i f f e r e n c e  betw een the tw o. Harvey Brooks and 
Thoma Snyder, then o f  G eneral E le c t r i c  Company (G .E .) were d e f i n i t e l y  
re co g n iz e d  as u s e r s . There were v e ry  few m easuring f a c i l i t i e s  a t G.E. a t 
th a t  tim e and G.E. was one o f  th e m ajor c o n tr a c t o r s  f o r  the d e s ig n  o f  
r e a c t o r s  f o r  the p r o d u c tio n  o f  pow er. W estinghouse was re p re se n te d  by 
Paul G arabedian , who had v e ry  l i t t l e  c o n ta c t  w ith  the measurement program .
Oak R idge s e n t  Al W einberg to  r e p re se n t the u se rs  and A rt S n e ll  t o  re p re se n t 
th e  m easu rers . Jane H a ll and Dick Taschek re p re se n te d  Los Alam os, Don Hughes 
and C arl Muhlhouse A rgonne, W.W. Havens, Colum bia and G. W e il, who had been 
w ith  the o r ig in a l  Fermi group a t C olum bia, r e p re se n te d  th e  A tom ic Energy 
Com m ission.

The m eetin gs in  the e a r ly  days c o n s is t e d  o f  the members o f  th e Committee 
re p o r t in g  on the measurements which had been made in  th e  la b o r a to r ie s  th ey  
r e p r e se n te d , the measurements in  p ro g re ss  and th e measurements p lan ned  f o r  
th e  im m ediate fu t u r e .  Attem pts were a ls o  made to  fo rm u la te  a long range 
cr o s s  s e c t io n  measurements program . O b v io u s ly , m ost o f  th e  d is c u s s io n  in  
the o r ig i n a l  Committee was about neutron  c r o s s  s e c t io n  measurements and 
th e r e fo r e  the m easurers were the backbone o f  the Com m ittee. S in ce  the 
o r ig i n a l  Committee re p o r te d  to  the D iv is io n  o f  R ea ctor  D evelopm ent, m eetin gs  
were h e ld  a t la b o r a t o r ie s  where r e a c t o r  program s where b e in g  su p p orted . U sers 
o f  n eu tron  c r o s s  s e c t io n s  w ould m eet w ith  the Committee and g iv e  i t  lon g  l i s t s  
o f  measurements re q u ir e d  f o r  r e a c t o r  d ev e lop m en tj What the u se rs  wanted 
were a l l  c r o s s  s e c t io n s  o f  a l l  is o to p e s  from  1 0 “ t o  2 x 1 0  ? eV in  th e  s te p s  
o f  10 - 3  eV. O b v iou sly  an im p o s s ib le  measurement program . The Committee had 
t o  s o r t  out th ese  re q u e sts  and d e c id e  w hich  measurements c o u ld  and shou ld  
be made. N ot o n ly  d id  the Committee d e c id e  which measurements c o u ld  and 
sh ou ld  be made, b u t th e y  re tu rn ed  to  t h e i r  home la b o r a t o r ie s  and e i t h e r  
made th e  measurements o r  in s p ir e d  o th e r  groups in  th e ir  la b o r a to r ie s  t o  make 
them. Those measurements which co u ld  n o t  be  made by  th e members o f  the 
N eutron C ross S e c t io n s  A d v isory  Committee o r  groups in  th e  la b o r a t o r ie s  which 
th ey  r e p re se n te d  were l i s t e d  and the AEC in v e s t ig a t e d  p o s s ib le  mechanisms 
w hich c o u ld  be e s ta b l is h e d  t o  en ab le  them t o  be  m easured. I t  soon  became 
c l e a r  th a t  th e  main pu rpose  o f  the N eutron C ross S e c t io n s  A d v isory  Committee 
was to  im plem ent a measurement program ra th e r  than t o  form u la te  a s p e c i f i c  
l i s t  o f  c r o s s  s e c t io n s  w hich sh ou ld  be m easured. The c r o s s  s e c t io n s  which 
co u ld  be m easured w ith  e x is t in g  te ch n iq u es  and equipm ent were m easured v e ry  
r a p id ly .  H owever, m ost o f  the needed c r o s s  s e c t io n s  co u ld  n o t  be measured 
w ith  e x is t in g  te ch n iq u es  and equipm ent. F u rther p r o g r e s s  in  the f i e l d  
re q u ire d  d e v e lo p in g  new tech n iq u es  and equipm ent. I t  was th e  r e c o g n it io n  
th a t measurement o f  the c r o s s  s e c t io n s  needed f o r  th e developm ent o f  n u c le a r  
r e a c t o r s  were more in  the area  o f  re se a rch  than in  the area  o f  developm ent 
th a t  le d  the A tom ic Energy Commission in  1950 to  t r a n s fe r  t h is  Committee 
from  the D iv is io n  o f  R ea ctor  Development to  the D iv is io n  o f  R esearch . Dr. 
George K o ls ta d , who headed th e  R esearch  D iv is io n  program , was r e p r e s e n ta t iv e
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on t h is  Committee and th e  b a s ic  framework o f  our p r e se n t system  began to  
take form .

3 . DATA CENTERS

The f i r s t  m a jor accom plishm ent in  th e com m unications area  o f  the N eutron 
C ross S e c t io n  A d v iso ry  Group o f  the A tom ic Energy Commission was e s t a b l i s h 
ing the Neutron Cross S e c t io n  C om p ila tion  Group a t Brookhaven 
N a tion a l L a b ora tory . The f i r s t  le a d e r  o f  t h is  group was Donald J . Hughes, 
who was a b ly  a s s is t e d  by Irv in g  Kaplan, now a t MIT, in  p ro d u c in g  the f i r s t  
m a jor N eutron C ross S e c t io n  C om p ila tion  AECU-2040. The Brookhaven Neutron 
C ross S e c t io n  C om p ila tion  Group has grown in t o  th e  N a tion a l N eutron C ross 
S e c t io n  C en ter , and th e Brookhaven C om p ila t io n s , BNL-325, are known th rou gh 
out the w orld  as a sou rce  o f  b a s ic  d a ta  in  th e N eutron C ross S e c t io n  a rea .
The CCDN a t  S a cla y  was e s ta b l is h e d  in  1963 by  tne ENEA upon th e recommenda
t i o n  o f  th e  European-Am erican N u clear Data Com mittee. CCDN was p a tte rn e d  
a f t e r  the Brookhaven C om p ila tion  C enter and many o f  th e methods f o r  h an d lin g  
Neutron Data w hich had been  d ev e lop ed  a t  Brookhaven were adopted  by  CCDN.
The IAEA N eutron C ross S e c t io n  C om p ila tion  group was s e t  up in  the la t e  
s i x t i e s  a t the IAEA h ead qu arters  in  Vienna on th e recom m endation o f  the In 
te r n a t io n a l  N u clear Data Com mittee. The Obninsk C om p ila tion  C enter in  the 
USSR f u l f i l l s  a s im ila r  fu n c t io n  in  the S o v ie t  U nion. These fo u r  d a ta  ce n te rs  
o p era te  as a w orld -w id e  n e t .

Arrangements have been  made f o r  t r a n s fe r  o f  d a ta  among th ese  d a ta  ce n 
t e r s ,  and the c o o r d in a t io n  betw een th ese  c e n te r s ,  w h ile  n o t  p e r f e c t ,  i s  
s t e a d i ly  im prov in g .

4 . PROGRESS REPORTS

The n ex t m ajor com m unication v e h ic le  o f  th e  USAEC's Neutron C ross S e c t io n  
A d v isory  Committee t o  be  e s ta b l ih s e d  was the P rogress  R ep orts . I t  became 
ob v iou s  a f t e r  the f i r s t  few m eetin gs th a t  a g r e a t  d ea l o f  tim e a t Committe 
m eetin gs co u ld  be saved i f  th e r e p o r ts  g iv e n  by th e  in d iv id u a l members a t 
m eetin gs o f  the Committee were w r it te n  up b e fo r e .  L ater i t  was re c o g n iz e d  
th a t P rogress  R eports co n ta in  a g re a t  d e a l o f  in fo rm a tio n  w hich co u ld  be 
v e ry  u s e fu l  t o  a much w id er community than th e Committee members, and the 
P rog ress  R eports were th e r e fo r e  packaged  to g e th e r  and g iv en  a r e l a t i v e l y  w ide 
d is t r ib u t io n  as a s in g le  docum ent. The system  o f  p re p a rin g  P rogress  R eports 
f o r  the USNCSAC m eetin g s , d is t r ib u t in g  them to  members o f  the Com m ittee, 
subcom m ittees and t o  o th e rs  who are in t im a te ly  engaged in  making measurements 
o f  in t e r e s t  t o  the Com m ittee, and l a t e r  packaging  th e R eports in  one docu 
ment f o r  w id er  subsequent d i s t r ib u t i o n ,  i s  e s s e n t ia l l y  the system  w hich i s  
in  o p e r a t io n  to d a y . I t  was la t e r  adopted  by  th e  EANDC and the INDC, and 
s t i l l  appears t o  be th e  b e s t  r a p id  com m unication mechanism f o r  th e a p p lie d  
n u c le a r  d ata  f i e l d .

The system  o f  p r e p a ra tio n  and d is t r ib u t io n  o f  the P rogress  R eports i s  
n o t ,  h ow ever, th e  r e a l l y  im portan t f a c t o r  in  d is t r ib u t in g  the in fo rm a tio n .
I t ' s  th e  co n te n t o f  th e P rogress  R eports them selves th a t  makes them v a lu a b le . 
The P rogress  R eports d id  n o t take on t h e i r  p r e se n t  form  w ith ou t a g r e a t  d ea l 
o f  argument and w ra n g lin g , and som etim es even a r b it r a r y  e d i t o r i a l  c u t t in g .
I t  was r e c o g n iz e d  in  the e a r ly  1950s th a t the work o f  the Committee a ls o  
in v o lv e d  charged p a r t i c l e  c ro s s  s e c t i o n s ,  e s p e c ia l l y  f o r  th e stu d y  o f  th e  
f i s s i o n  p r o c e s s .  The name o f  the Committee was th e r e fo r e  changed t o  the 
N u clear C ross S e c t io n s  A d v isory  Com m ittee, and a somewhat b ro a d e r  spectrum  
o f  measurements u s e fu l  in  the developm ent o f  n u c le a r  en ergy system s was 
in c lu d e d  in  th e purview  o f  t h is  Com m ittee. However, when th e  name o f  the
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Committee was changed from  Neutron to  N u c le a r , the e x a c t  con ten t o f  th e 
P rogress  R eports  became a p roblem . Some to o k  th e broad view  th a t a l l  mea
surem ents which im proved our knowledge o f  the n u cleu s were b e n e f i c i a l  to  
th e developm ent o f  n u c le a r  en ergy . O thers to o k  a narrow er view  th a t  o n lv  
th ose  measurements which co u ld  be d i r e c t l y  r e la t e d  t o  a p p lie d  problem s in  
th e developm ent o f  n u c le a r  en ergy  system s sh ou ld  be in c lu d e d  in  the R ep orts . 
A f t e r  a p e r io d  o f  c o n fu s io n , the m atter was s e t t l e d  by l im it in g  the con ten t 
o f  the p r o g re s s  r e p o r ts  t o  in fo rm a tio n  p e r t in e n t  to  th e re q u e st  l i s t s .  We 
now appear to  have reach ed  a rea son a b le  b a la n ce .

The boundary c o n d it io n s  o f  what sh ou ld  be in c lu d e d  and e x c lu d e d  from  
P rogress  R eports has v a r ie d  o v e r  th e  y ea rs  and w i l l  c o n tin u e  t o  v a ry , 
b ecau se  what i s  im m ediately  r e le v a n t  t o  the developm ent o f  n u c le a r  system s 
w i l l  va ry  w ith  th e  e x is t in g  s t a t e  o f  knowledge a t any p a r t ic u la r  tim e and 
the a p p l ic a t io n s  which are on th e  h o r iz o n . I t  has been  our e x p e r ie n ce  th a t 
the R eports sh ou ld  be l im ite d  to  th a t  m a te r ia l w hich i s  r e la t e d  to  th e 
developm ent o f  n u c le a r  system s, r e l a t i v e l y  l i b e r a l l y  in te r p r e te d , ( i . e . ,  
where a d i r e c t  o r  i n d i r e c t  co n n e ct io n  can be made betw een a measurement and 
an a p p l i c a t i o n ) .  The P rogress  R eports t o  th e  v a r io u s  N u clear Data Committees 
are n o t  o n ly  h e lp fu l  in  th e d isse m in a tio n  o f  in fo r m a tio n , b u t th ey  a ls o  
s e rv e  an oth er u s e fu l  purpose in  re o u rin g  the s c i e n t i s t s  who p rep a re  th ese  
r e p o r ts  t o  exam ine the measurements w hich have been  made r e c e n t ly  to  a ssess  
th e q u a l i t y  o f  t h e ir  work and t h e ir  r e le v a n ce  t o  the developm ent o f  n u c le a r  
system s. In s e v e r a l  c a s e s ,  th is  rev iew  has le d  t o  the r e o r ie n t a t io n  o f  a 
measurement program  in  a la b o r a to r y  so  th a t  th e  r e s u l t s  w i l l  be more imme
d ia t e ly  u s e fu l .

One o f  th e im portan t item s which came ou t o f  the d is c u s s io n s  on the 
co n te n t o f  the P rogress  R eports was th a t th e d e s c r ip t io n  o f  e v e ry  e x p e r i 
ment sh ou ld  in c lu d e  th e name o f  the in d iv id u a l  who was p er fo rm in g  th e mea
surem ent. The s c i e n t i s t s  who read  th e P rogress  R eports c o u ld  then w r ite  
t o  o b ta in  more in fo rm a tio n  about the p ro g re s s  and r e s u l t s  o f  th e  m easure
m ent. The in c lu s io n  o f  th e  name o f  th e in d iv id u a l  p er form in g  the m easure
ment described in the Progress Reports has le d  to  a g r e a t  d ea l o f  b e n e f i c i a l  in fo rm a l 
com m unication between s c i e n t i s t s  w ith  s im i la r  in t e r e s t s  and may have been 
as im portan t as any o th e r  s in g le  accom plishm ent o f  the c r o s s  s e c t i o n  commit
t e e s .

5 . THE NUCLEAR CROSS SECTION REQUEST COMPILATION

The N eutron C ross S e c t io n  Request C om p ila tion  o r ig in a t e d  in  th e  e a r ly  
days o f  the Manhattan P r o je c t  when i t  became ob v iou s  th a t i t  was n o t  p o s s ib le  
t o  measure a l l  o f  the c r o s s  s e c t io n s  n e ce ssa ry  f o r  th e developm ent o f  n u c le a r  
systems. A request list was formulated and any useful request list must include a statement 
o f  priorities. There was no rigid statement o f priorities u n t i l  the U .S. C ross S e c t io n s  
R eport l i s t  became a se p a ra te  docum ent. T h is occurred a f t e r  th e m a jor d e c la s 
s i f i c a t i o n  o f  n u c le a r  d ata  in  1955. When th e T r ip a r t i t e  N u clear Data Com
m itte e  was form ed a f t e r  the f i r s t  Geneva C on feren ce in  1955, a com bined TNCC 
re q u e st  l i s t  was assem bled and d is cu s s e d  by  th e TNCC. Each o f  the th ree  
co u n tr ie s  o f  the TNCC, (U .S .,  U .K ., and C anada), had i t s  own d e f i n i t i o n  o f  
p r i o r i t y  and th e  d e f in i t i o n s  had to  be made c o n s is t e n t  i f  th e re q u e st  l i s t s  
were to  be m ean ing fu l t o  a l l  p a r t i e s .  The p r e s e n t ly  a cce p te d  U .S . p r i o r i t y  
d e f in i t io n s  are :

P r i o r i t y  1

N u clear da ta  w hich s a t i s f y  the c r i t e r i a  o f  P r i o r i t y  2 and which have 
been s e le c t e d  f o r  maximum p r a c t i c a b le  a t t e n t io n ,  ta k in g  in t o  a ccou n t the 
u rgen cy  o f  n u c le a r  en ergy  programme req u irem en ts .
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P r io r i t y  2

N u clear da ta  w hich w i l l  be r e q u ire d  du rin g  the n e x t few y ea rs  in  the 
a p p lie d  n u c le a r  en ergy programme ( e . g . ,  th e d es ig n  o f  a r e a c t o r  o r  fu e l  
p r o c e s s in g  p la n t ;  d ata  needed f o r  optimum use o f  r e a c t o r  fu e l  and c o n s tr u c 
t io n  m a te r ia ls  such as n eu tron  m od era tors , a b sorb ers  and r a d ia t io n  s h ie ld s ;  
space  a p p l ic a t io n  and b io m e d ica l s t u d ie s ;  d a ta  r e q u ire d  f o r  b e t t e r  u nder
s ta n d in g  o f  some s i g n i f i c a n t  a s p e c t  o f  r e a c t o r  b e h a v io r ) .

P r i o r i t y  3

N u clear d ata  o f  more g e n e ra l in t e r e s t  and d a ta  r e q u ire d  to  f i l l  ou t the 
body o f  in fo rm a tio n  needed f o r  n u c le a f  te c h n o lo g y .

The v a r io u s  n u c le a r  da ta  com m ittees , n a t io n a l  and in t e r n a t io n a l ,  have 
rev iew ed  the n u c le a r  c r o s s  s e c t i o n  re q u e st  l i s t s  on many o c c a s io n s ,  and have 
made s i g n i f i c a n t  c o n tr ib u t io n s  to  the developm ent o f  a system  w hich en ab les  
the req u ested  measurements t o  be made. The l a t e s t  p u b l i c l y  is s u e d  World 
R equest L i s t ,  INDC (SEC)-27L, co n ta in s  re q u e sts  f o r  1 ,411  m easurem ents.
V arious e s tim a te s  have been  made about the s c i e n t i f i c  manyears r e q u ire d  to  
make a l l  th e se  m easurem ents. I t ' s  c e r t a in ly  in  th e h igh  thousands and may 
even be in  the ten s  o f  th ou san ds. From the p r a c t i c a l  v ie w p o in t  i t  appears 
th a t  th e  n eu tron  c r o s s  s e c t io n  re q u e s t  c o m p ila t io n  i s  much t o o  lo n g . I f  the 
re q u e st l i s t  c o u ld  be  red uced  in  len gth  by rem oving d u p l ic a t io n s  and le s s  
u rg en t r e q u e s t s , g r e a te r  p r o g re s s  m ight be made. W ithout q u e s t io n , assem bling 
the re q u e st  co m p ila t io n s  has been o f  c o n s id e r a b le  b e n e f i t  t o  the in te r n a t io n a l  
n u c le a r  d a ta  com m ittees. These l i s t s  may have h e lp e d  s c i e n t i s t s  in  la b o ra 
t o r i e s  n o t  d i r e c t l y  con n ected  w ith  th e n u c le a r  energy program s t o  e s t a b l is h  
a more u s e fu l  re se a rch  program . The Request l i s t s  appear t o  have va lu e  
in t e r n a t io n a l ly  p r o v id e d  th a t is su a n ce  i s  r a p id . I t  would be an improvement 
t o  red uce  the len g th  o f  t h is  re q u e st  l i s t  and encourage o n ly  th ose  m easure
ments which are c l e a r l y  o f  s i g n i f i c a n t  v a lu e .

6 . NEW FACILITIES AND PROGRAMS

Soon a f t e r  the Neutron C ross S e c t io n  A d v isory  Committee was form ed , the 
AEC re c o g n iz e d  th a t a com m unications gap was d e v e lo p in g  betw een m easurers 
and u s e r s ,  and a ssig n ed  the task  o f  p re p a rin g  and a s s ig n in g  p r i o r i t i e s  o f a 
l i s t  o f  c r o s s  s e c t io n  measurements d e s ir e d  f o r  the developm ent o f  f i s s i o n  
r e a c t o r s  t o  a sep a ra te  group more c l o s e l y  r e la t e d  t o  th is  te c h n o lo g y , th e  
A d v iso ry  Committee on R ea ctor  Physics (ACRP).The Data Committee r e c e iv e d  req u ests  
from  the ACRP w ith  p r i o r i t i e s  a ss ig n e d  and d is cu s s e d  the measurements r e q u ire d  
t o  f u l f i l l  th ese  r e q u e s ts . Those measurements which co u ld  be made w ith  e x i s t 
in g  tech n iq u es  and equipm ent were u s u a lly  made v ery  r a p id ly ,  b u t a la rg e  
number o f  h igh  p r i o r i t y  measurements re q u ir e d  the developm ent o f  new te c h 
n iqu es  and equipm ent. I t  was in  th is  a rea  th a t th e  U .S . Data Committee 
made one o f  i t s  g r e a t e s t  c o n tr ib u t io n s  t o  the developm ent o f  n u c le a r  en erg y . 
When a l l  o f  the in fo rm a tio n  d e s ir e d  by  th e r e a c t o r  d e s ig n e rs  was assem bled , 
i t  was d iv id e d  in t o  c a te g o r ie s  which requ red  d i f f e r e n t  measurement te c h 
n iq u e s . The Committee recommended th a t  f a c i l i t i e s  be e s ta b l is h e d  f o r  making 
measurements w hich co u ld  n o t  o th e rw ise  be made. Some o f  th ese  measurements 
have o n ly  r e c e n t ly  come to  f r u i t i o n .  I t  was in  1952 th a t th e Committee f i r s t  
n o te d  th a t the c r o s s  s e c t io n s  o f  the tr a n su ra n ic  e lem ents would be im portan t 
in  the long range developm ent o f  n u c le a r  en ergy  and recommended th a t  the 
A tom ic Energy Commission p r o v id e  f o r  p r o d u c t io n  o f  the tr a n su ra n ic  is o to n e s  
in  q u a n t it ie s  la rg e  enough t o  en ab le  c r o s s  s e c t io n  measurements t o  be  made. 
F ast tim e o f  f l i g h t  system s were f i r s t  d is c u s s e d  a t Committee m eetin gs in  
the e a r ly  f i f t i e s  and th e  recom m endations t o  th e AEC c o n tr ib u te d  to  the



3 1 0 HAVENS et a l.

e sta b lish m e n t o f  the f a s t  tim e o f  f l i g h t  f a c i l i t i e s  a t A rgonne, Los Alam os, 
Oak R idge and W estinghouse. The u se  o f  la r g e  s c i n t i l l a t o r s  f o r  capture  
c r o s s  s e c t i o n  measurements was d is cu s s e d  a t Committee m eetings in  the e a r ly  
f i f t i e s  and many la rg e  s c i n t i l l a t o r s  were su b su qu en tly  co n s tru c te d  through 
o u t th e w orld  t o  make n eutron  m easurem ents. I t  was the USNCASC th a t  recom 
mended t o  th e  A tom ic Energy Commission th a t the c a lu tr o n s , the e le c tro m a g 
n e t i c  uranium is o to p e  s e p a ra t io n  f a c i l i t i e s  a t Oak R id g e , which were about 
t o  be  s cra p p ed  be adapted t o  th e  s e p a ra t io n  o f  a l l  i s o to p e s  so  adequate 
sam ples would be a v a i la b le  f o r  c r o s s  s e c t i o n  m easurem ents. These f a c i l i t i e s  
now p r o v id e  the b u lk  o f  the s t a b le  i s o to p e s  f o r  a v a r ie t y  o f  measure u sers  
th rou ghou t the w orld .

7. CONFERENCES AND SYMPOSIA ON NUCLEAR DATA

In 1948 com m unications and in fo rm a tio n  exchange among AEC la b o r a to r ie s  
and s c i e n t i s t s  were cumbersome and d i f f i c u l t  b ecau se  o f  the c l a s s i f i c a t i o n  
system  in h e r it e d  from  th e Manhattan P r o je c t .  One o f  the f i r s t  task s th e  
U .S . N u clear Data Committee assumed was t o  im prove com m unications among the 
r e le v a n t  AEC s c i e n t i s t s .  An e f f e c t i v e  way o f  d o in g  th is  was by  o rg a n iz in g  
in fo rm a tio n  M eetings which were h e ld  a t the v a r io u s  N a tion a l L a b o ra to r ie s  
a t  ap p rox im ate ly  one y ea r  in t e r v a ls .  The m eetin gs were v e ry  s im i la r  t o  
what are now T o p ic a l M eetings o f  the American P h y s ica l S o c ie t y .  There were 
in v i t e d  p a p e rs , which gave a rev iew  o f  a s p e c i f i c  a rea , and c o n tr ib u te d
p a p e rs , w hich gave d e t a i l s  on th e la t e s t  m easurem ents. The "P ro ce e d in g s "
o f  th ese  n eutron  c r o s s  s e c t io n  in fo rm a tio n  m eetings were assem bled by the 
s c i e n t i s t s  in  th e  h o s t  la b o r a to r y  and d is t r ib u t e d  as a r e p o r t  o f  th a t la b o r 
a to r y . These m eetin gs were g e n e r a lly  s u c c e s s fu l  and in v i t a t io n s  t o  a ttend  
them were sought a f t e r  by many o f  the s c i e n t i s t s  w orking in  th e f i e l d .

A f t e r  the d e c l a s s i f i c a t i o n  o f  most n u c le a r  d ata  in  1955 and the com plete  
d e c l a s s i f i c a t i o n  o f  th e  rem aining d ata  in  1958 the In form a tion  M eetings 
became -ou b lie  a lth ough  le s s  fr e q u e n t . The f i r s t  p u b l i c  n eu tron  c r o s s  
s e c t i o n  in fo rm a tio n  co n fe re n ce  was th e Oak R idge "F a st Time o f  F l ig h t "  
C on feren ce  in  1956. The EANDC took  on the sp on sorsh ip  o f  in te r n a t io n a l  
co n fe re n ce s  in  the n u c le a r  d ata  f i e l d  in  th e e a r ly  1960s. A l i s t  o f  con 
fe r e n c e s  sp on sored  by  the EANDC i s  g iv en  in  Table I.

The sp on sorsh ip  o f  co n fe re n ce s  has been  an im portan t fu n c t io n  o f  the 
IAEA s in c e  i t s  in c e p t io n  and when i t  assumed an im portan t r o l e  in  th e n u c le a r  
d a ta  f i e l d ,  i t  sp on sored  a number o f  such c o n fe re n ce s  as an e x c e l l e n t  way o f  
in c r e a s in g  the com m unications between s c i e n t i s t s .  The IAEA has n ro b a b ly  
sp on sored  more co n fe re n ce s  p e r  y ea r in  the n u c le a r  en ergy  area  than any o th e r  
s in g le  o r g a n iz a t io n . Some o f  the co n fe re n ce s  sp on sored  by  the IAEA o f  p a r 
t i c u l a r  in t e r e s t  t o  th e INDC are l i s t e d  in  Table II.

A f t e r  th e v e ry  s u c c e s s fu l  EANDC -  sp on sored  c o n fe re n ce  on N eutron Time 
o f  F lig h t  Methods w hich took  p la c e  in  P a r is ,  24 -27  J u ly , 1961, th e U .S . 
N u clear Data Committee th ou ght th a t n a t io n a l  neutTon c r o s s  s e c t i o n  in form a 
t i o n  m eetin gs were no lo n g e r  n e ce ss a ry . However, i t  soon  became ob v iou s  
th a t  com m unications and th e  c r o s s  f e r t i l i z a t i o n  among m easu rers , com p ile rs  
and u se rs  o f  n u c le a r  d a ta  was n o t  ta k in g  p la c e .  To m eet th is  prob lem , the 
Committee r e in s t i t u t e d  i t s  in fo rm a tio n  in  m eetin gs  in  a d i f f e r e n t  form  under 
th e  name "N eutron  C ross S e c t io n  and T echn ology  C o n fe r e n c e s ."  The f i r s t  one 
o f  w hich was in  W ashington in  March o f  1966, th e  secon d  in  W ashington in  
March, 1968, and th e th ir d  in  K n o x v ille  in  M arch, 1971. The Committee has 
foun d th a t  such c o n fe re n ce s  s e rv e  an im portan t fu n c t io n  in  th e  n u c le a r  d a ta  
area and organizing such meetings is one of the Committee’s important tasks.



IA E A -S M -П О /4 3 1 1

T A B L E  I .  I N T E R N A T I O N A L  C O N F E R E N C E S  S P O N S O R E D  B Y  E A N D C

C on feren ce

Symposium on Neutron Time o f  
F lig h t  Methods

Is o to p e  Supply and Sample 
P rep a ra tion

Symposium on A b so lu te  D eter 
m in ation  o f  N eutron Flux in  
th e Energy Range 1 t o  100 keV

A utom atic A c q u is it io n  and Reduc
t i o n  o f  N u clear Data

Round T able C on feren ce  on High 
P r e c is io n  Chem ical A n a ly s is  
o f  Substances o f  I n t e r e s t  to  
N u clea r  Energy

In te r n a t io n a l  C on feren ce  on 
Study o f  N u clear S tru c tre s  
w ith  Neutrons

Seminar on P rep a ra tion  and 
S ta n d a rd iza t io n  o f  I s o t o p ic  
T argets  and F o ils

2nd Round T able C on feren ce on 
High P r e c is io n  Chem ical 
A n a ly s is  o f  Substances o f  
I n te r e s t  t o  N u clear Energy

Seminar on In ten se  Neutron 
S ources

Symposium on N eutron Standards 
and Flux N orm a liza tion

8 . THE EXPANDING SCOPE OF THE U .S . NUCLEAR DATA COMMITTEE

As the use o f  n u c le a r  d ata  has expanded in to  w id er  and w id er segm ents 
o f  s o c i e t y  and in  more and more t e c h n ic a l  a re a s , s o  has the need f o r  c ro s s  
s e c t i o n  m easurem ents. The o r ig i n a l  U .S. N eutron C ross S e c t io n s  A d v iso ry  
Committee d ev o ted  i t s e l f  on ly  t o  th e measurements o f  c r o s s  s e c t io n s  f o r  the 
developm ent o f  f i s s i o n  r e a c t o r s .  However, i t  became ob v iou s  th a t  n u c le a r  
d ata  was needed in  many o th e r  areas o f  s c ie n c e  and te c h n o lo g y .

9 . SPACE

One o f  the f i r s t  m a jor  p e r tu r b a t io n s  in  th e te c h n ic a l  co g n iza n ce  o f  the 
USNDC was the re q u e st  su b m itted  by s c i e n t i s t s  w orking f o r  th e  N a tion a l A ero
n a u t ic s  and Space A d m in istra tio n  (NASA) f o r  h ig h  energy  c r o s s  s e c t io n s  which

L o ca tio n

S a cla y

G eel

Date

2 4 -2 7  J u ly ,  1961

6 - 8  A ugust, 1963

O xford 10-13  S e p t . ,  1963

K arlsruhe 20 -24  J u ly ,  1964

B ru sse ls  18-22 J a n .,  1965

Antwerp 19-23 J u ly ,  1965

H arw ell 20-21 O ct^ , 1965

B ru sse ls  November, 1965

Santa Fe 19-23 S e p t . ,  1966

Argonne 21-23  O c t . ,  1970
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1. P i le  N eutron R esearch  in  P h ysics  V ien na , A u s tr ia , O cto b e r , 1960

2 . P h y sics  and C hem istry o f  F is s io n  S a lzb u rg , A u s tr ia , A ugust, 1965

3 . N u clear Data f o r  R ea ctors  P a r is ,  F ran ce, O cto b e r , 1966

4 . N eutron Standards f o r  Neutron Measurements
B r u s s e ls , Belgium , May, 1965

5 . P h ysics  and C hem istry o f  F is s io n  V ien na , A u s tr ia , A ugust, 1969

6 . N eutron Capture Gamma Ray S p e ctro s co p y
S tu d sv ik  , Sweden, A ugust, 1969

7. N u clea r  Data f o r  R ea ctors  H e ls in k i ,  F in la n d , June, 1970

8 . Standards f o r  N u clear Data Measurements
V ienna, A u s tr ia , November, 1972

9. A p p lic a t io n  o f  N u clear Data in  S c ie n ce  and T ech n ology

M arch, 1973

would be im portan t in  the d es ig n  o f  s h ie ld s  f o r  space  v e h i c l e s .  The data  
needed f o r  c r o s s  s e c t io n s  f o r  s h ie ld in g  c a lc u la t io n s  f o r  n eutrons o f  en ergy  
le s s  than 20 MeV were im m ediately  a v a i la b le  b ecau se  th ese  d a ta  had a lrea d y  
been d ev e lop ed  f o r  r e a c t o r  s h ie ld in g .  The s h ie ld in g  o f  sp ace  v e h i c l e s ,  on 
th e  o th e r  hand, re q u ir e s  a knowledge o f  c r o s s  s e c t io n s  o f  p a r t i c l e  in t e r a c 
t io n s  a t  e n e r g ie s  up t o  housands o f  MeV. The d ata  a v a i la b le  f o r  s h ie ld in g  
c a lc u la t io n s  in  th is  en ergy  re g io n  was v ery  sp arse  in d e e d . A c c o r d in g ly , 
th e  c r o s s  s e c t i o n  re q u e st  compilation in cre a s e d  somewhat when th e  req u ests  
f o r  h igh  en ergy d a ta  were added. There i s  no doubt th a t  th e se  c r o s s  s e c t io n s  
w i l l  be n e ce ssa ry  f o r  th e d e s ig n  o f  lon g  range sp ace  v e h i c l e s .  However, a t 
th is  tim e the c o n s t r u c t io n  o f  such space v e h ic le s  appears to  be r e le g a te d  
t o  th e  r e l a t i v e l y  d is t a n t  fu tu r e  so th a t n u c le a r  d ata  problem s a s s o c ia te d  
w ith  deep sp a ce  f l i g h t  have been g iv en  low p r i o r i t y  by th e NASA.

10. SAFEGUARDS

The n ex t m ajor p e r tu r b a t io n  in  the a c t i v i t i e s  o f  the USNDC was the 
re q u e st  f o r  n u c le a r  in fo rm a tio n  which co u ld  be  u sed  in  th e  sa feg u a rd s  program . 
Safeguards i s  a v ery  im portan t area  and w i l l  r e c e iv e  a g r e a t  d e a l o f  a tte n 
t io n  and su p p ort f o r  a lon g  p e r io d  o f  tim e. The s c i e n t i s t s  d e v e lo p in g  s a f e 
guards system s are o n ly  b eg in n in g  t o  reach  the s ta g e  where th ey  can see  what 
n u c le a r  d a ta  are  needed  f o r  the lon g  range improvem ent o f  p r e s e n t  system s 
and the d e s ig n  o f  new system s. The n u c le a r  d ata  needed f o r  the developm ent 
o f  the sa feg u a rd s  program  are  more v a r ie d  than the n u c le a r  data  needed f o r  
r e a c t o r  developm ent. The sa fegu a rd s  program r e q u ire s  a la rg e  component o f  
p h o to n u c le a r  and ch arged  p a r t i c l e  d a ta  a lon g  w ith  n eu tron  d a ta . The problem  
o f  how b e s t  to  handle the sa fegu a rd s d a ta  needs has been d is c u s s e d  a t  g re a t  
len g th  in  b o th  the in te r n a t io n a l  and n a t io n a l  n u c le a r  d a ta  com m ittees. A 
s a t i s f y in g  s o lu t io n  appears to  be e v o lv in g  in  the U .S . by  having a s p e c ia l i z e d  
subcom m ittee co g n iz a n t o f  t h i s  a rea .

11. FUSION

A th ir d  area  in  w hich n u c le a r  d ata  w i l l  p la y  a v e r y  im portan t p a r t  i s  
in  th e  developm ent o f  fu s io n  r e a c t o r s .  The problem  o f  a t ta in in g  and c o n f in 
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in g  an a d eq u ate ly  hot plasm a has so  dom inated re se a rch  in  c o n t r o l le d  therm o
n u c le a r  fu s io n  th a t  thus f a r  r e l a t i v e l y  l i t t l e  a t t e n t io n  has been  g iv e n  to  
the e n g in e e r in g  developm ent o f  the system s which w i l l  be n e cè ss a ry  t o  u t i l i z e  
th e  en ergy  p rod u ced . The f i r s t  fu s io n  r e a c t o r  p r o to ty p e s  w i l l  p r o b a b ly  u t i l 
i z e  the ( d , t )  r e a c t io n  which em its 14 meV n e u tro n s . The c r o s s  s e c t io n s  o f  
th e m a te r ia ls  which w i l l  be n e ce ssa ry  f o r  th e  c o n s t r u c t io n  o f  a fu s io n  
r e a c t o r  are n o t  w e ll  enough known in  t h is  h ig h e r  en ergy  r e g io n  to  i n t e l l i 
g e n t ly  d e s ig n  a fu s io n  r e a c t o r  system . The r o l e  o f  c h a r g e d -p a r t ic le  n u c le a r  
fu s io n  ch a in  r e a c t io n s  a t MeV e n e rg ie s  may be im portan t f o r  fu s io n  r e a c t o r  
developm ent. A need f o r  a ccu ra te  a b so lu te  r e a c t io n  c r o s s  s e c t io n s  e x i s t s  
f o r  th e  p r o p e r  assessm ent o f  th e se  ch a in  r e a c t io n s .  In cre a s in g  a t t e n t io n  
has been g iv en  t o  t h is  problem  in  th e U.S. and th ere  i s  no doubt th a t a 
g r e a t  d e a l more a t t e n t io n  w i l l  have to  be g iv e n  t o  i t  b e fo r e  e con om ic, s a fe  
fu s io n  r e a c t o r s  can b e  b u i l t  and op e ra te d .

12. MEDICINE

The use o f  n u c le a r  system s in  m ed icin e  has a ls o  expanded v ery  r a p id ly  
in  the la s t  few  y e a r s . For exam ple, the Anger camera f o r  r a d io g ra p h ic  
im ag ing , d ev e lop ed  a t the Lawrence L a b ora tory , has had an enormous s a le  in  
h o s p it a ls  in  the U nited S ta te s . There are many ways in  which th is  camera 
can be  im proved and o b v io u s ly  im provement o f  our knowledge o f  n u c le a r  r a d ia 
t io n  w i l l  h e lp  in  the improvement in  i t s  d e s ig n . The use o f  r a d io a c t iv e  and 
s t a b le  is o to p e s  in  d ia g n o s t ic  te ch n iq u es  in  m ed icin e  has a ls o  expanded ra p 
i d l y .  P h y s ic is t s  in  r a d io lo g y  departm ents are ask ing  f o r  d e t a i l s  o f  n u c le a r  
decay  schemes which p r e v io u s ly  have been  o f  in t e r e s t  o n ly  t o  t h e o r e t i c a l  
s p e c i a l i s t s  s tu d y in g  the p a r t i c u la r  e x c i t a t io n  en ergy o f  a p a r t i c u la r  is o to p e  
in  which th e t r a n s i t io n  occurred.

E le c t r o n u c le a r  m achines have lon g  been  used in  the treatm en t o f  ca n cer  
and i t ' s  q u it e  ob v iou s  th a t the d a ta  on the r a d ia t io n s  from  th e se  e l e c t r o -  
n u c le a r  m achines i s  a d ly  in ad equate  f o r  some o f  the p rop osed  th e r a p e u t ic  
a p p l ic a t io n s .  In f a c t ,  the w hole area  o f  m ed ica l p h y s ic s  appears t o  be 
expanding r a p id ly  and may in  th e fu tu re  u t i l i z e  th e ta le n t s  o f  many o f  the 
p h y s i c i s t s  who are n ot now w orking in  t h is  a rea  o f  a p p lie d  n u c le a r  s c ie n c e .

13. REORGANIZATION OF THE U .S. NUCLEAR DATA COMMITTEE

R e co g n it io n  o f  the in c r e a s in g ly  wide use o f  n u c le a r  da ta  in  a p p l ic a t io n s  
o th e r  than f i s s i o n  r e a c t o r s  has prom pted the r e o r g a n iz a t io n  o f  the U .S . 
N u clear Data Committee (USNDC) in t o  a group more b ro a d ly  con v ersa n t w ith  the 
in c r e a s e d  need  f o r  n u c le a r  d a ta . The Committee o p era tes  under the USAEC's 
D iv is io n  o f  P h y s ica l R esea rch , in  c o o p e r a t io n  w ith  the O f f i c e  o f  Standard 
R e feren ce  Data Systems o f  th e N a tion a l Bureau o f  S tandards.

In r e o r g a n iz in g  th e USNDC i t  was obv iou s th a t th e range o f  e x p e r t is e  
in  the Committee must be  in c r e a s e d . I f  the e x p e r t is e  in  n eu tron  c r o s s  
s e c t io n s  th a t  e x is t e d  in  th e Committee were t o  be m atched in  a b a la n ced  way 
by  a l l  o f  the new areas o f  i n t e r e s t ,  i t  was ob v iou s  th a t  th e  s i z e  o f  the 
Committee w ould grow s o  as t o  become unm anageable. The scheme d e v ise d  was 
to  have the USNDC c o n s i s t  o f  r e g u la r  members chosen  to  b r o a d ly  r e p r e se n t  the 
areas o f  i n t e r e s t ,  ex o f f i c i o  members, chosen  t o  re p re se n t  key management 
o r g a n iz a t io n s ,  and subcom m ittee members, s e rv in g  on d is c i p l in a r y  and a p p l i 
ca t io n s  subcom m ittees. The l a t t e r  are a p p o in ted  b y  th e Chairman w ith  the 
a d v ice  and con sen t o f  the Com m ittee. R e p re se n ta t iv e s  o f  th e AEC, N a tion a l 
Bureau o f  S tandard s, Department o f  D e fen se , and N a tion a l S c ie n ce  Foundation  
are a l l  in c lu d e d  in  the ex o f f i c i o  membership a lon g  w ith  U .S . p a r t ic ip a n ts  
in  in t e r n a t io n a l  n u c le a r  d ata  C om m ittees. Committee members a re  drawn from
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a r e p r e s e n ta t iv e  c r o s s  s e c t i o n  o f  the b a s ic  and a p p lie d  re se a rch  community 
and in c lu d e  r e p r e s e n ta t iv e s  o f  o th e r  p r o fe s s io n a l  groups such  as th e  American 
P h y s ica l S o c ie t y ,  th e American N u clear S o c ie t y  and th e S o c ie t y  o f  N u clear 
M ed ic in e . The scop e  o f  Committee a c t i v i t i e s  may be gauged from  th e  l i s t  
o f  Committee members, ex o f f i c i o  and subcom m ittee members, which is given 
in Table III. It is evident that controlled thermonuclear research, safeguards, medical and 
biological application and industrial analysis have all been given special emphasis.

The USNDC hopes t o  d e v e lo p  a "r e q u e s t  l i s t "  o f  n u c le a r  d ata  needs f o r  
each  o f  th e s p e c i a l t i e s  o f  i t s  subcom m ittees. S ta tu s  r e p o r ts  d e s c r ib in g  
r e c e n t  exp erim en ts in  p ro g re s s  in  the b ro a d e r  range o f  a c t i v i t i e s  are a ls o  
e x p e cte d  to  be  p rodu ced  f o r  each  o f  the m eetings o f  th e USNDC. The USNDC 
in ten d s  t o  con tin u e  to  em phasize i t s  r o l e  in  the n eu tron  and f i s s i o n  p h y s ic s  
a rea  s in c e  f i s s i o n  r e a c t o r s  rem ain a prim e consumer o f  n u c le a r  d a ta , and 
i f  f e a s ib l e  ex ten d  i t s  r o le  t o  in c lu d e  n o n -r e a c to r  n u c le a r  d ata  and the needs 
f o r  b a s ic  s c ie n c e .  One im portan t fu n c t io n  i s  the c o o r d in a t io n  o f  n u c le a r  
co m p ila t io n  e f f o r t s  on a n a t io n a l  and in t e r n a t io n a l  b a s i s .  In th is  e f f o r t  
th e UNSDC w i l l  c o o p e ra te  w ith  the In te r n a t io n a l A tom ic Energy Agency (IAEA), 
the I n te r n a t io n a l  N u clear Data Committee (INDC), and the European-Am erican 
N u clear Data Committee (EANDC). The USNDC w i l l  p r o v id e ,  f o r  exam ple, i t s  
r e q u e st  l i s t  t o  a id  the IAEA in  th e p r e p a r a t io n  o f  i t s  w orld -w id e  n u c le a r  
measurements re q u e st  l i s t s .  Some s e c t io n s  o f  t h is  l i s t  w i l l  c o n ta in  non
f i s s i o n  r e a c t o r  data  such as re q u e sts  r e la t e d  t o  c o n t r o l le d  th erm onu clear 
re se a rch  and sa fe g u a rd s .

The USNDC through i t s  t i e s  w ith  the n u c le a r  m ed icin e  community hopes t o  
prom ote u ser-m easu rer  sym posia  in  n u c le a r  d a ta  f o r  m ed icin e  and attem pt to  
id e n t i f y  th e n u c le a r  d ata  needs f o r  m ed ica l a p p l ic a t io n s .  The Committee 
w i l l  a ls o  a c t  as a b ro k e r  f o r  s u g g e s tio n s  from  m ed ica l u se rs  on the b e s t  
ways o f  com p ilin g  n u c le a r  d a ta  and p r e se n t in g  them in  a more u s e fu l  form .
The Committee w i l l  a ls o  examine th e  q u e s t io n  o f  making n u c le a r  co m p ila t io n s  
u s e fu l  t o  o th e r  k inds o f  u s e r s .

A lthough the a p p l ic a t io n  o f  n u c le a r  d a ta  i s  a prim ary con cern  o f  the 
USNDC, the Committee i s  co g n iza n t o f  the p iv o t a l  r o l e  o f  b a s ic  re se a rch  in  
the o v e r a l l  s c i e n t i f i c  e f f o r t .  A la r g e  p r o p o r t io n  (abou t 1 /3 ) ,  o f  p r e se n t 
NDC membership c o n s is t s  o f  s c i e n t i s t s  engaged in  b a s i c  r e s e a r c h . The NDC 
re c o g n iz e s  th e  im portance o f  th e n u c le a r  co m p ila t io n  e f f o r t  f o r  b a s ic  s c ie n c e  
as w e ll  as f o r  a p p l ic a t io n .  The makeup o f  the USNDC mem bership su g g e sts  
th a t i t  i s  becom ing b e t t e r  q u a l i f i e d  to  r e p re se n t th e  in t e r e s t s  o f  both  th e  
pu re  and a p p lie d  re se a rch  com m unities in  the U n ited  S ta te s .

D I S  C U S S I O N

L . H JÄ R N E : P r o f e s s o r  H a v e n s ' p a p e r  i s  the s in g le  on e  at th is  
S y m p o s iu m  to  d e a l w ith  w hat th e W e in b e r g  R e p o r t *  c a l le d  " S c ie n t i f i c  
I n t e l l ig e n c e "  o r  w hat m a y  b e  u n d e r s t o o d  a s  s c ie n c e  m a n a g e m e n t in 
fo r m a t io n .  A  s c ie n t is t  in  c h a r g e  o f  a  r e s e a r c h  in s t itu te , la r g e  o r  s m a ll ,  
i s  in d e e d  a m a n a g e r  in  a d d it io n  to  b e in g  a s c ie n t is t  and  he n e e d s  m a n a g e 
m e n t in fo r m a t io n . H e ca n  g e t s u c h  in fo r m a t io n  f r o m  tw o s o u r c e s :

(a ) P r o g r e s s  r e p o r t s ,  w h ich  t e l l  h im  w hat w o r k  i s  in  p r o g r e s s  and w ho 
i s  d o in g  it ;

*  Science, Government and Information: a report of the President's Science Advisory Committee, 

US Government Printing Office, Washington, D . C . , 10 January 1963.
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(b ) R e q u e s t  l i s t s ,  w h ich  t e l l  h im  w hat w o r k  n e e d s  to  b e  don e  — what
p r o d u c t s  he ca n  s e l l ,  s o  to  sp e a k .

M u ch  d is c u s s io n  in the p a s t  h as  c e n tr e d  on  th e r e o r g a n iz a t io n  o f  r e q u e s t  
l i s t s  s o  that a c c o u n t  ca n  b e  ta k en  o f  th e g r e a t ly  in c r e a s e d  s c o p e  o f  n o n 
n e u tro n  data  and  th e g r e a t ly  e n la r g e d  ra n g e  o f  a p p lic a t io n s .  I sh o u ld , 
t h e r e f o r e ,  l ik e  to  a d d r e s s  m y s e l f  to  on e  s p e c i f i c  a s p e c t  o f  th e p r o b le m  
and a s k  h ow , in  y o u r  o p in io n , w e sh ou ld  c o r r e l a t e  th e p r i o r i t i e s  a s s ig n e d  
to  d i f fe r e n t  a p p l ic a t io n s .  H ow  is  it g o in g  to  b e  d on e  in  th e U n ited  S ta tes  
and  h ow  i s  it  g o in g  to  b e  don e  in te r n a t io n a lly ?  M y  c o n te n t io n  i s  that you  
ca n n o t d o  th is  s a t i s f a c t o r i l y ,  e v e n  th ou gh  p r i o r i t i e s  a r e  u s e fu l  and  v e r y  
m u c h  n e e d e d  w ith in  e a c h  f i e ld  o f  a p p lic a t io n .

W . W . H A V E N S , J r .  : T h e r e  a r e  n o  c r i t e r i a  a s  y e t f o r  e s ta b l is h in g  
p r i o r i t i e s  in  the s e le c t io n  o f  m e a s u r e m e n ts  w h ich  a r e  r e q u ir e d  in  d if fe r e n t  
f i e ld s .  F o r  th e p r e s e n t ,  the U SN D C w il l  h a v e  to  d is c u s s  m e a s u r e m e n ts  
on  an in d iv id u a l, ad  h o c ,  b a s is  and d e c id e  w h ich  o n e s  sh o u ld  b e  p e r fo r m e d  
f i r s t ,  ta k in g  in to  a c c o u n t  the d i f f i c u l ty  o f  th e  m e a s u r e m e n t  and  the eq u ip m e n t 
and  m a n p o w e r  a v a ila b le  to  m a k e  it . O ur e x p e r ie n c e  h a s  b e e n  that r e q u ir e d  
m e a s u r e m e n t s  a r e  m a d e  v e r y  r a p id ly  w hen  the e q u ip m e n t and  te c h n iq u e s  
a r e  a v a i la b le .  It is  w hen  n e w  d e v e lo p m e n ts  a r e  r e q u ir e d  that th e m e a s u r e 
m e n ts  ta k e  a lo n g  t im e  to  m a k e .

G . A . K O L S T A D : I sh o u ld  lik e  to  m a k e  a fe w  c o m m e n ts  b y  w a y  o f  
a m p lify in g  the r e m a r k s  o f  P r o f e s s o r  H a v e n s . Y ou  w il l  h a v e  n o te d  th at th r e e  
o f  th e  s u b - c o m m it t e e s  to  w h ich  he r e f e r r e d  c o n s i s t e d  o f  o n ly  on e  p e r s o n  
e a c h . T h is  r e f l e c t s  th e  fa c t  that the U SN D C  is  s t i l l  in  an  e a r ly  s ta g e  o f  it s  
r e - o r g a n i z a t i o n  and  th a t, at the t im e  the p a p e r  w a s  p r e p a r e d ,  a l l  s u b 
c o m m it t e e  m e m b e r s  h ad  n ot y e t  b e e n  a p p o in te d . S e c o n d ly , w ith  r e s p e c t  
to  p r i o r i t i e s ,  a s  y ou  m a y  k n ow , in  th e f ie ld  o f  f i s s i o n  r e a c t o r s  w e h ave  
the A d v i s o r y  C o m m it te e  on  R e a c t o r  P h y s i c s ,  w h o s e  fu n c t io n  i s  to  s c r e e n  
th e r e q u e s t s  f r o m  the r e a c t o r  c o m m u n ity  and to  d e fin e  and  a s s ig n  p r i o r i t i e s  
w ith in  th e f i s s i o n  r e a c t o r  f ie ld .  It i s  o u r  h o p e  that th e  o th e r  a r e a s  w h ich  
r e q u ir e  n u c le a r  d a ta , s u ch  a s  b io m e d ic in e ,  s a fe g u a r d s  and  c o n t r o l le d  t h e r m o 
n u c le a r  r e a c t o r s ,  w i l l  e s ta b l is h  s im i la r  g r o u p s  to  r e c o m m e n d  d e f in it io n s  
o f  p r i o r i t i e s  w ith in  th e ir  s p h e r e s  o f  r e s p o n s ib i l i t y  and  to  a s s ig n  p r i o r i t i e s  
to  s p e c i f i c  m e a s u r e m e n ts  n e e d e d . T h u s , I w ou ld  n ot e x p e c t  the d e v e lo p m e n t  
o f  a c o m m o n  s e t  o f  p r i o r i t i e s  but r a th e r  o f  d i f fe r e n t  s e t s  o f  p r i o r i t i e s  w ith in  
e a c h  a p p lie d  a r e a .  L a s t ly ,  I m ig h t m e n tio n  that w e h av e  d e c id e d  to  b r in g  
to g e th e r  a s e t  o f  " s a n i t i z e d "  v e r s io n s  o f  the r e p o r t s  o f  th e s u b - c o m m it t e e s  
in to  a s in g le  v o lu m e  and to  d is t r ib u te  th e m  on  a  w o r ld -w id e  b a s i s .  T h e  f i r s t  
s u ch  v o lu m e  r e a c h e d  m y  d e s k  a w e e k  a g o  and i s  on  it s  w a y  to  the p r in t e r s .

D .J .  H O R E N : W h en  th e r e  a r e  p r i o r i t i e s  in  m a n y  d i f fe r e n t  a r e a s ,  
th e  p e r s o n  w ho m a k e s  the d e c is i o n  a s  to  w hat a c tu a lly  g e ts  d on e  m u st 
ta k e  in to  c o n s id e r a t io n  th e e f f e c t  o f  th e p r i o r i t i e s  in  on e  a r e a  on  th o s e  
in  o th e r  a r e a s .  T h e r e  i s  a v e r y  s t r o n g  c o u p lin g  in  s o m e  c a s e s .  T h e  
c o m p ila t io n  o f  b a s i c  data  i s  a p e r t in e n t  e x a m p le .

J . J . S C H M ID T : W hat a r e  the s p o n s o r in g  a g e n c ie s  o f  the U S N D C ?
G . A . K O L S T A D : T h e  U SN D C  o p e r a t e s  u n d er  th e g e n e r a l  a u s p ic e s  

o f  th e U S A E C . T h is  i s  f o r  r e a s o n s  o f  c o n v e n ie n c e ,  s o  that it  ca n  h a v e  a 
s in g le  a d m in is t r a t iv e  p o in t  o f  c o n ta c t  w ith  th e G o v e r n m e n t . T h e r e  a r e  
o th e r  p a r t ic ip a t in g  F e d e r a l  a g e n c ie s  — th e O f f ic e  o f  S ta n d a rd  R e fe r e n c e  
D ata  S y s t e m s  o f  th e N a tio n a l B u re a u  o f  S ta n d a rd s , a s  m e n tio n e d  b y  
P r o f e s s o r  H a v e n s , the N a tio n a l S c ie n c e  F o u n d a tio n  and the D e p a rtm e n t
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o f  D e fe n s e ,  i . e .  the D e fe n s e  N u c le a r  A g e n c y  (D N A ). N A S A  a ls o  c o n t r i 
b u te s  s o m e  input but d o e s  n ot f o r m a l ly  p a r t ic ip a t e  th is  input i s  s u p p lie d  
th ro u g h  it s  l a b o r a t o r i e s .

W . W . H A V E N S , J r .  : T h e  l i s t  o f  e x  o f f i c i o  m e m b e r s  g iv e n  in  the 
p a p e r  in c lu d e s  th e  r e p r e s e n t a t iv e s  f r o m  the o th e r  a g e n c ie s .

J . J . S C H M ID T : D r . H a v en s  r e f e r r e d  to  the u s e fu ln e s s  o f  th e s o -  
c a l le d  R E N D A  R e q u e s t  L is t ,  w h ich  i s  d ir e c t e d  to  n u c le a r  data  n e e d s  
f o r  f i s s i o n  r e a c t o r s .  T h e  IA E A  is  n ow  e d it in g  th is  l i s t  on  a w o r ld -w id e  
s c a le  and  i s  d e v e lo p in g  s im i l a r  n u c le a r  data  r e q u e s t  l i s t s  f o r  t h e r m o 
n u c le a r  fu s io n  and  f o r  n u c le a r  m a t e r ia ls  s a fe g u a r d s  p u r p o s e s .  T h e r e  
i s  th e q u e s t io n  w h e th e r  r e q u e s t  l i s t s  o f  th is  ty p e  s h o u ld  b e  d e v e lo p e d  
a ls o  f o r  o th e r  f i e l d s ,  s u ch  a s  b io m e d ic in e  o r  a c t iv a t io n  a n a ly s is .  T h is  
b r in g s  m e  to  the f o l lo w in g  g e n e r a l  q u e s t io n : w hat do y ou  c o n s id e r  to  b e  
th e m o s t  u s e fu l  m e a n s  o f  g e tt in g  th e data  n e e d s  o f  th e u s e r s  kn ow n  to  
p o t e n t ia l  p r o d u c e r s  s o  that th e s e  n e e d s  ca n  b e  s a t is f ie d  w ith in  r e a s o n a b le  
t im e  l im it s  c o m p a t ib le  w ith , f o r  e x a m p le ,  d e s ig n  d e a d lin e s  the u s e r s  
m u st o b s e r v e ?

W . W . H A V E N S , J r .  : T h e  b e s t  w a y  to  h av e  a m e a s u r e m e n t  m a d e  
i s  to  get h o ld  o f  th e m e a s u r e r  and c o n v in c e  h im  o f  th e  im p o r t a n c e  o f  d o in g  
it . T o  b e  s u r e ,  th is  i s  n o t a f o r m a l  m e c h a n is m . H o w e v e r ,  th e  r e q u e s t  
l i s t s  h av e  — w e b e l ie v e  — had s o m e  e f f e c t  on  th e s e t t in g  up o f  r e s e a r c h  
p r o g r a m s .  T h e y  h av e  h e lp e d  e s ta b l is h  p r i o r i t i e s  in  th o s e  c a s e s  w h e r e  
t e c h n iq u e s  and  f a c i l i t i e s  w e r e  a v a ila b le  f o r  m a k in g  m e a s u r e m e n ts .  In 
a d d it io n , th e y  h av e  d raw n  a tte n t io n  o v e r  the y e a r s  to  a r e a s  in  w h ich  
f a c i l i t i e s  and te c h n iq u e s  d o  n o t  é x is t .  F o r  e x a m p le ,  th e r e  i s  the c a s e  o f  
c a p tu r e  c r o s s - s e c t i o n s ,  w h ich  i s  n ow  w e l l  on  the w a y  to  b e in g  s o lv e d .
I f  you  g o  b a c k  to  1966 and  lo o k  th ro u g h  B N L  3 2 5 , y o u  w i l l  f in d  that th e r e  
w e r e  v e r y  fe w  F^ 's in  th e c o m p ila t io n , th e  c a p tu r e  c r o s s - s e c t i o n  m e a s u r e 
m e n ts  w e r e  v e r y  p o o r  and th e d is c r e p a n c i e s  w e r e  v e r y ,  v e r y  la r g e .  But 
c a p tu r e  c r o s s - s e c t i o n s  a r e  q u ite  im p o r t a n t , e s p e c ia l l y  w h e r e  fa s t  r e a c t o r s  
a r e  c o n c e r n e d ,  and  t h e r e f o r e /a  r e a l  e f f o r t  w a s  m a d e  to  get s o m e  g o o d  
m e a s u r e m e n ts .  T h is  w a s  d on e  b y  the E u r o p e a n -A m e r ic a n  N u c le a r  D ata  
C o m m it te e  and  I th in k  th e n u m b e r  o f  c a p tu r e  m e a s u r e m e n ts  h a s  in c r e a s e d  
s u b s ta n t ia l ly  s in c e  that t im e .  T h e r e  a r e  s t i l l  d is c r e p a n c ie s  an d  p r o b a b ly  
a lw a y s  w i l l  b e ,b u t  th e  d ata  h av e  im p r o v e d  a g r e a t  d e a l  and a r e  s t i l l  im p r o v in g .

G .A .  K O L S T A D : It s h o u ld  a ls o  b e  e m p h a s iz e d  that th e U .S . N u c le a r  
D ata  C o m m it te e  i s  n o t an a d v i s o r y  c o m m it t e e .  R a th e r , it  ca n  b e  lo o k e d  
upon  a s  an  o p e r a t io n a l  g r o u p . M e m b e r s  a r e  c h o s e n  on  the b a s is  o f  th e ir  
t e c h n ic a l  c o m p e t e n c e  and  th e ir  b r o a d  r e s p o n s ib i l i t i e s  and  a u th o r ity  in  im p le 
m e n tin g  th e  c o n c lu s io n s  o f  the g r o u p . T h u s , th e a c t io n s  o f  th e g ro u p  a r e  
la r g e ly  s e l f - im p le m e n t in g .  It m a k e s  r e c o m m e n d a t io n s  o n ly  in c id e n ta lly  
to  it s  m a in  r e s p o n s ib i l i t i e s  f o r  in fo r m a t io n  e x c h a n g e  and  p r o g r a m  c o 
o r d in a t io n  and  th en  o n ly  w hen  th e y  a r e  in s e p a r a b le  f r o m  i t s  o th e r  fu n c t io n s . 
T h u s , t h e r e  i s  a r a th e r  s h o r t  and  d i r e c t  r e la t io n s h ip  b e tw e e n  the u s e r s  o f  
th e data  an d  th e m e a s u r e r s .

T . F U K E T A : W hat a c c o u n t  a r e  th e s u b - c o m m it t e e s  ta k in g  o f  n u c le a r  
data  in  c o n n e c t io n  w ith  th e w a s te  d is p o s a l  p r o b le m ?

W . W . H A V E N S , J r . :  T h e  A d v i s o r y  C o m m it te e  on  R e a c t o r  P h y s ic s  
a d v is e s  th e U SN D C  o f  the c r o s s - s e c t i o n s  and  p r i o r i t i e s  w h ich  a r e  n e c e s s a r y  
f o r  r e a c t o r  d e v e lo p m e n t s .  It w o u ld  b e  th e r e s p o n s ib i l i t y  o f  th e A d v is o r y  
C o m m it te e  on  R e a c t o r  P h y s ic s  (A C R P ) to  in fo r m  the U SN D C  o f  m e a s u r e 
m e n ts  w h ich  w o u ld  b e  n e c e s s a r y  f o r  th e w a s te  d is p o s a l  p r o b le m .
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ЦЕНТР ПО СБОРУ, ОЦЕНКЕ И 

РАСПРОСТРАНЕНИЮ НЕНЕЙТРОННЫХ 

ЯДЕРНЫХ ДАННЫХ ГКАЭ СССР

Ф . Е .  Ч У К Р Е Е В
И н ст и т у т  а то м н о й  эн ер ги и  им . И .В  .К у р ч а т о в а ,
М о с к в а ,
С ою з С о в е т с к и х  С о ц и а л и ст и ч е с к и х  Р е с п у б л и к  

Abstract- Аннотация

CENTRE FOR COLLECTION, EVALUATION AND  DISSEMINATION OF NON-NEUTRON NUCLEAR D AT A .

In accordance with a recommendation made by the International Atomic Energy Agency, the USSR 

State Committee on the Utilization of Atomic Energy decided in 1972 to establish a centre for the collec

tion, evaluation and dissemination of non-neutron nuclear data. The author describes the scope of the 

centre's operations and the plans for carrying out its tasks.

Ц Е Н Т Р  П О  С Б О Р У ,  О Ц Е Н К Е  И Р А С П Р О С Т Р А Н Е Н И Ю  Н Ё Н Е Й Т Р О Н Н Ы Х  Я Д Е Р Н Ы Х  Д А Н 

Н Ы Х  Г К А Э  С С С Р .

В  соответствии с рекомендацией М А Г А Т Э  Государственный Комитет по использова

нию атомной энергии С С С Р  (Г К А Э  С С С Р )  в 1972 году принял решение создать Центр по 

сбору, оценке и распространению ненейтронных ядерных данных. В  докладе будет рассмот

рен круг задач, решаемых Центром, и дана информация о планах работы.

В  с о о т в е т с т в и и  с  р е к ом ен д а ц и я м и  М еж д ун ар од н ой  р а б о ч е й  группы  
п о дан ны м  о с т р у к т у р е  ядра  и я д ер н ы м  р еа к ц и я м  [ 1 ] (IW G N SR D ) 
Г К А Э  С С С Р  принял р еш ен и е о р г а н и з о в а т ь  Ц ен тр  п о  дан ны м  о  стр о е н и и  
а т о м н о г о  ядра и я д ер н ы м  реа к ц и я м  Г К А Э . Э т о т  Ц ен тр  о р г а н и зо в а н  в 
И н ст и т у т е  а т о м н о й  эн е р ги и  им .И  .В  .К у р ч а т о в а  ( г .М о с к в а ) .  О д н о в р е 
м ен н о  А к а д ем и я  наук С С С Р  приняла реш ен и е  о б  ор ган и за ц и и  а н а л о ги ч 
н о г о  Ц ен тра  в Л е н и н гр а д ск ом  и н с т и т у т е  я д ер н ой  ф изики  ( г .Г а т ч и н а ) .  
О ба Ц е н тр а , с о г л а с о в а в  п р о г р а м м ы  с в о е й  р а б о т ы , д е й ст в у ю т  в т е с н о м  
к о н т а к т е  д р у г  с  д р у г о м  . П о ск о л ь к у  о б а  Ц ен тра  р а сп ол ож ен ы  в г о р о 
д а х , вбл и зи  к о т о р ы х  ск он ц ен т р и р ов а н ы  н аибол ьш и е н аучн ы е силы  и н аи 
б о л е е  х о р о ш о  о б о р у д о в а н н ы е  л а б о р а т о р и и , т о  мы  р а с с ч и т ы в а е м , ч т о  не 
б у д е т  в о зн и к а т ь  т р у д н о с т е й  при при вл ечен и и  н а учн ы х  со т р у д н и к о в  в ы 
с о к о й  квалиф икации  к реш ению  за д а ч , ст о я щ и х  п е р е д  вн овь  соз д а н н ы м и  
Ц е н т р а м и . К р о м е  т о г о ,  т а к о е  р а сп о л о ж е н и е  Ц ен тр ов  п о з в о л и т  л е г к о  
п ол у ч а ть  м н о г о  д оп ол н и тел ьн ой  и н ф орм ации  о т  а в т о р о в  р а б о т  п у т е м  
л и ч н ого  о б щ е н и я .

Ц ентры  соби р а ю т в сю  инф орм ацию  о  я д р а х , не в в од я  к а к о г о -л и б о  
п р е д в а р и т е л ь н о г о  э л е м е н т а  о ц е н к и . С б о р  и н ф орм ации  — одна из г л а в 
нейш их за д а ч  Ц е н т р о в ; она  р е ш а е т с я  п у т е м  р а з у м н о г о  р а зд ел ен и я  т р у 
да м е ж д у  ними с  п осл едую щ и м  о б м е н о м  в с е й  со б р а н н о й  и н ф ор м ац и и .
Б е з  д о с т а т о ч н о  полн ой  и н ф ор м ац и и ; за п и са н н ой  в т а к о м  в и д е , к о то р ы й  
о б е с п е ч и в а е т  оц ен щ и ку л е г к о с т ь  д о с т у п а  и в о з м о ж н о с т ь  а в т о м а т и за ц и и  
р ути нн ой  ч а с т и  е г о  р а б о т ы , т р у д н о  р а с с ч и т ы в а т ь  на п р и вл ечен и е в ы с о 
к ок ва л и ф и ц и р ова н н ы х  ф и зи к ов  к р а б о т а м  п о оц ен к е  я д е р н ы х  дан н ы х , 
н е о б х о д и м ы х  для реш ения н а у ч н о -т е х н и ч е с к и х  з а д а ч .
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П р е д п о л а г а е т с я , ч т о  Ц ен тр  по дан ны м  о  стр о е н и и  а т о м н о г о  ядра 
и я д ер н ы м  р еа к ц и я м  не т о л ь к о  с о б и р а е т  инф орм ацию , но и о р г а н и з у е т  в 
р а м к а х  Г К А Э  р а б о т ы  по о ц ен к е  т е х  дан н ы х , к о т о р ы е  н е о б х о д и м ы  как 
для реш ения н а у ч н о -т е х н и ч е с к и х  за д а ч  Г К А Э , та к  и для ф у н д а м е н т а л ь 
н ы х и с с л е д о в а н и й .

В  с в о е й  д е я т е л ь н о с т и  по оц ен к е  Ц АЯД  Г К А Э  п о д д е р ж и в а е т  и б у д е т  
п о д д е р ж и в а ть  т е с н ы е  с в я з и  с  ЦАЯД АН С С С Р .

Ц А Я Д  Г К А Э  долж ен  о б е с п е ч и в а т ь  н ен ей тр он н ы м и  яд ер н ы м и  д а н н ы 
ми сл едую щ и е о сн о в н ы е  прикладны е о б л а с т и :

1 . Р е а к т о р о с т р о е н и е .
2 . И ссл е д о в а н и я  в о б л а с т и  у п р а в л я е м о г о  т е р м о я д е р н о г о  с и н т е з а  .
3 .  Т е х н и ч е с к и е  м е т о д ы  с и с т е м ы  г а р а н т и й .
4 .  Э л ем ен тн ы й  ан ал и з в е щ е с т в а  с  и сп о л ь з о в а н и е м  я д е р н о -ф и з и -  

ч е с к и х  м е т о д о в .
5 .  П р о и з в о д с т в о  и п ри м ен ен и е и с к у с с т в е н н ы х  р а д и оа к ти в н ы х  

и з о т о п о в .
6 . Защ ита и д о з и м е т р и я .
7 . Я д ер н ая  ф и зи к а , а ст р о ф и з и к а  и т . д .

Б о л е е  п о д р о б н о е  и зл ож ен и е  п о т р е б н о с т е й  каж дой  и з э т и х  о б л а с т е й  дан о 
в р а б о т е  [2 ] .

С е й ч а с  нам  т р у д н о  б о л е е  ч е т к о  о п р е д е л и т ь  т е м а т и к у  д е я т е л ь н о ст и  
Ц АЯ Д  Г К А Э  в с л е д с т в и е  т о г о ,  ч т о  ан ал и з з а п р о с о в  п о л ь з о в а т е л е й  ещ е 
не за в ер ш ен  и п ока  не в ы р а б о т а н  с п и с о к  п е р в о о ч е р е д н ы х  п о т р е б н о с т е й . 
Т е м  не м е н е е  у ж е  с е й ч а с  м ож н о  с к а з а т ь ,  ч т о  в о б л а с т и  р е а к т о р о с т р о е -  
ния су щ е ст в е н н а я  ч а с т ь  р а б о т  п о оц ен к е  я д ер н ы х  да н н ы х  б у д е т  св я за н а  
с  за д а ч а м и  к он тр ол я  н ей тр он н ы х  п о т о к о в  вн утр и  р е а к т о р о в .  Для э т и х  
за д а ч  н е о б х о д и м о  зн а т ь :

а) се ч ен и я  ак ти вац и и  т еп л ов ы м и  и р е зо н а н сн ы м и  н ей тр он а м и  э л е 
м е н т о в , п р и м е н я е м ы х  в к а ч е с т в е  д е т е к т о р о в  н е й тр о н о в  (N a , M n , C u ,

R h , V , D y , L u , W , A g , P t , A u ), в р е м е н а  ж изни и с х е м ы  р а сп а д а  
я д е р  п р о д у к т о в . Для у ч е т а  ф она н е о б х о д и м ы  эт и  же дан н ы е для э л е м е н 
т о в  к о н стр у к ц и о н н ы х  м а т е р и а л о в  ( N i ,  A l , F e ,  C d )  и я д е р н о г о  го р ю ч е го  
( 2 3 5 U , 2 38U , 2 3 9 P u ) ;

б) се ч ен и я  акти вац и и  э л е м е н т о в , п р и м е н я е м ы х  в к а ч е с т в е  п о р о г о в ы х  
д е т е к т о р о в  ( О ,  P ,  S , A l , M g , F e ) ,  в р е м е н а  ж изни и с х е м ы  р а сп а д а  
я д е р -п р о д у к т о в .

О дной  и з гл а вн ей ш и х  за д а ч  Ц АЯД  Г К А Э  я в л я е т с я  за д а ч а  о б е с п е ч е 
ния н ен ей тр он н ы м и  яд ер н ы м и  данны м и и н тен си в н о  вед у щ и х ся  в и н с т и т у 
т а х  Г К А Э  и ссл е д о в а н и й  по у п р а в л я ем ы м  т е р м о я д е р н ы м  р е а к ц и я м . Для 
э т и х  и ссл е д о в а н и й  н е о б х о д и м ы  данны е о  се ч е н и я х  в з а и м о д е й ст в и я  л е г 
к и х  я д е р  при э н е р г и я х  в н е ск о л ь к о  М э В . Нужны та к ж е  и дан н ы е о 
с п е к т р а х  г а м м а -л у ч е й  и в р е м е н а х  жизни я д е р , рож даю щ ихся  в р е з у л ь т а т е  
в з а и м о д е й с т в и я  п р о д у к т о в  т е р м о я д е р н ы х  реакций с  эл е м е н т а м и  к о н с т р у к 
ц и он ны х м а т е р и а л о в  и м а т е р и а л о в , к о т о р ы е  м о г у т  б ы ть  и сп о л ь зо в а н ы  
для в о с п р о и з в о д с т в а  тр и ти я  ( L i , B e ,  С , F, N b , M o , Z r  ) .

П од р обн ы й  ан ал и з н е о б х о д и м ы х  я д ер н ы х  д ан н ы х для т е р м о я д е р н ы х  
и ссл е д о в а н и й  п р и вед ен  в р а б о т а х  [3 ,4 ] .

П ри веден ны й  вы ш е сп и с о к  о с н о в н ы х  при кладн ы х о б л а с т е й  науки и 
тех н и к и , к о т о р ы е  н е о б х о д и м о  о б е с п е ч и в а т ь  н ен ей тр он н ы м и  я дерн ы м и  
дан н ы м и , не м о ж е т , к о н е ч н о , с ч и т а т ь с я  о к о н ч а т е л ь н ы м . Н аблюдающ аяся 
с е й ч а с  тен ден ц и я  к вн едрен и ю  м е т о д о в , с о з д а н н ы х  для реш ения я д ер н ы х
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за д а ч , в  д р у г и х  о б л а с т я х , н е со м н е н н о , п о с т а в и т  н о в ы е , м о ж е т  б ы т ь , 
д а ж е не ч и с т о  я д ер н ы е  за д а ч и  п е р е д  оц ен щ и к а м и .

В  к а ч е с т в е  п р и м ер а  м ож н о  п р и в е сти  оч ен ь  и н тер есн ы й  и ,п о -в и д и м о -  
м у , м н огообещ аю щ и й  м е т о д  э л е м е н т н о г о  ан ал и за  м и к р о к о л и ч е ст в  в е 
щ е ст в а  п о х а р а к т е р и с т и ч е с к о м у  р е н т г е н о в с к о м у  изл учен и ю , в о з б у ж д а е 
м о м у  в н ем  п уч к ам и  тя ж е л ы х  за р я ж ен н ы х  ч а ст и ц , та к и м и , как п р отон ы  
и а л ь ф а -ч а с т и ц ы .

Э т о т  м е т о д  и с п о л ь з у е т  г е р м а н и е в ы е  и к р е м н и е в ы е  п о л у п р о в о д н и к о 
в ы е  с п е к т р о м е т р ы  и у ск о р и т е л и  ср е д н и х  э н е р г и й , т . е .  ти п и чн ое  о б о р у 
д ов а н и е  со в р е м е н н о й  я д е р н о -ф и з и ч е с к о й  л а б о р а т о р и и . Мы д у м а е м , 
ч т о  е сл и  э т о т  м е т о д  н ай д ет  ш и р ок ое  п р и м ен ен и е , т о  гл а в ен ств у ю щ а я  р ол ь 
в  о ц ен к е  н е о б х о д и м ы х  да н н ы х  б у д е т  п ри н адл еж ать  ф и зи к а м -я д е р щ и к а м , 
х о т я  э т о т  м е т о д  в с в о е й  о с н о в е  не я д ер н ы й , а а т о м н ы й .

Ш и р ок ое  р а з в и т и е  р а б о т  по с б о р у , оц ен к е  и р а сп р о стр а н е н и ю  н е 
н ей тр он н ы х  я д е р н ы х  да н н ы х  н е в о зм о ж н о  б е з  м е ж д у н а р о д н о го  о б ъ е д и н е 
ния уси л и й  Ц ен тр ов  р а з н ы х  с т р а н . В  п ервую  о ч е р е д ь  м е ж д у н а р од н ое  
с о т р у д н и ч е с т в о  н е о б х о д и м о  в о б л а ст и  с б о р а  ин ф орм ац и и  о  р а б о т а х  по ядерн ой  
ф и зи ке -  о сн о в н ы х  п о ст а в щ и к а х  н ен ей тр он н ы х  я д ер н ы х  д а н н ы х . В  э т о й  о б л а 
с т и  , п о -в и д и м о м у , наибол ьш ий оп ы т  и м е е т  П р о е к т  п о Я д ер н ы м  Д анны м 
(N u c le a r  D ata  P r o je c t  ) ,  р у к о в о д и м ы й  Д .Д ж  . Х о р е н о м  ( D . J . H o r e n ) . 
П ринятая в О к -Р и д ж е  с и с т е м а  р еф ер и р ов а н и я  в кл ю чевы х с л о в а х  о б л а д а 
е т  т е м  н е со м н е н н ы м  д о с т о и н с т в о м , ч т о  р е ф е р а т ы  р а б о т ,  п ол у ч ен н ы е эт и м  
п у т е м , п он ятн ы  и ч е л о в е к у , и в ы ч и сл и тел ь н ой  м а ш и н е . М ы с ч и т а е м , 
ч т о  б у д у щ ее  р а з в и т и е  и н ф ор м ац и он н ой  с и с т е м ы  м и р о в о г о  м а сш т а б а  по 
дан ны м  о  с т р о е н и и  а т о м н о г о  ядра  и я д ер н ы м  р еа к ц и я м  б у д е т  п р о и сх о д и т ь  
на б а з е  р е ф е р а т о в  в кл ю чевы х с л о в а х .  Н е о б х о д и м о , к о н е ч н о , р а сш и р я ть  
к р у г  р а б о т ,  р е ф е р и р у е м ы х  в э т о й  с и с т е м е ,  и п р еж д е  в с е г о  за с ч е т  р а с 
ш ирения к л а с с о в  р е ф е р и р у е м ы х  р а б о т . На наш в з г л я д , н е о б х о д и м о  та к ж е  
с д е л а т ь  р а б о т у  по со ст а в л е н и ю  э т и х  р е ф е р а т о в  общ ей  р а б о т о й , р а зд ел и в  
е е  м е ж д у  ф и зи кам и  м н о г и х  с т р а н .  Т а к о е  р а зд е л е н и е  при о б я з а т е л ь н о м  
у сл о в и и  о б м е н а  в с е й  со б р а н н ой  и нф орм ации  в ы г о д н о  по д в у м  при чи н ам :

1 . У в е л и ч и тся  с к о р о с т ь  п осту п л ен и я  св е д е н и й  о  в ы п ол н ен н ы х  р а 
б о т а х  к оц ен щ и кам  и ,с л е д о в а т е л ь н о , ими б у д е т  о х в а ч е н о  бол ьш е п е р в и ч 
н ы х  д а н н ы х .

2 .  И сч е зн у т  я з ы к о в ы е  т р у д н о с т и , к о т о р ы е  с е й ч а с  и н огд а  п р и вод я т 
к д о са д н ы м  п о г р е ш н о с т я м  при р еф ер и р ов а н и и  за  р у б е ж о м  р а б о т  с о в е т с к и х  
у ч е н ы х .

Е сл и  в с е  р е д а к т о р ы  я д е р н о -ф и з и ч е с к и х  ж урн ал ов  п р и м у т  р е к о м е н 
дации IW G N S R D  [5] и о б е с п е ч а т  р е ф е р и р о в а н и е  р а б о т  в кл ю чевы х с л о 
в а х , т о  э т о ,  к о н е ч н о , у ск о р и т  п о ст у п л е н и е  дан н ы х о  вы п ол н ен н ы х р а б о 
т а х  в ин ф ор м ац и онн ую  с е т ь  и л и к ви ди рует  я з ы к о в ы е  т р у д н о с т и . Но 
н е о б х о д и м о , по н аш ем у  мнению , о б р а т и т ь  вн и м ан ие на т о ,  ч т о  есл и  р е 
ф ер а ты  б у д у т  с о с т а в л я т ь с я  са м и м и  а в т о р а м и  р а б о т ,  т о  на сод ер ж а н и и  
р е ф е р а т о в  м о ж е т  з а м е т н о  о т р а з и т ь с я  личная т о ч к а  зр ен ия  а в т о р а , и 
т о г д а  р е ф е р а т  п о л у ч и т ся  с у б ъ е к т и в н ы м . Т а к а я  с у б ъ е к т и в н о с т ь  м о ж е т  
п р о я в и т ь ся  о с о б е н н о  си л ь н о  в р а з д е л е  "к о м м е н т а р и й "  (г д е  р а с с к а з ы в а е т 
ся  о  п а р а м е т р а х  эк сп е р и м е н т а л ь н о й  у с т а н о в к и ) и о сл ож н и ть  последую щ ую  
р а б о т у  оц ен щ и к а . П о э т о м у  о с о б е н н о  ж е л а т е л ь н о , ч т о б ы  при вы пол нении  
р а б о т ы  п о о ц ен к е  оценщ ик и м ел  в о з м о ж н о с т ь  л е г к о  у с т а н о в и т ь  к о н т а к т  
с  а в т о р о м  для уточ н ен и я  св е д е н и й  о б  и сп о л ь зо в а н н о й  м е т о д и к е .

Д о  т е х  п ор  пока не в с е  редак ц и и  публикую т р е ф е р а т ы  в кл ю чевы х 
с л о в а х , р а б о т у  п о реф ер и р ова н и ю  сл е д о в а л о  бы р а зд е л и т ь  м е ж д у  р я д ом
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р е г и о н а л ь н ы х  ц е н тр о в  в с о о т в е т с т в и и  с  я з ы к о м  и м е с т о м  п убл и кац и и . 
Т а к о е  р а з д е л е н и е  п о зв о л и л о  бы вклю чать в б и бл и отек и  в с е х  т е х  групп  
и ор га н и за ц и й , к о т о р ы м  н еоб х од и м ы  я д ер н ы е  д а н н ы е ,р е ф е р а т ы  я д е р н о -  
ф и зи ч е ск и х  р а б о т  о д н о в р е м е н н о  с их публикациям и  или даж е н е ск о л ь к о  
раньш е .

С о в е т с к и е  Ц ентры  м огл и  бы в з я т ь  на с е б я  р е ф е р и р о в а н и е  р а б о т ,  
п у б л и к у е м ы х  на р у с с к о м  я з ы к е .

Для ор ган и за ц и и  р а б о т ы  в м еж д у н а р од н ом  м а с ш т а б е  п о р е ф е р и р о в а 
нию с т а т е й  н е о о б х о д и м о , на наш в з г л я д , у т о ч н и т ь  правила р еф ер и р ов а н и я , 
та к  как оп ы т  п о к а з ы в а е т , ч т о  п равил а, и зл ож ен н ы е в р а б о т е  [6 ], д о п у с 
кают н е о д н о зн а ч н о е  т о л к о в а н и е . О рган и зац и ю  уточ н ен и я  правил с о с т а в 
ления р е ф е р а т а  м о гл а  бы в з я т ь  на с е б я  С екция  Я д е р н ы х  Д ан ны х 
М А Г А Т Э  .

О б м е н  р е ф е р а т а м и  н а и бол ее  ц е л е с о о б р а з н о  о с у щ е с т в л я т ь  ч е р е з  
С екцию  IN IS, в о з м о ж н о с т и  к о т о р о й , п о -в и д и м о м у , д о с т а т о ч н ы , ч тоб ы  
п р е д о с т а в и т ь  каж дой  гр у п п е  оц ен щ и ков р е ф е р а т ы  я д е р н о -ф и з и ч е с к и х  
и ссл е д о в а н и й  на т о м  н о с и т е л е , к о то р ы й  м а к си м а л ь н о  у д о б е н  в у сл о в и х  
данной  гр уп п ы  .

М ы  с т о л ь  п о д р о б н о  о с т а н а в л и в а е м с я  на п р о б л е м е  с б о р а  инф орм ации
о р а б о т а х  п о т о м у , ч т о  б е з  р а зв и т о й  с и с т е м ы  м е ж д у н а р о д н о го  с о т р у д н и 
ч е с т в а  в э т о й  о б л а с т и  едва  ли в о з м о ж н о  вклю чить бол ьш ие н ов ы е  группы  
ф и зи к ов  в д е я т е л ь н о с т ь  п о о ц е н к е . Н е о б х о д и м о с т ь  р а зд ел ен и я  тр уд а  
в м еж д у н а р о д н о м  м а с ш т а б е  ещ е б о л е е  оч еви д н а  при вы пол нении  р а б о т  
п о о ц е н к е . И х оч ен ь  тр у д н о  в ы п ол н я ть  б е з  н е п о с р е д с т в е н н ы х  к о н т а к т о в  
с  а в т о р а м и  я д е р н о -ф и з и ч е с к и х  и ссл е д о в а н и й , та к  как публикации не 
в с е г д а  с о д е р ж а т  д о с т а т о ч н о  п о д р об н ы е  с в е д е н и я .

В  заклю чен ие с л е д у е т  ещ е р а з  п о д ч е р к н у ть  в а ж н о с т ь  инициативы  
М А Г А Т Э  в реш ении  п р об л ем ы  с б о р а , оценки  и р а сп р о ст р а н е н и я  н ен ей 
т р о н н ы х  д а н н ы х . М ож н о н а д е я т ь с я , ч т о  э т а  инициатива б у д е т  п он ята  
и п од д ер ж ан а  в с е м и  за и н т е р е со в а н н ы м и  лицами и о р г а н и за ц и я м и . У ч и 
ты в а я  с л о ж н о с т ь  реш ения в с е й  п р обл ем ы  в ц е л о м ,с л е д у е т  п р и в е т с т в о 
в а т ь  любой ч асти ч н ы й  у с п е х  в э т о м  н ап равл ен и и .
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D I S C U S S I O N

М . L E D E R E R : D o e s  th e  w o r k  o f  y o u r  c e n tr e  h e lp  to  s u p p o r t , o r  is  
it in  o th e r  w a y s  c o n n e c t e d  w ith , the c o m p ila t io n s  o f  P e k e r  and  D z h e le p o v ?
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F . E . C H U K R E E V : Y e s ,  s u ch  s u p p o r t  i s  o f  c o u r s e  p r o v id e d .  In fa c t ,  
th e w o r k  o f  o u r  c e n t r e s  w o u ld  b e  im p o s s ib le  w ith ou t c l o s e  c o n ta c t s  w ith  o u r  
c o u n t r y 's  s c ie n t i s t s .

F . F R Ö H N E R : W hat is  the r e la t io n s h ip  b e tw e e n  the n ew  c e n tr e  and 
th e  N u c le a r  D ata  C e n tre  at O b n in sk ?  H ow  m u ch  o v e r la p  d o  y ou  e x p e c t ,  
o r  w il l  th e r e  b e  a c l e a r  d iv is io n  o f  ta s k s ?

F .  E . C H U K R E E V : W e a r e  c o - o r d in a t in g  o u r  a c t iv i t ie s  w ith  th o s e  o f  
th e  O b n in sk  C e n tre  and s h a ll  do e v e r y th in g  p o s s ib le  to  a v o id  d u p lic a t io n .

J . J . S C H M ID T : Is  th e r e  a n y  o r g a n iz a t io n  in  th e  S o v ie t  U n ion  w h ich  
c o r r e s p o n d s  to  th e  N u c le a r  D ata  C o m m it te e  o f  th e U n ited  S ta te s ?

F . E . C H U K R E E V : Y e s ,  th e r e  i s .  T h e  b o d y  in  q u e s t io n  i s  the N u c le a r  
D ata  C o m m it te e  o f  th e USSR S tate  C o m m it te e  on  the U t il iz a t io n  o f  A t o m ic  
E n e r g y .
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N U C L E A R  D A T A  P R O J E C T :  O P E R A T I O N S ,  

S T A T U S  A N D  P L A N S

D .J . HOREN,
N u clear D ata P ro je ct ,
O ak R idge N ationa l L a b ora tory ,*
Oak R idge, T en n ,
U nited States o f  A m erica

Abstract

NUCLEAR DATA PROJECT: OPERATIONS, STATUS AND PLANS.
A description of the operations of the Nuclear Data Project is presented. This includes a discussion 

of the Project's reference systems, compilation and evaluation efforts, generation of a nuclear structure 
data file, and the types of publications and services offered. The status of the mass-chain compilations for 
A >44 is reviewed. Interactions between the Project and other compilation groups will be noted. Some 
time will be devoted to future plans for handling the abundance of nuclear data being generated, and the 
contemplated modifications to the Project1 s methods of communicating with producers and users of nuclear 
data.

H istor ica lly , the N uclear Data P r o je c t  has been  p r im a rily  con cerned  with the 
p rob lem  o f  provid ing evaluated sum m aries o f n uclear stru cture data, m ainly fo r  
those nuclei with m ass num ber A > 4 5 . During the p r o c e s s  o f  p er form in g  this func
tion, a need a rose  f o r  a convenient m anner in which to supply co m p ile rs  with p e r ti
nent r e fe re n c e s , and this led  to the developm ent o f  a n uclear keyw ord system . In 
this pap er, we w ill d iscu ss  1) the P r o je c t 's  r e fe re n ce  system s and usage, 2) som e 
o f  the aspects  involved in the preparation  o f  m ass chain com pilations published in 
N uclear Data Sheets, and 3) som e in teractions with applied data u se rs  and som e 
future p la n s .

The N uclear Data P r o je c t  sca n s 1 and prep a res  keyw ords f o r  all papers ( i .e .  
about 3, 000 p e r  year) published in low  to m edium  energy n uclear p h y s ics . The 
keyw ord system  u sed  is  an extended v e rs io n  o f  that orig in a lly  developed by K . Way 
and co lla b ora tors  and in itia lly  adopted by the journal N u clear P h y s ic s . It is  based 
upon utilization  o f  d e scr ip to rs  com m only  u sed  in the f ie ld . The f ir s t  figure shows 
exam ples o f  keyw ord strings that have been  used to d e scr ib e  the contents o f a few  
se le cted  p a p e r s . N otice  that each  begins with a m a jor  ca teg ory , e . g . , R ad ioac
tiv ity , F iss ion , N u clear R eaction , e t c . ,  and contains both in form ation  as to what 
has been  m easured  as w ell as what has been  deduced . C om puter p rogra m s have 
been  w ritten  w hich allow  variou s types o f  sorting  and lis tin g . A m a jor  u se  o f this 
system  is  in the preparation  o f  R ecen t R e feren ces  which appears three tim es p er  
y ea r as issu es  o f  N uclear Data Sheets. In this publication , the keyw ords are  o r 
dered  a ccord in g  to a tom ic m ass num ber, w hich is  convenient fo r  those in terested  
in experim enta l papers which contain n u clear stru cture in form ation  on sp e c if ic  
n u clid es .

* Operated by Union Carbide Corporation for the US Atomic Energy Commission. 
Since 1968, this function has been performed by David West of the Data Project.
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RADIOACTIVITY ^ mCo; measured T\f2, Eß, 07-coin, 07-CP; deduced log ft, 
Q. 62Ni deduced levels, J, it, ICC. Ge(Li) detector, 3.5 keV at 660 keV.

NUCLEAR REACTIONS 12'13C(d,d),(d,p), E = 0.4-0.85 MeV; measured o(Ei); 

deduced optical model parameters. ^ ’^C levels deduced S. Enriched targets, 

DWBA analysis, resolution 100 keV; 0 = 20-120°, Д0 = 4°.

NUCLEAR REACTIONS, FISSION 235U(n,F), E= 1-1000 eV; measured o(E), 

(fragment) (fragment) (E;6).

FIG.l. Examples of keyword strings.

At the Data P r o je c t , other types o f  sorting  are a lso  generated . T hese in
clude listings by  sp e c if ic  type o f  reaction  [ e . g . ,  (d ,p ), (n ,a) , e t c .]  and by top ic 
[ e . g . ,  T ]y 2 > В (Е 2 ) ,  D opp ler sh ift, p o lariza tion , e t c . ] .

In addition to using the system  to publish  R ecent R e feren ces , the Data P r o j
e ct prov ides se le c te d  re fe re n ce  lis ts  p er iod ica lly  to  the fo llow ing .

T able o f  Isotopes (J .M . H ollander and C .M . L e d e re r , USA) m agnetic tapes 
A tom ic M ass A djustm ent (A .H . W apstra, The N etherlands; N .B . G ove, USA) 
N u clear M om ents (G .H . F u ller  and V .  S h irley , USA)
Photonuclear C ro ss  Section  C enter (E .G . F u ller, USA)
N uclear Inform ation  R esea rch  A ssoc ia tes  (22 co m p ile rs , USA)
N o n -P ro je c t C om p ilers  (H. V erh eu l, The N etherlands; S .C . P ancholi, India;

A . A rtna-C ohen , USA; B .S . D zhelepov and L .K . P ek er, USSR)
National Neutron C ro ss  Section  C enter (BNL, USA)

The m anner in which the P r o je c t  in teracts with these co m p ile rs /ev a lu a tors  and 
data p rod u cers  and u se rs  is  depicted  in the second  figu re .

The P r o je c t  a lso  scans and w rites keyw ords f o r  num erous unpublished lite r 
ature that it r e c e iv e s , and m aintains a separate  (secondary  sou rces) f i le  w hich is  
a lso  u sed  to in form  m ost o f  those listed  above. N um erous se lected  re fe re n ce  lists  
have been  provided  on  requ est.

N u clear Data C om pilations

Although com pilations published in the N uclear Data Sheets a re  p r im a rily  
orien ted  toward the b a s ic  r e s e a rch e r  w orking in  n uclear stru cture , m uch o f  their 
content has applied usage as is  evident fr o m  the contributions to this sym p osium .
In the fo llow ing , we w ill attempt to presen t an indication  o f  what is entailed in such 
a com pilation .

A typical m ass chain com pilation  involves con sideration  o r  som e 200 o r  
m ore  papers w hich deal with a variety  o f  top ics  and experim ental techniques in 
n uclear p h y s ic s . W e have m ade no attem pt to estim ate the actual quantity o f  nu
m e r ica l data that m ust be  con sid ered  by  the com p ile r  in doing such  a com pilation , 
but it is  certa in ly  s tagg erin g .
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FIG.2. Efforts of Nuclear Data Project in effecting communication between producer, compiler/evaluator, 
and users of nuclear data.

The function o f  the co m p ile r  is  to "thorough ly" exam ine and "ev a lu ate" the 
data content o f  these p a p ers , co r re la te  the resu lts  obtained fro m  d ifferent ex p eri
m ental m ethods and presen t a con sisten t and "b e s t "  se t o f data d escr ib in g  n uclear 
stru cture  ch a r a c te r is t ic s . In addition, he should c le a r ly  denote d iscrep a n cies  in 
the data, as w ell as focu s attention on those areas fo r  w hich data are lack ing. In 
view  o f  the com plex ity  and magnitude o f  such  a task, the com p ile r  is fo r ce d  to 
make various com p rom ises  such as amount o f  tim e he should expend on  any given 
pap er, how m uch rean aly sis  is  w arranted, e t c . ,  and this depends la rg e ly  upon the 
deta ils o f  s p e c if ic  experim enta l techn iques, the type and quality o f  data involved, 
and the background o f  the c o m p ile r . O bviously , the rea l value o f  such  a com p ila 
tion  to any u se r  depends v ery  m uch upon h is pa rticu la r  application  as w ell as his 
understanding o f  the e ffo r t  that went into producing the com pilation . T h is is  true 
even though he m ay on ly be  in terested  in a set o f  "b e s t "  va lu es.

By thoroughly reading a pap er, the com p ile r  usually  a cqu ires in form ation  
that a ssists  h im  in his evaluation . In addition, he is  lia b le  to d is co v e r  e r r o r s
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a n d /o r  in con s isten cies  that m ight have gone undetected had he on ly extracted  the 
data fro m  tables o r  figu res  contained therein . Unfortunately, it is not uncom m on 
to find com m ents in the text which som etim es re f le c t  upon the in terpretation  o f  the 
tabulated data. In num erous in stances, the co m p ile r 's  con clusion s can d iffe r  fro m  
those o f  the author due to the availability o f  in form ation  which m ay not have been  
available to the la tter , o r  p oss ib ly  due to b ias on the p art o f  the author. It might 
a lso  be  noted that in the evaluation e ffort fo r  the Data Sheets use is  m ade o f  a va
riety  o f  th eoretica l tools  ( e . g . ,  th eoretica l con vers ion  co e ffic ie n ts , n uclear m od
e ls , e /ß + ra tio s , e t c . ) .  T hese may a lso lead the co m p ile r  to con clusion s w hich 
d iffe r  fro m  an a u th or 's .

In v iew  o f  the broad  in terest in the p rop ertie s  o f  nuclear en ergy  lev e ls  ( e . g . , 
en ergy , h a lf - l i fe , spin  and p arity , e tc .)  and their decay  ( e . g . ,  m odes o f  decay , 
en erg ies , branching ra tio s , e t c . ) ,  particu lar em phasis is  p laced  upon these quan
t it ie s . F o r  exam ple, the co m p ile r  m eticu lously  exam ines the d ecay  schem es as 
w ell as the b a ses  fo r  absolute n orm alization s . T ry in g  to determ ine a legitim ate 
n orm alization  fa c to r  can som etim es p rove  rather frustratin g , e sp ec ia lly  if  there 
is  d ir e c t  decay to the ground state o f  the daughter. The m ain reason  fo r  this is  
that in those ca s e s  a reasonably  accurate  m easurem ent m ight involve con siderab le  
e ffo r t  on the part o f  the m ea su rer . If the la tter is  a n uclear structure sc ien tis t 
(which he usually  i s ) , he m ight conclude that the amount o f  ph ysics  to be derived  
m ay not be  w orth the w ork  req u ired . F o r  exam ple, m ost o f  the stru cture ph ysics  
can usually be learned  from  ju st a m easurem ent o f  the en erg ies  and intensities o f  
the photons fo llow ing rad ioactive  decay . In many ca s e s , an accu rate  (better than 
1 0 %, e .g . )  m easurem ent o f  the n orm alization  fa c to r  p rov id es  little  additional in
sight as fa r  as the p h ysics  is  con cern ed . H ow ever, the absolute photon branches 
m ight be o f  c ru c ia l im portance to the applied w o rk e r . It is  not uncom m on to find 
that in  som e ca s e s  there is  little  o r  no ju stifica tion  fo r  an adopted norm alization .
In fa c t, com p ile rs  have, in a few  ca s e s , found in co rre c t  norm alizations that w ere 
propagated fo r  som e y e a r s . W ith the d ecrea se  in the num ber o f  re se a rch  groups 
in terested  in m easuring beta  sp ectra , we would exp ect the situation to w orsen , 
e sp ec ia lly  as regard s the applied u se r , in those ca se s  fo r  which there is  d irect 
decay  to the ground state.

Another asp ect o f  m ass chain com pila tions, w hich m ight b e  o f  in terest h ere, 
is  the p r o c e s s  o f  the co rre la t io n  o f  the resu lts  obtained fro m  m easurem ents o f  d if
feren t ty p es . F o r  exam ple, the resu lts  fro m  reaction  studies might rev ea l a d if
feren t photon branching ratio  than that in fe rred  fro m  rad ioactive  d e ca y . Should it 
be  concluded that the fo rm e r  was c o r r e c t , this would requ ire  reexam ination  o f  the 
absolute photon branchings in the decay . In som e c a s e s , spin and parity  in form a
tion d er ived  fro m  reaction  studies m ight have sign ifican t bearing  upon in terpreta
tion o f  the decay data. The point that we w ish  to make h ere is  that if  one is  rea lly  
in terested  in the "b e s t "  va lu es, it  m ay be ex trem ely  im portant to exam ine a ll ex 
isting  data that m ay have a bearing  on such  va lu es.

The re la tive  im portan ce o f  any of these p oss ib le  situations to the applied u se r  
certa in ly  w ill depend upon his intended application .

B esides  presen tin g  "b e s t "  decay sch em es , the co m p ile r  a lso  co rre la te s  the 
data and presen ts  "adopted" le v e l en erg ies  and p rop erties  fo r  each  nuclide. In
cluded are  the experim ental b a ses  upon which spins and p a rities  a re  assigned . 
D uring the co u rse  o f the com pilation , he a lso  checks the input data u sed  by  W ap- 
s tra  and G ove1  in  th eir com pilation  o f  atom ic m a s s e s .
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FIG. 3. Number of mass-chain compilations for A > 45 versus year of last revision.

Status

In the th ird  figure  we show the num ber o f  m ass chain com pilations fo r  A s  4 5  

v ersu s  the y e a r  in  w hich they w ere la st re v is e d . A cu rren t index to m ass  chain 
com pilations is  included in  each  issue  o f  the N u clear Data S h eets. The N u clear 
Data P r o je c t  presen tly  has a sta ff o f  about eight co m p ile rs , and we attempt to r e 
v is e  about 25 m ass chains p e r  y e a r . In the fa ll o f  1971, a progra m  was initiated 
by an ad h oc com m ittee  o f  m em b ers  o f  the D iv is ion  o f  N u clear P h ysics  o f  the 
A m erica n  P h ysica l S ociety  w hich obtained funds fro m  the National S cien ce Founda
tion to support approxim ately  48 m an -y ears  o f  e ffo r t  (N uclear Inform ation  R e
sea rch  A ssoc ia tes  o r  N IR A 's) to a ss is t  the Data P r o je c t  in updating these com p i
la tion s . H opefully , by  the end o f  1974 m ost o f  the m ass chains w ill have been  r e 
v ise d  and b e  cu rren t within a three o r  fou r  year p e r io d .

U sers  and Future Plans

B a sica lly , one can ca te g o r ize  the variou s u se rs  o f  n uclear data into two 
broad  grou ps, e . g . ,  those involved in b a s ic  re se a rch  (both experim ental and theo
retica l) and those in applied a rea s . F u rth erm ore , in  each  o f  these ca teg ories  
there e x is t  varying  d eg rees  o f  com peten ce  (or  fo r  that m atter, even in terest) to 
se lf-ev a lu a te  the experim enta l data. T h ere  are  few  nuclear th eoris ts , f o r  in
stance, who have the exp erien ce  to do so  and in  general they p r e fe r  to have exp er
im entalists  do the com pila tion  and evaluation ta sk s. L ik ew ise , the re a c to r  engi
n eer  gen era lly  u tiliz es  tables o r  f i le s  o f  data generated  by  others upon whom  he 
depends fo r  th eir re lia b ility .
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The s p e c if ic  needs o f  each  u se r  a re  usually  som ew hat d ifferen t. F o r  exam 
p le , experim ental p h ys ic is ts  probably do not req u ire  an exhaustive com pilation  
w hich resu lts  in "b e s t "  evaluated data. H ow ever, this m ight be cru c ia l fo r  the 
nu clear th eorist o r  applied u s e r . The quantities needed f o r  s p e c if ic  u se rs  a lso 
vary  con sid era b ly , and even  the d egree o f  a ccu ra cy  requ ired  fo r  the sam e quantity 
m ay va ry , depending upon the intended u sa ge . An exam ple o f  the la tter is  the use 
o f  a ra d io isotop e  as a routine t r a c e r  in an industrial application  fo r  w hich the ab
solute photon in tensities  m ay be unim portant. When the sam e isotop e is  u sed  in  a 
m ed ica l application , the absolute radiation in tensities m ay be essen tia l.

Although the N u clear Data Sheets contain evaluated data o f  broad  u sage, we 
re a liz e  that the presentation  is  not suitable fo r  a ll u s e r s . F o r  instance, in som e 
m ed ica l applications it  is  not only im portant to know absolute photon and ß -r a y  in
ten s ities , but a lso  con v ers ion  e le ctron , X -r a y , and Auger in ten sities. It was in 
recogn ition  o f  this fa c t that a com pilation  o f  these quantities was produced  fo r  som e 
105 com m only  u sed  radionuclides by  M . J . M artin and P .H . B lic h e r t -T o ft .2 The 
title  o f  this com pilation  is  "R ad ioactive  A tom s: A u g er-E lectron , a-, ß - ,  y - ,  and 
X -R a y  D ata ". H ere, the authors presen t decay  sch em es  as w ell as tables o f a ll 
the radiations em itted . The la tter includes en erg ies  and absolute branchings and 
th eir  a ssoc ia ted  e r r o r s .  M artin  has recen tly  com piled  s im ila r  data fo r  som e 13 
additional rad ion u clid es , including many f is s io n  p roduct g a se s .

During the past y e a r , we have been responding to num erous requ ests fo r  in
form a tion  varying fro m  re fe re n ce s  to sp e c if ic  data fro m  p erson s  at a variety  o f  
estab lishm ents, including u n iv ers it ie s , governm ent a gen cies , private  industry, 
fo re ig n  sc ien tis ts , e tc . A few  months ago, The Data P r o je c t  announced the avail
ability  on  m agnetic tape o f  the 1971 A tom ic M ass Adjustm ent by A .H . W apstra and 
N .B . Go v e . We  are presen tly  exp loring  steps to estab lish  links to p erson s in ter
ested  in preparin g  ra d ioactive  decay data in a m ore  usefu l form a t fo r  m edical, usage

Tw o poin ts a re  obvious fro m  these exchanges:

1. T h ere  ex is ts  a variety  o f  w ork ers  who a re  in terested  in extensive rad io
active  decay  data, as w ell as other nuclear stru cture in form ation . The 
s p e c if ic  quantities, re la tive  a ccu ra c ie s , and pa rticu la r  form ats  la rg e ly  
depend upon intended app lications. T h ese  con clusion s have c le a r ly  been  
supported by  the contributions to this sym p osium .

2. An apparent need m ay e x is t to in crea se  the d ir e c t  com m unication  betw een 
those applied u se rs  with little  o r  no knowledge o f  the b a s ic  p h ysics  which 
u n derlies  th eir  u sage and n uclear stru cture sc ien tis ts  a n d /o r  c o m p ile r s / 
ev a lu a tors . It seem s to us that as the applications o f  nuclear data in  s c i 
en ce and technology in crea se , som e e ffo r t  should be expended to help en
su re  its e ffic ien t and p rop er  u sage .

In recogn ition  o f  the needs noted in point one, we have long fe lt  that a v ersa 
tile  com pu ter f i le  o f  evaluated n uclear s tru ctu re  data would be  extrem ely  u sefu l. 
H ence, we have begun w orking to generate such a f i le .  The b a s ic  ph ilosophy w ill 
be  twofold:

1 . T he input—output should b e  s im p le , and th ere fo re  we plan to u tilize  a 
"c a r d  im ag e" stora ge  system  w hich w ill be ea sily  a c ce s s ib le  and trans
fe ra b le .
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2. The system  should involve a m inim um  o f  inputting. T o su cceed  in this 
re sp e ct , we are  developing p rogra m s which w ill be  able to operate  on 
m easured  data in o rd e r  to produce  d erived  data. C on sider fo r  exam ple 
rad ioactive  d eca y . U sually, the m ost a ccu ra te ly  m easu red  data con sist 
o f  photon en erg ies  and in ten sities . F o r  m ost applied p u rp oses , re la tive  
transition  in tensities can be ca lcu lated  by  using th eoretica l con version  
c o e ff ic ie n ts . A ssum ing the le v e l stru cture  and absolute n orm alization  fa c 
to r  a re  known, one can then generate variou s types o f  tabulated d erived  
data such as absolute photon in ten sities , absolute in tensities o f  a ll the rad
iations em itted, e t c . ,  and arrange this in form ation  in  a lm ost any d es ired  
fo rm a t. O bviously , it  would be tr iv ia l to p roduce  draw ings o f  com plete  o r  
partia l decay  sch em es  in such a m anner, and we have a lready begun to do 
s o .

Now on ce  the program m ing  has been  com pleted , ал e ffic ien t m echan ism  w ill 
have been  developed  to tran sfer  evaluated as w ell as raw  data fro m  p rod u cers  to 
co m p ile rs /e v a lu a to rs , and v ic e  v e rsa , on  both  a national and an international 
le v e l. It is  anticipated that such an evaluated data f i le  would a lso  be  highly usefu l 
in the b a s ic  s c ie n ce s  fo r  re tr iev in g  s p e c if ic  data as w e ll as f o r  h orizon ta l type 
com p ila tion s .

Sum m ary

W e have tr ied  to presen t a b r ie f  sum m ary o f  the functions p er fo rm ed  by  the 
N u clear Data P r o je c t , and how these in teract with p r o d u ce rs , c o m p ile rs /e v a lu a 
to r s , and u se rs  o f  n u clear data. In addition, we have tr ied  to con vey som e fee ling  
fo r  the type o f  e ffo rt which goes  into a N u clear Data Sheet m ass chain com pilation , 
as w ell as to point out som e o f  the r e a lis t ic  and mundane fa c to rs  involved  in the 
evaluation and usage o f  n u clear data. W e have m entioned a p o ss ib le  m echanism  
( i . e . ,  com puterization ) to im prove  the e ffic ie n cy  o f  data transm itta l and re form a t
ting. H ow ever, we would certa in ly  b e  d e r e lic t  i f  we did not at lea st note that it 
takes humans to ensure the p ro p e r  production , с о m pilation /evaluation , and usage 
o f  n uclear data.

R e feren ces

[1 ] W A P S T R A .A .H ., G O V E ,N .B . ,  N u clear Data T ables 9 (1971) 267.
[2 ] M ARTIN, M .J . ,  B L IC H E R T -T O F T .P .H ., N uclear Data T ables 8  (1970) 1.

D I S C U S S I O N

M . L A M M E R : A s  a u s e r  o f  th e R e c e n t  R e f e r e n c e s  i s s u e s  o f  N u c le a r  
D ata  S h e e ts , I f in d  the k e y w o r d  s y s t e m  v e r y  u s e fu l . H o w e v e r , s o m e t im e s  
w hen  the in d ic a t io n  " m e a s u r e d  E^,, 1̂ ," a p p e a r s  and  I lo o k  up th e r e f e r e n c e  
I ca n n o t f in d  a n y  data  o n  E ,̂ and  1 ,̂. W o u ld  it b e  p o s s ib l e  to  in c lu d e  in  the 
k e y w o r d s  th e n o ta t io n , f o r  e x a m p le ,  "n o  data  g iv e n " ?

D .J .  H O R E N : W e w o u ld  a p p r e c ia t e  b e in g  n o t i f ie d  o f  s p e c i f i c  c a s e s  
w h e r e  you  fin d  th at the k e y w o r d s  d o  n ot p r o p e r ly  r e f l e c t  th e co n te n t o f  a 
p a p e r .
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Z .  SU JK O W SK I: W ith  r e f e r e n c e  to  y o u r  h is t o g r a m  (F ig . 3 o f  the p a p e r )  
i l lu s t r a t in g  the r e v i s i o n s  o f  the m a s s  c h a in s ,  w hat is  th e a v e r a g e  r e c y c l in g  
t im e ,  i .  e . a ft e r  w hat t im e  w o u ld  you  r e c o m m e n d  m a k in g  a r e v is io n ?  W hat 
i s  th e  u lt im a te  g o a l?

D .J .  H O R E N : W e b e l ie v e  th e  m o s t  e f f i c i e n t  w a y  to  h a n d le  th is  m a t te r  
i s  to  h av e  on e  p e r s o n  w ith  co n tin u in g  r e s p o n s ib i l i t y  f o r  m o n it o r in g  X  m a s s  
c h a in s  and  r e v is in g  e a c h  a s  the n e e d  a r i s e s .

D . B E R E N Y I: I w ou ld  lik e  to  e m p h a s iz e  th e im p o r t a n c e  o f  c l o s e  c o l l a 
b o r a t io n  b e tw e e n  th e c o m p i le r s  o f  n u c le a r  and  a t o m ic  d ata . T h is  i s  p a r t i 
c u la r ly  im p o r ta n t  in  th e c a s e  o f  X - r a y  da ta , w h e r e  it  i s  s o m e t im e s  r a th e r  
d i f f ic u l t  to  get the r e q u ir e d  in fo r m a t io n  on  X - r a y  in te n s i t ie s .  T h e  p r o b le m  
is  c o m p l ic a t e d  b e c a u s e  th e  f o r m  (p a tte rn ) o f  an a c tu a l X - l in e  (e . g . an 
L - l i n e )  w i l l  b e  d i f fe r e n t  d e p e n d in g  on  th e r e s o lu t io n  and ty p e  o f  d e t e c t o r  
u se d  ( s c in t i l la t io n , s e m i - c o n d u c t o r ,  e t c .  ). In th e M a r t in -B l i c h e r t -T o f t  
t a b le ,  f o r  e x a m p le ,  the in te n s ity  o f  L - X - l i n e s  ( 241A m ) i s  a s s ig n e d  to 
o n e  o f  th e L - s e r i e s ,  bu t i f  th e m e a s u r e m e n t  i s  m a d e  w ith  a s c in t i l la t io n  
c o u n t e r  (a s  i s  v e r y  c o m m o n  in  a p p lie d  w o r k ) ,  th e e n e r g y  o f  the L -p e a k  
w i l l  b e  a t a q u ite  d i f fe r e n t  p la c e  ( a c c o r d in g  to  the w e ig h te d  a v e r a g e  o f  
th e l in e s  in  th e L - s e r i e s ) .  A l l  o f  th is  i s  im p o r ta n t  f r o m  the p o in t  o f  v ie w  
n o t o n ly  o f  a p p lie d  p r o b le m s  but a ls o  f r o m  that o f  b a s i c  r e s e a r c h  (X - r a y s  
g e n e r a te d  b y  h e a v y  io n s ) .

H. G R U P P E L A A R : H ave you  t r ie d  to  c o n v in c e  the e d i t o r s  o f  jo u r n a ls  
o th e r  th an  N u c le a r  P h y s ic s  to  u se  the k e y w o r d  s y s te m ?

D .J .  H O R E N : Y e s ,  w e h a v e , and P h y s ic a l  R e v ie w  С i s  n ow  p la n n in g  
to  in c lu d e  th e m . W e h av e  w r it te n  le t t e r s  to  e d i t o r s  o f  o th e r  jo u r n a ls  
a ls o ,  but s o  f a r  h a v e  n o t r e c e iv e d  p o s i t iv e  r e p l ie s .

H. G R U P P E L A A R : I th ink  it  w ou ld  b e  v e r y  u s e fu l  i f  th e a u th o r s  o f  
an a r t i c l e  w e r e  a s k e d  b y  th e  e d i t o r s  to  p u b lis h  th e ir  d ata  in  a s ta n d a rd  
f o r m a t ,  i f  p o s s ib l e ,  in  o r d e r  to  fa c i l i t a t e  e v a lu a t io n  ta s k s .  C an  you  
c o m m e n t  on  th is ?

D .J .  H O R E N : P r o f e s s o r  K . W a y  h a s  w r it te n  on  th is  s u b je c t  o v e r  the 
p a s t  ten  y e a r s  o r  s o ,  and  w e a s  w e ll  a s  the IW G N SR D  h a v e  b ro u g h t  the 
m a t te r  to  the a tte n t io n  o f  e d i t o r s .  P h y s ic a l  R e v ie w  С h a s  a c c e p t e d  a fe w  
s u g g e s t io n s .

H. G R U P P E L A A R : Y o u r  in ten tion  i s  to  p u b lis h  d e c a y  s c h e m e s  b a s e d  
on  c o m p u te r  p r o g r a m s .  Is  it a ls o  y o u r  in ten tion  to  p u b lis h  s e p a r a te  
l i s t s  o f  7 - r a y  e n e r g ie s  an d  in te n s i t ie s  in  the N u c le a r  D ata  S h e e ts ?

D .J .  H O R E N : E s s e n t ia l ly ,  w e a r e  a lr e a d y  d o in g  th is  in  the N u c le a r  
D ata  S h e e ts . T h is  sh o u ld  b e c o m e  t r iv ia l  w h en  w e d e v e lo p  o u r  c o m p u te r  
p r o g r a m s .

J . J . S C H M ID T : W hat a r e  th e c h a n c e s  o f  k e y w o r d s  b e in g  a c c e p t e d  
b y  jo u r n a ls  o th e r  than th o s e  you  h av e  a lr e a d y  m e n t io n e d ?  C an th e ir  a d o p tio n  
b y  P h y s ic a l  R e v ie w  С b e  e x p e c te d  to  h av e  a fa v o u r a b le  im p a c t  in  th is  
r e s p e c t ?  A l s o ,  a r e  th e  k e y w o r d s  u s e d  b y  th e O R N L  N u c le a r  D ata  P r o je c t  
id e n t i c a l  w ith  th o s e  u se d  b y  the N u c le a r  P h y s ic s  and P h y s ic a l  R e v ie w  С 
jo u r n a l s ?

D .J .  H O R E N : P h y s ic a l  R e v ie w  С is  g o in g  to  in c lu d e  k e y w o r d s ,  w h ich  
a r e  e s s e n t ia l ly  th e s a m e  a s  th o s e  u se d  in  N u c le a r  P h y s ic s  and  b y  th e N u c le a r  
D ata  P r o je c t .  It i s  to  b e  h o p e d  that th is  w il l  h e lp  in d u ce  o th e r  jo u r n a ls  to  
do l ik e w is e .

J . J . S C H M ID T : A r e  th e r e  a n y  p la n s  in  th e S o v ie t  U n ion  f o r  a d o p tin g  
th is  k e y w o r d  s y s t e m , s a y , f o r  J a d e r n a ja  F iz ik a  o r  A to m n a ja  E n e r g i ja ?
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I .A .  K O N D U R O V : T h e  p o l i c y  o f  S o v ie t  jo u r n a ls  a s  r e g a r d s  k e y w o r d  
a b s t r a c t s  is  d i s c u s s e d  in  m y  p a p e r  ( S M - 1 7 0 /2 5 ) .

G . A . K O L S T A D : I w o u ld  l ik e  to  a s k  a q u e s t io n  w ith  r e g a r d  to  F ig .  3 
o f  y o u r  p a p e r .  Y ou  in d ic a te  that th e  N IR A  p r o g r a m  w a s  s ta r te d  in  1971, 
y e t  F ig .  3 sh o w s  a d r o p  in  th e ou tpu t o f  m a s s  ch a in s  b y  35%  in  1972. W hat 
i s  th e  e x p la n a tio n  f o r  t h is ?

D .J .  H O R E N : In p a r t  it  i s  due to  o u r  d iv e r t in g  s o m e  e f f o r t s  to  p a r t i c i 
p a t io n  in  th e N IR A  p r o g r a m . M o r e o v e r ,  th e c o m p ila t io n  o f  s o m e  m a s s  
c h a in s  i s  m o r e  t im e - c o n s u m in g  than that o f  o th e r s .
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ПРИНЦИПЫ РАБОТЫ ЦЕНТРА ДАННЫХ ПО 

СТРУКТУРЕ ЯДРА В ЛЕНИНГРАДСКОМ 

ИНСТИТУТЕ ЯДЕРНОЙ ФИЗИКИ

И . А .  К О Н Д У Р О В
Л ен и н градски й  и н ст и т у т  я д ер н ой  ф изики 
им .Б  .П .К о н с т а н т и н о в а ,
С ою з С о в е т с к и х  С о ц и а л и ст и ч е с к и х  Р е с п у б л и к  

Abstract- Аннотация

PRINCIPLES OF O PERATION OF THE CENTRE FOR D A T A  O N NUCLEAR STRUCTU RE A T  THE LENINGRAD 
IN S T IT U T E  OF NUCLEAR PHYSICS

T h e  D ata  C en tre  at th e  L eningrad Institute o f  N u c le a r  P hysics is in te n d e d  to  fr e e  research  w orkers fr o m  
rou tin e  tasks w h en  h a n d lin g  d a ta , w h eth er th e  la tte r  are th e  results o f  th e ir  ow n  research  o r  the fin d in g s  o f  
oth ers . T h e  b a s ic  p r in c ip le s  o f  o p e r a t io n  o f  th e  C en tre  m a y  b e  su m m a rize d  as fo l lo w s : th e  e sta b lish m en t 
and con stan t ex p a n s io n  o f  an a u to m a te d  re fe re n c e  system  o n  th e  structure o f  th e  n u c le u s  and on  e le m e n ta ry  
p a r t ic le s , w ith  o p e r a t io n a l a c ce s s  to  th e  da ta  and to  th e  system  o f  p rogra m s fo r  w ork in g  th e re w ith . It 
is in te n d e d  t o  a c c u m u la te  da ta  and ca lc u la t io n s  w ith in  a  fra m e w o rk  o f  b roa d  c o - o p e r a t io n  and e x ch a n g e s  
w ith  re la te d  re g io n a l cen tres .

П Р И Н Ц И П Ы  Р А Б О Т Ы  Ц Е Н Т Р А  Д А Н Н Ы Х  П О  С Т Р У К Т У Р Е  Я Д Р А  В  Л Е Н И Н Г Р А Д С К О М  
И Н С Т И Т У Т Е  Я Д Е Р Н О Й  Ф И З И К И .

Д е я т е л ь н о с т ь  ц е н т р а  д а н н ы х  Л е н и н г р а д с к о г о  и н с т и т у т а  я д е р н о й  ф и з и к и  (Л И Я Ф ) н а 
п р а в л е н а  на  т о ,  ч т о б ы  о с в о б о д и т ь  и с с л е д о в а т е л я  о т  р у т и н н ы х  о п е р а ц и й  п р и  р а б о т е  с  и н ф о р 
м а ц и е й ,  п р и ч е м  и м е е т с я  в  в и д у  к а к  и н ф о р м а ц и я ,  п о л у ч е н н а я  и м  с а м и м  в  х о д е  и с с л е д о в а н и й ,  
т а к  и р е з у л ь т а т ы  д р у г и х  а в т о р о в .  О с н о в н ы е  п р и н ц и п ы  р а б о т ы  ц е н т р а  д а н н ы х  м о г у т  б ы т ь  
о п р е д е л е н ы  с л е д у ю щ и м  о б р а з о м :  с о з д а н и е  и п о с т о я н н о е  п о п о л н е н и е  а в т о м а т и з и р о в а н н о г о  
с п р а в о ч н и к а  п о  с т р у к т у р е  я д р а  и э л е м е н т а р н ы м  ч а с т и ц а м  с  о п е р а т и в н ы м  д о с т у п о м  к  д а н н ы м  
и к  с и с т е м е  п р о г р а м м  д л я  р а б о т ы  с  д а н н ы м и .  Н а к о п л е н и е  д а н н ы х  и р а б о т у  п о  о ц е н к е  п р е д 
п о л а г а е т с я  п р о в о д и т ь  в  р а м к а х  ш и р о к о й  к о о п е р а ц и и  и в з а и м н о г о  о б м е н а  с  з а и н т е р е с о в а н 
н ы м и  р е г и о н а л ь н ы м и  ц е н т р а м и .

П р о г р е с с  со в р е м е н н о й  науки в зн а ч и тел ь н ой  м е р е  за в и с и т  о т  о р г а 
низации с и с т е м ы  и н ф ор м ац и и , о с о б е н н о  в у с л о в и я х  эк сп о н е н ц и а л ь н о го  
р о с т а  о б ъ е м а  н а учн ы х  и ссл ед ов а н и й  и при зн а ч и те л ь н о м  в о з р а ст а н и и  
з а и н т е р е с о в а н н о с т и  сп е ц и а л и ст о в  в и н ф орм ации  о б  и ссл е д о в а н и я х  и 
р а з р а б о т к а х  в см е ж н ы х  о б л а с т я х  н а у к и . Т р ад и ц и он н ы е ф ор м ы  о б м е н а  
и н ф ор м ац и ей  у ж е  не у д о в л е т в о р я ю т  т р е б о в а н и я м  со в р е м е н н о й  науки и 
те х н и к и . Э т о  о б у с л о в и л о  п оя вл ен и е  в т е ч е н и е  п о с л е д н е г о  д е ся т и л е т и я  
б о л ь ш о г о  числ а  н а у ч н о -и н ф о р м а ц и о н н ы х  ц е н т р о в , о сн о в н о й  за д а ч ей  к о 
т о р ы х  я в л я е т ся  р еал и зац и я  б о л е е  э ф ф е к т и в н о г о  о б м е н а  к о л и ч е ст в е н н о  
нарастаю щ ей  научной  и н ф ор м а ц и ей , ч е м  э т о  д оп у ск а ю т  п е ч а ть  и п о ч т а .

Я д ер н ая  ф изика и ф изика эл е м е н т а р н ы х  ч а ст и ц  не я вл яю тся  з д е с ь  
и ск л ю ч ен и ем . Р а з в и т и е  р е а к т о р о в  и у с к о р и т е л е й , п оя вл ен и е  п р ец и зи он 
н ы х  п о л у п р о в о д н и к о в ы х  д е т е к т о р о в  я д е р н ы х  и зл учен и й  и п р оп ор ц и он а л ь 
н ы х  к а м е р  для р е г и ст р а ц и и  за р я ж ен н ы х  ч а ст и ц  и, н акон ец , ш и р ок ое  в н е д 
р ен и е  к о м п ь ю т е р о в  и а в т о м а т и з и р о в а н н ы х  и зм е р и т е л ь н ы х  с и с т е м  в 
э к с п е р и м е н т  о б у сл о в и л и  и н тен си в н ы й  р о с т  к о л и ч е ст в а  дан н ы х , к о т о р ы е  
н е о б х о д и м о  б ы с т р о  и п ол н о д о с т а в и т ь  п о л ь з о в а т е л я м . С к а за н н о е  м ож н о 
п о д т в е р д и т ь  н ебол ьш и м  ч а ст н ы м  п р и м е р о м . На р и с . 1 п о к а з а н о , как  с  
г о д а м и  м е н я е т с я  п ол н ое  ч и сл о  я д е р н ы х  у р о в н е й , в р е м е н а  жизни к о т о р ы х  
и зм ер ен ы  р азл и чн ы м и  эк сп е р и м е н т а л ь н ы м и  м е т о д а м и  1 1 ] .

335
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Р и с  . 1 .  И з м е н е н и е  п о л н о г о  ч и с л а  я д е р н ы х  у р о в н е й ,  в р е м е н а  ж и з н и  к о т о р ы х  и з м е р е н ы  
р а з л и ч н ы м и  э к с п е р и м е н т а л ь н ы м и  м е т о д а м и .

П е р еч и сл ен н ы е  вы ш е ф а к тор ы  оп р ед ел яю т два  н а растаю щ и х в о  в р е 
м ен и  и н ф ор м а ц и он н ы х  п о т о к а , к о т о р ы е  дол ж ен  п е р е р а б о т а т ь  и с с л е д о в а 
т е л ь : р е з у л ь т а т ы  с о б с т в е н н ы х  э к с п е р и м е н т о в  и д а н н ы е , п ол у чен н ы е 
д р у ги м и  а в т о р а м и  . О сн ов н ой  с п о с о б  п о м о ч ь  и с с л е д о в а т е л ю  в реш ении 
э т о й  п р об л ем ы  — о с в о б о д и т ь  е г о  о т  р у ти н н ы х  оп ерац и й  при р а б о т е  с 
и н ф ор м а ц и ей . Э т о  о з н а ч а е т ,  ч т о  н е о б х о д и м о  а в т о м а т и з и р о в а т ь  и м а к 
си м а л ь н о  у п р о с т и т ь :

а) п о и ск  н е о б х о д и м ы х  дан н ы х и
б) о б р а б о т к у  п ол у ч ен н ы х  д а н н ы х .

Э ти  д в е  за д а ч и  и со с т а в л я ю т  о с н о в у  д е я т е л ь н о с т и  ц ен тра  дан н ы х по 
с т р у к т у р е  ядра  и эл е м е н т а р н ы м  ч а сти ц а м  Л е н и н г р а д ск о г о  и н ст и т у т а  
я д ер н ой  ф изи ки  и м . Б . П .  К о н ст а н т и н о в а  АН  С С С Р .

О сн ов н а я  т е м а т и к а  и н ст и т у т а  — ф у н д а м ен т а л ь н ы е  и ссл е д о в а н и я  в 
о б л а с т и  я д ер н ой  ф изики  и ф изики эл е м е н т а р н ы х  ч а ст и ц  и и сп о л ь зо в а н и е  
я д е р н о -ф и з и ч е с к и х  м е т о д о в  в ф и зи ке т в е р д о г о  т е л а  и р а д и об и ол оги и  — 
оп р ед ел и л а  гл авн ую  цель р а б о т ы  ц ен тр а :

с о з д а н и е  и п о с т о я н н о е  п оп ол н ен и е а в т о м а т и з и р о в а н н о г о  сп р ав очн и к а  
п о  с т р у к т у р е  ядра и эл е м е н т а р н ы м  ч а ст и ц а м  с  о п е р а ти в н ы м  д о с т у 
п о м  к дан ны м  и к с и с т е м е  п р о г р а м м  для р а б о т ы  с  д а н н ы м и .

П од дан ны м и  з д е с ь  п о н и м а е т ся  инф орм ация т р е х  р а зл и ч н ы х  у р о в н е й :
1 . с и с т е м а т и з и р о в а н н ы е , оц ен ен н ы е  и сп р а в о ч н ы е  да н н ы е;
2 . дан н ы е к о н к р е т н ы х  р а б о т  (а в т о р с к и е  о ц ен к и );
3 .  " с ы р ы е "  эк сп е р и м е н т а л ь н ы е  р е з у л ь т а т ы  (с п е к т р ы , р а с п р е д е л е 

ния , т а б л и ц ы , гр аф и к и  и т . д . ) .
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Ниже о б с у ж д а е т с я  р а б о т а  ц ен тр а  п р и м ен и тел ь н о  к и ссл е д о в а н и я м  по 
с т р у к т у р е  а т о м н о г о  я д р а .

О ц ен ен н ы е дан н ы е н е о б х о д и м ы  б у к в а л ь н о  на в с е х  э т а п а х  и с с л е д о 
в а т е л ь с к о г о  п р о ц е с с а . При и зучен и и  ст р у к т у р ы  ядра  в о з н и к а е т  п о т р е б 
н о с т ь  в  сл едую щ и х к а т е г о р и я х  оц ен ен н ы х  дан н ы х :

1 . я д ер н ы е  х а р а к т е р и с т и к и  — м а с с ы  я д е р , эн е р ги и  п е р е х о д о в , с х е м ы
в о з б у ж д е н н ы х  с о с т о я н и й  я д е р , сеч ен и я  р а зл и ч н ы х  реакций  и т . д . ;

2  . а т о м н ы е  х а р а к т е р и с т и к и  — эн ер ги и  и и н т е н си в н о с т и  р е н т г е н о в 
с к и х  п е р е х о д о в , к оэф ф и ц и ен ты  п огл ощ ен и я  и зл учен и й  в в е щ е с т в е , 
к оэф ф и ц и ен ты  в н утр ен н ей  эл е к т р о н н о й  и парной  к о н в е р си и  и т . д . ;

3 .  ф у н д а м е н т а л ь н ы е  к о н ст а н т ы  — с к о р о с т ь  с в е т а ,  гр ав и тац и он н а я  
п о ст о я н н а я  и т . д .

Э ти  д ан н ы е накап л иваю тся  ц е н тр о м  на м а гн и т н ы х  л е н т а х  (MJI) и б у д у т  
п р е д о с т а в л е н ы  п о л ь з о в а т е л я м  в р е ж и м е  п р я м о г о  д о с т у п а  .

О с о б о е  вн и м ан ие у д е л я е т с я  накоплению  да н н ы х  п о с х е м а м  р а сп а д а  
р а д и о а к ти в н ы х  я д е р  и да н н ы х  о  с т р у к т у р е  я д е р н ы х  у р ов н ей  из р еа к ц и й .
В  н а с т о я щ е е  в р е м я  эт и  дан н ы е ск о н ц е н т р и р о в а н ы , в о с н о в н о м , в с б о р 
н и ках  Д ж ел еп ов а  и П ек ер а  [2 ], Л ед ер ер а  и д р . [3 ] и в " N u c le a r  D ata  
S h e e ts "  [4 ], о д н а к о  в о  в с е х  сл у ч а я х  о т с т а в а н и е  в о ц е н к а х  с о с т а в л я е т  
с е г о д н я  в с р е д н е м  н е ск о л ь к о  л е т .  Я с н о , ч т о  л и к ви д и р ова ть  э т о  о т с т а в а 
ние в о з м о ж н о  лишь в р а м к а х  м е ж д у н а р о д н о г о  р а зд ел ен и я  тр у д а  по оц ен к е  
с в о й с т в  я д е р н ы х  у р о в н е й  и по приведен ию  э т и х  да н н ы х  к м аш ин н ом у 
ф о р м а т у . Ц ен тр  дан н ы х Л И ЯФ , р а б о т а я  в к о н т а к т е  с  с о в е т с к и м и  гр у п п а 
ми по оц ен к е  и при т е с н о м  с о т р у д н и ч е с т в е  с  ц е н т р о м  по я д ер н ы м  дан ны м  
И н ст и т у т а  а т о м н о й  эн ер ги и  и м . И .В  .К у р ч а т о в а  [5 ], з а п и сы в а е т  на МЛ 
и м ею щ иеся  на се г о д н я  дан н ы е п о с х е м а м  ур ов н ей  и г о т о в  принять у ч а с т и е  
в любой м еж д у н ар од н ой  к ооп ер а ц и и  п о э т о м у  в о п р о с у .

Д ан ны е к о н к р е т н ы х  р а б о т  п р ед ста в л я ю т  зн а ч и тел ьн ы й  и н т е р е с  при 
п р ов ед ен и и  и ссл е д о в а н и й  и р а з р а б о т о к , од н а к о  в н а ст о я щ е е  в р ем я  не 
п р е д с т а в л я е т с я  в о з м о ж н ы м  хр ан и ть  э т и  дан ны е в Э В М . Ц ен тр  п р е д о 
с т а в л я е т  п о л ь з о в а т е л я м  в о з м о ж н о с т ь  а в т о м а т и ч е с к о г о  п ои ск а  и н т е р е 
сую щ их и х  д а н н ы х  по клю чевы м  с л о в а м , п ри чем  как по о т д е л ь н ы м  з а п р о 
с а м ,  т а к  и в р е ж и м е  и з б и р а т е л ь н о г о  р а сп р ед ел ен и я  и н ф ор м ац и и .

В  о с н о в у  наш ей и н ф о р м а ц и о н н о -п о и ск о в о й  с и с т е м ы  п ол ож ен о  а н н о 
т и р ов а н и е  в кл ю чевы х с л о в а х , о с у щ е с т в л е н н о е  в ж урн ал ах " N u c le a r  
P h y s i c s "  и в " N u c le a r  D ata  S h e e t s " .  Э та  с и с т е м а  к л ю чевы х с л о в  с у 
щ е с т в у е т  у ж е  д а в н о  и к ней п р и вы кл и .

В  н а с т о я щ е е  в р ем я  ц ен тры  да н н ы х  ЛИЯФ и И АЭ с о в м е с т н о  а н н о т и 
рую т в кл ю чевы х с л о в а х  в с е  с о в е т с к и е  п е р и о д и ч е ск и е  и зд а н и я , в к о т о р ы х  
п убл и к ую тся  р а б о т ы  п о с т р у к т у р е  я д р а , и за п и сы в а ю т э т и  дан ны е на М Л 
в с о г л а с о в а н н о м  ф о р м а т е .  Я в н ы м  п р е и м у щ е с т в о м  т а к о г о  р е г и о н а л ь н о г о  
ан н оти р ова н и я  я в л я е т ся  т о ,  ч т о  и н ф ор м ац и он н ы е д о к у м е н т ы  м о г у т  бы ть  
о б р а б о т а н ы  ещ е д о  и х  о п у бл и к ов а н и я , п ока  они н а х о д я т ся  в п о р т ф е л е  
р ед а к ц и и . Т а к , н а п р и м ер , бы л о п р о в е д е н о  а н н оти р ов а н и е  и за п и сь  на МЛ 
в кл ю чевы х с л о в а х  т е з и с о в  д о к л а д о в  на X X III  е ж е г о д н о м  совещ а н и и  по 
я д ер н ой  с п е к т р о ск о п и и  и с т р у к т у р е  а т о м н о г о  ядра  (Т б и л и си , 1 973  г о д ) .  
П реп ри н т с  ан н отац и я м и  вы ш ел в с в е т  о д н о в р е м е н н о  с о  сб о р н и к о м  
т е з и с о в  [6 ] .

Н ам  п р е д с т а в л я е т с я , ч т о  т а к о е  р е г и о н а л ь н о е  а н н о т и р о в а н и е , есл и  
о н о  п р о в о д и т ся  в р а м к а х  м еж д у н ар од н ой  к ооп ер а ц и и  с  о б м е н о м  и н ф о р м а 
цией на М Л , п о м о ж е т  п р е о д о л е т ь  к ом м у н и к ац и он н ы е и я зы к о в ы е  б а р ь е р ы ,
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к о т о р ы е  с т о я т  с е й ч а с  на п у ти  с к о р е й ш е г о  д ов ед ен и я  св е ж е й  инф орм ации 
д о  п о т р е б и т е л я .

С ы р ы е  э к сп е р и м е н т а л ь н ы е  д а н н ы е, в о о б щ е  г о в о р я , п р ед ста в л я ю т 
наибольш ий и н т е р е с  для и с с л е д о в а т е л е й , реш ающ их о д и н а к ов ы е  п р обл ем ы  . 
С у щ е с т в е н н о , ч т о  эт и  дан н ы е нужны о т н о с и т е л ь н о  н е б о л ь ш о м у  ч и сл у  
и с с л е д о в а т е л е й , но им  нуж ны м а к си м а л ь н о  п ол н ы е и и м ен н о " с ы р ы е "  
д а н н ы е, та к  как они со д е р ж а т  первичную  инф орм ацию , не искаж ен н ую  
о к о н ч а т е л ь н о й  о б р а б о т к о й  и су б ъ е к ти в н ы м и  а в т о р ск и м и  о ц е н к а м и . О д 
н а к о , при р е з к о м  в о з р а ст а н и и  о б ъ е м а  сы р ой  инф орм ац и и  с у щ е с т в у е т  
оч еви д н а я  тен ден ц и я  со к р а щ а ть  эти  дан ны е в п убл и кац и ях  и з - з а  о г р а н и 
ч е н н о г о  о б ъ е м а  п о сл е д н и х .

И сп о л ь з о в а н и е  м аш инны х н о си те л е й  инф орм ации  сн и м а е т  о г р а н и ч е 
ния, св я з а н н ы е  с  о б ъ е м о м  эк сп е р и м е н т а л ь н о й  и н ф ор м ац и и , и п о з в о л я е т  
о с у щ е с т в и т ь  эф ф ек ти в н ы й  о б м е н  д ан н ы м и , од н а к о  з д е с ь  возн и каю т т р у д 
н о с т и , о п р е д е л я е м ы е  н е о б х о д и м о с т ь ю  в ы р а б о т к и  е д и н о го  м е ж д у н а р о д 
н о г о  о б м е н н о г о  ф о р м а т а . Э ти  т р у д н о с т и  у су г у б л я ю т ся  т е м ,  ч т о  даж е 
при наличии т а к о г о  ф о р м а т а  эф ф ек ти в н ы й  о б м е н  б у д е т  в о з м о ж е н  лишь 
т о г д а ,  к о гд а  са м и  и с с л е д о в а т е л и  п р и м у т  и б у д у т  ш ироко и с в о б о д н о  
и с п о л ь з о в а т ь  э т о т  ф о р м а т  .

Ц ен тр  д а н н ы х  ЛИЯФ в е д е т  р а б о т у  по в ы р а б о т к е  ф о р м а т а  для зап и си  
на МЛ п ол н ы х  р е з у л ь т а т о в  р а б о т ,  к о т о р ы е  в е д у т с я  в и н с т и т у т е .

О б р а б о т к а "с ы р ы х "  э к сп е р и м е н т а л ь н ы х  р е з у л ь т а т о в  в и ссл е д о в а н и я х  
п о  с т р у к т у р е  ядра  м о ж е т  б ы ть  у сл о в н о  р а зд е л е н а  на два  э т а п а :

1 . У ч е т  х а р а к т е р и с т и к  эк сп е р и м е н т а л ь н о й  у с т а н о в к и  (д ек ом п ози ц и я  
с п е к т р о в , ан ал и з р а сп р ед ел ен и й  и т . д . )  с  целью  п ол учен и я  х а р а к т е р и ст и к  
я д е р  (э н е р г и и , сп и н ы ,ч е т н о с т и  у р о в н е й , м у л ь т и п о л ь н о ст и  п е р е х о д о в  и т . д .  
и п о ст р о е н и я  с х е м ы  в о з б у ж д е н н ы х  со с т о я н и й  я д р а .

2 . С р а в н ен и е  п ол у ч ен н ы х  значений величин с  п р е д ск а за н и я м и  в р а з 
личны х м о д е л ь н ы х  п р ед п ол ож ен и я х .

О ба эт и  э т а п а  в н а с т о я щ е е  в р ем я  п р о в о д я т ся  с  и сп о л ь з о в а н и е м  Э В М , 
од н а к о  п р о г р а м м ы  о б р а б о т к и  ч а с т о  р а з б р о с а н ы  и не со п р я г а ю т ся  д р у г  
с  д р у г о м ,  и оч ен ь  ч а с т о  м е ж д у  и с с л е д о в а т е л е м  и Э В М  с т о и т  п р о г р а м м и с т  
к о т о р ы й  сл у ж и т , п о с у щ е с т в у ,  т о р м о з о м  в п р о ц е с с е  в з а и м о д е й ст в и я  
и с с л е д о в а т е л я  с  п ол у чен н ой  им  и н ф о р м а ц и е й .

Ц ен тр  д а н н ы х  ЛИЯФ в е д е т  р а б о т у  п о созд а н и ю  с и с т е м ы  соп р я ж ен н ы х  
и п р о с т ы х  в обращ ен ии  п р о г р а м м  для ан ал и за  эк сп е р и м е н т а л ь н ы х  р а с 
п р ед ел ен и й , п о ст р о е н и я  с х е м  ур овн ей  я д е р  по р е з у л ь т а т а м  э к с п е р и м е н 
т о в  и для ср ав н ен и я  п ол у ч ен н ы х  х а р а к т е р и ст и к  я д е р  с  п р ед ск а за н и я м и  
р а зл и ч н ы х  я д е р н ы х  м о д е л е й .

В  закл ю чен ие с л е д у е т  ещ е р а з  о т м е т и т ь ,  ч т о  т о л ь к о  м е ж д у н а р од н ое  
р а з д е л е н и е  т р у д а , с т о л ь  х а р а к т е р н о е  для н ауки , с м о ж е т  д в и н у ть  в п ер ед  
д е л о  ор га н и за ц и и  в с е с т о р о н н е г о  и э ф ф е к т и в н о г о  о б м е н а  научн ой  и н ф ор 
м ац и ей  .
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D I S C U S S I O N

W . B E D E R T : On th e  s u b je c t  o f  k e y w o r d s  and  th e e s ta b lis h m e n t  o f  
a s ta n d a rd  s y s t e m , I th in k  it  w ou ld  b e  v e r y  im p o r ta n t  to  ta k e  in to  a c c o u n t  
th e v a lu a b le  w o r k  w h ich  C h e m ic a l  A b s t r a c t s  h as  d on e  in  th is  r e s p e c t .

M is s  K . W A Y : I w ou ld  lik e  to  m a k e  a c o m m e n t  on  th e o r ig in  o f  the 
k e y w o r d  s y s te m . T h e  id e a  w a s  f i r s t  d e v e lo p e d  in  1961, I th in k , in  V ien n a  
at th e IA E A  in  d is c u s s io n s  b e tw e e n  P r o f e s s o r  B u r a s  o f  P o la n d  and  m y s e l f .  
T h e s e  d is c u s s io n s  w e r e  in it ia te d  b y  P r o f e s s o r  B u r a s  a nd , a lth ou g h  n o t  a 
n u c le a r  p h y s ic is t ,  h e  c o n tr ib u te d  m u c h  to  th e id e a  an d  the s p e c i f i c  p la n s  
w h ich  w e r e  w o r k e d  ou t in  v e r y  m u ch  th e s a m e  f o r m  a s  that u s e d  to d a y .
I w ou ld  l ik e  h e r e  to  g iv e  r e c o g n it io n  to  h is  c o n tr ib u t io n s .

J . J .  S C H M ID T : In h is  p r e s e n ta t io n  D r . K o n d u r o v  c a l le d  f o r  the 
d e v e lo p m e n t  o f  a s in g le  in te r n a t io n a l  c o m p u te r  fo r m a t  f o r  n u c le a r  s t r u c 
tu re  d ata . I th in k  it  i s  q u ite  le g it im a t e  to  a s k  w hat a r e  the c h a n c e s  o f  
s u c c e s s  f o r  su ch  an u n d e r ta k in g . A s  fa r  a s  I k n ow , a p a r t  f r o m  in t e r 
n a t io n a l d o c u m e n ta t io n  s y s t e m s ,  th e  o n ly  e x is t in g  data  in fo r m a t io n  e x ch a n g e  
in  c o m p u te r  m e d iu m  s o  fa r  i s  in  the n e u tr o n  data  f i e ld .  I a m  r e f e r r i n g  
h e r e  to  E X F O R . T h e  d e v e lo p m e n t  o f  th is  s y s t e m  to o k  m a n y  y e a r s  o f  e f fo r t  
b y  a l l  th e  p a r t ie s  in v o lv e d ; it  i s  n ow  fu n c t io n in g  r e a s o n a b ly  w e ll  and  on  a 
t r u ly  in te r n a t io n a l s c a le  in  e x c h a n g e s  b e tw e e n  th e n e u tro n  data  c e n t r e s  at 
O b n in sk , S a c la y , B r o o k h a v e n  and V ien n a . It m ig h t b e  u s e fu l  to 
p o in t  ou t that it  r e q u ir e d  a g r e e m e n t  o n  the p a r t  o f  th e O b n in sk  c e n tr e  to 
u s e  W e s t e r n  m a g n e t ic  ta p e s  and ta p e  u n its  and  to  a d o p t k e y w o r d s ,  s y m b o ls  
an d  c o n v e n t io n s  in  th e E n g lis h  la n g u a g e . T h is  is  on e  o f  the p r o b le m s  that 
h ad  to  b e  fa c e d  and c o u ld  b e  s u c c e s s f u l l y  s o lv e d .  I f e e l  t h e r e f o r e  s u r e  
th at s im i l a r  p r o b le m s ,  o n c e  th e y  a r i s e ,  c o u ld  a ls o  b e  o v e r c o m e  in  th e f ie ld  
o f  n u c le a r  s t r u c tu r e  d ata .

F in a l ly ,  I w o u ld  lik e  to  a s k  D r s  K o n d u ro v , C h u k re e v  an d  H o re n  what 
ty p e s  o f  c o m p u te r s  th e y  u se  o r  a r e  g o in g  to  u se  f o r  th e ir  c o m p u te r  s y s t e m s  
o f  e v a lu a te d  data .

I .A .  K O N D U R O V : I th in k  th e d i f f i c u l t ie s  in v o lv e d  in  a c h ie v in g  an in t e r 
n a t io n a l fo r m a t  a r e  w e l l  kn ow n  to  e v e r y o n e  h e r e ,  s o  th e r e  i s  h a r d ly  a n y  
n e e d  to  d is c u s s  th e m . On th e t e c h n ic a l  s id e ,  w e th in k , l ik e  D r . S ch m id t, 
that u se  ca n  b e  m a d e  o f  th e w id e  e x p e r ie n c e  o f  th e IA E A  and the fo u r  
in te r n a t io n a l  c e n t r e s .  A s  r e g a r d s  q u e s t io n s  o f  f o r m a t ,  w e th in k  th e s e  
ca n  b e  s o lv e d  b y  in te r n a t io n a l a g r e e m e n t .

In r e p ly  to  D r . S c h m id t 's  q u e s t io n , w e a r e  p la n n in g  to  u se  c o m p u te r s  
w h ich  o p e r a t e  o n - l in e ,  i .  e .  in  the c o n v e r s a t io n a l  m o d e , s im i l a r  to  th o s e  
w h ich  o th e r  c o u n t r ie s  a r e  e x p e r im e n t in g  w ith ; T h is  i s  a s lo w e r  s y s t e m , 
r e la t iv e ly  sp e a k in g . W e a r e  u s in g  th e  B E C M - 6  c o m p u te r  w h ich  h as  
c o n s id e r a b ly  g r e a t e r  p o s s ib i l i t i e s  f o r  w o r k  in  F O R T R A N .

F . E .  C H U K R E E V : I w ou ld  lik e  to  su p p le m e n t  b r i e f l y  th e r e m a r k s  
o f  M r . K o n d u ro v . F o r  data  r e c o r d in g ,  p r o c e s s in g  and  r e t r i e v a l  and  f o r
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s o lv in g  a n u m b e r  o f  p r o b le m s  in  c o n n e c t io n  w ith  c o m p ila t io n , w e a r e  at 
p r e s e n t  u s in g  a P D P  15. 20 c o m p u te r .  E v e n tu a lly , w e a r e  h o p in g  to  get 
a n e w , and  p e r h a p s  b e t t e r ,  m a c h in e , w h ich  w i l l  b e  c o n n e c t e d  w ith  the 
B E S M - 6  at o u r  In stitu te .

M . L E D E R E R : It sh o u ld  b e  on e  o f  th e  m a jo r  a d v a n ta g e s  o f  c o m p u te r s  
that fo r m a t  c o n v e r s io n s  a r e  e a s y  to  d o . W e  at B e r k e le y  h av e  fou n d  th is  
to  b e  t r u e , u s in g  C o n tr o l  D ata  c o m p u te r s  at o u r  la b o r a t o r y .

L . H JÄ R N E : W h en  w e s p e a k  a b ou t p r o b le m s  w ith  a g r e e m e n t s  on  
f o r m a t s , w e a r e  n o t r e a l l y  c o n c e r n e d  s o  m u ch  w ith  d i f f i c u l t ie s  in  c o n n e c 
t io n  w ith  c o m p u te r  fo r m a t  a s  — and th is  h as  c e r t a in ly  b e e n  o u r  e x p e r ie n c e  
in  th e  n e u tr o n  data  a r e a  — w ith  d i f f i c u l t ie s  in  a c h ie v in g  a g r e e m e n t  on  
c o n te n t . A g r e e m e n t s  o n  a l l  th e v a r io u s  k e y w o r d e d  i t e m s  a r e  v e r y  h a r d  
to  r e a c h .

W . B . L E W IS : I w ou ld  l ik e  to  a s k  th e A g e n c y 's  s c ie n t i f i c  s e c r e t a r i e s  
i f  th e f a c i l i t i e s  e s t a b l is h e d  b y  the A g e n c y  c o u ld  n o t  b e  u s e d  to  s a t is fy  
an  in te r n a t io n a l  d e s i r e  f o r  a c o m m o n  fo r m a t  f o r  n u c le a r  s t r u c tu r e  and 
d e c a y  d ata . W ou ld  n ot th e  In te rn a tio n a l N u c le a r  D ata  C o m m it te e  (IN D C ) 
b e  an  a p p r o p r ia te  c h a n n e l?

J . J .  S C H M ID T : In te rn a t io n a l l in k s  h a v e  b e e n  e s ta b l is h e d , e . g .  in  th e  
E X F O R  s y s t e m , w h ich  I h a v e  a lr e a d y  m e n tio n e d , and  in  the n e u tro n  r e f e r e n c e  
s y s te m  C IN D A . In p r in c ip le ,  d e p e n d in g  on  th e  a v a i la b i l i t y  o f  m a n p o w e r  and 
fu n d in g , I ca n  c e r t a in ly  f o r e s e e  that s o m e  c o - o r d in a t io n  a s s i s t a n c e  b y  the 
IA E A  w ou ld  b e  f e a s ib le .  D r . L e w is  a ls o  m e n tio n e d  the IN D C , w h ich  i s  
th e a d v i s o r y  b o d y  to  th e A g e n c y  in  m a t t e r s  o f  a l l  n u c le a r  — n ot o n ly  
n e u tro n  — da ta . P e r h a p s  D r . K o ls ta d  a s  a m e m b e r  o f  IN D C  w ou ld  lik e  
to  c o m m e n t  at th is  p o in t .

G .A .  K O L S T A D : I a g r e e  w ith  D r . L e w is ' s ta te m e n t  th a t, w ith  the 
IN D C  th e m e c h a n is m s  a lr e a d y  e x is t  w ith in  the A g e n c y  to  im p le m e n t  fu r t h e r  
in te r n a t io n a l  c o - o p e r a t i o n  in  the n o n -n e u tr o n  n u c le a r  data  f ie ld .  T h e  tw o 
p r o b le m s  that a r i s e  w il l  b e ,  f i r s t ,  o r g a n iz in g  the IN D C  in  s u ch  a w a y  that 
it  w i l l  b e  a b le  to  c o p e  w ith  th is  m u ch  b r o a d e r  p r o b le m  and , s e c o n d , p r o v id in g  
th e A g e n c y  w ith  a d d it io n a l s ta f f  to  c o p e  w ith  th is  p r o b le m . T h is  la t te r  
d i f f i c u l t y  i s  fu r t h e r  in c r e a s e d  b y  th e  r e c e n t  d e v a lu a t io n  o f  th e  d o l la r .

J . J .  S C H M ID T : I sh o u ld  lik e  to  ad d  th at, in  the c a s e  o f  E X F O R , 
th e c e n t r e s  in v o lv e d  h ad  to  h o ld  te c h n ic a l  m e e t in g s  in  o r d e r  to  a r r iv e  at 
th e d e s i r e d  d e ta ile d  a g r e e m e n t s .  W ith ou t m a k in g  a c o m m it m e n t  on  the 
A g e n c y 's  p a r t  at th is  m o m e n t , it  i s  c o n c e iv a b le  in  m y  o p in io n  that s im i la r  
t e c h n ic a l  m e e t in g s  o f  c e n t r e s  and g r o u p s  e n g a g e d  in  the c o m p ila t io n  and 
e v a lu a t io n  o f  " n o n -n e u t r o n "  n u c le a r  data  w ou ld  b e  a b le  to  d e v e lo p  th e  k in d  
o f  in te r n a t io n a l  s y s te m  f o r  n u c le a r  s t r u c t u r e  d ata  th at D r . K o n d u ro v  w a s  
a s k in g  f o r .

D .J .  H O R E N : O u r f i r s t  o b je c t iv e  i s  to  d e v e lo p  c o m p u te r  p r o g r a m s  
to  a s s i s t  th e c o m p i le r  in  d o in g  h is  c o m p ila t io n , and  in  r e d u c in g  the am ou n t 
o f  su ch  ro u t in e  w o r k  a s  n u m b e r  m a n ip u la t io n s , e t c .  O u r s e c o n d  p u r p o s e  
is  to  b u ild  a  n u c le a r  s t r u c t u r e  f i l e .  W e  w ou ld  n o t l ik e  to  g e t b o g g e d  dow n 
in  e n d le s s  c o n v e r s a t io n s  on  fo r m a t s  and the l ik e .  R a th e r , w e  w ant to  
d e v e lo p  a s y s t e m  w h ich  w e  fin d  a c c e p ta b le  and  t r y  to  m a k e  i t  u s e fu l  f o r  
o t h e r s .
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A to m ic  Energy o f  C anada L im ited ,
C h alk  R iver, O ntario , Canada

Abstract

N E U T R O N - CAPTURE G A M M A -R A Y  C O M P IL A T IO N S .
N e u tro n -ca p tu re  g a m m a -r a y  c o m p ila t io n s  are d iscu ssed  w ith  p a rt icu la r  a tte n tio n  to  the C h a lk  R iver — 

K u rch a to v  c o m p e n d iu m . P ossib le  future d e v e lo p m e n ts  are co n s id e re d  in  re la t io n  t o  a p p lie d  n e e d s .

We s h a l l  b e g in  by re v ie w in g  th e  p r e se n t  s t a t u s  o f  n eu tro n  c a p tu re  
c o m p ila t io n s  and n e x t d i s c u s s  t h e i r  adequacy  in  m eetin g  b o th  fun dam en tal 
and a p p lie d  n e e d s . F in a l ly  some ways o f  e f f e c t i n g  im provem ents w i l l  be 
s u g g e s te d .

R ecen t m ajor ( n , y ) c o m p ila t io n s  a r e  l i s t e d  c h r o n o lo g ic a l ly  in  T a b le  I  
w ith  an in d ic a t io n  o f  th e  sc o p e  and m o t iv a t io n  o f  each  w ork. The Oak 
R idge N a t io n a l  L a b o ra to ry  N u c le ar  D ata  S h e e t s [8 ]  have n ot been  in c lu d e d  
a lth o u g h  they  em brace a l l  (n ,y )  d a ta  in  t h e i r  b ro ad  c o v e ra g e . S e v e r a l  
e a r l i e r  (n ,y )  c o m p i la t io n s [9 -1 1 ] a r e  a l s o  n o t  in c lu d e d .

E n try  (1 )  i s  a  com prehensive c o m p ila tio n  o f  (n ,y )  d a ta  from  a l l  
so u r c e s  a v a i l a b l e  a t  th e  tim e o f  w r i t in g  b o th  p u b lish e d  and u n p u b lish e d .
I t  in c lu d e s  t a b le s  o f  e n e r g ie s ,  Ey, and a b s o lu t e  i n t e n s i t i e s ,  I y ,  o f 
r e s o lv e d  l i n e s  from  th e  more com plete  t a b u la t io n s  by d i f f e r e n t  e x p e r im e n te r s , 
decay  sch em es, r e p r e s e n t a t iv e  g rap h s o f  th e  b e t t e r  m easured s p e c t r a ,  and 
g rap h s  o f  a b s o lu t e  y ie l d s  a s  a  fu n c t io n  o f  Ey f o r  e lem en ts through out th e  m ass 
t a b l e .  R e fe re n c e s  a r e  g iv e n  to  o th e r  ( n ,y ) - t y p e  m easurem ents such  a s  
c o in c id e n c e  and a n g u la r  c o r r e la t io n  work and to  e a r ly  m easurem ents n o t 
t a b u la t e d .  No e v a lu a t io n s ,  e x c e p t  th e  minimum n e c e s s a r y  to  p r e se n t  th e  
m ost com plete and s e l f - c o n s i s t e n t  decay  scheme f o r  each  sp ec tru m , were 
c a r r i e d  o u t .

E n try  (2 )  i s  a  c o m p ila tio n  o f  a b s o lu te  y - ra y  y ie l d s  in  t a b u la r  form  
fo r  N a, A l ,  S i ,  S ,  C l ,  K , C a, T i ,  F e ,  N i ,  Cu, Zn, Ba and s t a i n l e s s  s t e e l  
a s  m easured by th e  au th o rs  w ith  a  l a r g e  N al d e t e c t o r .  A lthough in d iv id u a l  
l i n e s  a r e  n o t r e s o lv e d ,  th e  spectru m  en v e lo p e  was an a ly z e d  w ith  h igh -  
r e s o lu t io n  d a ta  from  o th e r  a u th o rs  a s  a  g u id e , and in d iv id u a l  l in e  
i n t e n s i t i e s  and i n t e n s i t i e s  summed o v e r  0 .5  MeV i n t e r v a l s  e x t r a c t e d .  The 
y ie l d  d a ta  from  o th e r  a u th o rs  a r e  p r e se n te d  s i m i l a r l y  f o r  com parison .

E n try  (3 )  g i v e s ,  in  t a b u la r  fo rm , Ey and Iy  f o r  r e s o lv e d  y - ra y s  from 
75 s t a b l e ,  n a t u r a l ,  e le m en ts from  L i  to  B i i n c lu s iv e  (o m it t in g  g a s e s  e x c e p t 
n i t r o g e n ) .  The r e s u l t s  a r e  th e  a u th o r s ' own m easurem ents w ith  a  G e (L i)-N a l 
c o in c id e n c e  d e t e c t o r  sy ste m  o p e ra te d  in  C om p ton -su pp ression  and p a i r  sp e c 
tro m e te r  m odes. L in e  r e c o g n it io n  and m easurem ents o f  y - r a y  e n e r g ie s  and 
i n t e n s i t i e s  w ere c a r r i e d  out from  th e  o r i g i n a l  d a t a ,  by com puter.

E n try  (4 )  i s  an e x te n s io n  o f  (3 )  c o n ta in in g  in  a d d i t io n  to  d i s c r e t e  
l i n e  in fo rm a t io n , an a n a l y s i s  o f  th e  u n re so lv e d  continuum . The y ie l d s
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C o m p i l a t i o n

E n tr y T i t l e A u t h o r s C o n t e n t S o u r c e  and M o t i v a t i o n R e f .

Com.pen.dium o f  Thermal Neutron. 
C a p t u r e  y -R a y  M easurem ents:  
P a r t  I ,  2 < 46

P a r t  I I ,  47 < Z < 67

P a r t  I I I ,  68 < 2 < 94

Gamma-Ray S p e c t r a  A r i s i n g  
from  T h e r m a l-N e u tro n  C ap tu r e  
i n  E lem en ts  Found i n  S o i l s  
C o n c r e t e s ,  and S t r u c t u r a l  
M a t e r i a l s .

Thermal N eutron  C ap tu r e  Gamma- 
Ray S p e c t r a  o f  t h e  E le m e n ts .

L i n e  and Continuum  Gamma-Ray 
Y i e l d s  from  T h e r m a l -N e u tro n  
C a p tu r e  i n  75 E le m e n ts .

C o m p i l a t i o n  o f  keV N eutron  
C a p tu r e  Gamma Ray S p e c t r a .
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1967

1968

1969

1969

1969
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J . R .  B i r d ,  e t  a l .  1973

E n e r g i e s ,  i n t e n s i t i e s  o f  
r e s o l v e d  y - r a y s ,  y i e l d  
d i s t r i b u t i o n s ,  d e c a y  
s c h e m e s ,  a l l  e l e m e n t s ,  
some i s o t o p e s .

A u t h o r s ' own d a t a  p l u s  
l i t e r a t u r e  s e a r c h ?  
f u n d a m e n ta l  o r i e n t a t i o n .

Gamraa-ray y i e l d s  as 
f u n c t i o n  o f  e n e r g y  f o r  
i n d i v i d u a l  l i n e s  and 
summed i n  0 . 5  MeV i n t e r 
v a l s ,  14 m a t e r i a l s .

E n e r g i e s ,  i n t e n s i t i e s  
o f  r e s o l v e d  y - r a y s ;  a l l  
s t a b l e  n o n - g a s e o u s  n a t 
u r a l  e l e m e n t s  L i  t o  Bi 
p l u s  N.

I tem  3 p l u s  t o t a l  
y i e l d s ,  i n c l u d i n g  
c o n t in u u m  i n  0 .2 5  MeV 
i n t e r v a l s .

E n e r g i e s ,  i n t e n s i t i e s  
o f  r e s o l v e d  y - r a y s ,  
s p e c t r a ,  d e c a y  schemes,
42 e l e m e n ts  F t o  B i , 
n e u t r o n  e n e r g i e s  5 -3 0 0  
keV.

A u t h o r s ’ own r e s u l t s  p l u s  
some d a ta  f r o m  l i t e r a t u r e ;  
a p p l i e d  o r i e n t a t i o n .

A u t h o r s '  own d a t a ;  m o s t l y  
a p p l i e d  o r i e n t a t i o n .

A u t h o r s ’ own d a t a ;  a p p l i e d  
o r i e n t a t i o n .

A u t h o r s '  own d a ta  p l u s  
l i t e r a t u r e  s e a r c h ;  fu n d a 
m e n ta l  o r i e n t a t i o n .

>
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f o r  d i s c r e t e  l i n e s ,  f o r  th e  continuum  and t h e i r  sum a r e  t a b u la te d  in  
0 .2 5  MeV i n t e r v a l s  o f  Ey, and the o r i g i n a l  y-ray s p e c t r a  are shown f o r  each  
e lem en t. The t o t a l  y i e l d  h as a l s o  been  w r it t e n  onto m agn etic  ta p e  in  ENDF 
fo rm a t.

E ntry  (5 ) i s  a  c o m p ila tio n  o f  a l l  m easurem ents o f  Ey and Iy  o f  r e s o lv e d  
l i n e s  in  t a b u la r  form  f o r  c a p tu re  o f  n e u tro n s w ith  e n e r g ie s  5 <  En 5= 300 keV 
in  42 e lem en ts betw een F and B i ,  i n c lu s i v e .  Therm al c a p tu re  y - r a y s  a re  
l i s t e d  f o r  co m p arison , and r e le v a n t  (d ,p )  r e a c t io n  d a ta  a r e  in c lu d e d  in  the  
t a b l e s .  Decay schem es a r e  g iv e n  fo r  r e s o lv e d  re so n a n c e s  and t y p ic a l  s p e c t r a  
a r e  g iv e n  to  show th e  q u a l i t y  o f  th e  o r ig i n a l  m easurem ents.

The m o t iv a t io n s  f o r  p r e p a r in g  th e se  f iv e  c o m p ila tio n s  d i f f e r  a s  
in d ic a te d  in  th e  s i x t h  column o f  T ab le  I .  C o m p ila tio n s ( 1 ) ,  (3 )  and (5 )  
g iv e  prom inence to  h ig h - r e s o lu t io n  and h ig h - p r e c is io n  en ergy  m easurem en ts,

(1 ) and (5 )  b e in g  p r im a r i ly ,  bu t n o t e n t i r e l y ,  m o tiv a te d  by i n t e r e s t s  in  
l e v e l  s t r u c t u r e  and o th e r  m a tte r s  in  fu n dam en tal n u c le a r  p h y s ic s  w h ile  ( 3 ) ,  
m o tiv a te d  l a r g e l y  by a p p l ie d  re q u ire m e n ts , i s  a l s o  o f  g r e a t  v a lu e  to  fu n da
m en ta l p h y s ic s  in  su p p lem en tin g  and co n firm in g  th e  h ig h  p r e c i s io n  d a ta  in
( 1 ) .  On th e  o th e r  h an d , th e  p r in c i p a l  o b je c t iv e  in  c o m p ila tio n s  (2 ) and
(4 ) i s  to  p ro v id e  com plete  y - ra y  y ie l d  in fo rm a tio n  w ith  th e  f in e  d e t a i l s  
o f  th e  s p e c t r a  o r t h e i r  u se  in  n u c le a r  p h y s ic s  o f  se co n d ary  con cern .

On th e  s u b je c t  o f  co m p ile r  m o t iv a t io n , th e  K u rch atov -C h alk  R iv e r  
Com pendia, e n try  ( 1 ) ,  have a t t r a c t e d  i n t e r e s t  a s  an in t e r n a t io n a l  co m p ilin g  
program  and a  s h o r t  d ig r e s s io n  to  o u t l in e  how t h i s  d eve loped  may be o f  
v a lu e .

Both  G roshev and h i s  c o l le a g u e s  a t  th e  K urch atov  I n s t i t u t e  and the  
C halk R iv e r  (n ,y )  group had s im u lta n e o u s ly ,  about 1958 , produced  (n ,y )  
c o m p i la t io n s [1 2 ,1 3 ]  p r im a r i ly  to  c o n s o l id a t e  and sum m arize l a r g e  b o d ie s  o f  
d a ta  th a t  had been  produced  a t  each  la b o r a t o r y .  F o r th e  C halk R iv e r  g ro u p , 
i t  was p a r t l y  the  u rge  to  s e e  t h i s  body o f  work c o l l e c t e d  t o g e th e r ;  p a r t ly  
th e  need to  make m inor u p d a te s  and e x te n s io n s  (n o t o th e rw ise  e a s i l y  
p u b lish e d )  to  e a r l i e r  d a t a ;  and a l s o ,  o f  c o u r se ,  p a r t l y  th e  d e s i r e  to  p ro 
v id e  a  co n v en ien t d a t a  p ack age  f o r  o th e r  u s e r s ,  th a t  s t im u la te d  th e  i n i t i a l  
co m p ilin g  w ork. F o r  c o m p le te n e ss , a v a i l a b l e  d a ta  from  o th e r  a u th o rs  w e r e  
a l s o  in c lu d e d . B e cau se  o f  a  s t r o n g  i n t e r e s t  in  com paring r e s u l t s  o f  d i f f e r 
e n t  a u th o r s ,  a  l i s t i n g  o f  a l l  known m easurem ents a t  f a c e  v a lu e  was p r e fe r r e d  
to  an e v a lu a t io n  o r  s y n t h e s i s .  About 1966 , b o th  grou ps in d ep en d en tly  con
s id e r e d  i t  tim e to  u p d ate  t h e i r  r e s p e c t iv e  c o m p ila t io n s  and,upon r e a l i z i n g  
th a t  d u p l ic a t io n  w as about to  r e c u r ,  d e c id e d  to  combine e f f o r t s .  With each  
group b e n e f i t in g  from  the e x p e r ie n c e  o f  th e  e a r l i e r  c o m p ila t io n s ,  i t  
happened th a t  th e  u pd ated  c o m p ila t io n s ,  begun in d e p e n d e n tly , w ere v ery  
s i m i la r  in  fo rm a t , and m erging o f  th e  work was th e r e fo r e  rem ark ab ly  e a s y .
The w hole m erging o p e r a t io n  was e f f e c t e d  w ith  th e  in te r - c h a n g e  o f  o n ly  two 
rough d r a f t s  (one each  way) and l e s s  than  a  dozen l e t t e r s  to  s e t t l e  a l l  
m a tte r s  co n cern in g  c o n te n t ,  fo rm a t ,  r e f e r e n c in g ,  and mode o f  p u b l ic a t io n .  
B e cau se  o f  th e  u n p u b lish ed  ( p r iv a t e  com m unication) d a ta  a v a i l a b l e  to  each  
group s e p a r a t e l y ,  th e  combined c o m p ila tio n  was much more com plete and up to  
d a te  th an  e i t h e r  component w ould have been  a lo n e .

th e  main u se s  o f  (n ,y )  c o m p ila tio n s  a r e  l i s t e d  in  T ab le  I I .  The 
l a r g e s t  group o f  u s e r s  a r e  un dou bted ly  th e  fun dam en tal n u c le a r  p h y s i c i s t s  
w h ile  th e  l a r g e s t  a p p l ie d  group a r e  th e  s h ie ld in g  d e s ig n e r s .  The t h i r d  
g ro u p , u s in g  n eu tro n  c a p tu re  y - r a y s  f o r  prompt a c t iv a t io n  a n a l y s i s ,  i s  
s m a l l .  So f a r ,  n o t many a p p l i c a t io n s  have a r i s e n  in  which t h i s  tech n iq u e  
h a s  a d v an tag e s  ov er o th e r  m ethods o f  a n a l y s i s .  The p r in c i p a l  a p p l ic a t io n s
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1. Fundam ental n u c le a r  p h y s ic s

2 . R a d ia t io n  s h ie ld in g  d e s ig n

3 . Prompt a c t i v a t io n - a n a l y s i s

d eve loped  to  d a te  a r e  f o r  measurem ent o f  c o n c e n tra t io n s  o f  c e r t a in  e lem en ts 
in  c o a l  and o th e r  o r e s [1 4 ] .  For prompt a c t iv a t io n  a n a l y s i s ,  a s  in  the  
u s u a l  k in d  o f  a c t i v a t io n  a n a l y s i s ,  one must know the e n e r g ie s  and a b s o lu te  
i n t e n s i t i e s  o f  a t  l e a s t  th e  s t r o n g e r  y-rays in  th e  spectru m .

Turn ing now to  th e  adequacy  o f  th e  a v a i l a b l e  c o m p ila t io n s  f o r  s a t i s 
fy in g  th e  v a r io u s  n eeds, we c o n s id e r  f i r s t  fun dam en tal p h y s ic s .  A m ajor 
c o n s id e r a t io n  i s  to  e s t a b l i s h  l e v e l  schem es and f o r  t h i s  one n eeds the  m ost 
com plete  p o s s i b l e  in fo rm a tio n  on th e  e n e r g ie s  and i n t e n s i t i e s  o f  in d iv id u a l  
l i n e s  in  s p e c t r a  from  s i n g l e  i s o t o p e s .  The f e a s i b i l i t y  o f  m easu rin g  th e  
( n ,y )  s p e c t r a  o f  a  s e p a r a te d  i s o to p e  depends on th e  c r o s s  s e c t io n  and a v a i l 
a b i l i t y  o f  th a t  i s o t o p e .  In  th e  Compendia c o m p risin g  item  ( 1 ) ,  T a b le  X, 
decay  schem es f o r  somewhat l e s s  than h a l f  o f  a l l  p o s s i b l e  i s o to p e s  a re  
r e p o r te d  and m ost o f  th e s e  a r e  f a r  from  co m p le te . In  o rd e r  to  a p p r a i se  
th e  p r e se n t  s t a t e  o f  th e  a r t  in  r e s o lv in g  th e  spectru m  in to  i t s  in d iv id u a l  
l i n e s ,  we make u se  o f  th e  com prehensive h ig h  r e s o lu t io n  s t u d ie s  o f  
Rasm ussen e t  a l . [6 ]. These a u th o rs  deduced f o r  each  elem ent the  f r a c t i o n  o f  
th e  t o t a l  en ergy  e m itte d  th a t  a p p e a r s  a s  r e s o lv e d  Y -ra y s  when m easured  w ith  
t h e i r  sp e c tro m e te r  which had a  r e s o lu t io n  o f  0.5% a t  1 MeV and 0.1% a t  
7 MeV. T h e ir  r e s u l t s ,  re n o rm alize d  so  th a t  100% co rre sp o n d s to  e m iss io n  o f  
th e  n eu tro n  b in d in g  en ergy  once p e r  c a p tu r e ,  a r e  p lo t t e d  a s  a  fu n c t io n  o f  
a to m ic  number in  F i g .  1 . A lthough th e  s p e c t r a  a r e ,  f o r  m ost c a s e s ,  100% 
r e s o lv e d  below  Z=30 (z in c )  th e re  a re  r e g io n s  in  h e a v ie r  e lem en ts where on ly  
a  sm a ll  f r a c t i o n  i s  r e s o lv e d ,  e . g .  on ly  2% a t  Z=63 (eu ro p iu m ). There a r e  
r e g io n s  where n e a r ly  100% i s  r e s o lv e d  a t  th e  c lo s e d  n eu tro n  s h e l l s  n e a r  Z r, 
C e , and P b . I t  w ould a p p e a r ,t h e n ,th a t  th e  t a b l e s  a re  f a r  from  com plete from  
th e  p o in t  o f  v iew  o f  th e  fu n dam en tal p h y s i c i s t s  b u t r e c t i f y i n g  t h i s  i s  a  jo b  
f o r  s p e c t r o s c o p i s t s , n ot c o m p i le r - e v a lu a to r s . On th e  o th e r  hand, exam ina
t io n  o f  th e  r e s o lv e d  y-ray t a b le s  in  item  ( 1 ) ,  T ab le  I ,  f o r  c o n s is te n c y  
shows w ide d i s c r e p a n c ie s  betw een th e  work o f  d i f f e r e n t  a u th o rs , p a r t i c u l a r l y  
in  i n t e n s i t i e s ,  and in s t a n c e s  where y - r a y s  a r e  l i s t e d  th a t  would ap p e ar  to  
be from  con tam in an ts o r  background a r e  a l s o  n o t uncommon. I t  i s  c l e a r ,  
t h e r e f o r e ,  th a t  th e re  i s  a l s o  room f o r  c r i t i c a l  e v a lu a t io n  o f  th e  d a ta  now 
a v a i l a b l e .

L e t u s  now c o n s id e r  w hether the c o m p ila tio n s  in  T a b le  I  s a t i s f y  the  
a p p l ie d  u s e r s ,  in  p a r t i c u l a r  th e  la r g e  community o f  s h ie ld in g  d e s ig n e r s .
We n o te  in  p a s s in g  t h a t  th e  n eed s o f th e  prompt a c t iv a t io n  a n a ly s t s  fo r  
s t r o n g ,  w e l l- r e s o lv e d  l i n e s ,  p ro b ab ly  a r e  a d e q u a te ly  met f o r  m ost e lem en ts 
by c o m p ila t io n s  (1 ) and ( 3 ) .  Two q u e s t io n s  s ta n d  o u t :

( a )  Are th e  y-ray y i e l d  t a b l e s  f o r  th erm al n eu tro n  c a p tu re  s u f f i c i e n t l y
r e l i a b l e  and com plete  f o r  s h ie ld in g  d e s ig n ?

(b ) I s  the  c o v e ra g e  o f  re so n an ce -an d  f a s t - n e u t r o n  c a p tu re  ad eq u ate?

For an a sse s sm e n t  o f  r e l i a b i l i t y  o f  y-ray a b s o lu te  y i e l d  d a ta  we tu rn  
a g a in  to  Rasm ussen e t  a l .  [6] who compared d a ta  from  s e v e r a l  e x p e r im e n te rs
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F I G . l .  P e rce n ta g e  o f  to ta l en e rg y  e m it te d  that a ppears as re s o lv e d  7 “ rays in  th e rm a l-n e u tro n -ca p tu re  
sp e ctra  m ea su red  w ith  a  G e (L i) -N a I  C o m p to n -su p p re s s io n /p a ir  s p e ctro m e te r  [ 6 ] ;  r e n o r m a liz e d  d a ta .

w ith  t h e i r  own r e s u l t s .  T a b le  I I I ,  f o r  t it a n iu m , i s  one c a se  c o n s id e re d  in  
which a l l  e x p e r im e n te rs  l i s t e d  cov ered  th e  e n t i r e  en ergy  ra n g e ; we show 
R asm u sse n 's  own r e s u l t s  a s  o r i g i n a l l y  m easured , n o t r e n o rm a liz e d , a s  he 
p r e se n te d  them. As can be se e n  from  th e  l a s t  colum n, th e  f a c t  th a t  the 
n eu tro n  b in d in g  e n e rg y , BE, m ust be  e m itte d  once p e r  c a p tu re  p r o v id e s  a  
v a lu a b le  check on th e  o v e r a l l  a c c u rac y  and com p le te n e ss  o f  th e  y ie l d  
m easurem en ts. C le a r ly  an u n c e r ta in ty  o f  ±10% o r  so  in  th e  o v e r a l l  y i e l d  i s  
r e p r e s e n t a t iv e  o f  t h i s  k in d  o f  d a t a .  Comparing y ie l d s  in  th e  in d iv id u a l  
0 .5  MeV i n t e r v a l s ,  one s e e s  s t i l l  w id er v a r i a t i o n s ,  p a r t i c u l a r l y  f o r  low 
i n t e n s i t y  i n t e r v a l s .  However, i f  th e  r e s u l t s  o f  each  group a r e  re n o rm alize d  
so  th a t  1 E y i I y i  = BE, th e  agreem ent f o r  in d iv id u a l  i n t e r v a l s  im proves f o r  
a l l  b u t & few o f  th o se  a t  low er e n e r g ie s .  T h is  i s  shown in  T a b le  IV . The 
RMS d e v ia t io n  from  th e  mean o f  a l l  f i v e  e n t r ie s  i s  b e t t e r  than  ±15% f o r  a l l  
b u t th e  w e a k e r - in te n s ity  i n t e r v a l s .  T h is i s  c o n s i s t e n t  w ith  p r e c i s io n s  
qu o ted  by th e  e x p e r im e n te r s . M aerker and M u ck en th ale rI4] e s t im a te  t h e i r  
ac c u rac y  f o r  i n t e n s i t i e s  in  any i n t e r v a l  to  be ±15%. O ther e x p e r im e n te rs  
u s u a l ly  q u o te  l a r g e r  u n c e r t a in t i e s  f o r  the s t r o n g e r  in d iv id u a l  l i n e s ,  e .g .  
10-30% depending on en ergy  (Bartholom ew  and H iggs 113] and ±20% Rasm ussen 
e t  a l . [5 ] )  so  t h a t ,  when av e rag e d  o v e r  y - ra y s  in  a  0 .5  MeV i n t e r v a l ,  ±15% 
i s  p ro b ab ly  r e p r e s e n t a t iv e .  A c c u ra c ie s  o f  ±15 or ±20% a r e  u s u a l ly  re q u ire d  
by s h ie ld in g  d e s ig n e r s  su b m itt in g  r e q u e s t s  f o r  (n ,y )  y i e l d  d a ta  to  RENDA. 
T h e re fo re  we must con clu de  t h a t ,  a t  p r e s e n t ,  th e  a c c u r a c ie s  a v a i l a b l e  a re  
a d e q u a te , bu t o n ly  j u s t  s o .

I t  w ould n o t be a p p r o p r ia te  h ere  to  rev iew  in  d e t a i l  th e  s e v e r a l  
c o n tr ib u to r y  c a u se s  o f  th e se  l a r g e  i n t e n s i t y  u n c e r t a in t i e s  b u t one p a r t i c 
u l a r  p o in t  sh o u ld  be b rou gh t o u t :  The r e l a t i v e  i n t e n s i t y  d e te rm in a t io n s
depend s t r o n g ly  on knowing th e  e f f i c i e n c y  fu n c t io n  o f  th e  sp e c tro m e te r .
In  a l l  o f  th e  work in  T a b le s  I I I  and IV, the  d e t e c t io n  e f f i c i e n c y  a t  h ig h  
Y -ray  e n e r g ie s  was e s t a b l i s h e d ,  a t  l e a s t  in  p a r t ,  by c a l i b r a t i n g  on (n ,y )  
l i n e s  known from  e a r l i e r  a b s o lu t e  m easurem ents made a t  C halk R iv e r  and 
K urch atov  l a b o r a t o r i e s .  The cru x  o f  th e  problem  i s  t h a t ,  even to d a y , th e re  
a r e  few sp e c tr o m e te r s  w ith  a b s o lu t e ,  accu ra te ly -k n o w n , e f f i c i e n c y  fu n c t io n s  
c a p a b le  o f  co m p le te ly  in depen den t i n t e n s i t y  d e te rm in a t io n s  and v e ry  few 
h ig h  en ergy  y - r a y s  o f  known a b s o lu t e  i n t e n s i t y  a v a i l a b l e  f o r  c a l i b r a t i n g  
any o th e r  k in d  o f  sp e c tr o m e te r . The e a r ly  C h alk  R iv e r  and K u rch atov  d a ta



T A B L E  III. M E A S U R E D  Y IE L D S  O F  T H E R M A L  N E U T R O N  C A P T U R E  7 -R A Y S  
IN  T IT A N IU M a), P H O T O N S /100 C A P T U R E S

Gamma-Ray E nergy I n t e r v a l , 3Y i (M eV )^

E x p e r im e n t e r
Year

1 . 2 5 -
1 .5

1 . 5 -
2.0

2 . 0 -
2 .5

2 . 5 -
3 .0

3 . 0 -
3 . 5

3 . 5 -
4 .0

4 . 0 -
4 .5

4 . 5 -
5 .0

5 . 0 -
5 . 5

5 . 5 -
6.0

6 . 0 -
6 .5

6 . 5 -
7 .0

7 . 0 -
7 .5

7 . 5 -
8.0

8 . 0 -
8 .5

8 . 5 -
9 .0

> 9 .0
EE . I  . 
¿  Y* Yi

%BE

G r o s h e v ,  e t  a l * 2) 
1958

8 5 . 0 2 5 .7 5 .2 3 . 0 6 .7 5 .7 0.6 9 . 9 0.0 0.8 2 7 . 5 4 2 .0 0.6 0 .3 0.2 0.0 0.2 93

K n o w le s ,  e t  a l ï 5  ̂
1959

8 7 .6 1 4 .8 0.6 1 .4 3 .6 3 .9 0.6 9 .7 0 .4 0.8 2 9 .2 4 7 .4 1.0 0.2 0 .3 0.0 0.2 93

D r ap e r  & Bostrom*^ 
1963

88.6 2 3 .6 3 .3 6.0 8 .7 10 2 1 .7 9 0 . 6 1.1 0 .5 0 .4 110

M aerker fi ..  
M u c k e n th a le r  ' 
1969

3 3 .8 2 5 . 7 3 .6 5 .0 6.2 4 .6 0 .7 9 .5 0 . 4 1.0 3 3 . 1 5 6 .0 0 .9 0.2 0 . 3 0.0 0.2 106

Rasmussen e t  a l?^  
1970

6Э.З 2 4 .0 4 .4 3 .6 8 .5 6,1 0 .9 12.0 1.2 1.6 3 7 .9 6 1 .3 0 .4 0.0 0.2 117C

a) D e r i v e d  f r o m  T a b le  I I  r e f .  6
b )  Upper e n e r g y  l i m i t  o f  e a c h  g r o u p  n o t  i n c l u d e d  i n  summation
c )  I n c l u d e s  c o n t r i b u t i o n  b e l o w  1 . 2 5  MeV
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T A B L E  IV . R E N O R M A L IZ E D  Y IE L D S  O F  T H E R M A L  N E U T R O N  C A P T U R E  7 -R A Y S  
IN T IT A N IU M , P H O T O N S /100 C A P T U R E S

Gamma Ray E n ergy  I n t e r v a l  (MeV)

E x p e r im e n t e r
Year

1 . 2 5 -
1 .5

1 . 5 -
2,0

2 . 0 -
2 .5

2 . 5 -
3 .0

3 . 0 -
3 . 5

3 . 5 -
4 .0

4 . 0 -
4 . 5

4 . 5 -
5 .0

5 . 0 -
5 . 5

5 . 5 -
6.0

6 . 0 -
6 .5

6 . 5 -
7 .0

7 . 0 -
7 .5

7 . 5 -
8.0

8 . 0 -
8 . 5

8 . 5 -
9 .0

> 9 . 0
f r i V

%BE

G r o s h e v  e t  a l * 2  ̂
1958

9 0 . 9 2 7 . 5 5 .6 3 .2 7 .2 6.1 0.6 10.6 0.0 0 . 9 2 9 . 4 4 4 . 9 0.6 0 .3 0.2 0.0 0.2 100

Knowles  e t  a l í 5  ̂
1959

9 3 . 7 1 5 .8 0.6 1 .5 3 .9 4 . 2 0.6 1 0 . 4 0 .4 0 .9 3 1 . 2 5 0 . 7 1.1 0 . 1 9 0 .3 2 0.0 0.20 100

D r ap er  & B o st ro rc f^  
1963

8 0 .5 2 1 .4 3 .0 5 .5 7 .9 9 3 1 .5 8 2 . 4 1.0 0 .4 5 0 .3 6 100

M aerker &
M u c k e n th a le r
1969

7 9 .1 2 4 .2 3 .4 4 .7 5 .8 4 .4 0 .7 9 .0 0 .4 0 .9 3 1 .2 5 2 . 8 0.8 0 .1 7 0 .3 0 0.0 0.20 100

Rasmussen e t  a l?^  
1970

5 9 .4 20.6 3 .8 3 . 1 7 .3 5 .2 0.8 1 0 . 3 1.0 1 .4 3 2 .5 5 2 .5 0 .3 0.0 0 .1 9 0.0 0.0 100
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w e r e  n ot v e r y  a c c u r a t e ;  f o r  th e  Chalk R iv er  p a ir  sp ectrom eter  e f f i c i e n c y  
fu n c t io n , u n c e r t a in t ie s  o f  ±20% a t 5 MeV, ±10% a t  7 M eV ,[l7 ] and unknown, 
p roba b ly  ±30% at 9 M eV[l3] were c la im ed , a l l  r e la t iv e  to  u n it  e f f i c i e n c y  at 
2 .76  MeV. To the e x te n t th at the c a l ib r a t io n s  on w hich many p resen t y i e ld  
measurements a re  based r e ly  on th a t e a r l i e r  w ork, th ose  in a c c u r a c ie s  are 
s t i l l  in co rp o ra te d  and th ese  measurements w hich we have compared as 
independent d e term in a tion s  in  T ab les I I I  and IV th e r e fo r e  may n o t be 
e n t i r e ly  in depen den t. Agreement between the e a r ly  Chalk R iv er  and 
Kurchatov in t e n s i t y  d e te rm in a tio n s , to g e th e r  w ith  la t e r  r e la t iv e  in te n s i ty  
c a l ib r a t io n s  based  on in te r n a l c o n s i s t e n c y  o f  in te n s i t ie s  in  (n , 7 ) d e c a y  
s c h e m e s  in  lig h t  e le m e n t s  [ 18, 1 9 ] h a v e  le d  to  th e c o n c lu s io n  that the 
a c c u r a c i e s  o f  th e  r e la t iv e  in te n s i t ie s  o f  th e  7 - r a y s  u s u a lly  u s e d  a s  in te n s ity  
s ta n d a rd s  a r e  b e t t e r  than ± 1 5 % , p e r h a p s  a s  g o o d  a s  ±5 %  b e lo w  7. 5 M e V , but 
an  e x h a u s t iv e  e x a m in a t io n  o f  th e w h o le  q u e s t io n , w h ich  w o u ld  b e  b a s i c  to  
a th o ro u g h  e v a lu a t io n  o f  (n , 7 ) in te n s i t ie s  o v e r  th e  e n t ir e  r a n g e  to  11 M eV  
h as  n ot b e e n  m a d e . A  p a p e r  b y  S o k o lo v s k y  in  th e s e  P r o c e e d in g s  m a y  h av e  
m o r e  to  s a y  o n  th is  s u b je c t .  In a n y  u p ra t in g  o f  c o m p ila t io n s  in  T a b le  I, 
p a r t i c u la r ly  o f  ite m  ( 1 ) ,  th at m a y  b e  u n d e r ta k e n , s o m e  a tte n t io n  to  in te n s ity  
e v a lu a t io n s  w ou ld  b e  d e s i r a b le .  In  th e  lo n g  t e r m , th e r e  m a y  b e  a n e e d  f o r  
fu r t h e r  a c c u r a t e  a b s o lu t e  in te n s ity  m e a s u r e m e n ts  w ith  an  in s t r u m e n t  not 
r e q u ir in g  e x t e r n a l  c a l ib r a t io n .  N o s p e c t r o m e t e r  n ow  a v a i la b le  s e e m s  id e a l ly  
su ite d  to  th is  ta s k .

The Y -ray  y i e l d  t a b l e s [4 ,6 ]  to g e th e r  c o v e r  th e  f u l l  en ergy  ran ge  and a l l  
t a r g e t s  o f  i n t e r e s t  in  r e a c t o r  tec h n o lo g y . An e x c e p t io n  m ight be 3SXe.

Tu rn ing n e x t to  th e  q u e s t io n  o f  th e  adequacy o f  th e  re so n an ce  and f a s t  
n eu tron  c a p tu re  Y- ra y  c o m p ila t io n , e n try  5 in  T a b le  I ,  i t  i s  q u i t e  ob v iou s 
th a t  a lth o u g h  t h i s  i s  a  m ost v a lu a b le  summary o f  a l l  c u r r e n t ly  a v a i l a b l e  
d a ta ,  i t  does n o t meet re q u ire m e n ts  f o r  f a s t  r e a c t o r  d e s ig n .  To name th e  
p r in c i p a l  o m is s io n s ,  i t  c o v e rs  on ly  42 e le m e n ts , i t  t r e a t s  r e s o lv e d  l i n e s  
w ith  l i t t l e  in fo rm a tio n  on th e  com plete ( r e s o lv e d  p lu s  u n re a so lv e d )  r a d ia 
t io n  y i e l d s ,  and i t  a v o id s  the re g io n  below  5 keV n eu tro n  en ergy . The l a s t  
o m iss io n  a r i s e s  from  a p r a c t i c a l  co m p ilin g  prob lem ; many m easurem ents in  
th a t  re g io n  have been  made w ith  h igh  r e s o lu t io n  Y- ray  sp e c tr o m e te r s  on 
in d iv id u a l  re so n a n c e s  and th e  t a s k  o f  a sse m b lin g  and t a b u la t in g  t h a t  d e t a i l e d  
d a ta  would be m onumental. The n e c e s sa ry  p o o r - n e u tr o n - re so lu t io n  m easurem ents 
in  th e  ran ge  0 -5  keV th a t  w ould g iv e  Y- r ay y ie l d s  to  15% p r e c i s io n  summed 
ov er r e so n a n c e s ,  and summed o v e r  0 .5  MeV i n t e r v a l s  in  Ey, have n ot been  made. 
S im i la r  t o t a l  y i e l d  m easurem ents fo r  e n e r g ie s  above 300 keV a re  a l s o  l a r g e ly  
l a c k in g .  The prob lem s in  p r o v id in g  the  needed re so n an ce  and f a s t  n eu tron  
c a p tu r e  Y ~ray c o m p ila t io n s  a re  th u s n o t so  much prob lem s o f  co m p ilin g  and 
e v a lu a t in g  a s  o f  a  sh o r ta g e  o f  th e  a p p r o p r ia te  m easurem en ts. What r e a l l y  
i s  m ost needed by s h ie ld in g  d e s ig n e r s  in  th e  f a s t - n e u t r o n  en ergy  ran ge  a re  
th e  n eu tro n  n o n - e l a s t i c - i n t e r a c t i o n  у_ г аУ s p e c t r a  which in c lu d e  n eu tron  
c a p tu re  Y -ra ys  p lu s  y -r a y s  from  i n e l a s t i c  n eu tro n  s c a t t e r i n g .  Most r e q u e s t s  
fo r  y - ra y  d a ta  in  th e  1972 i s s u e  o f  RENDA[20] a r e  f o r  t h i s  k in d  o f  in fo rm a
t io n .  An im p o rtan t s t e p  in  s a t i s f y i n g  su ch  re q u ire m e n ts , f o r  th e  m a te r ia l s  
tr e a te d  in  en try  (2 )  o f  T a b le  I ,  h as been  made by M aerker and M uckenthaler 
[ 2 1 ] .

To sum m arize, s e v e r a l  r e c e n t  c o m p ila tio n s  o f  th erm al n eu tron  c ap tu re  
Y -ra y s  e x i s t ,  some o f  w hich a r e  o r ie n te d  more to  s a t i s f y i n g  fun dam en tal 
p h y s ic s  n eed s than  a p p l ie d  n e e d s . W hile th e  a v a i l a b l e  h ig h - r e s o lu t io n  d a ta  
do n o t s a t i s f y  a l l  th e  w an ts o f  th e  fun dam en tal u s e r s , th e  n eeds o f  
a p p l ie d  u s e r s  f o r  th erm al c a p tu re  Y -ray  t o t a l - y i e l d  d a ta  seem  to  be
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a d e q u a te ly  met f o r  th e  tim e b e in g . However, th e  u n c e r t a in t i e s  ^±15% in  the 
t o t a l  y i e l d s  ap p e ar  on ly  j u s t  ad eq u ate  fo r  s h ie ld in g  d e s ig n  an d , w h ile  some 
headway in  re d u cin g  th e s e  u n c e r t a in t i e s  by an e x h a u s t iv e  e v a lu a t io n  and 
rev iew  o f  i n t e n s i t y  c a l i b r a t i o n s  m ight be p r o f i t a b l e ,  th e re  seem s to  be a 
need f o r  f u r t h e r  a c c u r a te  a b s o lu te  y ie l d  m easurem ents in depen den t o f  c a l i 
b r a t io n  i n t e n s i t i e s  from  e a r l i e r  c a p tu re  Y -ray  r e s u l t s .  Much e x p e r im e n ta l 
work i s  y e t  needed to  s a t i s f y  s h ie ld in g  d e s ig n  re q u ire m e n ts  f o r  y-ray 
y ie l d s  in  re so n an ce -an d  fa s t - n e u t r o n  c a p tu re .
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D I S C U S S I O N

R .  N IC K S: I w o u ld  lik e  t o  c o n f ir m  th e n e e d  o f  s h ie ld  d e s ig n e r s  f o r
7 - r a y  d ata  o n  n o n - e la s t i c  in t e r a c t io n s  in  th e fa s t  n e u tro n  r a n g e . In the 
p r e s e n t  s itu a t io n , on e  i s  o fte n  f o r c e d  to  m a k e  a p p r o x im a t io n s ,  su ch  as  
in t r o d u c in g  th e r m a l  c a p tu r e  7 - r a y  s p e c t r a  in to  th e  c a lc u la t io n s .  I th ink  
th at an  a c c u r a c y  o f  a b ou t 1 0 -  2 0 % o f  the p r o d u c t io n  c r o s s - s e c t i o n  sh o u ld  
b e  en ou gh  f o r  m a k in g  h eat c a lc u la t io n s .  L a s t ly ,  it  w ou ld  b e  in te r e s t in g  to 
ta k e  in to  a c c o u n t  f o r  th e con tin u u m  c o n tr ib u t io n  in  th e  c o m p ila t io n .

G . A .  B A R T H O L O M E W : Y e s ,  I a g r e e .  T o  m y  k n o w le d g e , v e r y  l it t le
o f  th e  k in d  o f  d ata  y ou  m e n tio n  i s  a v a i la b le .

A . H .  W A P S T R A  (C h a ir m a n ): A r e  y ou  o r  a n y b od y  e l s e  w o r k in g  on  
u p d a tin g  th e B a r t h o lo m e w -G r o s h e v  c o m p ila t io n ?

G . A .  B A R T H O L O M E W : W e a r e  c o n te m p la t in g  th is  bu t a ll  w e ca n  
im a g in e  d o in g  in  the f o r e s e e a b le  fu tu re  i s  s im p ly  to  u pdate  th e  e x is t in g  
c o m p e n d ia .  E v e n  fo r  th is  I d o n 't  k n ow  w h e r e  w e  w il l  f in d  th e  r e s o u r c e s .
T o  g o  any fu r th e r  and in c lu d e  e v a lu a tio n  i s  m o r e  than  I w o u ld  w ant to  th ink 
a b o u t.

D . J .  H O R E N : W h e r e v e r  (n , 7 ) d ata  p e r t in e n t  to  a g iv e n  m a s s  ch a in  a r e  
a v a i la b le ,  th e  c o m p i l e r s  o f  N u c le a r  D ata  S h e e ts  t r y  to  " e v a lu a t e "  th e m  
p r i o r  t o  th e ir  in c lu s io n .  I u se  th is  t e r m  f a i r ly  l o o s e ly  b e c a u s e  e v a lu a tio n  
o f  n e u tro n  c a p tu r e  g a m m a  r a y s  i s  a v e r y  d i f f ic u l t  p r o c e s s .

G . A .  B A R T H O L O M E W : Y e s .  I s h o u ld  h av e  m e n tio n e d  in  m y  p r e s e n t a 
t io n  th a t, w h ile  I d id  n ot in c lu d e  the D ata  P r o je c t s  w o r k  in  m y  r e v ie w ,  th is  
i s  in  fa c t  th e o n ly  w o r k  w h ich  in v o lv e s  s o m e  e v a lu a t io n .
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M A G N E T I Q U E S  D A N S  L E S  N O Y A U X  ( A >  4 0 )

F . BERTRAND*, M . M ARTINО Т * * , N . VERGES*
C om m issariat à l 'é n e r g ie  a tom iqu e,
France

Abstract-Résumé

IN T E N S IT Y  OF ELECTRO M A G N ETIC  T R A N SIT IO N S IN NU CLEI W IT H  A  > 4 0 .
E va lu a tion s o f  sp ectra  o f  neutron s an d  g a m m a  rays e m it te d  b y  n u c le i  are g e n e r a lly  based  on  the use o f  a 

s ta t is tica l m o d e l .  For ca lc u la t io n s  o n e  need s  t o  know  th e  p a rt ia l w idths Гп e t  Ij, r e la t iv e  t o  the e m is s io n  o f  
neutron s and g a m m a  ra ys. T h e re  a re  fa ir ly  sa tis fa cto ry  w ays (o p t ic a l  m o d e l)  fo r  e s t im a tin g  (Гп),  b u t th ere  is no 
s in g le  m o d e l fo r  in terp retin g  ra d ia tiv e  w idths c o r r e c t ly .  T h e  study p u b lish e d  b y  Skorka e t  a l .  (N u c le a r  D ata) 
fo r  lig h t  n u c le i  (A  £ 4 0 )  sh ow ed  in  p a rticu la r  that th e  re d u ce d  tra n sition  p r o b a b il it ie s  B(E1) and B(E2) a re , on  
an  a v e r a g e , o f  th e  ord er  o f  0 .0 0 2 6  an d  2 .5  W e issk o p f u n its. T h e  presen t p a p e r  is c o m p le m e n ta ry  t o  that o f  
S korka e t  a l .  M ore  than 10  0 00  da ta  ite m s  on  e le c t r o m a g n e t ic  tra n sition  in ten sities  in  n u c le i  o f  m ass n um ber 
g re a te r  than  4 0  h a ve  b e e n  a sse m b le d , and th e  m e a n  liv e s  Т у , the re d u ce d  tra n sition  p r o b a b il it ie s  an d  the 
tra n sition  in te n sit ie s  (in  W e issk o p f un its, w ith  a s ta t is tica l fa c t o r  S = 1) h a v e  b e e n  d e d u ce d  fr o m  th e m . A  m e a n  
v a lu e  o f  th ese  qu an tities  is  p ro p o se d  fo r  e a c h  o f  the transitions s tu d ie d . T h e  fre q u e n cy  fu n c tio n s  o f  tra n sition  
in te n sit ie s  o f  g iv e n  m u lt ip o la r ity  an d  p a rity  h a v e  b e e n  s tu d ie d . T h e  in flu e n c e  o f  the m ass n u m b er o n  these 
fr e q u e n c y  fu n c tio n s  has b e e n  e x a m in e d .

INTEN SITE DES T R A N S IT IO N S  ELECTROM AGN ETIQU ES D AN S LES N O Y A U X  (A  > 4 0 ) .
Les é v a lu a tio n s  d e  sp ectres  d e  neutron s e t  de rayons g a m m a  é m is  pa r le s  n o y a u x  sont g é n é ra le m e n t  

fo n d é e s  sur l ’ u t ilis a t io n  d ’ un  m o d è le  sta tis tiq u e . Les c a lc u ls  n é ce ss ite n t  la  co n n a issa n ce  des largeurs p a rt ie lle s  
Гп e t  Гу re la t iv e s  à  l 'é m is s io n  des neutrons e t  des rayons g a m m a . On d isp ose  d e  m o y e n s  d 'e s t im a t io n  r e la t iv e 
m e n t satisfa isants (m o d è le  o p tiq u e ) p ou r  le s  p re m iè re s  (Г п) .  M ais i l  n ’ e x is te  pas d e  m o d è le  u n iq u e  p e rm ettan t 
d ’ in terp réter  c o r r e c te m e n t  le s  la rgeurs ra d ia tiv e s . L ’ é tu d e  p u b lié e  par Skorka e t  a l .  (N u c le a r  D ata ) pou r les 
n o y a u x  lé g e rs  (A  ^ 4 0 )  a  m on tré  n o ta m m e n t  que le s  p r o b a b il ité s  d e  tra n sition  ré d u ites  B(E1) e t  B(E2) sont, en  
m o y e n n e , de  l ’ o rd re  de 0 , 002 6  e t  2 , 5 un ités W e issk o p f. C e  tra v a il est c o m p lé m e n ta ir e  d e  c e l u i  d e  Skorka e t  a l .  
Plus de  10 0 00  don n ées  sur les in ten sités  des  transitions é le c tro m a g n é tiq u e s  dans le s  n o y a u x  d e  m asse su p érieu re  
à 4 0  on t é té  ra ss e m b lé e s . L es v ie s  m o y e n n e s  ту, le s  p r o b a b il ité s  d e  tra n sition  réd u ites , e t  les  in ten sités  des 
transitions (e n  un ités W eissk op f, a v e c  un fa c te u r  sta tistiqu e  S = l )  e n  on t é té  d é d u ite s . U ne v a le u r  m o y e n n e  de 
c e s  qu an tités est p rop osée  pou r ch a q u e  tra n sition  é t u d ié e .  Les fo n c t io n s  d e  fr é q u e n c e  des in ten sités des transitions 

.d e  m u lt ip o la r ité  e t  p a rité  d on n ées  on t é té  é tu d ié e s . L 'in f lu e n c e  du n o m b re  d e  m asse sur c e s  fo n c t io n s  de 
fr é q u e n c e  a  é té  e x a m in é e .

IN T R O D U C T IO N

L e s  é v a lu a t io n s  d e  s p e c t r e s  de n e u tro n s  e t de r a y o n s  g a m m a  é m is  p a r  
le s  n oy a u x  n é c e s s i t e n t  la  c o n n a is s a n c e  d e s  la r g e u r s  n e u tro n iq u e s  e t r a d i 
a t iv e s  et T'y . P a r c e  qu e  le  ch a m p  é le c t r o m a g n é t iq u e  e s t  un  ch a m p  p lu s  
fa ib le  q u e  le  ch a m p  n u c lé a ir e ,  le s  p r o b a b i l i t é s  d* é m i s s i o n  r a d ia t iv e  so n t 
b e a u c o u p  p lu s  s e n s ib le s  q u e  le s  p r o b a b i l i t é s  d 'é m i s s i o n  n e u tro n iq u e  aux 
d é ta ils  d e s  c o n f ig u r a t io n s  n u c lé a ir e s .  P o u r  c e t te  r a is o n ,  i l  n 'e x is t e  p a s  de 
m o d è le  s im p le  p e r m e tta n t  d 1 e s t im e r  — m ê m e  à d eu x  o r d r e s  de g ra n d e u r  
p r è s  — l 'e n s e m b l e  d e s  la r g e u r s  r a d ia t iv e s .  P o u r  p a l l i e r  c e t te  d i f f i c u l t é ,  i l  
e s t  a p p a ru  n é c e s s a i r e  de s e  fo n d e r  s u r  une la r g e  s y s té m a t iq u e  c o n c e r n a n t  
l 'e n s e m b l e  d e s  n o y a u x .

*  C en tre  d 'é t u d e s  n u c lé a ir e s  de  L im e i l .
* *  C en tre  d ’ étu des  n u c lé a ir e s  de  S a c la y .
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P lu s ie u r s  s y s té m a t iq u e s  c o n c e r n a n t  d e s  t r a n s it io n s  de ty p e  d é te r m in é  
ont d é jà  é té  p u b l ié e s ,  n o ta m m e n t c e l l e s  de P e r d r is a t  [1 ] s u r  143 t r a n s it io n s  
d ip o la ir e s  é le c t r iq u e s  (E l)  et de S te ls o n  [2 ] s u r  155 t r a n s it io n s  q u a d ru p o - 
p a ir e s  é le c t r iq u e s  (E 2 ) .  U ne étu de  p lu s  g é n é r a le ,  p o r ta n t s u r  547 t r a n s i 
t io n s  de ty p e s  v a r i é s ,  a é té  p u b lié e  p a r  S k o rk a  et a l .  dan s N u c le a r  D a ta  [ 3 ] ;  
e l l e  c o n c e r n a it  le s  n o y a u x  de m a s s e  in fé r ie u r e  ou  é g a le  à 4 0 .

B U T  DU P R E S E N T  T R A V A IL

L a  p r é s e n te  s y s té m a t iq u e  e s t  c o m p lé m e n t a ir e  de c e l l e  d e  S k o rk a : e l le
c o n c e r n e  le s  n o y a u x  de m a s s e  s u p é r ie u r e  ou  é g a le  à 4 0 . P lu s  de 10 000 
d o n n é e s  s u r  l e s  in te n s ité s  de p lu s  de 3000 t r a n s it io n s  é le c t r o m a g n é t iq u e s  
ont é té  r a s s e m b lé e s .  P o u r  l im i t e r  le s  r is q u e s  d 'e r r e u r ,  i l  e s t  n é c e s s a ir e  
d e  p r o c é d e r  à de m u lt ip le s  v é r i f i c a t io n s  s u r  la  v r a is e m b la n c e  et la  c o h é r e n c e  
de c e s  d o n n é e s . C e tte  a n a ly se  n 'é t a n t  p a s  tou t à fa it  t e r m in é e , le s  r é s u lta ts  
p r é s e n t é s  a u jo u r d 'h u i  ne c o n c e r n e r o n t  q u e  2503  t r a n s it io n s  dans d e s  n oya u x  
c l a s s é s  p a r  c h a r g e  et m a s s e  c r o i s s a n t e s  e n tr e  l 'a r g o n - 4 0  et l 'e r b i u m - 1 7 0 .

P o u r  ch a q u e  t r a n s it io n  so n t p r é c i s é e s :  la  c h a r g e  et la  m a s s e  du n oy a u , 
le s  é n e r g ie s ,  s p in s , e t p a r it é s  d es  n iv e a u x  haut et b a s , le  c a r a c t è r e  et la  
m u lt ip o la r it é  de la  t r a n s it io n , la  m é th o d e  de m e s u r e ,  la  la r g e u r  r a d ia t iv e  
Гг en  é l e c t r o n - v o l t s ,  1 ' e r r e u r  s u r  IJ,, l ' in te n s ité  en  u n ité s  W e is s k o p f ,  la  
p r o b a b i l i t é  de t r a n s it io n  r é d u ite  B (e n  e 2 bL p o u r  le s  t r a n s it io n s  E L , en

bL-l p o u r  le s  t r a n s it io n s  M L ), la  v ie  m o y e n n e  en  s e c o n d e s  et la  r é f é r e n c e .
Si p lu s ie u r s  d o n n é e s  c o n c e r n e n t  une m ê m e  t r a n s it io n , une v a le u r  m o y e n n e  

e t u ne  in c e r t i t u d e  g lo b a le  s u r  1 ,̂ s on t p r o p o s é e s ,  ch a q u e  d on n ée  s u r  la  l a r 
g e u r  r a d ia t iv e  é tan t a f f e c t é e  d 'u n  p o id s  é g a l  à l ' in v e r s e  d e  l 'in c e r t i t u d e  
s u r  ce t te  d o n n é e .

C R IT IQ U E  D E  L 'U N I T E  D E C O M P A R A IS O N

P o u r  a n a ly s e r  c e t  e n s e m b le  de d o n n é e s , i l  c o n v e n a it  d e  c h o i s i r  une 
u n ité  de c o m p a r a is o n  in c lu a n t le  m a x im u m  de c e  q u i e s t  con n u  s u r  le  n oya u , 
m a is  co n te n a n t le  m o in s  p o s s ib le  de p a r a m è tr e s  a r b i t r a i r e s .

O n peu t e x p r im e r  le s  la r g e u r s  r a d ia t iv e s  au m o y e n  de la  r e la t io n :

L 'u n it é  W e is s k o p f  e s t  ob ten u e  e n  c o n s id é r a n t  le s  t r a n s it io n s  d ' u n  p r o to n  
d e  la  c o u c h e  j 4, 1¡ v e r s  la  c o u c h e  j f , l f e n  a d m e tta n t :
— qu e  le  n oya u  e s t  une s p h è r e  u n ifo r m é m e n t  c h a r g é e  d e  r a y o n  1 , 2 -A 1 ^3 f e r m is
— q u e  la  p a r t ie  a n g u la ir e  de l 'é l é m e n t  de m a t r ic e  r é d u it  (o u  fa c te u r  s t a t is 

tiq u e ) a u ne v a le u r  é g a le  à 1 .

où  B ( L , 7 t ) e s t  la  p r o b a b i l i t é  d e  t r a n s it io n  r é d u ite
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L 'in f lu e n c e  de c e s  d eu x  h y p o th è s e s  a é té  e x a m in é e . E n  u t i l is a n t  une 
d is t r ib u t io n  d e  c h a r g e  t r a p é z o ïd a le  c o m p a t ib le  a v e c  un  m o d è le  en  c o u c h e 1, 
s o i t  a v e c  un  r a y o n  m o y e n  d e  1 ,1  A 1/ 3 fm  et une é p a is s e u r  de 3, 2 fm , on  a 
t r o u v é  d e s  r e n fo r c e m e n t s  m a x im a u x  d e  1 , 1 3  p o u r  le s  t r a n s it io n s  E l ,  1, 35 
p o u r  le s  E 2 , 4 , 2 p o u r  le s  E 6 , 1 p o u r  le s  M l .  E n  fa is a n t  v a r i e r  dan s d e s  
l im i t e s  t r è s  la r g e s  le  r a y o n  m o y e n  e t l 'é p a i s s e u r ,  on  n 1 a t r o u v é  q u e  d e s  
r e n fo r c e m e n t s  t r è s  in fé r ie u r s  à la  d y n a m iq u e  d e s  v a le u r s  e x p é r im e n ta le s  
s u r  le s  in te n s i té s  d e s  t r a n s i t io n s .

L e s  fa c t e u r s  s ta t is t iq u e s  ont é té  c a lc u lé s  en  s '  a f fr a n c h is s a n t  d es  
h y p o th è s e s  r e s t r i c t i v e s  h a b itu e lle m e n t  c o n s e n t ie s  s u r  l e s  m o m e n ts  o r b ita u x  
¿ i , i  f .  ̂ ^

P o u r  le s  t r a n s it io n s  é l e c t r iq u e s :

1 1  ̂ /
S = (2 L  + 1  ) I <J. 2  L  0 J Jf - >  j ^ 1 -  M od  (l. + l f + L , 2

P o u r  le s  t r a n s it io n s  m a g n é t iq u e s :

3 (2 L  + 1)
S = - ( 2 j f + l ) ( 2 i f + l ) ( 2 i i + 1 ) ------ Ï _ ' - ( 2 L - 1 )

- 1 . Л
2  ^
1 .
2  Ji

L -1 1 L

r +
( - ) Íf+íf+\ /  !  ( 2 j i + l ) ( 2 i f  + l )

L  ( L  + 1 )  jup -  L

Si l ' o n  s e  l im it e  à la  c o u c h e  j 15//2, o n  t r o u v e  d e s  fa c t e u r s  S g é n é r a le m e n t  
d e  l ' o r d r e  de 1 , a v e c  le s  v a le u r s  e x t r ê m e s  s u iv a n te s :

T r a n s it io n q‘-’min S max

E l 0, 015 2

E2 0, 036 3
E 3 0 , 081 4
M l 0, 0036 8 8 , 9
M 2 0 , 2 6 60,  0

M3 0 , 26 93,  3

E n  s e  r e s t r e ig n a n t  à d e s  t r a n s it io n s  p o u r  l e s q u e l le s  S e s t  v o i s in  d e  1, 
on  o b s e r v e  n é a n m o in s  u ne g r a n d e  d y n a m iq u e  d e s  in te n s ité s  d e s  t r a n s i t io n s .  
P o u r  c e t te  r a is o n ,  et c o m p te  tenu  du peu  d e  r é a l i s m e  du m o d è le  à une 
p a r t ic u le ,  le  fa c t e u r  s ta t is t iq u e  n 'a  p a s  é té  in tro d u it  d a n s  le s  c a l c u l s .

1 Berner (Orsay) nous a aimablement fourni le programme de modèle en couche.



T A B L E A U  I. D O N N E E S SUR L A  D IS T R IB U T IO N  D E L O G  ( B / B Weisskopf ) D A N S D IF F E R E N T E S  Z O N E S  
(m o y e n n e  m , é c a r t - t y p e  ct)

E l E2 E3 E4 E5 E6 M l M 2 M 3 M 4 M5

n 38 256 65 25 3 2 177 12 7 0 1

A -  С о m - 3 , 4 2 0, 15 0, 18 - 0 ,  59 - 0 ,  32 - 4 ,  77 - 1 ,6 1 - 1 ,  36 1 , 85 - 1 ,  89

0 1 ,2 7 1, 29 0, 92 1, 03 0 , 97 1, 04 1, 91

n 4 4 243 57 16 3 0 130 15 3 15 0

N i - M o m - 4 ,1 0 0,68 - 0 ,  38 - 0 , 1 3 -0 ,  31 - 1 ,6 0 - 1 , 7 0 -2 .  78 - 0 , 4 6

a 0, 86 1, 02 2 , 40 0 .5 1 1,00 1 ,3 4 1, 08

n 52 265 43 9 0 0 100 8 5 14 0

M o - T e m - 4 ,  85 0, 77 0 , 23 0 ,0 8 7 -2 ,  01 - 3 ,  05 - 0 ,  85 - 0 ,  36

0 0, 99 0, 95 2, 11 0, 86 0, 90 1 ,4 6 1. 35 0 , 70

n 23 2 23 24 3 1 0 114 10 1 17 0

T e  -  Sm m - 4 ,  33 0, 88 0, 98 0 , 84 3, 73 -2 ,  15 - 1 ,  22 0 ,4 0 - 0 ,  52

o 1 ,4 9 1 ,0 5 1, 58 1, 20 1 ,1 9 2 ,4 0 0. 81

n 70 245 67 0 0 0 76 19 1 1 0

S m  -  Er m - 4 ,  94 0, 95 0, 18 - 2 , 0 1 0 ,0 8 4 -1 ,  38 -0 .  83

0 1 ,8 5 1 ,3 4 1, 58 1, 87 2 .6 5

n 227 1232 256 53 7 2 597 64 17 47 1

A  -  Er m - 4 ,  4 4 0,68 0, 14 -0 ,  25 0, 26 -4 ,  77 - 1 ,  83 - 1 , 2 0 -0 ,  037 - 0 ,  4 6 -1 ,  89

o 1, 50 1, 17 1, 81 0 ,9 6 1 ,1 8 2, 20 2, 32
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R E S U L T A T S

L e s  d o n n é e s  s u r  le s  in te n s ité s  d e s  t r a n s it io n s  ont é té  e x a m in é e s  p o u r  
1 '  e n s e m b le  d e s  c o r p s  e t , s é p a r é m e n t ,  dan s c in q  r é g io n s  o b te n u e s  e n  c la s s a n t  
le s  n o y a u x  p a r  Z  et A  c r o i s s a n t s :

de 40A  à 60C o ; d e  57Ni à 94M o ; de 95M o à 1 2 3 T e ; 

de 124T e  à 1 5 2 S m ; de 154Sm  à 1 70E r .

C h aqu e f o i s  q u ' i l  é ta it  p o s s ib le  de le  fa i r e ,  o n  a, p o u r  ch a q u e  r é g io n  et 
ch a q u e  ty p e  d e  t r a n s it io n , c a l c u lé  la  v a le u r  m o y e n n e  et la  d is p e r s io n  r e l a 
t iv e s  au lo g a r it h m e  d é c im a l  de l ' in t e n s i t é .  U n h is t o g r a m m e  d e s  in te n s ité s  a 
é té  t r a c é  en  c o o r d o n n é e s  lo g a r it h m iq u e s .  L e  ta b le a u  I don n e  le s  v a le u r s  
m o y e n n e s  m  e t le s  d is p e r s io n s  ct o b te n u e s . L e  n o m b r e  de t r a n s it io n s  n e s t  
é g a le m e n t  p r é c i s é .

O n c o n s ta te  q u e  le s  t r a n s it io n s  E l  son t t r è s  r e t a r d é e s .  L e  fa c t e u r  de 
r e ta r d e m e n t  m o y e n , de 1' o r d r e  de 40 p o u r  le s  n oy a u x  l é g e r s ,  v a r ie  i c i  
d 'e n v i r o n  3000 à 1 000 000 su iv a n t le s  z o n e s .

L e s  t r a n s it io n s  M l ,  r e t a r d é e s  e n v ir o n  10 f o i s  p o u r  le s  n oy a u x  ju s q u 'à  
l 'a r g o n ,  le  s o n t  à peu  p r è s  40 f o i s  d e  l 'a r g o n  au t e l lu r e  et 100 f o i s  du 
t e l lu r e  à 1 ' e r b iu m .

NOMBRE DE 
TRANSITIONS

7081 ?055
40 204?

2004
1893

2043
2005
1973

1«?4 ! 847 E1 4 0 X : a < 1 7 0
15 67 1614

35 1566
1565
1555
1554
155Я

1553
1551
1ЧЧ0
1 540 
1548

7452
243830 1523 

1-400 
И 52 
11 50 
1149

1268
1157
1141
114R
1147

2353
2346
2370
2319
2310

?5 11 45 
1143 
1140 
1138 
1137

1146 
1144 
1 14? 
1141 
1130

247?
2410 2471

2309
22«5
2292
2282
2186

20 020
977
076
925

1136 
1 037 

92? 
920

2400
2399
2301
2207

2470
2447
2388
7364

2182
2137
2132
2116

974 910 2396 7293 2363 1942 2489
15 9?3 916 231? 2133 2349 1941 2448

971 915 2096 2111 23?l 1790 2340
«>18 874 208C 2046 2187 1788 2296
9\7 816 7078 1946 2134 1733 2281
BP) 309 2067 1809 1943 1732 2181

10 1568 я 70 237 1613 2395 1333 1452 1557 2130
1401 877 ?36 161? ? 394 1308 1445 1484 2129 2400

<»28 876 233 1459 ?C77 1023 1444 1482 2110 2488
88? 810 232 1067 7049 935 1234 1323 2089 2?44
74? 636 204 1063 1456 934 1103 1294 1995 ?107

5 708 751 178 234 144 933 906 1104 1949 1802
? 18 247 177 157 114 110 905 998 1800 1595
302 235 148 119 OR 100 904 065 1768 1481

130 271 55 120 81 91 89 105 9*7 1529 145!
136 44 47 51 8? 37 80 48 94 887 1207 930

-lft -15 -10 -OO -OR -07 -06 -04 -03 -02 -01

F I G . l .  H is to g ra m m e  des v ie s  m o y e n n e s  pour 1*e n s e m b le  des transitions E l .
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NOMBRE DE 
TRANSITIONS

E1 4 0 ^  A<170

2494
2310
176«
1585 

2488 1484 2320
2364 1481 2244
2363 1445 2129
2296 1444 1452

2490 2479 2421 2416 2107 t482 1294 94
?41P 2249 1802 П51 2049 1323 906 48

2452
2400
2321
2309
2295
2292
2130
1943
1942
1790
1733
1732
1333
130Я
1207
1139

935
930
110
105

2472
2471
2470
2399
2282
2243
2186
2181
2t34
2116
2077
teoo
1553 
1551 
1400 
1157 
1151 
1148 
1147 
1146 
1144 
1142 
1141 
1103 

965 
926 
923 
922 
920 
919 
916 
915 
63 6 
114 

91 
89

2438
238Я
2353
2319
2312
2297
2293
2182
2137
2049
1941
178B
1565
1557
1552
1550
1549
1548
1529
1523
1150
1149
1145
1143
1140
1138
1136
1104
1023

947
934
933
929
927
925
924
918
917
905
904
877
874
816
247
119

2448
2349
2346
2340
2281
2067
1995
1824
1809
1613
1612
1566
1555
1554
1456
1401
1268
11*2
1137
1067

921
887
881
879
876
318
251
204
178
144
120
109

98
83
80
57

2447
2410
2396
2395
2394
2187
2110
2080
2055
1949
1614
1568
1567
1234
998
928
882
742
302
271
237
177
158
157

Ц
sza

2133
2132
2111
2096 2078 
2046 2043 
1973 2005 
1946 1842 
1893 810
1459 809
1063 234 2053
1037 233 2004 2301

236 232 51 708
235 55 49 130 log В

-i i -1 0 -09 - 0« -04

F IG .2 . H istog ra m m e des v a leu rs  des p r o b a b il ité s  de  transitions ré d u ites  B des  transitions E l .



NOMBRE DE
45 TR A N S IT IO N S

2472
2471
2349

2448
2438
2349
2346
2340

40 23«P
2353
2319
2297

2312
22Q3
2281
2182 2447

35 E l 4 0 C a ^ 1 7 0
2282
2186

2049
1995

2396
2395

218) 1613 2394
2137 1565 2147
2134 1557 2110
2116 1555 2067

30 2077
1941
1785
1553
155|

1554
1452
1548
1529
1523

2055
1949
1824
1809
1612

25 1550 
1449 
1400 
1157 
t l  51

1152
1145
1143
1140
113Я

1567
1466
1456
1401
1268

20

245?

1150
1149
114P
1147
1146

1136
1104
1023
934
933

1137
1067
928
887
882

15 2320
2304
22^5
2292
2130

2470
2400
2321

1144
1142
1103
965
947

929
927
925
924
921

881
879
876
318
251

2410
2132
2080
1614
1568

2133
2111
2096

10 21 24 2243 926 918 204 1234 2078 2004
1943 1942 923 917 178 998 2046 1842
1790 1800 922 905 144 742 2043 810

2480 2310 1733 1308 920 904 120 302 2005 «09
2296 2244 1732 1141 919 677 119 271 1973 236

s 24Я8 1768 1585 1452 1139 916 874 109 237 1946 235
2364 1482 1484 1333 935 915 816 98 177 1893 234

2490 2363 1481 1445 1207 110 636 247 83 158 1459 233
2418 2329 2421 ? 107 1323 1444 930 105 91 114 80 157 1063 232
2249 1802 2416 1451 2 0*9 12 94 006 94 48 89 37 57 81 1037 55

2301
708
130

F IG .3. H is to g ra m m e  des in te n s ité s  des tra n s itio n s  E l .

lo g  B /B y y  
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NOM BRE DE 
TRANSITIONS

E 2  4 0 < A < 6 0

512
379
342

503 340
346 332 326

559 330 344 324 315
340 27« 320 322 308
330 255 257 100 304
313 253 74 142 2 76

574
566
557
554
550
549
548
532
531
529
524
497
471
469 573
451 568

582 450 544
578 445 533
576 440 530
571 438 493
561 437 492
552 425 486
542 393 482
521 382 436
507 377 435
506 296 432
505 292 428
500 291 423
498 287 401

564 495 285 381
545 467 284 366
539 434 282 294
527 424 281 293
525 404 220 197
523 398 219 195
522 372 218 192
519 371 193 174
513 293 191 172
508 264 154 171

569 496 230 151 169
541 470 222 150 167
534 452 217 148 165
509 426 181 147 164
504 409 162 113 163
501 402 126 108 149

563 477 399 125 102 140
472 405 388 103 97 123
422 36 8 369 96 88 116
396 33 5 328 67 84 112
370 269 316 65 78 106 579
374 249 306 64 75 101 555
311 210 279 54 60 100 448
309 175 196 42 59 95 444
301 130 110 41 44 72 390
272 79 86 28 36 66 200
258 33 76 22 25 62 190
135 18 60 13 24 31 71
85 16 32 12 14 30 61
73 10 21 7 4 1 34

462 460

llî îïï lVo '"O B/8W
-04 -03  -02 -01 *00 +01 *02 *03 * *04 +05 +06 +07

F IG .4 . Histogramme des intensités des transitions E2 dans la  rég ion  com prise entre l'a rg o n  e t le  coba lt.
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NOMBRE DE
5*>

T R A N S IT IO N S

24782476

2500 2499 
2487 
248 3 2482

2497
24842467
2457
2454

50 2474
241323752374
2373

2479
247524592455
2453

24402439
24342433
2432

45 23722335 24422445
24312430

1 5 4  A  ^  170
2318 2411 2429

E 2 2285 2382 2428
2284 2381 2427

«0 22782268
22632261
2258

23772371
23602356
2355

2426
242524242423
2414

35 22572254
225222512250

2344
23342326
23232314

2404
2380
237023672359

30 2234
22272226
2224
2221

2287
22332230
22232220

23582333
23322331
2325

25 2216
2215
221122102208

2214
221322122204
2203

23222306
228322752274

20 2477
23792378
2376

22062205
220221992196

220122Û0
219321922177 2486

2247
224622422217
2190

15 2256
2255

21952194 21712167 24852473 24682422
21892184

2228 2191 2164 2458 2405 2180 2498
2222 2176 2146 2441 2369 2168 24652209 2165 2136 2357 2305 2161 2456

10 2207 2149 2128 2286 2218 2160 2450
2196 2126 2127 2253 2159 2157 2402
2197 2113 2125 2174 2153 2141 2352
2172 2101 2105 2169 2121 2120 2348
2150 2076 2103 2166 2100 2115 2342

5 2144 2075 2102 2162 2093 2109 2339
2481 2143 2074 2098 2156 2090 2028 2303
2420 2235 2451 2118 20 35 2069 2099 2088 2027 2276
2291 2232 2152 2316 2104 20 33 2037 2085 2073 2025 2219?no4 2ЧЧО ?inn 22ЭЯ 2236 2156 2147 2139 2031 2026 2032 2083 2052 2024 2131 23Я9 lo g  B / B y y

FIG . 5. H istogram m e des intensités des transitions E2 dans la  rég ion  com prise entre le  sam arium  et l ’ e rb ium .
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Les transitions M2 sont environ 15 fois retardées.
Par contre, les autres transitions sur lesquelles on possède une statis

tique significative ont un comportement assez proche des prédictions de 
W eisskopf.

Examinons maintenant quelques histogramm es concernant les transitions 
E l et E 2. La figure 1 montre 1* histogramme des vies moyennes pour 
l'ensem ble des transitions E l ,  chacune d'entre elles étant repérée par son 
numéro d 'o rd re . On constate une grande dispersion; l'écart-typ e  sur le 
logarithme est de l 'o rd re  de 3. Les structures observées ne sont pas très 
significatives, parce que les méthodes expérimentales de mesure des durées 
de vie т privilégient certaines valeurs de t ,  et que par ailleurs т dépend 
fortement des énergies des transitions, lesquelles ne sont pas uniformément 
distribuées.

La figure 2 montre 1' histogramme des valeurs des probabilités de 
transitions réduites B des transitions E l .  L 'écart-typ e sur log В est infé
rieur à 1, 5, et les structures non significatives ont disparu.

La figure 3 montre un histogramme analogue pour les intensités des 
transitions E l .  L 'écart-typ e  sur log (B /B Weissi<0pf) est à peu près égal à celui sur 
log B . Ce fait est général. Il résulte de ce que le modèle à une particule 
est très som m aire et ne fait intervenir que des quantités variant lentement 
d'un noyau à l'a u tre .

La figure 4 montre l ’ histogramme des intensités des transitions E2 
dans la région comprise entre 1' argon et le cobalt. On observe une dis
sym étrie suggérant la superposition de deux distributions.

Les deux distributions se séparent nettement lorsqu' on aborde la zone 
des noyaux déformés.; on peut le voir sur la figure 5, montrant l'histogram m e  
des intensités des transitions E2 pour les noyaux compris entre le samarium  
et 1 'erbium. Le facteur de renforcement est de l 'o rd re  de 3 pour le prem ier 
pic, 200 pour le second. Cette structure est significative d'un renforcement 
collectif.

L 'influence d 'autres param ètres tels que l'én ergie  de la transition, 
les spins des niveaux, leurs parités, celle du noyau, sera examinée au 
cours des prochains m ois, sur l'ensem ble des noyaux compris entre l'a rg o n -40 
et les transplutoniens.
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D I S C U S S I O N

G .A . BARTHOLOM EW : I would like to know what energy range you 
covered. Did you limit yourselves to 7 -rays of low energy from  ß-decay  
or did you include 7 -ra y s  of high energy from charged particle reactions 
and neutron capture?

M. MARTINOT: In order to have statistics with as little bias as 
possible, we used data obtained by a wide variety of methods: Doppler,
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fluorescent resonance, ß - y  coincidence, neutron capture, inelastic scattering 
of electrons and charged particles. The transition energies ranged from a 
few keV to 11 - 12 MeV.

A .H . W APSTRA (Chairman): In your paper you use the shell model. 
Would not use of the collective model be more appropriate for the heavier 
nuclides?

M . MARTINOT: These system atics were intended for the use both of 
evaluators and physicists. It is true that the single-particle model is not 
very meaningful for deformed nuclei, e.g. in the region A  = 152 - 194. When 
the system atics have been completed the data collected will be compared 
with those for a single-particle model when the latter is not too unsatisfactory 
and with collective models when these are more suitable.

F or evaluations, on the other hand, we need a unit of comparison which, 
while remaining sufficiently simple sind general, includes elements of the 
physics of gamma ray em ission. The shell model was used for the purpose 
of defining this unit of comparison, not of comparing the data and a theory.
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THE GAMMA-RAY SPECTRUM CATALOGUE -  
A USER DATA FILE*

R.L. HEATH
National Reactor Testing Station,
Aerojet Nuclear Company,
Idaho Falls, Idaho,
United States of America

Abstract

T H E  G A M M A -R A Y  SPECTRU M  C A T A L O G U E  -  A  USER D A T A  FILE.

The  Gam m a-Ray Spectrum Cata logue has been a continu ing e ffort at the N a tion a l Reactor Testing 

Station for the past ten years. T he  purpose o f this e ffo rt is  to provide a co lle c t io n  o f expe rim enta l X -ra y  

and gam m a-ray spectra for genera l laboratory use in  the analysis o f  data obtained w ith  laboratory gam m a-ray 

spectrometers. The  Second Ed ition  o f the Cata logue, w h ich  was issued in  1964, conta ined over 300 pulse- 

am p litude  spectra obtained w ith  N a l s c in t illa t io n  spectrometers. These data represented an in te rna lly  

consistent set w h ich  was obtained under specified  laboratory experim enta l cond itions. Extensive text and 

supplem entary m a te r ia l were supplied for general laboratory use o f the techn iques o f gam m a-ray spectrometry. 

T he  e ffo rt over the past several years has been to update this co lle c t io n  o f data to in c lude  experim enta l 

spectra obtained w ith  lith iu m -d r ifte d  Ge and Si detectors. The  im proved energy resolution o f these 

detectors and associated techniques for analysis o f com p lex  gam m a-ray spectra greatly increased the 

m agnitude o f th is task. The  current ed it io n  o f the Cata logue, w h ich  conta ins expe rim en ta l spectra o f over 

200 radioisotopes and extensive co lle c t io n s  o f gross fission product gam m a-ray spectra as a function o f 

irrad ia tion  tim e  and decay, is  curren tly  in  the p rin ting  process. T h is  set o f experim enta l data has been 

analysed to obta in p recis ion  values for gam m a-ray energies and in tensities for each n u c lid e . These data 

are a va ila b le  in  graph ic form  and as m agnetic data file s  for lib ra ry  app lica tion s in  com puter codes used for 

analysis o f pu lse-am p litude  spectra. The  experim enta l techn iques em ployed for acqu is ition  and analysis 

o f data in  the Cata logue  w i l l  be described in  d e ta il.  In the deve lopm ent and app lica tion  o f these data to 

problem s in  a c t iva t ion  analysis, fu e l safeguards and reactor technology, considerable insight in to  the 

requirem ents for evaluated nuclear data has been obta ined. The  ap p lica tion  o f these data in  a varie ty  o f 

user areas w i l l  be discussed and needs for im proved nuclear data ou tlined .

1. INTRODUCTION

The Gamma-ray Spectrum Catalogue has been a continuing effort of this 
laboratory for the past ten years. The purpose of this effort has been to 
provide a collection of experimental x-ray and gamma-ray spectra obtained 
with pulse-amplitude spectrometers for general laboratory use in the analysis 
of gamma-ray spectra. The first two editions of the Catalogue [1,2] con
tained pulse amplitude spectra obtained with Nal scintillation spectrometers. 
These data were intended to present an internally consistent set of response 
functions obtained under specified laboratory conditions. The 2nd Edition 
also contained extensive text and supplementary material for general labora
tory use of the techniques of gamma-ray spectrometry.

The effort during the past several years has been to update this 
collection of data to include experimental data obtained with semiconductor 
detectors, principally lithium-drifted Si and Ge devices. The improved

* W ork perform ed under the auspices o f the US A tom ic  Energy Com m ission.
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energy resolution afforded by these detectors, together with refined elec
tronics, offers the ability to measure energies and intensities of gamma rays 
with high precision. Since the utility of the high-resolution gamma-ray 
spectrometer is related to the quantitative analysis of complex spectra and 
isotopic assay, experimental techniques and reference data including preci
sion energies and intensities of gamma rays emitted in the decay of radio
nuclides is essential. The current edition of the Catalogue, which is 
currently in publication, contains experimental spectra for about 300 
nuclides obtained with state-of-the-art gamma-ray spectrometers. These data 
include results of experimental determination of the energies and intensities 
of all detectable photon transitions. This work carried out over a period 
of the past seven years, represents the results of a long-range effort to 
develop experimental techniques required to successfully apply high- 
resolution photon spectrometry as a laboratory tool for both basic and 
applied physics.

A typical experimental spectrum, as it appears in the Catalogue, is 
shown in Figure 1. This experimental pulse-amplitude spectrum represents 
the experimental response of a large-volume lithium-drifted Ge detector to 
radiations emitted in the decay of 115-day *82Ta. The data are presented on 
an 11-in. x 17-in. computer data plot, suitably annotated to indicate the 
major features of the spectrum. The experimental values obtained for gamma- 
ray energies and relative intensities are listed on the reverse side of each 
plate as shown in Figure 2. In certain cases the low-energy region of the 
photon spectrum has been measured using lithium-drifted Si detectors. A 
typical example of such a measurement is shown in Figure 3.

As previously indicated the 2nd Edition of the Catalogue consisted of 
two volumes. The first volume contained extensive text covering the experi
mental techniques of gamma-ray spectrometry using Nal scintillation detectors. 
The second volume contained the experimental spectra and associated experi
mental data. The current edition will follow a similar format. The second 
volume contains over 300 experimental spectra with results of gamma-ray energy 
and intensity measurements. This volume is presently in publication and will 
be available as a U.S. AEC Report (ANCR-1000-2).

The first volume of this edition will contain a description of important 
experimental considerations in the use of Ge(Li) and Si(Li) spectrometers for 
the quantitative and qualitative measurement of gamma-ray spectra. This will 
include a discussion of the factors which influence detector response (i.e., 
resolution, counting rate effects, electronic stability and linearity), and 
the experimental techniques used for the analysis of gamma-ray spectra to 
obtain precision energies and intensities. The characteristics of all spec
trometers used for the experimental results contained in the Catalogue will 
be included. In addition the first volume will contain selected sorted 
information from the data file of gamma-ray energies and intensities. This 
will include principal gamma-rays from all nuclides ordered by energy for 
different ranges of half-life and mode of nuclide production. These selected 
subsets of the data set form the basis for table look-up in computer tech
niques for automated analysis of spectra. This volume is planned for publi
cation within the next year. Recognizing the existing need for the large 
volume of experimental data represented by the Catalogue effort, it was felt 
that the second volume should be made available at this time and not be held 
up by the tedious preparation required for Volume 1.

In view of the many applications of Ge(Li) gamma-ray spectrometers for 
isotopic analysis of radioactivity, a number of specialized experimental 
spectra have been included in the Catalogue. These include gamma-ray spectra 
of gross fission products, rare gases and their daughter nuclides associated
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GAMMA-RAY ENERGIES AND INTENSITIES

N u c l id e :  182Ta  H a lf  L i f e :  1 1 5 .0  day

D e te c to r :  55 cm3 c o a x ia l  ( c )  G e ( L i)  Method Of P r o d u c t io n :  T a ( n ,Y )

Ey (KeV) Д E у 4 д  i r S

( r e la t iv e )
W x - ra y s

67.750 ± 0 .001 = 100 ± 3 .0 1

84 .680 ± 0 .002 6 .04 ± 0 .5 1 2

100 .105 ± 0 .0 01 30 .40 ± 2 .1 1

109 .8 ± 0 .1 0 .27 ± 0 .0 3 4

113 .673 ± 0 .002 3 .93 ± 0 .1 8 2

116 .418 ± 0 .0 02 0 .9 0 ± 0 .1 0 3

152 .434 ± 0 .0 02 15 .62 ± 0 .8 5 1

156 .387 ± 0 .002 6 .0 1 ± 0 .4 2 1

179 .393 ± 0 .003 7 .04 ± 0 .5 0 1

198 .356 ± 0 .004 3 .40 ± 0 .2 0 2

222 .110 ± 0 .0 03 17 .05 ± 0 .9 0 1

229 .322 ± 0 .0 06 8 .42 ± 0 . 6 4 1

264 .072 ± 0 .0 06 8 .40 ± 0 .6 2 1

9 27 .6 ± 0 .1 1 .50 ± 0 .1 5 4

1001.61 ± 0 .0 6 5 .34 ± 0 .4 2 3

1113.08 ± 0 .0 8 0 .8 3 ± 0 .0 9 3

1121.272 ± 0 .0 26 79.94 ± 3 .2 1

1157.40 ± 0 .0 6 2 .22 ± 0 .2 0 3

1189.022 ± 0 .0 27 37 .41 ± 1 .9 1

1221.376 ± 0 .027 6 2 .10 ± 2 .4 1

1230.989 ± 0 .0 28 26 .02 ± 1 .2 1

1257.390 ± 0 .0 28 3 .50 ± 0 .2 1

1273.703 ± 0 .0 28 1 .49 ± 0 .1 1 1

1289.126 ± 0 .029 3 .24 ± 0 .2 1

1342.71 ± 0 . 0 8 0 .6 1 ± 0 .0 6 2

1373.807 + 0 .0 3 0 .5 1 ± 0 .0 5 2

1387.376 ± 0 .0 3 0 .1 5 ± 0 .0 4 3

F IG .2. Experim en ta l values for gam m a-ray energies and in tensities for the J82T a  spectrum . These 

values are tabulated on the reverse side o f each p la te .
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with fission, and the natural radioactive decay chains. The fission product 
gamma-ray spectra have been measured as a function of irradiation time and 
decay time for 235U thermal fission. A typical example of this class of 
experimental data is shown in Figure 4, which presents the gross gamma-ray 
spectrum of short-lived fission product rare gases and their associated 
daughter nuclides. This particular spectrum represents data obtained from 
a sealed gas sample, measured 8 minutes after collection. These composite 
spectra are valuable in determining possible interferences in the analysis 
of complex spectra of gross fission product nuclides.

The large volume of data obtained from this experimental effort is 
utilized in many ways. It provides a base for the generation of files of 
gamma-ray energies and intensities for automated analysis of gamma-ray 
spectra. Present plans are to include it in the input to the data bank of 
the Nuclear Data Group at the Oak Ridge National Laboratory and to provide 
sorted output of selected data in magnetic tape format for general user 
applications. It is presently intended that the effort will continue to 
obtain data on additional nuclides and to improve the precision of energy 
and intensity measurements on nuclides presently in the file. It is felt 
that this approach to the measurement and compilation of selected types of 
nuclear data represents an appropriate method of obtaining specialized data 
sets for particular applications. It is essential that user acceptance of 
these data be the indicator for justification of continued or expanded 
effort in base technology for experimental nuclear gamma-ray spectrometry.

2. EXPERIMENTAL MEASUREMENTS

In the development of experimental techniques for the use of Nal 
scintillation spectrometers, the concept of a standard detector and experi
mental source-detector geometry was developed. The 3-in. diameter x 3-in. 
cylindrical Nal(Tl) detector was adopted in a standard geometry and the 
detector response characterized with considerable precision. With a known 
sensitive volume and standard geometry it was possible to achieve a labora
tory standard spectrometer which has been adopted in many laboratories 
throughout the world. Unfortunately the 3-in. x 3-in. semiconductor radia
tion detector has eluded us to the present and the state-of-the-art has not 
made it possible to produce detectors with precisely defined sensitive 
volume. Over the past 6 or 7 years we have steadily progressed through small 
volume planar devices of 1 or 2 cm^ volume to high-quality coaxial-drift 
detectors with sensitive volumes approaching 100 cm . For this reason and 
other factors related to the performance of low-noise electronics required 
to achieve good energy resolution, it has not been practical to consider a 
standard semiconductor laboratory spectrometer concept. Since the data con
tained in the present data file have been collected from early in 1966 to 
the present time, a variety of high-quality spectrometer systems have been 
used in these experimental measurements. The characteristics of the detec
tors used are presented in Table I. During this period considerable effort 
has been expended at this and other laboratories in the development and 
refinement of electronics to utilize the energy resolution afforded by semi
conductor detectors and to develop techniques for the analysis of pulse- 
height data to obtain precision values for the energies and intensities of 
gamma rays. The experimental techniques developed at this laboratory have 
been described in the literature,[3,4,5].

All data in the Catalogue were obtained using spectrometer systems which 
have been carefully calibrated to establish electronic system linearity and
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TABLE I. CHARACTERISTICS OF DETECTORS USED FOR CATALOGUE 
DATA

No.

1

■IyP£

Ge(Li)
planar

Sensitive
Volume

2.5 cm2 
x 4 mm

Resolution Resolution 
Applied (FWHM) (FWHM) Drift
Voltage (electronic) (1.332 MeV) Depth

800 V 1.3 keV 
(ext. FET)

2.5 keV 8 mm

Ge(Li) 
planar

2.5 cm
x 8 mm

800 V 0.65 keV 
(cooled FET)

1.78 keV

Ge(Li) 
planar

4.55 cm 
x 8 mm

1500 V 0.85 keV 
(cooled FET)

1.85 keV 8 mm

Si (Li) 
p lanar

Ge (Li) 
closed 
coaxial

30 mm 
x 3 mm

35 cm3
3.3 cm diam. 

x 4.0 cm

100 V

1750 V

0.22 keV (Fe К x-ray) 
(cooled FET)

0.98 keV 
(cooled FET)

1.90 keV

3 mm

12 mm

Ge (Li) 
closed 
coaxial

55 cm3 
4.0 cm diam. 

x 4.9 cm

3000 V 0.71 keV 1.88 keV 18 mm
(cooled FET)

Ge(Li)
closed
coaxial

65 cm3 
4.3 cm diam. 

x 5.5 cm

3300 V 0.85 keV 1.88 keV 19 mm
(cooled FET)

Ge (Li) 
closed 
coaxial

70 cm3
4.5 cm diam. 

x 5.2 cm

3500 V 0.87 keV 1.90 keV 18 mm
(cooled FET)

Ge(Li) 
closed 
coaxial

80 cm3 
4. 6 cm diam. 

x 5.44 cm

3100 V 1.0 keV 
(cooled FET)

1.93 keV 18 mm

10 Ge (Li)
open
coaxial

50 cm3
4.03 cm diam. 

x 4.30 cm

2500 V 1.3 keV 
(ext. FET)

2.0 keV 12 mm

stability using both computer-controlled pulse generators [6] and multiple 
source techniques. All energy and intensity measurements are made using 
techniques developed at this laboratory and described in recent publica
tions [7]. The analysis of all data to obtain energies and intensities 
was accomplished using the computer code GAUSS V, which has been evolved 
from non-linear regression techniques developed for the analysis of Nal 
data [4,8].

The determination of precision values for gamma-ray energies is 
accomplished using internal source calibration techniques. Over the past 
several years, a program has been developed at this laboratory to re-examine
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F IG . 5. B lo c k  d ia g ra m  o f  an o n - l in e  d a ta  a c q u is itio n  and an a lys is  system  used fo r  p rocessing o f  da ta  fo r 
the  S pectrum  C a ta lo g u e . T h is  system  e m p lo y s  a D ig i ta l  E q u ip m e n t C o rp o ra tio n  PDP-9 c o m p u te r.

the reference energy scales used in gamma-ray spectroscopy and to provide a 
series of precisely-measured gamma-ray transitions for use as calibration  
standards. To date two groups of energy measurements covering the energy 
range from 30 keV to 1300 keV have been published [9 ,1 0 ] . These measurements 
provide a large number of precise gamma-ray transition energies for use in 
energy measurements. At higher energies, a few well measured transitions 
exist and work is progressing to provide more reference line up to 5 MeV. 
Above the pair threshold, the field-increment effect [5] introduces many 
geometric problems which affect the precision of energy determination. This 
is  particularly true when measurements are made using large volume closed- 
end coaxial detectors. Because of th is, a ll  energy measurements are made 
using only full-energy peaks in the spectrum.

A typical laboratory data system in use for the simultaneous acquisition 
and analysis of pulse-amplitude spectra is shown in block form in Figure 5 
and as a photograph in Figure 6. This system employs a processor-controlled 
graphics display oscilloscope for the application of interactive graphics 
techniques to the analysis of data and editing of data f i le s .  A 1200 Baud 
asynchronous data link provides access to other laboratory spectrometers and 
w ill provide a link to the laboratory 360/75 system for remote batch terminal 
operation.
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F IG .6. Photograph o f com puter data analysis system showing in te rac tive  d isp lay  console w ith  function 

keyboard and con tro l p lan t.

3. SOURCE PRODUCTION

The measurement of gamma-ray spectra of over 300 individual nuclides 
has involved the use of a number of large experimental fa c i lit ie s . To pro
duce a relatively pure sample of a given nuclide usually requires a selection  
of one of several possible nuclear reactions, a tailored radiochemical pro
cedure for purification of the desired nuclide, and a selection of measure
ment time to optimize the experiment. Since spectra of both neutron and 
proton deficient nuclei are of interest, this required the use of both 
nuclear reactors and accelerators. The fa c ilit ie s  used for the production 
of source material for measurement are listed  in Table I I ,  which indicates 
the fa c ility  and types of reactions used. The major reactor fa c ilit ie s  at 
the NRTS have fast pneumatic shuttle fa c ilit ie s  as well as in-tank irradia
tion fa c ilit ie s  for individual samples. Portable shuttle fa c ilit ie s  were 
u tilized  at particle accelerators for production and measurement of short
lived nuclides. In the use of accelerators, particle energy was also 
employed as a variable to enhance the production of a single nuclide. In 
a ll  cases, either spec-pure or mass-separated material was employed for 
irradiations. Following irradiation, the sample material was chemically 
purified and decay data utilized  to identify a ll  observed transitions with 
the nuclide in question.
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TABLE II. FACILITIES USED TO PRODUCE ISOTOPIC SAMPLES

Reactor

MTR

ETR

ATR

EBR-II
fast

Maximum Thermal 
Neutron Flux

2 x lO11* n/cm2/sec  
(thermal)

8 x 1 0 n/cm2/sec  
(thermal)

1015 n/cm2 / s e c  

(thermal)

10llfn/cm2/sec
(fast)

F acilities Used

Fast pneumatic shuttle 
In-tank capsule

Pneumatic shuttle 
In-tank capsule 
Gas loop experiment

In-tank capsule

In-tank capsule

Facility

U. of Colorado 
cyclotron

GGA Linac

LRL Linac 
Livermore

SREL electron
synchrocyclotron

ORNL production 
cyclotron

Particle 

proton, He3

electron

electron

proton

proton

Energy

10-35 MeV 
protons

20-30 MeV

100 MeV

590 MeV

20 MeV

Reactions

p,xn; He3,xn;
P»Y

Y,xn; y ,p 

Y>xn; y ,p

p,xn; spallation

p,xn
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D IS C U S S I O N

N. M. SPYROU: I am not certain whether you imply that the listed 
sensitivity factors for the single radionuclide do not change relatively in 
order when a practical case in activation analysis, i. e . within a matrix 
of several radionuclides, is encountered?

R . L . HEATH: The sensitivity index can only provide an indication of 
the most probable photon transitions which will be detectable in a complex 
spectrum . By restricting the energy search criteria first to criteria based 
upon detector response to single nuclides, the number of extraneous 
correlations in isotope identification will be reduced.

C. W EITKAM P: I would like to point out the tremendous difficulties 
encountered in the conversion of analysed peak areas into absolute intensities 
if sm all and inaccurately known sample impurities cause large peak 
perturbations. Dr. Heath has briefly touched upon the question; it might 
be interesting to know his approach to the problem.
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R .L . HEATH: This matter is quite complex and it represents one of 
the most important considerations in the analysis of complex photon spectra.
It is  realized that the importance of isotopic purity and carefully measured 
intensities of photons emitted in the decay of a given nuclide must not be 
underestimated. In the preparation of spectra for the catalogue great care 
has been exercised to insure spectral purity. In the analysis of complex 
spectra a number of gamma rays from  each nuclide must be used, if possible, 
in order to obtain the best results in the quantitative assay.

A .H . W APSTRA (Chairman): Your quality identification number does 
not apply to measurements made with anti-Compton arrangem ents. Could 
indications applicable to such set-ups be added in future editions?

R .L . HEATH: The quantity "S " ,  which we have termed the sensitivity 
index, is a m easure of the magnitude of a given full-energy peak above the 
background in the experimental response of a spectrom eter system to a 
given nuclide. The use of Compton suppression techniques would be expected 
to improve the response to less  intense low -energy gamma rays to a typical 
spectrum . From  a knowledge of peak-to-Compton ratios for a given system , 
it is  possible to derive such values for any detector system . At present we 
plan to use Compton rejection spectrometers for gross fission product 
gam m a-ray spectral assay. Exam ples of the relative response of such 
system s will be dealt with in the text of Volume I.

J. J. SCHMIDT: A re you analysing only your own measurements or are 
you acting as a kind of analysis centre for the measuring groups in the 
United States as well?

R . L . HEATH: The objective of this collection of experimental data is  
to present a consistent set of detector response data to individual nuclides, 
m easured by the most recent techniques and equipment. This can be 
achieved only if the measurem ents are made with this objective in mind.
Since data for some isotopes are extremely difficult to obtain, requiring 
much effort and special experimental equipment and facilities, collaborative 
efforts with other laboratories are required. However, so far, only data 
of our own group have been included. As the data collection is enlarged to 
include short-lived nuclides, it will become necessary that some data from  
other sources be included.
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Abstract

A  C O M P ILA T IO N  OF MODERN  N U C LE A R -D E C A Y  D A T A  FOR H IG H-RESO LUTION  G A M M A  SPECTRO SCOPY.

R ecently  published rad ionuc lide  decay data necessary for in terpreting and quantify ing h igh-reso lu tion  

gam m a spectra were co lle c ted  and tabulated. T h e  data, consisting o f gam m a energies and in tensities and 

other in fo rm ation, e .g . h a lf- l iv e s , fission yie lds, neutron cross-sections, e tc., for over 500 radionuclides, 

were com puter-processed to y ie ld  a tabu la r form h igh ly  useful to gam m a-spectroscopists and a ctiva tion  

analysts. T he  co lle c t io n  is un ique in  that many short- lived  radionuclides, e .g . fission gases are included 

that are not found in  s im ila r  data tables. Bas ica lly , two com puter listings are produced. T h e  first tab le  

lists a l l data for each radio isotope arranged accord ing to increasing a tom ic number (w ith increasing mass 

number for isotopes o f the same a tom ic number). T h e  source o f reference for each nu c lid e  is docum ented.

T h e  second tab le  consists o f  a lis t o f  sorted gam m a energies arranged accord ing to increasing energy. Opposite, 

each gam m a energy is the contributing rad ionuc lide  sym bol, its mass number and h a lf- iife , a c la ss ifica tion  

o f n u c lid e  type (e .g . fission product), several associated gam m a energies and the ir in tensities and a cross 

reference to the n u c lid e ’s entry in  T a b le  I o f  the paper. By ca re fu l attention to the e lim in a tio n  o f non- 

prom inent gam m a rays, T ab le  II o f  the paper is kept m anageably sm a ll yet su ffic ien tly  com p lete  to perm it 

spectroscopists to rap id ly  id en tify  the lines o f gam m a spectra and/or check the results o f  spectral-analysis 

codes. T h e  data on m agnetic tape a long w ith  a program to m ake listings are a va ila b le  to users on request 

to the ORNL R ad ia tion  Sh ie ld ing  In form ation Center. T h e  organ ization  o f the tables, app lica tions o f the 

data to  gam m a-spectra l studies o f reactor components and a ctiva tion  analysis and add it iona l data needs w il l  

be discussed.

1. Introduction
Large lithium -drifted germanium, Ge(Li) detectors have revolutionized the 

measurement of gamma-ray emitting radionuclides. These detectors can now be 
obtained with a counting efficiency of about one-fourth that of 3 in . x 3 in. 
sodium iodide detectors, and many laboratories are using Ge(Li) detectors with 
effic ien cies greater than one-tenth that of Nal. These new larger detectors have 
resolutions as good as or better than the very small earlier ones. Thus one can 
have, for example, a detector with a relative counting efficien cy1of 13% with a 
resolution of 2 .1  KeV (FWHM) or better. Although these larger detectors are 
expensive, they have expanded the role of Ge(Li) from a research-only tool to one 
of analytical applications.

*  Research sponsored by the U S  A tom ic  Energy Com m ission under contract w ith  the U n ion  Carb ide  

Corporation. ^

1 Relative counting efficiency is  derived by counting a Co source with both a 
Ge(Li) and a 3 in. x 3 in . Nal detector with the source placed 25 cm from both 
detectors. 100 times the ratio of that count rate of the 1332 KeV lin e obtained 
with Ge(Li) to the corresponding count rate for Nal is  the relative counting 
efficiency.
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To effective ly  use Ge(Li) detectors in a wide variety of applications one 
must be able both to co llect pulse-height spectra of several thousand channels 
and resolve the spectra by computers. Many laboratories combine these two 
functions with computers that function as pulse height analyzers. Ge(Li) gamma 
spectra are "resolved" by measuring the net areas of fu ll  energy peaks (total 
area minus underlying base l in e ) , calculating peak centroids and their correspond 
ing energies, and computing photon emission rates for each peak. These arrays oi 
energies and photon emission rates are then compared to entries of energies and 
intensities -in radionuclide tables to determine lik e ly  isotopes responsible for 
the peaks. When candidates are found, photon emission rates are divided by 
appropriate fractional absolute intensities to obtain disintegration rates. Thus 
we see the need for extensive accurate nuclear data.

We began our collection of data about three years ago during a study of 
fissio n  product distribution in a molten sa lt nuclear reactor. Early in that 
study we began to co llect gamma spectra with one to three hundred fu ll  energy 
peaks. Many of the radionuclides measured were rather short lived and because of 
the great number of peaks i t  was d iffic u lt  to assign many of them to known radio
isotopes. Except for the table by Gunnink et a l [1] for some of the relatively  
long lived radionuclides, there were no l is t s  of sorted accurate gamma energies 
that we could use to identify spectral lin es. We thus began a systematic 
collection  from the literature of fission  product energy and intensity data and 
eventually processed about 1000 of these complex spectra [2 ]. Since that time 
we have expanded our data collection to a ll  types of radionuclides and have in
cluded a l l  data necessary for absolute neutron activation analysis. The co llec
tion now includes data for 513 radionuclides. The data are stored and edited on 
a master card f i le  from which we generate listin g s  and duplicate f i le s  on 
magnetic tape.

2. Criteria for Selection of Data

Where possible we have selected for inclusion in our data collection gamma 
energy and intensity data from c r itic a lly  evaluated publications such as the one 
by Martin and Blichert-Toft [3 ] . We have also relied heavily on the well foundet 
experimental studies of Gunnink et a l [1 ]. In the case of those radionuclides 
that have been studied by two or more investigators in the past few years, we 
normally select the most recent reference provided that the investigator:
(1) has used the best modern experimental techniques, (2) was aware of the ex ist
ing data for the radioisotope, and (3) gave adequate explanations for any large 
differences or unexpected results obtained ( i f  any) compared to the existing dat£ 
In some instances we have been unable to choose between two or more references 
and have included separate entries for both references in our collection . Some 
radionuclides, of course, have been studied very l i t t l e  (for example, many short
lived fission  products); and for these we tabulate whatever we can find. Vie do 
not, however, tabulate older values of gamma energies that have been determined 
by Nal spectroscopy and which may be uncertain by 10 KeV or more. We have used 
some of the older gamma intensity values where no recent study e x is ts .

3. Data Editing Program
A computer program (NUCDAT) is  used to read the data either from punched 

cards or magnetic tape, prepare new tapes from a master card f i l e  or copy exist
ing tapes. NUCDAT makes listin g s  of the data either from tape or cards as 
desired. The program w ill also generate radionuclide data libraries for both 
large and small computer programs that are used to process Ge(Li) gamma-ray 
spectra at Oak Ridge National Laboratory.
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4. Content and Organization of Tables
Principally two tables are listed  by NÏÏCDAT. Table I consists of card images 

of the input data edited to be easily read. An example of a  sligh tly  abridged 
entry in Table 1 for the radionuclide l03Ru is  shown on page 4 . One line (card) 
is used for a l l  data such as half liv e s , cross sections, fission  y ie ld , etc. as 
shown in the example. Two lines are used for references and other notes; and 
the remainder of the entry consists of gamma energies and in ten sities. Energies 
are given in KeV, and are punched on cards with as many significant digits as 
given in the reference. Two d igits after the decimal are printed; usually only 
one is  significant. Intensities are expressed as photons emitted per 100 decays 
(absolute percentage, status A) i f  such values are available. In many instances 
only relative intensities are available (status R). We occasionally classify  
the intensity status as "D " when i t  appears, but we are not completely sure, 
that the intensities are expressed in absolute percentages.

To aid in identifying lines in gamma spectra, we c lassify  radionuclides into 
categories according to the manner in which they are normally produced. As shown 
in the example of 103Ru — class 0 denotes a neutron capture product, 1 a fission  
product, 2 a radionuclide formed both by fission  and neutron capture, 3 a

TABLE I. EXAMPLE OF RADIONUCLIDE DATA ENTRY IN TABLE I 
OF NUCDAT

A 3 C D E F G H I J K L ¡'i N O P  Q 
213 RU133 44 3 9 .6  D 3 -  RU102 3 1 .6 1  1 .4 0  Z  3 .0  7 A 4 .2
? . ? . ?  K . J .  МАЯ TI M AND P .H. BLICüERT-TOFT RADIOACTIVE ATOMS,
3EF NUCLEAR DATA TABLES, SEC. A, VOL. 8 ( 1 9 7 0 ) .
ENERGY 7  INT. ENERGY 7. INT. ENERGY 7, INT. ENERGY % INT.

3 S .5 5  0 .0 5 6  5 3 .1 1  3 .3 4  2 9 4 .8S 0 .2 1 0  4 4 3 .8 5  3 .3 6 3
4 ? S .9 3  8 9 .0  5 5 6 .9 3  9 .8 0  6 1 3 .2 0  5 .4 0

WHERE THE HEAPI MGS DENOTE:

A=TABLE 1 ENTRY NUMBER 
ISOTOPE SYMBOL 

С:  MASS NUMBER
D=STATE:3LANK=GR0UND STATE = MET AST ABLE STATE 
E= ATOMIC MU¡10ER 
F= HALF LIFE
G=TIME UMIT OF HALF LIFE
H= MODE OF DECAY: EC=ELECTR0N CAPTURE,B-=NEGATR0N DECAY, 

3+=P0SITR0N DECAY 
I = PRECUF.S0R SYMBOL FOR NEUTRON CAPTURE PRODUCT 
J:PRECURSOR MASS NUMBER
K= NATURAL ABUNDA MCE IN PERCENT OF PRECURSOR
L=2200 M/SEC NEUTRON CAPTURE CROSS SECTION OF PRECURSOR
M=CLASS OF RADIO,NUCLIDE:0=NEUTRON CAPTURE PRODUCT

1=FISSÍ0N PRODUCT,2=B0TH NEUTRON CAPTURE AND FISSION 
PRODUCT,3 = NEUTRON DEFICIENT RADIONUCLIDE,4=NATURAL 
RADIONUCLIDE,5=SPECIAL RADIONUCLIDE CLASS,6= FISSION 
GAS.

N=FISSI0r! YIELD IN PERCENT
0=MUM3ER OF GAMMA RAY ENERGIES TABULATED
P=INTENSITY STATUS OF GAMMA RAYS:A=ABSOLUTE PERCENT

(GAMMAS PER 1Q0 DECAYS),R=RELATIVE,D=POSSIBLY ABSOLUTE 
Q=NEUTRON CAPTURE RESONANCE INTEGRAL



TABLE II. EXAM PLE OF TYPIC AL ENTRIES IN TABLE II OF NUCDAT, FOR GAMMA RAYS OF 56Mn 
AND 134I. The headings denote: Type = Radionuclide class as previously defined; NGT = Total number of
gamma energies tabulated in Table I; ISC = C ross reference to Table I where data for radionuclides are 
tabulated.

Half
Energy Nuclide Type Life NGT ISC Energy Intensity Energy Intensity Energy Intensity Energy Intensit

846.60 Mn 56 0 2.57H 3 185 846.60 99.00 1811.20 30.00 2112.6 15.5
847.03 I 134 1 53.00M 29 308 847.03 96.0 884.08 66.00 1072.53 14.30 595.40 11.20

621.75 10.90 1136.12 9.15 540.80 8.60 677.34 8.20
405.44 7.35 857.28 6.60 1806.90 5.60 974.63 4.93
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neutron deficient radionuclide formed by charged particle bombardment, 4 a natural 
radionuclide, 5 a special "catch a l l "  category, and 6 represents a fission  gas.
We have just recently classified  fission  gases in a separate class to cause our 
computer to reject identifications of fission  gas daughters when we are interested 
only in the gases. More w ill be said later about the uses of a radionuclide 
classification  system.

Table I I ,  whose lis tin g  by NUCDAT is  optional, consists of a sorted l i s t  of 
gamma energies, arranged by increasing energy, with several items of associated 
information given with each gamma energy. This table was designed for use by 
gamma spectroscopists and activation analysts to aid in identifying lines in 
gamma spectra. A spectroscopist may know the energies of the lines in a spectrum 
and wish to identify their radionuclide sources or more typically may wish to con
firm (or deny) an identification made by a computer program. Because there are
many thousands of gamma rays (many of which have nearly the same energies)
emitted by radioisotopes, i t  is-impossible to design a "fo o l proof" identifica
tion algorithm. Because computer programs frequently make mistakes in identi
fications i t  is  necessary for spectroscopists to check their identifications.

Considerable effort was devoted to obtaining an arrangement of Table II that 
would permit the table to be used easily  and e ffic ie n tly . Typical entries for 
gamma rays of 56Mn andl3i,I are on page 6. For ease of reference, sorted 
energies are listed  down the le f t  margin. The items associated with each energy 
are listed  across the page in what we have found to be an order of decreasing 
importance with respect to the identification of spectral lin es. Normally the 
information of Table II  is  more than enough to identify a ll  the radionuclides 
that produce a gamma spectrum. Adjacent to each energy is  the radionuclide 
symbol and mass number followed by the radionuclide class, half l i f e ,  the number 
of gamma energies tabulated in Table I and a cross reference to the radionuclide's 
entry in Table I . The class and half l i f e  are quantities that normally are the
most important ones in rejecting invalid radionuclide candidates for spectral
lin es. The spectroscopist normally knows i f  a specimen that he is  attempting to 
analyze can possibly contain fission  products, neutron capture products, e tc . He 
rejects candidates of the wrong class. He also rejects candidates whose half 
lives are incompatible with the specimen's decay time. For ease of application 
half liv es are listed  in their conventional units rather than a standardized unit. 
I f ,  after these rejections, there s t i l l  are two or more candidates from the sorted 
gamma energy l i s t  other associated energies may be examined. I f  they exist we 
l i s t  in Table II  up to 12 associated gamma energies. These energies are again 
sorted and listed  in order of decreasing intensity. Thus to make a spectral line
identification  i t  is  normally only necessary to refer to the f ir s t  two or three
energies. Although normally two or three energies are sufficient to identify a 
radionuclide, we want to have the energies of the most intense gamma rays listed  
in Table II  so that most of the lines in a spectrum can be easily  identified . 
Listing too few would permit isotopes to go unidentified as well as cause a too 
frequent reference to Table I to get the "complete p ictu re ." Listing too many 
energies would make Table II  too large to be manageable ( i f  a radionuclide has 
5 sorted energies i t  appears 5 times in Table I I ) . We have found that the most
useful version of Table II  is  produced i f  we sort either 12 gamma rays or up to
that gamma ray whose intensity is  one percent of the most intense one. Since most 
of our work does not involve neutron deficient radionuclides we find i t  useful to 
leave these radionuclides out of Table I I . In this way we produce a compact but 
highly useful aid to our efforts in spectral line identifications.

The program NUCDAT w ill sort and l i s t  in Table II  any one class or combina
tion of classes desired. Thus i t  is  possible for the user to produce any version 
of Table II  that meets his needs.
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As previously mentioned we generate, from this collection of data, f i le s  
that are used in computer programs to identify and measure peaks in gamma ray 
spectra. Currently most of our efforts are devoted to small computer application 
We have two Nuclear Data 50/50 systems each consisting of a 4096-24-bit xv-ord 
hardwired analyzer and an 8192-18-bit word PDP-15 computer. Program MONSTR
[4] is  used to identify and measure peaks, calculate disintegration rates 
and parts per m illion for activation analysis problems. Identifications  
are made from a magnetic tape f i le  of sorted gamma energies arranged with 
increasing energy. A ll of the energy entries of Table II  are recorded 
in this f i l e .  Each energy has associated with i t  the mass and atomic 
numbers, the nuclide type, and the h a lf - li fe  in seconds. Candidates for the 
lines of a spectrum are selected by comparing spectrum and tape energies, 
nuclide types with a preset l i s t  of the nuclide types that may be present,and 
h a lf-liv e s  with the decay time. Candidates may also be entered manually in the 
candidate l i s t .

During the search for candidates, a l i s t  of unidentified peaks is  produced. 
Subsequently a radionuclide f i le  is read with a ll  information necessary to 
compute disintegration rates or elemental concentrations for activation analysis 
problems. Because the computer's memory is  small, we read the radionuclide f i le  
one entry at a time until computations for a ll  candidates were finished.

We are using these systems and this collection of data to carry out a wide 
range of work in absolute neutron activation analysis, and radionuclide measure
ments. We have just begun to test our scheme of absolute neutron activation  
analysis on standard samples whose trace element content has been well establishe  
and documented by comparative neutron activation analysis and other reliable  
methods. Using this approach, we hope to c r itic a lly  evaluate much of the data 
we have collected for neutron capture radionuclides.

We are also using high resolution gamma spectroscopy to study the release of 
fission  products from the fuel of high-temperature gas cooled reactors and in
p ile  experiments. Although our reactor experiments are carried out to further 
our understanding of reactor components, they sometimes yield approximate values 
for absolute values of gamma-ray inten sities. Recently, for example, an in -p ile  
fission  gas release study indicated that the absolute intensity of the 258 KeV 
gamma-ray of 138X is  30 percent — a value closely approximating 32.5 percent as 
reported by Monnand [5 ].

5. Applications of this Data Collection

6. A vailability  of Data to Users

Individuals or organizations who wish to obtain copies of these data can do 
so by sending a 1200 foot reel of industry compatible magnetic tape to the 
Radiation Shielding Information Center, Oak Ridge National Laboratory, and 
requesting data f i l e  DECAYGAM. A copy of the editing program NUCDAT written in 
FORTRAN IV and user's instructions w ill be supplied with the data.

7. Some Final Observations
Undoubtedly special problems w ill always arise in which radiochemical ar.d/oi 

comparative methods of radionuclide analysis w ill be required. Nevertheless i t  
seems inevitable that the current trend in instrumental absolute methods of 
neutron activation analysis and gamma spectroscopy using Ge(Li) detectors 
supplemented by coincidence and anticoincidence techniques w ill continue. This 
trend is  due not only to investigator's research interests but also to the 
sim plicity and power of these methods as wall as economic re a lit ie s . For most 
organizations i t  has become economically infeasible to obtain by comparative
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activation analysis the large number of analytical results required in such 
studies as trace element surveys of ecological and biological materials. In 
other areas of work such as gamma-ray scanning of nuclear fuel elements and 
other nuclear reactor components, the instrumental techniques are the only ones 
applicable.

In our current tabulation of data for 513 radionuclides, 164 have only 
relative gamma-ray inten sities. Since the data for those radionuclides that 
are listed  with absolute intensities were gathered from publications of reput
able investigators, the data are presumably re liab le . We, however, have tested 
the re lia b ility  of only a few. It is  therefore evident then that much of the 
task remains in determining, evaluating and compiling a complete, reliable  
radionuclide data f i l e  for applied gamma spectroscopy.

There are also significant needs for data in other areas of applied nuclear 
technology. An example is  the requirement of fission  yields as a function of 
neutron energy for fission  of a33U, 23 9Pu and other heavy nuclides to permit 
fission-product inventory calculations for the newer types of nuclear reactors 
such as the high temperature gas cooled reactor. It  appears that much of this 
data has not been measured. Other examples of data needs can be found in the 
areas of shielding and dose-rate calculations.

At the present time there is  no unified collection of nuclear data for 
applied nuclear technology. Although the applied nuclear scientists must use 
the variety of data that has been mentioned (radionuclide decay data, cross 
sections, e tc ) , he must search for i t  in sources that are too diverse. We 
therefore believe that there is  a place for specialists who would be responsible 
for evaluating and compiling complete nuclear data f i le s  that the user could 
apply easily  and e ffic ie n tly . The compiler should maintain communication with 
users to determine areas where additional data are needed. He should also 
assist in publisizing these needs. I f such an effort were made with care, the 
extreme duplication of efforts now occurring in this endeavor would be reduced 
and the l i f e  of the applied nuclear scien tist would be easier.
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D I S C U S S I O N .

V . KRIVAÑ: The starting point for the work described in your paper is 
absolute neutron activation analysis. (In your comments on my paper 
(IA E A -S M -170 /6 0 ), too, you indicated that you perform activation analysis 
by this method). While I believe that activation analysis by the absolute 
method is more convenient than by the comparative method, I would be 
reluctant to make generalizations to this effect. There are two main 
difficulties in connection with the absolute method: the first has to do with 
the accuracy of the nuclear data needed and the second with the fact that the 
composition of the sample to be analysed is not well enough known and there
fore one does not have sufficient certainty as to the accuracy of the analysis, 
particularly as regards interference reactions and self-shielding. In such 
cases even the best knowledge of the nuclear data will not be a guarantee of 
accuracy. I should therefore like to ask what, in actual practice, causes 
you most trouble in absolute activation analysis: is  it problems relating to 
knowledge of nuclear data, to approximate knowledge of sample composition 
or to the variability of the neutron spectrum? In this connection it would be 
interesting to know whether, in this work, you irradiate only with thermal 
neutrons or with the entire fission spectrum . In the latter case the danger 
of interfering reactions would be greater.

F .F .  DYER: In term s of the number of samples analysed and there
fore of economics, ORNL uses mainly absolute methods in its thermal 
neutron activation analysis program. I am speaking of analysis that is 
carried on mainly as a service or with reference to applied problem s, not 
for research . The types of samples involved are biological, environmental 
and the like. W e are aware that certain elements in some of the samples 
cannot be measured by absolute methods because of such problems as neutron 
shadowing by atoms of the matrix or of a constituent or gam m a-ray  
attenuation in the sam ple. However, for ORNL the need seem s to be to have 
an efficient, inexpensive activation analysis method to meet the greatest 
need, leaving the more complex problems to be handled by special, more 
expensive methods. We have two NAA facilities with pneumatic tubes, one 
is in the Oak Ridge Research Reactor, with a thermal neutron flux of 
~ 4 X  1013 and one in the High Flux Isotope Reactor, with a thermal neutron 
flux of ~  5X 1014. This latter facility has a very highly thermalized neutron 
flux.

J. В LACHОТ: What criteria did you use for including "fission  product" 
isotopes in your computations? Was it their h alf-life , their fission yield or 
was it something else .

F .F .  DYER: Except in cases where we face limitations of time and 
money, we do not omit any radionuclides for which valid data are available. 
We try to pick the most recent "b e s t " data.

J. BLACH OT: What method did you use for measuring the absolute 
intensity of the 258 keV line of 138Xe?
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F .F .  DYER: A  plot of the release rate to birth rate ratios versus decay 
constant for fission gases was made for an in-pile fuel study. The ltWXe was 
not consistant with the other gases. The absolute intensity of the 138Xe 
gamma ray was suspect. When it was assum ed the curve was correct and 
the intensity was adjusted to make 138X e agree with the curve, the adjusted 
value agreed with that of Monnard.
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Abstract

T H E  USE OF N U C LE AR  D A T A  IN TH E  DESIGN OF RAD IAT IO N  IN STRU M EN TS  FOR M IN ERAL EXPLORATIO N  

A N D  M IN ING .

The  increasing use o f  nuclear techniques for m ine ra l analysis in  a w ide varie ty o f  environments 

associated w ith  m ine ra l prospecting and m in ing  has em phasized the need for the presentation o f nuclear 

data in  a form w h ich  a llows rapid assessment o f the a n a ly tica l problems. T he  present paper iden tif ie s  a 

number o f app lica tions in  the f ie ld  o f  m inerals and gives an exam ple o f the use o f nuclear data for resolv ing 

a ty p ica l ana ly tica l problem  and o f the d iff ic u lt ie s  in  app ly ing existing com p ila tions. A  form  o f presentation 

o f  re levant nu c lea r data for use in  this type o f  problem  is proposed.

1. INTRODUCIS ON

Nuclear techniques are now gaining increasing importance as a 
means of providing a direct indication of the concentration of selec

ted elements in rocks and minerals during geochemical explorations 
and in mining operations. Instruments based on these techniques 
have the advantage o f ruggedness and a relatively  low sensitivity  to 
environmental conditions, and they o ffer the p ossib ility  of a direct 
measurement o f elemental composition. Although some nuclear tech
niques have been used in o il  fie ld  exploration for about the last  
twentyfive years, i t  is  the recent introduction of Californium-252, 
the increased re lia b ility  and output o f neutron tubes and the 
development o f high resolution so lid -state  detectors coupled with a 
need for more early and less costly information on the elemental 
composition of rocks and minerals which has recently accented the 
need for these techniques for in -s i tu analysis. Easy access to 
selected nuclear data i s  essential i f  both rapid and detailed con

siderations are to be given to the choice o f technique and to the 
design o f equipment for use in the type of analytical problems which 
occur in geochemical prospecting and mining. The nuclear data 
which is  available tends to reflect an early interest in reactor 
design.

The most important applications occur in logging boreholes 
drilled on land and into the sea bed and the possib ility  o f using

391
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nuclear techniques in vehicles towed on the sea bed is  also currently 
being considered. The use o f Radiation Instruments has become 
established for the control o f underground mining operations and they 
are now being developed for ore grade evaluation in open-pit 
mining(1 ,2 ,3 ’ 4 ) .

The applications o f nuclear techniques in o il-w ell logging are 
well known and the problems of instrument design are relatively well 
understood, even i f  the solutions are not always evident. In 
general, the problems o f interpretation arise from variations in 
borehole conditions, from the indirect nature of the required 
measurements o f density, porosity, water content and oil/water  
interface location, as well as from variations in the lithology of 
the rocks surrounding the boreholes.

In geochemical prospecting and in metalliferous mining the 
problems are somewhat different. In these applications emphasis 
is  on measuring the concentration of one or o f several elements in 
the presence o f other elements in the rock matrix which may inter
fere with the measurement. From the point o f view o f designing a 
suitable instrument, careful consideration has to be given to the 
most appropriate reaction, to the measuring technique and to any 
Constraints imposed by the physical conditions which prevail in the 
measurement region.

This paper seeks to identify the most important reactions 
which can be used for in -situ  mineral analysis and the type of data 
which is  required. This data needs to be readily available and in 
a form which is  relevant to the analytical problems to be considered. 
An example of the general route through a fe a sib ility  study is  given 
which demonstrates the type and extent o f the data needed for a 
design study. From this study conclusions are drawn to indicate 
the preferred compilation of the mast suitable data for applications 
of this type. The problem chosen is  one o f analysis in borehole 
conditions, but the same general approach can be used for the 
analysis o f minerals passing on a conveyor b elt.

2 . USEFUL INTERACTIONS

Elemental analyses based on photon, heavy ion and neutron 
interactions are currently being used. The most important tech-
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niques based on photons as the primary radiations are X-ray 
fluorescence, y-ray scatter Gunselective and selective y~Y logging, 
the (у , у ' ) reaction and у-га У resonance scattering] and photo
neutron activation analysis.

X-ray fluorescence and unselective and selective y~Y logging 
are important techniques in mineral exploration and mining and they 
form the basis of a variety o f instruments, but further development 
is  not impeded by unavailability o f suitable data so that these 
techniques w ill not be considered further here.

The only important application of a photoneutron reaction is  
in prospecting for beryllium, because of the low threshold (1 .66  MeV) 
and the unique position (apart from deuterium) of this reaction is  
that i t  i s  the only photoneutron reaction which can be induced by 
using radioisotope sources. In general, the use of (у,п) reactions 
is  inhibited because o f the relatively  high energy («20 MeV) o f the 
giant resonance, the fact that i t  varies only sligh tly  over the 
Periodic Table, and the relatively  low interaction cross-sections. 
Although attempts have been made to measure the activation products 
from (у,п) reactions by using transportable accelerators in the 
fie ld , these exercises have, as far as the authors are aware, found 
no useful applications in mineral prospecting and mining.

There is  some interest at present in the ( y , y ’) r e a c t io n ^  and
( 6  7  )in y-ray resonance scattering for mineral analysis ’ . However,

cross-sections are generally small and the number o f elements which 
can be analysed by these methods is  lim ited. In the case of the 
Y-ray resonance technique, the problems o f developing a gaseous 
source of su fficien tly  high activity  at high temperature and suit
able for operation for long periods in a borehole have not yet been 
fu lly  resolved. For these reasons these reactions are not 
considered further.

There is  much current interest in heavy ion induced X-ray 
( 8 )fluorescence techniques , but application to the analysis o f  

natural materials is  limited by the low penetration of the incident 
particle (especially important where inhomogeneity and particle-size  
effects occur), by the need to use high energy accelerators which 
are expensive and bulky for fie ld  operation, and by the restriction  
to the analysis of elements o f atomic number below aluminium,
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approximately. At higher atomic numbers, X-ray induced, non- 

dispersive X-ray fluorescence techniques are in common use.

Neutron interactions are of increasing importance but, although 

a considerable amount of nuclear data is available, access to a form 

which is suitable for rapid optimisation of an analytical technique 

is not always easy, as will be seen from the example given below.

When defining a neutron reaction for the present purpose, 

consideration must also be given to the origin of the radiation used 

to identify the reaction. Thus, the most important reactions are 

considered to be those associated with:-

(i) gamma radiation from neutron capture,

(ii) gamma radiation emitted during the radioactive decay of 
a nuclide formed by neutron capture,

(iii) gamma radiation from inelastic scattering of neutrons 

and (iv! prompt -y-radiation following particle emission.

3. PRELIMINARY STUDIES

The in it ia l  study of an analytical problem of the type 
described below is  conveniently undertaken in two stages. In the 
f ir s t  stage, a rapid survey of the relevant data is  made in order 
to see whether or not suitable reactions exist which give a reason

able probability o f success in identifying the wanted element and 
to see whether or not significant interference can be expected from 
other elements present in the sample.

The v ia b ility  o f possible reactions are judged in relation to  
any constraints imposed by the type of source which is  available, 
or can be tolerated, and by the particular application. In bore
hole logging, for example, except in special circumstances, the use 
o f y-rays from nuclides with a h a lf - li fe  exceeding 60 seconds 
approximately is  excluded, because of the relatively long irradi
ation times which must then be used. However, i f  the h a lf -li fe  
o f the product nucleus is  only a few seconds, a high induced 
radioactivity may be obtained and the h a lf - l i fe  is  s t i l l  sufficient 
to equate with an acceptable separation of source and detector at 
the logging speeds vdiich normally prevail. Under these circum
stances interference from inelastic scatter -y-radiation and from
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Y-rays from radiative neutron capture will be reduced. The merit 

of using inelastic scatter y-rays is that complete independence of 

the measurement from the probe speed through the borehole can be 

achieved.

In the preliminary survey, consideration has also to be given 

to the environmental conditions; to the presence of drilling mud 

or water in the borehole, to the possible inclusion of a steel 

liner on the inside of the hole, to water pressure and temperature 

and to possible variations in hole diameter. Such considerations 

are likely to exclude a measurement based on low energy X-rays, or 

on ß-particles emitted by a product nucleus, for example.

In general, the following procedure is adopted when carrying 

out a feasibility study:

(i) The nominal elemental composition of the rock and its 
mineral content is inspected,

(ii) for each wanted element and for each potential interfer- 
fering element, the variation in reaction cross-sections 
with neutron energy is examined for emission oir

ía) capture y-rays,

( b ) activation Y~rays >

(c) inelastic scatter у~гауз 

and, (d) prompt y-rays from particle reactions,

(iii) possible useful reactions are identified and the energies 
and relative intensities of the y-rays associated with 
each reaction are considered,

(iv) tables, such as described in Section 3.1.1. are compiled 
so that an effective decision on the relative merits of 
the various reactions can be made.

From such a preliminary examination, a decision can be taken on 

the merits of a detailed theoretical approach to establish the design 

criteria for the system.

Assuming that a reaction can be identified, which gives promise

of a useful analytical procedure, a more detailed study is carried

out. Using the values of M (see Section 3.3.1.) which relate to
PY

unit thermal neutron flux, an appropriate next step is to calculate 

the actual spatial distribution of thermal neutron flux in the 

medium around the source. This involves a knowledge of the neutron 

cross-sections from the maximum neutron energy of the source to



TABLE I. MAJOR ELEMENTAL CONSTITUENTS CF COAL AND TYPICAL ABUNDANCES

Element
Atomic
weight

Weight %  
of natural 
element in 

sulphur-free 
coal

Mass number
% abundance 
in natural 

element

Atom number 
density in 

coal* 
(1023/cm3)

С 12.011 91
12
13

98.89
1.11

0.6317 
7.09 x КГ3

H 1.008
1 99.985 0.3346
2 0.015 5.02 x 10

16 99.759 1.577 x IO'2
0 15.999 3.0 17

18
0.037
0.204

5.85 x IO-6 
3.23 x 10-5

N 14.007 2.0
14
15

99.63
0.37

1.20 x 10~2 
4.45 x 10" 5

S 32.064

Additional weight 

% sulphur'*
4.6

32
33
34 
36

95.0
0.76
4.22
0.014

1.144 x 10-2 
9.15 x 10-5 
5.08 x 10~4 
1.69 x 10~6

• 3
Assumes Ç coal = g/cm .

Ф
Assumes equal atom number densities for N and S.
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thermal energies for all elements in the sample. The detail of 

this calculation depends on the particular problem and it may be 

sufficient to consider a simple two-group diffusion theory or it 

may be necessary to employ a fully developed multi-group code.

When this has been done, the volume source of y-rays can be 

derived and the y-ray intensity at the detector for the selected 

energy can then be calculated.

3.1 Example: measurement of the sulphur content of coal in
borehole conditions

The application dictates the largest diameter to vhich the 

probe can be made and the depth and condition of the borehole.

No consideration is given at this stage to the possible presence 

of water in the borehole but it is assumed that the coal is free 

of moisture, heavy mineral content (ash) and organic debris. It 

is also assumed that the Rank (related to carbon/hydrogen ratio) 

is constant and this is generally true for coal deposits in a 

particular geographical region. With these limitations Table I 

is compiled which gives the relevant properties of the major 

elements in a typical coal.

The relative merits of each possible reaction are now 

considered in turn.

3.1.1 Radiative neutron capture

This reaction is convenient in as much as it 'fits' into a 

borehole logging system: the high energy y-rays emitted are

compatible with the environmental conditions.

Table II gives the particle and macroscopic cross-sections of 

the major elements we wish to consider and an examination of this 

data gives the first indication as to whether or not a suitably 

large reaction cross-section exists and the possible origin of an 

interfering reaction.

However, before adequate judgement can be made, it is necessary 

to know also the energies and emission probabilities of the y-rays 

emitted at neutron capture, and these are tabulated, as far as 

possible, in Table III. It can be seen that a technique based on 

measuring the 5.42 MeV y-ray from sulphur-33 appears promising



TABLE II. REACTION CROSS-SECTIONS FOR THERMAL NEUTRON

398 CLAYTON and SANDERS

RADIATIVE CAPTURE FOR HOST IMPORTANT ELEMENTS IN COAL

Element
Mass

number

Reaction 
cross-section 
(10-24 cm*)

Macroscopic 
cross-section^ 

(cm"'1)

12 3.4 x 10-3 2.15 x Ю"4
13 9.0 x 10-4 •

H
1 0.332 1.11 x 10“2
2 5.7 x 10 *

16 1.8 x 10~4 2.84 x 10"7
0 17 2.4 x 1 0 ^ •

18 2.0 x 10~4 •

N
14 7.5 x 10~2 9.0 x 10-5
15 2.4 x 10-5 •

32
33

0.51 .. 
2.3 x 10

5.83 x 10"4 
•

34 0.27 1.37 x 10
36 0.14 •

Relates to atom number density for particular element 
in coal.

Indicates negligible macroscopic cross-section.

since it has a relatively high value of I and the energy is above

the energy of any of the y-rays emitted by carbon, hydrogen and

oxygen. From Table II it can also be seen that the reaction 
32 33

S(n,y) S has the highest particle cross-section of the isotopes 

considered.

Further examination of Table III indicates that if nitrogen is 

present in the sample, it could provide a major source of 

interference since several y-rays are emitted from nitrogen-15 

which have energies close to the favoured y-ray energy from 

sulphur-33.

A comparison of the significance of interfering y-rays can be 

obtained by combining the absorption data of Table II with the 

emission data of Table III; and if we consider в1 volume element of
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TABLE III. ENERGIES AND INTENSITIES CF GAMMA RAYS FOLLOWING THERMAL NEUTRON 

RADIATIVE CAPTURE BY MAJOR ELEMENTS IN COAL

Element
Product
isotope

e y
(MeV) V

С 13 4.945 67.0
3.684 31.8
1.261 29.2

H 2 2.223 >  97

0 17 3.271
2.180 *
1.088 +

N 15 10.828 15.0
8.309 4.22
7.299 8.36
6.321 16.65
5.560 9.05
5.532 17.79
5.297 18.58
5.267 25.41
4.508 15.81
3.675 15.52
3.531 9.58

S 33 8.641 1.91
7.800 2.81
5.420 42.44
5.047 2.26
4.870 8.24
4.639 1.49
4.431 3.16
3.723 2.03
3.370 3.78
3.221 19.46

I = number of gamma rays/100 neutrons captured.

*  Data not available.



TABLE IV. VALUES OF H , THE NUMBER OF y-RAYS OF A GIVEN ENERGY
^  3

EMITTED PER SECOND PER cm OF SAMPI£ PER UNIT THERMAL NEUTRON FLUX
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1 4
Product nucleus N Product nucleus ^ S

M M
E PY E PY
Y 10-5/cm^ sec. Y 10 /cm sec.

10.826 1.35 8.641 1.11

8.309 0.38 7.800 1.64

7.299 0.75 5.420 24.74

6.321 1.50 5.047 1.32

5.560 0.81 4.870 4.80

5.532 1.60 4.639 0.87

5.297 1.67 4.431 1.84

5.267 2.29 3.723 1.18

4.508 1.42 3.370 2.20

3.675 1.40 3.221 11.35

3.531 0.86

coal in a uniform neutron flux, a useful parameter M can be
PY

defined such that,

M = the number of prompt Y_rays of a given 
^  energy emitted per second per unit volume 

of sample (1 cnr) per unit thermal 
neutron flux (ln/cm2 sec.).

-2 3
= X* 1^ x 10 у/cm sec.

where 53 is the macroscopic cross-section for the reaction and

1^ is the number of Y_rays emitted per 100 neutrons captured.

Values of M for the product nuclei sulphur-33 and nitrogen-15 

are shown in Table IV. Where necessary, it is a simple matter to 

provide a similar table for all isotopes present in the sample. 

Examination of TablelV shows that the 5.42 MeV Y-ray from sulphur-33 

should dominate the spectrum for equal numbers of nitrogen and 

sulphur atoms.
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It is important to consider the production of y-rays from any 

radioactive nuclides which can result from thermal neutron capture 

since they may present a possible method for elemental analysis, or 

a possible source of interference, or a means of compensating for 

interference. Apart from this, it is necessary to consider the 

possibility of induced radioactivity producing a radiological hazard.

It is convenient to compile four tables similar to Table Ц but 

including the half-lives of the product nuclides for (n,y), (n,p), 

(n,a) and (n,2n) reactions with non-negligible macroscopic cross- 

sections and yielding unstable, y-emitting product nuclei.

Considering (n,y) reactions only, the product nuclides from
13 2 17 15 33

from the high-abundance isotopes, C, H, 0, N and S are all
34 35

stable and it is only necessary to consider the reaction S(n,y) S, 

as shown in Table V.  The half-life of sulphur-35 is so long that 

no appreciable radioactivity will accrue and, in addition, only 

(3-particles are emitted.

3.1.2 Thermal neutron activation

TABLE V . THERMAL NEUTRON ACTIVATION IN COAL

Element
Product 
isotope 

mass number

Macroscopic 
cross-section 

of target nuclide 
cmr^

Half-life
days

S 35 1.37 x 10“ 5 86.73

In the present example it can be seen from similar considera

tions that (n,p), (n,ct) and (n,2n) reactions can also be ignored 

for one of the following reasons:-

(i) the cross-section is negligible,

(ii) the half-life of the product nuclide is very small,

(iii) the half-life of the product nuclide is very large, or it
is stable,

and (iv) the product nuclide is, or is almost, a pure ß-emitter.
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For sulphur, for example, we have:-

32
P is a pure ß-emitter.

32
S(n,a) Si

29,
Si is stable.

The macroscopic cross-section is very 
small.

31
Si has a long half-life (2.64 hrs) 

and Y-rays are emitted in only 0.7% 
of the disintegrations.

If any activation reactions are important, then a table

analogous to Table IV can be compiled for each reaction. The

parameter of comparison is then defined as M where
aY

M = the number of activation Y-rays of a given energy 
emitted per second per unit volume of sample 
(1 cm3 ) per unit thermal neutron flux (ln/cm2 sec.) 
after irradiation periods of, say, 10 secs,
100 secs and 5 x T^ (for T^ > 100 secs).

3.1.3 Fast neutron inelastic scattering

In general, information on inelastic scatter cross-sections is

not readily available, but by ignoring elements in coal other than

those given in Table I, the most significant Y-rays, referring to the

first excited states above ground level, can be written down as in

Table VI. The variations in the inelastic scatter cross-section

with neutron energy for excitation of the 1st level of sulphur-32

are shown in Table VII. Excitation could be obtained using an
241

Am/В source which has a maximum neutron intensity at 3 MeV, 

approximately, the neutron emission rate being reduced by a factor

5, approximately, at 5 MeV.

It is likely that the Y-rays from carbon, in spite of the 

higher atomic concentration of carbon in coal, vrould probably not 

swamp the Y-rays from sulphur-32. Carbon-12 has a cross-section 

which rises to 200-400 mb, but even the double escape peak 

(3.42 MeV) is well separated from the sulphur-32 inelastic 

scatter Y-ray. The high energy threshold of oxygen (6.13 MeV) 

and the low cross-section of nitrogen (6 mb at 4 MeV) suggest that 

these reactions would not interfere significantly. A complete 

study would require the cross-sections to be properly averaged over 

all neutron energies in the sample.
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PRESENT IN COAL

Not useful since de-excitation by pair emission only is 
allowed.

TABLE VII. VARIATION CF NEUTRON INELASTIC SCATTER CROSS-SECTIONS 

FOR 1st EXCITED LEVEL OF SULPHUR-32

Neutron energy 

MeV

Inelastic scatter 
cross-sections 

mb

3.5 330

3.85 440

4.2 380

4.5 340

4.8 290

As above, a comparison parameter can be used defined such

that M = the number of prompt y-rays of a given energy emitted
3

per second, per unit sample volume (1 cm ) per unit neutron flux
2

(ln/cm sec*), arising from inelastic neutron scattering*
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A reliable estimate of the value of an analysis based on this 

reaction is difficult to make since the energy/intensity spectra 

of the fast neutron flux should be determined before the reaction 

rates can be deduced from the differential cross-sections. However, 

a useful first-step can be made by examining the cross-sections as a 

function of neutron energy in order to decide whether a specific 

reaction is worth further consideration as a basis of an analytical 

technique, or vfaether it may constitute a potential source of inter

ference to some other preferred reaction.

An examination is based on the neutron sources available and,

for field applications, these are restricted to the (a,n) isotopic
227 241

neutron sources, of which the most important are Ac/Be, Am/Be,
242 228 24"1 252

Cm/Be, Th/Be, Am/B,Li, the spontaneous fission source Cf
3 4

and the accelerator neutron source H(d,n) He. In currently

3.1.4 Fast neutron particle reactions

TABLE VIII. FAST NEUTRON PARTICLE REACTIONS FOR SULPHUR. гг' —

Reaction Comments

32„, ,32_ 
S(n,p) P Cross-section is 200-400 mb over neutron 

energies 4-16 MeV. But 32P is a pure 
ß-emitter.

32 . t ,30„ 
S (n, t ) P Cross-section is 500 mb at 16 MeV,

16 mb at 18 MeV but negligible below 
15 MeV.

32S(n,a)29Si Product nucleus is stable.

32S(n,2n)31S Reaction Q = -15.08 MeV.

34S(n,p)34P Cross-section is 75 mb at 14 MeV yielding 
2.13 MeV Y-rays (25%) but combined with 
product half-life of 12.4 sec. and 
isotopic abundance of 4.22%, overall 
yield is poor.

34S(n,a)31Si
31

Si is almost a pure ß-emitter.
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available neutron tubes, deuteron energies are approximately 

100 keV so that the reaction yields neutrons with energies of 

about 13 to 14 MeV.

The possible particle reactions for sulphur do not appear 

promising, as can be seen from Table VIII.
3.1.5 COMMENT

From the above considerations, it is clear that a measure

ment of the 5.42 MeV y-ray from radiative neutron capture appears 

to offer the possibility of a measurement of the sulphur content 

and is worthy of further study. Although y-radiation of 

adjacent energies occur in nitrogen-15, the expected intensities 

are considerably lower than from sulphur-33 for the 4% sulphur 

concentration assumed. At lower sulphur/nitrogen concentrations, 

the dominance of the 5.42 MeV y-ray from sulphur over the y-rays 

from nitrogen will not be so great.

However, so far a coal model containing only five elements 

relating mainly to the carboniferous content of coal has been 

considered. In reality, natural coal also contains mineral 

matter at concentrations which vary from a few per cent to 30-40%, 

depending on the origin of the coal. Hie composition of the 

mineral content also varies according to locality, but generally 

contains significant content of alumina, silica and iron pyrites.

A typical analysis of the mineral content of a coal in the 

United Kingdom is given in Table IX, The considerations which 

have been given to the 5-element model now need to be extended to 

include the possible effects of any other elements which may be 

present.

The practical situation is, in fact, not nearly so bad as may 

appear since the reason for measuring the sulphur content of coal 

in a borehole usually excludes an application to coals of high 

(>10% approx. ) mineral content. At the lower concentration, 

however, the same distribution of elements is likely to occur.

4. OTHER ANALYSES

Although consideration has been restricted to the measurement 

of sulphur in coal, the problem of identifying a suitable reaction
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TABLE IX. TYPICAL DISTRIBUTION OF CONCENTRATIONS OF ELEMENTS 

IN 1HE MINERALMATTER IN COAL'

Chemical form
Approximate 

concentration range 
% ash*4

Si02 2 - 5 3

A12°3
2 - 4 0

Fe2°3 1 - 6 6

CaO 1 - 3 3

MgO 1 - 1 1

t í o 2 1 - 2

Na20 1 - 8

K2°
1 - 5

Mn3°4 0 - 2

P2°5
0 - 8

Data on mineral matter is only available from data 
on the ash residue from coal after burning. Ash 
represents about 85% of the mineral matter from 
which it is derived. Sulphur in the mineral matter 
is lost to the ash by conversion of FeS^ to Fe^O^.

to form the basis of an instrument for use in other logging appli

cations is the same. Apart from variations in the environmental 

conditions governing the application it is only the wanted and 

interfering elements which vary. To design a probe, for example, 

for use in one iron field, measurements of iron (58% to 68%), 

phosphorus (0.05% to 0.5%), silicon (0.5% to 8%), aluminium 

(0.25% to 5%) and manganese (0.2% to 3%) are required in a matrix 

also containing varying concentrations of titanium dioxide, calcium 

oxide, magnesium oxide and water.
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The design of a probe to measure fluorite concentration 

directly 030%) in the United Kingdom requires consideration to be 

given to the presence of other minerals such as barite, calçite 

(mainly) as well as possible small concentrations of galena, 

sphalerite, pyrite and quartz.

5. DISCUSSION AND RECOMMENDATIONS

5.1 Present status of the preferred nuclear data

Much of the data required in the applications discussed here 

is available. However, it is not easily retrievable because the 

sources are, to an appreciable extent, spread through a number of 

publications and irrelevant data is mixed with that required. In 

addition, relevant data is often not evaluated and presented as a 

"best set".

For example, the cross-section data listed in the current
(9)

CINDA bibliography must be sought out and collated from the

references listed. Data, ready assembled, can be obtained from the

information given in the CINDU catalogue but the great majority is

raw in the sense that a best fit for all the results given is not

available. The same comment applies to the plots of cross-

sections for a variety of neutron reactions collected and presented
(11)

in Nuclear Data by Jessen, et al. (a form directly comparable
(12)

with BNL 325 and Supplements ).

Information on thermal neutron capture cross-sections and

associated gamma rays are tabulated by Bartholomew, Groshev, et al.
(13)

in Nuclear Data . Although this data is very valuable for 

applications of the type referred to, the user is often confronted 

with the necessity of making an assessment to determine his own 

recommended value. These publications do contain values of the 

half-lives of product nuclei although, from the point of view of 

"activation" analysis they are restricted to (n,y) reactions.

The "Handbook of Nuclear Data for Neutron Activation Analysis",
(14)

by Aliev, et al. is a most useful compilation of values of 

cross-sections, half-lives and radiations from product nuclei.

It contains data both for thermal neutrons and for neutrons with 

energies in the region of 14 MeV, and includes (n,particle) as well 

as (n,у) reactions. However, it does not contain data for
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intermediate energies, nor information relating to the energy and 

emission intensities of prompt gamma rays following neutron capture.

In generalcross-sections for inelastic neutron scattering
(12)

can be obtained from, say, BNL-325 or from the references quoted

in the Nuclear Physics compilations of Energy Levels of Light
(15)

Nuclei by Ajzenberg-Selove and Lauritsen . For these applica

tions, it is important that the cross-sections for particular 

excited levels are given, and this is in contrast to presently 

available data which generally identifies the total scatter cross- 

sections.

5.2 Preferred presentation

The compilation and presentation of data in a form most 

suitable for applications of the type described above would embody 

all the information necessary to make both a quick assessment and 

a detailed study of the most promising method. The information 

should have been evaluated to yield recommended values and it 

should not only be in a form which allows an experienced person to 

scan the data and make the first selections of promising reactions

but it should also allow any data viiich is irrelevant to the

problem to be discarded rapidly.

A system of data tabulation which meets the above requirements 

regarding content and form is recommended as follows.

Each nuclide would be associated with a data set containing 

information which identifies the nuclide and provides relevant 

characteristics for reactions with respect to thermal neutrons 

and to neutrons in the energy range from thermal to 14 MeV. Each 

data set would consist of the following sub-sets.

(i) Nuclide characterisation

1. Nuclide symbol and atomic number.

2. Mass whole number.

3. Natural abundance of each isotope.

(ii) Thermal neutron data

4. List of possible neutron reactions for each isotope.

5. Half-life of product nucleus or isomer following 
each reaction.
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6. Average cross-section for each reaction (natural 
isotopic mixture).

7. Average cross-section for each reaction with respect 
to each isotope.

8. Energies of prompt y-rays and their relative intensi
ties for each reaction.

9. Energies of y-rays and their relative intensities 
for each product nucleus or isomer.

(iii) Data for neutron energies between thermal and 14 MeV

10. List of threshold energies for all possible reactions.

11. Half-life of product nucleus or isomer following each 
reaction.

12. Cross-section for each reaction with respect to each 
isotope as a function of energy1.

13. Energies of prompt y-rays and their relative inten
sities for each reaction.

14. Energies of y-rays and their relative intensities 
for each product nucleus or isomer.
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D IS C U S S I O N

J. A . CZUBEK: What kind of boundary conditions do the authors use 
for theoretical calculations when applying neutron methods to dry boreholes, 
which is  a frequent case in solid mineral exploration?

A .G . T . FERGUSON: In general, the calculations are based on a 
M onte-Carlo code for cylindrical system s, so that the problem of boundary 
conditions does not apply.

J. A . CZUBEK: Is the spectrometry of gamma radiation from  the 
radiative capture of therm al neutrons used for the exploration of certain 
m inerals? If so, could you tell me too for which m inerals and up to what 
grade, because in nuclear geophysics there are some differences with 
respect to conventional laboratory methods. In nuclear geophysics the final 
signal is proportional to the ratio (E q/Z a , where Eq is the cross-section  for 
a given i-th  isotope for a given reaction, whereas £a is the total absorption 
cro ss-section  of the rock. For such a situation, where the ore grade is  
high, the calibration curve is no longer linear.

A .T .G .  FERGUSON: The intention is to use the spectrom etry of 
gamma rays from  thermal neutron capture in exploration but as yet neither 
the range of element nor the concentrations at which operations are to be 
carried out has been established.

J. A . CZUBEK: Do you have some special neutron unit for standardizing 
your measurem ents (so as to be able to compare results obtained in the 
sam e region but with different kinds of probes) or do you use a curve 
calibrated in units cps versus concentration of individual element in the ore?

A .T .G . FERGUSON: The design of a facility for use in calibrating 
each instrument as and when it is developed is now under consideration.
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Abstract
N U C LE A R  D A T A  FOR BREM SSTRAHLUNG  A C T IV A T IO N  AN ALYS IS  OF V A LU ABLE  T R A C E  ELEM EN TS  IN 

T H E  COPPER ORE.

Bremsstrahlung ac t iva t ion  analysis w ith  the he lp  o f  a betatron has recently  been app lied  successfully 

to continuously con tro lling  the copper-o re  m in in g  process. In this paper, the possib ility  o f  app ly ing  the 

same method to the analysis o f  va luab le  elem ents conta ined in  the waste m ateria l le ft  after copper 

processing is discussed. The  ava ilab le  nuclear data relevant to the analysis are co lle c ted . A  user-oriented 

form  o f presentation o f these data is proposed. Further data needs are pointed out. T h e  data presented 

concern the elem ents sought as w e ll as those e lem ents wh ich  contribute  to the background. D eta iled  data 

analysis is g iven for the elem ents M o , T i  and Rh. Some aux ilia ry  y ie ld  measurements have been carried 

out and the results are presented in  tabu la r and g raph ica l form. Com plem entary methods o f ac t iva t ion  and 

fluorescence analysis are discussed in  connection  w ith  the copper-m ine  or copper-works waste m ateria l problem .

1. INTRODUCTION

Photonuclear reactions have been used as a tool for activation analysis 
in many practical applications. The feasibility of the method and the 
accuracies obtainable vary greatly and have to be considered individually 
for each particular case. The range of possible applications has increased  
very significantly in the last few days, along with rapid progress in high- 
resolution gam m a-ray spectroscopy. This has also brought about require
ments for accurate nuclear data concerning the production cross-section s  
and the decay schem es of the products. The fact that such data are often 
either not available or scattered in the literature and difficult to retrieve, 
constitutes a considerable hindrance in developing various practical 
applications.

An investment in a photonuclear activation facility — e. g. a betatron — 
in an industrial plant is usually made only if it serves the purpose of 
controlling either some important stage in the production process or the 
quality of the main product. Other uses of the facility, which are only 
potentially possible and which cannot be outlined in detail before the 
investment is approved, must be ignored in the initial cost analysis. 
Industrial laboratories having a research budget have m ore margin for 
action and may be satisfied with only an approximate economic analysis.
In any case, some kind of cost analysis has to precede the installation.
An inclusion of various by-products in this analysis m ay som etimes be a 
decisive factor in the consideration. This is yet another reason for 
requiring good relevant nuclear data and nuclear data compilations.
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TABLE I. PHOTOACTIVATION PROCESSES IN COPPER AND IN THE MAIN ELEMENTS PRESENT IN THE 
COPPER ORE AND GIVING RISE TO THE COMMON BACKGROUND

Target

n u c lid e

Isotopic

abundance
Reaction Threshold

M ax im um  

cross -section 

and

corresponding

energy

Reaction

product

H a lf - l i fe

T

D ecay

m ode

M a in  y - lin es  

and the ir 

in tensities 

($  per disin tegration)

References

1 2 3 4 5 6 7 8 9 10

Z7A1 1004b (У .” ) 13. 3 M e V 13 mb 

(20 M eV)

26A1 6 .4  s 8+ 511 keV  ( 200$) 10

16q 99.8?»

(У. n) 15. 6 M e V 7 mb

(22. 2 M eV )

15o 124 s ß + 511 k e V  (200$) 8, 5

(y.2n) 29 M e V £2 .5  mb 14o 71 s S + 511 keV  (199$) 

2311 k e V  (100$)

9, 5

(y .n) 18. 7 M e V 7 mb

(22.5  M eV)

u c 20. 3 m ß + 511 keV  (200$) 8, 5

98.9%
(y.n) 32 M e V 1.5 mb 

(35 M eV)

10c 19.4  s ß + 511 keV  (200$) 

717 k e V  (98, 3$) 

1030 keV  (1 .7$ )

8, 5

z8S i 92.27« (y.n') 17.2 M e V 10 mb 

(19.8  M eV

27Si 4 .2  s e + 511 keV  (200$) 9, 5, 10

29Si 4 .7 $ (y.p) 12. 3 M e V 33 mb 

(20.5  M eV)

28a i 2, 3 m & 1780 k e V  (100$) 11, 5
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1 2 3 4 5 6 7 8 9 10

“ Si 3. 1%

(y .p) 13. 7 M e V 31 mb 

(21.5  M eV)

29 A l 6. 6 m 6 " 1280 keV  (94%) 

2430 keV  (9Ü>)

11, 5

(Г. nP) 22. 9 M e V *28a i 2 .3  m ß~ 1780 keV  (1007o) 11, 5

24M g 78.6% (y .") 16. 5 M e V 6.7 mb 

{19 M eV)

23u
M g 12 s S + 439 keV  (9%) 

511 keV  (200%)

11, 5, 12

25M g 10.2%

(y .p) 12. 1 M e V 27 mb 

(20 .5  M eV)

z4N a 15 h ß“ 1369 keV  (99%) 

2754 keV  (99%)

11, 5

( y, 2n) 23. 9 M eV 23M g 12 s в + 439 keV  (9%) 

511 keV  (200%)

11, 5

26M g 11, Z7o

(y.p) 14. 3 M eV 25 mb

(22 M eV)

25N a 60 s в" 400 ke  V  ( 14. 2%) 

580 k e V  (14.2%) 

980 keV  (14.8%) 

1610 keV  (07o)

11, 5

( У. np) 23. 2 M e V
24 » *

Na 15 h в ' 1369 keV  (99%) 

2754 keV  (99%)

11, 5

32S 95. 1%

(y.n) 15. 1 M eV 12 mb 

(20 M eV)

si g 2.7  s е+ 511 keV  (200%) 

1270 keV  ( 1.1%)

5, 10

(У. np) 21. 2 M eV 30 p 2. 5 m 0+ 511 keV  (200%) 

2230 keV  (0. 5%)

5, 15

33S 0.7% (y.p) 9. 6 M e V 32p
14.3 d в" 5, 15

MS 4.2% (y.p) 10. 9 M eV
33p

25 d в" 5, 15

IA
E

A
-S

M
-1

7
0
/1

7
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TA B LE  I. (cont. )

Target

nu c lid e

Isotopic

abundance

'

Reaction Threshold

M ax im um

cross-section

and

corresponding

energy

Reaction

product

H a lf - l i fe

T

Decay

m ode

M a in  -y-iines 

and the ir 

in tensities 

(% per disin tegration)

References

1 2 3 4 5 6 7 8 9 10

(X.n) 15. 7 M e V 16 mb 

(19 .5  M eV)

MC a 0.87  s e + 511 k e V  (200%) 5 ,13 ,14

(y.2n) -2 8  M e V ~3 m b 38C a 0. 66 s ß + 511 keV  (2007,0

40C a 97% (-4 8  M eV)
38Ш^

0. 95 s ß + 511 keV  (200%)

5, 14

(Y. np) 24. 3 M e V ~2. 5 m b

(>28 M eV)

38Ш^

38 к

0. 95 s 

7. 7 m

ß + 

e +

511 k e V  (200%) 

511 keV  (198%) 

2170 k e V  (99%)

5, 14

“ C a 2. 1% (y.p) 12.2 M e V 43 к 22.4  h f i 220 k e V  (4%) 

338 keV  (8%). 

374 keV  (99%) 

394 keV  (2%) 

594 keV  (10%), 

619 keV  (99%)

5, 15

« C a 0. 15% (y.p) 10. 7 M e V 42 к 12.4 h fi" 1524 keV  ( 18%) 5, 15
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1 2 3 4 5 6 7 8 9 10

48C a 0.18%

(Г .Р )
47K

47C a

47Sc

17. 5 s 

4. 5 d

3 .4  d

B~

S '

B '

2010 keV  (84%) 

2600 keV  ( 15%)

490 keV  (7%) 

810 keV  (flb) 

1330 keV  (76%) 

160 keV  (73%)

5

(У.П) 10.1 M e V

63C u 68.9%

(y. n) 10. 8 M e V 70 mb 

(16 .5  M eV)

“ C u 9. 8 ш B + 511 keV  (185%) 

880 keV  (0.3%) 

1130 keV  (0.1%) 

1172 keV  (0.3%)

7, 5

(y.2n) 19 M e V 15 m b 

(24 M eV )

61C u 3. 3 h 8+, EC 67 keV  (2.3%) 

284 keV  (24%) 

380 keV  (2. 5%) 

511 keV  (195%) 

580 keV  ( 1.5%) 

665 keV  (11%) 

940 keV  ( 1.4%) 

1150 keV  (0. 5%) 

1190 keV  (4. T<7o)

7, 5

6fcu 31.1% (У.П) 9. 9 M e V 78 m b 

( 17 M eV )

64C u 12. 8 h 0+. EC, 

S'

511 keV  (38%) 

1340 keV  (0. 5%)

7, 5

IA
E

A
-S

M
-1

7
0

/1
7

 
4

1
5
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This work has been undertaken to collect the main nuclear data which 
may be of interest for extending the applications of the betatrons newly 
installed at the copper ore mines from  controlling the mining process to 
analysing the processed ore samples and the contents of the waste m aterial. 
Several valuable elem ents in trace amounts are known to be present in 
the wastes and recovery of some of them may prove to be economically 
advantageous. Numerous inadequacies of the existing data became apparent 
in course of the work. The purpose of the present paper is twofold: 
a) to discuss the problem of user-oriented data presentation, i. e. the kind 
of data needed and the form  of presentation, and b) to present partial 
results of data analysis and of auxiliary measurements for selected elements 
encountered in the copper ores.

To the authors' knowledge there are neither user-oriented nor purely 
scientific up-to data compilations on photoactivation processes. Useful 
sources of general information are the relatively recent bibliography of 
the subject [1] and a review article [2]. A  search through the original 
literature is, however, necessary for each particular element to be analysed.

FIG . la ,  b . C ross-sec tions fo r  ( y, n) and ( y, 2n) re ac tions  on C u-iso topes as a fu n c tio n  o f  photon energy 
acco rd in g  to  Ref. [ 7] .  A m o n o c h ro m a tic  photon  beam  fro m  a n n ih i la t io n  in  f l ig h t  was used in  th e  o r ig in a l w o rk .
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FIG . 2. P h o to a c tiv a tio n  y ie ld  cu rves per e le c tro n  ob ta in e d  fro m  F ig . 1,

2. GENERAL DATA

In a concise form , Table I presents the main characteristics for the 
photoactivation process for copper and for elements present in the copper 
ore and contributing to the background. The entries can be divided into 
two groups: reaction characteristics (type of reaction, threshold, 
maximum cross-section  and corresponding energy) and reaction product 
characteristics (half-life , type of decay and energies and relative 
intensities of main gamma transitions). It is seen that except for the 
copper isotopes, all the /3+-active species produced are either very short
lived or have a high-energy reaction threshold. This allows a sensitive 
detection technique based on measuring in coincidence the annihilation 
radiation from the 9. 8 min 63Cu isotope to be developed.

3. DETAILED DATA: COPPER

Figures la , b show the differential cross-section s for the three
reactions of interest: Cu (7 , n), Cu (7 , 2n) and Cu (7 , n) (see Ref. [7]).
Figure 2 shows the corresponding integrated cross-section s (yield curves).

4. DETAILED DATA: MOLYBDENUM

4 .1 .  Compiled data

Table II presents the main data for Mo isotopes. Figures 3 and 4 
show the yield curves for reactions leading to radioactive products and 
the corresponding differential cro ss-section s, respectively (see Ref. [3]).



TABLE II. PHOTOACTIVATION PROCESSES IN NATURAL Mo

Target

nu c lid e

Isotopic

abundance
Reaction

M ax im um  

cross-section and 

corresponding 

energy

Reaction
H a lf - l i fe

T

Decay

m ode

M a in  у - lines and their 

in tensities 

(% per disintegration)

1 2 3 4 5 6 7 8

100 M o 9. 6%

(Г. P) 

(y .n)

I 178 mb 

Г (15 M eV )

" N b

i
95 M o

4-
9smTc

10s;2.4m

67 h 

6 h

ß"

P*

r

181 keV  (9. 5%), 740 keV  (12%) 

141 k e V  (88%)

M o "¿a.vio (y .p) 19.4  m b 

(20 M eV)

91 N b 72 m ß" 659 k e V  (98%)

О 
О

2 
S

23.8% 

9.5%

(У. np) 

(y .p)

7. 8 mb 

(28 M eV )

26 mb 

(20 M eV)

96Nb 23.4  h ß "

459 k e V  (26%), 569 keV  (54%), 

778 k e V  (98%), 1092 keV  (48%), 

1200 k e V  (20%)

здМ о 15. 8% (y.n) 76 mb 

49 mb 

(17 M eV )

9i mf

91t

Ao

Ao

66 s 

15. 5 m

У. EC ,a+ 

EC, B+

511 k e V  (76%), 652 keV  (57%), 

1210 keV  (16%), 1530 keV  (22%), 

511 keV  (1887,,)

92M o

9гМ о

15.5% 

15.8%

(У. 2n) 

(y.np)

28 mb 

(29 M eV )

90 j 

90f

Ao

ib

5 .7  h E C ,ß  + 122 keV  (100%), 163 k e V  (9.4%), 

257 keV  (90%), 511 keV  (50%)

14, 6 h ЕС, ß + 141 keV  (100%), 511 keV  (108%), 

1140 keV  (97%), 2320 k e V  (91%)
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FIG . 3. P h o to a c tiv a tio n  y ie ld  curves fo r M o -iso to p e s  a c co rd in g  to  Ref. [ 3] .

10 U

(9.67. ) r M o(y ,n ± y ,p) M o.T--67h

(15.8% )’ г М о (7. п )91Мо.Т= 66s : 15.5 m m  

«5 (9.57.)?7M o (y , D)9eN b , Т -23ДИ

*5 '  (23.87. ) 90Mo ( y  p ) 97N b T = 72 m in
/ xlC

23.87. ) .  M o (y .n p )  N b T - 23Л h

(15.87.)?2M o (y -2n » y .n o9° N b .T :U .6h

18 22 26 30 3l  38
PHOTON ENERGY (MeV)

FIG . 4. C ross-sec tions fo r ph o to re ac tio ns  on M o -iso topes  as a fu n c tio n  o f  pho ton  energy [ 3] .

4 .2 .  Measurements

The following reaction products obtained from bremsstrahlung  
irradiation of natural Mo may be considered particularly useful for the 
activation analysis by means of standard Ge(Li) spectrometry: 9*mMo, 99Mo 
and 97Nb. Several experiments using the 30-M eV  betatron of the INR in 
Swierk were done to check this conclusion.
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FIG. 5. G a m m a -ra y  spectra  o f  lo n g - l iv e d  products o f  n a tu ra l M o  ir ra d ia te d  w ith  b rem ss trah lung  o f  various 
m a x im u m  energ ies.

Short-lived products m ay be advantageous to study in some analyses. 
The 652-keV  y -ra y  de-exciting the 6 6 -s  91mMo isom er was, therefore, 
measured for the maximum bremsstrahlung energies varying between 15 
and 26 MeV. Samples of about 5 g natural Mo were irradiated for 2 minutes 
together with a Cu sample serving as a flux monitor (the reaction 
63Cu (7 , n)62Cu). The gam m a-ray spectra were then measured in standard 
conditions using a 2 0 -cm 3 Ge(Li) spectrometer placed in a lead shielding. 
The minimum detectable amount of natural Mo was found to be 0. 100 g 
for a total photon flux of 5. 7 X 10s cm"2 ' s "1. In the real conditions of the 
Mo-containing wastes there are a number of other short-lived activities 
contributing to the background, and the sensitivity of the method is still 
much lower. The method must thus be considered impractical.
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FIG . 7 . T im e  d e p e n d e n c e  o f  th e  in ten sity  o f  th e  1 4 1 -k e V  g a m m a  lin e . Inset show s th e  d e c a y  s c h e m e  o f  
S9M o  le a d in g  t o  fo rm a tio n  o f  th e  99m T o -is o m e r .

Figure 5 shows the gam m a-ray spectra of the long-lived products of 
Mo, irradiated with brems Strahlung of E max varying between 15 and 30 MeV. 
The irradiations lasted 72 minutes each, the spectra were measured during 
60 minutes runs starting 30 minutes after the irradiations. The 6 5 C u ( y  , n) 
reaction was used for the flux monitoring. Several strong, well-separated  
lines are seen in the spectra. Detection of the 659-keV у -line from the 
7 2 - m in 97Nb activity yields the minimum detectable amount of natural Mo 
of 0. 026 g (in the experimental conditions quoted and for E j ^  = 23 MeV  
and a photon flux of 5. 7 X 108 cm"2 ' s"1; the background was assumed equal 
to that contributed by a 74. 6 - g  copper ore sample of 0. 04% Cu content, 
irradiated and measured in the same experimental conditions). An order-  
of-magnitude improvement is easily attainable when a larger detector and 
stronger flux are used.

The 14 1-k eV  gamma-line is of interest. This line de-excites the 6 -h 
99m t  с isomer produced in the 67-h /3"-decay of 99Mo. The line shows, 
therefore, a characteristic growth in time during the first 20  hours after 
the irradiation (see F ig s  6 and 7). This fact, plus the rather high c r o ss -  
section and high detector efficiency at 141 keV gam m a-ray energy, enable 
a sensitive quantitative analysis of the Mo content to be made. In the 
present conditions, a 1-h  measurement starting 13 hours after an



T A B L E  I I I .  P H O T O A C T I V A T I O N  P R O C E S S E S  I N  N A T U R A L  T i

T a r g e t
n u c lid e

Iso to p ic
abu n d an ce

R e a ct io n

M a x im u m  
c r o s s -s e c t io n  and 

co rresp on d in g  
en erg y

R e a c t io n
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Jülity n 1+1.09 t?Ti (y. 2n)]W Ti;T=3.09h

Tty, pH0.07 *9Ti (y, np)1‘?Sc : T=3.4 d

Ti (y,p)*10.1¿aTi (y.np)]t6Sc.T=20s.84d

15 20 25 30 35
ENERGY (MeV)

FIG . 8 . P h o to a c t iv a t io n  y ie ld  cu rv es  fo r  T M s o to p e s  a c co r d in g  t o  Ref. [ 4 ] .

FIG. 9. Cross-sections for photoreactions on T i-isotopes as a function o f  photon energy [ 4 ] ,
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FIG . 10. E x a m p le  o f  g a m m a -r a y  sp ectra  o f  T i + y re a c t io n  products.

irradiation of about 1 h permits detectability to reach down to 0. 034 g of 
natural Mo. In a more elaborate experimental set-up and making use of 
the growth of activity (i. e. doing two experiments, e .g .  at about 5 h and 
24 h after irradiation) an improvement of two orders of magnitude seems  
to be attainable relatively easily.

5. D ET A ILE D  DATA: T i  AND Rh

Table III presents the main data for T i  and Rh isotopes. F igu res 8 and
9 show the yield curves for bremsstrahlung activation and the cro ss -  
sections for reactions on natural T i  leading to radioactive products [4].

The 3. 4-d 47Sc and 1. 8 -d 48Sc product activities are most promising  
for the standard activation analysis. Figure 10 shows the y  -ra y  spectrum 
measured 16 h after 2. 5 h of irradiation. The 160-keV transition from
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FIG. 11. C r o s s -s e c t io n  fo r  (y , 2n) re a c t io n  on  Rh.

47Sc dominates the spectrum. Using this line, the detectability of T i  can 
be determined to be 0. 040 g. The corresponding figure based on the high-  
energy lines of 48Sc is 0. 200 g.

Only the 103Rh (7  , 2n)101Rh reaction may practically be used for the 
activation analysis of rhodium content. Figure 11 shows the reaction  
cross-section  according to Ref. [16]. It m ay be pointed out that the high-  
energy threshold is rather unfavourable for the activation analysis because  
of the relatively high background.

Another possibility is to detect the traces of Rh using the 103Rh(n, 7 )W4m 
reaction with thermal neutrons (see below).

6 . C O M P L E M E N T A R Y  METHODS

The bremsstrahlung activation facility may also be used as a neutron 
source. The thermalized neutron flux from an ordinary betatron is not 
v e ry  high, but often sufficient for activation of isotopes with high production 
yields. This was checked using the INR betatron. Activation of, e.g., 52V 
(3. 8 min, E = 1434 keV) in the (n, 7 ) reaction was found to be feasible.
It may, therefore, be of interest for the betatron user to have a listing  
of possible (n, 7  ) activations for the same elements as are considered 
for the photoactivation analysis. Detailed consideration of the (n, 7 ) 
activation method is beyond the scope of this paper.

A  ve ry  powerful and accurate quantitative trace analysis can be done 
by using the characteristic X -r a y s  following bombardment of a sample 
with charged particles or photons of suitable energy (fluorescence analysis). 
This method is limited to rather thin surface layers. It may, therefore,  
be applied to samples of good homogeneity. The method is most advantageou 
when high-Z traces are searched for in the bulk of low-Z material. Such
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situations are encountered in copper-ore processing. An installation of a 
fluorescence analysis set-up as a complementary facility in an industrial 
betatron laboratory may, therefore, be considered to be a relatively cheap 
and useful extension of the analysing possibilities.

7. CONCLUSIONS

A  user-oriented compilation on photoactivation processes is clearly  
needed. The extent of such a compilation, the form of data presentation, 
the choice of entries, etc. are important items if the compilation is really  
to serve its purpose. In our opinion, such a compilation should consist  
of two parts: Part I should contain a concise table with information giving 
a kind of brief recipe to be followed for finding optimum conditions of 
detecting each element. This could be illustrated — but would not have to — 
by typical y -r a y  spectra. Comments on, e. g. the detectabilities in standard 
conditions, would be optional. An example of such a table is given below 
(Table IV) with data selected for the few elements discussed earlier.

Part II would present the data for a more advanced user. C r o s s -  
sections, yield curves and selected decay schemes would be in place here 
as well as comments on particular methods to be used, provided that they 
are not too specialized (e. g. coincidence techniques, etc. ). Data for some 
ve ry  special techniques, e. g. making use of short-lived isomeric states 
in the m illi-  and m icro-second range for the activation analysis purposes 
(with beam pulsing, etc. ) should not be presented in such a general-  
purpose compilation, but reference to those techniques should be given 
whenever applicable.

A s  mentioned earlier, the compilation should be amended with selected 
(n, 7 ) data, having in mind that a bremsstrahlung facility may also be used 
as a neutron source.

We wish to acknowledge the co-operation of J. Janiczek, and the 
betatron group. We also express our gratitude to J. Mordalski for several  
stimulating discussions.
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D I S C U S S I O N

G . A .  BARTHOLOMEW: Do the mines have available specially designed 
betatrons for this application or do they use a general-purpose model?

Z. SUJKOWSKI: The betatrons have been made especially for the 
mines but changes and adaptations compared with a general purpose betatron 
are minor. Care was taken that the industrial version should be simple to 
operate and allow a high degree of automatization.

D. BERENYI: What are the time requirements for the method, including 
sample preparation?

Z . SUJKOWSKI: I take it that you are referring to the copper ore 
samples. Pulverized samples are packed into standard plastic containers,  
transported to the betatron, irradiated for a few minutes and then trans
ported to the detection set-up. A ll this is done automatically and does not 
take much time. The transport time is less  than a minute. The measuring  
time is  5 - 10 min. Only the sample changing at the detectors and one button 
pushing per sample are manual. Three samples are usually irradiated at 
the same time in one betatron and then measured in three coincidence 
arrangements. If you wanted to obtain equivalent information using the 
conventional methods of wet chemistry it would require several (I believe  
about 1 0 ) hours per sample and considerably more man-power.

I.A .  KONDUROV: The paper presented by Dr. Sujkowski suggests that 
the best way to satisfy hard-to-please users is to give them not a restricted  
paper compilation but a special program and an input data file for 
calculating the content of the isotopes of interest from the 7 -yield for a 
given primary radiation energy, time of irradiation, etc.
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ЭНЕРГИИ И ИНТЕНСИВНОСТИ 7 -ЛУЧЕЙ д л я  
КАЛИБРОВКИ Ge (Li )  ДЕТЕКТОРОВ В 
ДИАПАЗОНЕ 3-10 МэВ

Л. Л .СОКОЛОВСКИЙ, А . Е . ИГНАТОЧКИН 
Институт атомной энергии им . И .В .Курчатова,
Москва,
Союз Советских Социалистических Республик 

Представлен Ф . Е.Чукреевым

Abstract- Аннотация

G A M M A  RAY ENERGIES A N D  IN TEN SITIES FOR CA L IB R A TIN G  G e  (  Li )  D ETECTO RS IN THE RANGE 3 -1 0  M e V .
G e ( L i )  d e te c to rs  a re  b e in g  used m o re  fo r  m ea su rin g  g a m m a  ray sp ectra  o v e r  a w id e  e n e rg y  ra n g e .

T h e  h ig h  re so lu tio n  o f  su ch  d e te c to rs  e n ta ils  ce r ta in  req u irem en ts  as th e  a c c u r a c y  o f  th e  c a lib ra t io n  cu rv es , 
so  that i t  is esse n tia l t o  esta b lish  an  a p p ro p r ia te  set o f  standards fo r  th e  e n e rg y  and in ten sity  c a lib r a t io n  o f  
G e ( L i )  d e te c to rs  a t e n e rg ie s  up  t o  10  M e V . A t  e n e rg ie s  up t o  3 M e V , G e ( L i )  d e te c to rs  a re  ca lib ra te d  
using th e  g a m m a  rays fr o m  sou rces  w h ose  e n e rg ie s  and in ten sities  a re  w e l l  kn ow n  fr o m  re c e n t  p r e c is io n  
m e a su rem en ts  p e r fo rm e d  w ith  m a g n e t ic  and crys ta l sp e ctro m e te r s . H ow erer , th e  ra n g e  o f  g a m m a  e n erg ies  
in v e s tig a te d  in  n u c le a r  re a ctio n s  e x ten d s to  10 M e V , and as th ere  a re  v e ry  fe w  c a lib r a t io n  cu rv es  fo r  these 
h ig h e r  e n e rg ie s  it  b e c o m e s  m u ch  m o re  d i f f ic u l t  to  w ork  w ith  G e ( L i )  d e te c to rs . T h e  a uthor d iscusses the 
p resen t s itu a tio n  as regards th e  ca lib ra t io n  o f  G e ( L i )  d e te c to rs  in  th e  ra n g e  3 -1 0  M e V  and th e  standards used 
b y  v ar iou s  w orkers in  d e te r m in in g  th e  e n e rg y  o f  a p a rticu la r  ra d ia tio n  and m ea su rin g  th e  r e la t iv e  e f f i c i e n c y  
o f  G e ( L i )  sp e ctro m e te r s . R ev ised  ta b le s  a re  presen ted  o f  g a m m a  tra n sition  e n e rg ie s  and in ten sities  in  th e  
r e a c t io n  ( n ,  y )  fo r  th e  e le m e n ts  m o st  fr e q u e n tly  used as standards.

Э Н Е Р Г И И  И И Н Т Е Н С И В Н О С Т И  -у -Л У Ч Е Й  Д Л Я  К А Л И Б Р О В К И  G e  ( L i )  Д Е Т Е К Т О Р О В  В  
Д И А П А З О Н Е  3 - 1 0  М э В .

G e  ( L i )  д е т е к т о р ы  н а х о д я т  в  н а с т о я щ е е  в р е м я  в с е  б о л ь ш е е  п р и м е н е н и е  п р и  и з м е р е н и и  
с п е к т р о в  7 - л у ч е й  в  ш и р о к о й  о б л а с т и  э н е р г и й .  В ы с о к о е  р а з р е ш е н и е  э т и х  д е т е к т о р о в  н а к л а 
д ы в а е т  о п р е д е л е н н ы е  т р е б о в а н и я  н а  т о ч н о с т ь  к а л и б р о в о ч н ы х  л и н и й , и п о э т о м у  н е о б х о д и м о  
у с т а н о в и т ь  п о д х о д я щ и й  н а б о р  с т а н д а р т о в  д л я  к а л и б р о в к и  G e  ( L i )  д е т е к т о р о в  п о  э н е р г и и  и 
и н т е н с и в н о с т и  в  д и а п а з о н е  э н е р г и й  в п л о т ь  д о  10  М э В .  В  о б л а с т и  д о  3  М э В  к а л и б р о в к а  
G e  ( L i )  д е т е к т о р о в  п р о в о д и т с я  п р и  п о м о щ и  7 - л у ч е й  р а д и о а к т и в н ы х  и с т о ч н и к о в ,  э н е р г и и  и 
и н т е н с и в н о с т и  к о т о р ы х  х о р о ш о  и з в е с т н ы  и з  н е д а в н и х  п р е ц и з и о н н ы х  и з м е р е н и й ,  в ы п о л н е н н ы х  
н а  м а г н и т н ы х  и к р и с т а л л и ч е с к и х  с п е к т р о м е т р а х .  О д н а к о  д и а п а з о н  7 - л у ч е й ,  и с с л е д у е м ы х  в  
я д е р н ы х  р е а к ц и я х ,  п р о с т и р а е т с я  д о  1 0  М э В  и з д е с ь  к а л и б р о в о ч н ы е  л и н и и  ч р е з в ы ч а й н о  р е д к и ,  
ч т о  с у щ е с т в е н н о  у с л о ж н я е т  р а б о т у  с  G e  ( L i )  д е т е к т о р а м и  в  э т о м  д и а п а з о н е  э н е р г и и .  В  
н а с т о я щ е й  р а б о т е  р а с с м а т р и в а е т с я  с о в р е м е н н о е  с о с т о я н и е  п о  к а л и б р о в к е  G e  ( L i )  д е т е к т о 
р о в  в  д и а п а з о н е  3 - 1 0  М э В .  П р о в о д и т с я  а н а л и з  и с п о л ь з у е м ы х  р а з л и ч н ы м и  а в т о р а м и  с т а н 
д а р т о в  д л я  о п р е д е л е н и я  э н е р г и и  и с с л е д у е м о г о  и з л у ч е н и я ,  а  т а к ж е  и з м е р е н и я  о т н о с и т е л ь н о й  
э ф ф е к т и в н о с т и  G e  ( L i )  с п е к т р о м е т р о в .  П р и в е д е н ы  п е р е с м о т р е н н ы е  т а б л и ц ы  э н е р г и й  и 
и н т е н с и в н о с т е й  7 - п е р е х о д о в  в  р е а к ц и и  ( п ,  7 ) д л я  э л е м е н т о в ,  н а и б о л е е  ч а с т о  и с п о л ь з у е м ы х  
в  к а ч е с т в е  с т а н д а р т о в .

В течение последних нескольких лет германиевые детекторы находят 
все большее применение при измерении гамма-спектров в широкой облас
ти энергий. Высокое разрешение этих детекторов накладывает опреде
ленные требования на точность калибровочных линий, и поэтому необхо
димо установить подходящий набор стандартов для калибровки G e (Li)  
детекторов по энергии и интенсивности в диапазоне энергий вплоть до
10 МэВ.
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Анализ существующего положения показывает, что в различных 
энергетических диапазонах состояние с калибровкой германиевых детек
торов существенно отличается. В области энергий до 1 МэВ мы обычно 
имеем резко ограниченный из-за подходящего периода полураспада набор 
стандартных радиоактивных источников с хорошо известными значениями 
энергий гамма-переходов, многократно измеренными с высокой точностью 
на дифракционных и магнитных спектрометрах [1]. Получение кривой 
эффективности в этой области энергий также не вызывает особенных 
затруднений, поскольку для этого необходимо лишь использовать источ
ники с хорошо известной интенсивностью. В области энергий от 1 до 
3 МэВ количество обычно используемых стандартных радиоактивных 
источников существенно меньше. Наиболее подходящим является 
56Со [ 1 J, так как этот источник обладает достаточно равномерно распре
деленным по энергетическому диапазону набором интенсивных гамма-  
переходов с хорошо известными значениями энергий и относительных 
интенсивностей. Что касается диапазона 3-10 МэВ, то здесь, к сожа
лению, экспериментаторы не пришли еще к единому мнению о выборе 
определенного стандарта при калибровке германиевых детекторов.
Только анализ работ по радиационному захвату тепловых нейтронов, 
представленных на международной конференции в Швеции (Студсвик, 
1969), показывает, что авторы использовали для калибровки своих 
спектрометров весьма разнообразный набор элементов-мишеней: Ti,
N i , Со, C l  , Hg, Dy, F e ,  N, C, S i , H . Если рассматривать более широкий 
круг работ, то этот набор еще более увеличится. Причем следует отме
тить, что в некоторых случаях выбор ядра-мишени в реакции (п, 7 ), 
используемой для калибровки германиевого спектрометра, зачастую бы
вает необоснованным, что приводит к снижению качества полученных 
результатов.

Однако в последнее время наблюдается некоторая тенденция стан
дартизовать калибровку германиевых детекторов в диапазоне 3-10 МэВ,  
используя для этой цели реакцию 14N (n, 7 )15N [1,2]. Подобный набор 
является достаточно обоснованным, так как эта реакция весьма легко 
осуществляется на реакторах, а при работе с внутренней мишенью она 
даже является источником фона . Кроме этого значения энергии гамма-  
лучей, сопровождающих радиационный захват тепловых нейтронов ядрами 
азота, равномерно покрывают интервал энергий от 10 до 1,7 МэВ интен
сивными линиями. Схема гамма-переходов азота-15 изучена весьма  
полно, что играет существенную роль при построении кривой эффектив
ности германиевого спектрометра, поскольку возможно использовать 
двухступенчатые каскады. Эта реакция неоднократно исследовалась, и 
поэтому имеются надежные данные, полученные с помощью германиевых 
детекторов, по энергии и интенсивности гамма-переходов в 16N .

В некоторых случаях, когда по ряду причин использование реакции 
14N (п, 7 ) 15N невозможно, следует использовать реакции 28Si(n, 7 >29Si 
и 12С (п, 7 ) 13С .  Эти реакции обладают практически теми же перечислен
ными выше преимуществами, что и реакция с азотом.

Введение подобного стандарта при калибровке германиевых детек
торов существенно улучшит возможность сопоставления результатов  
различных авторов и позволит более объективно оценивать качество 
полученных результатов.

Ниже в таблицах I, II и III приведены значения энергий и интенсив
ностей гамма-переходов из реакций 14N (п, 7 )15N , 28Si(n, 7 ) 29S i ,
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ТАБЛИЦА I. УСРЕДНЕННЫЕ ЗНАЧЕНИЯ ЭНЕРГИИ И ИНТЕНСИВНОСТЕЙ  
Г АМ М А -П ЕРЕ Х О Д О В  В РЕАКЦИИ 14N( n,  7 ) 15N a)

Е у, кэВ V  ч° Еу, кэВ Ху, %

10829,40 ± 0,16 13,79 ± 0,05 3855,13 ± 0,16 0 ,5 0  ±  0 ,2 2

9920,0 ±1,9 0,11 ± 0,03 3677,80 ± 0,24 1 6 ,1 2  ± 0 , 2 4

9150,8 ±1,2 1,61 ± 0,03 3532,18 ± 0,18 1 0 ,1 7  ± 0 , 1 5

9048,74 ± 0,12 0,23 ± 0,04 3013,78 ± 0,22 0 ,7 8  ± 0 ,1 6

8569,00 ± 0,64 0,18 ± 0,04 2831,04 ± 0,17 2 ,0 6  ± 0 , 1 4

8310,47 ±0,28 3,66 ± 0,19 2520,11 ±0,98 5 ,9 6  ±  0 ,1 3

7299,01 ±0,16 9,31 ± 0,27 1999,59 ± 0,17 4 ,3 9  ±  0 ,2 7

6 3 2 2 ,2 6  ±  0 ,2 2 1 8 ,1 8  ±  0 , 2 1 1 9 8 8 ,9 2  ±  0 ,3 5 н- о 'сл

5 5 6 2 , 0 6  ± 0 , 3 8 10,32 ± 0,04 1 8 8 4 ,8 0  ±  0 ,0 4 2 0 , 4 3  ± 0 , 3 2

5 5 3 3 ,0 7  ±  0 ,3 7 1 8 ,8 6  ±  0 , 1 1 1 8 5 3 ,9  ±  1 ,2 0 ,7 0  ± 0 , 2 2

5 2 9 8 ,2 1  ± 0 , 3 2 2 2 , 0 6  ±  0 ,3 0 1 6 8 1 ,4 8  ±  0 ,1 8 1 ,5 6  ±  0 ,1 0

5 2 6 9 ,4 2  ± 0 , 6 8 3 1 ,1 2  ±  0 ,2 4 1 6 7 8 ,2 3  ±  0 ,1 7 7 ,8 3  ± 0 , 5 4

4 5 0 8 ,8 1  ± 0 , 1 2 15,64 ± 0,56
3 8 8 3 ,6 0  ± 0 , 7 0 0 ,8 2  ±  0 ,0 4

а )  И с п о л ь з о в а л и с ь  д а н н ы е  р а б о т  [ 2 , 3 , 9 - 1 6 ] .

ТАБЛИЦА II. УСРЕДНЕННЫЕ ЭНЕРГИИ И ИНТЕНСИВНОСТИ 
ГАМ М А -Л УЧ ЕЙ  ИЗ РЕАКЦИИ 28Si(n,  7 ) 29S id)

Е у ,  к э В I у ,  % Е у ,  к э В 1г  , %

8 4  7 2 ,2 1  ± 0 , 4 9 2 ,6 1  ± 0 , 1 4 3 9 5 4 ,4 2  ± 0 , 0 4 1 ,9 5  ±  0 ,2 0

7 1 9 9 ,6 2  ± 0 , 1 5 9 ,0  ±  1 ,0 3 6 6 0 ,9 3  ±  0 ,1 5 3 ,8 0  ±  0 ,2 0

6 4 4 4 ,4  ± 1 , 4 0 ,1 6  ±  0 ,0 5 3 5 3 9 ,0 0  ± 0 , 0 9 6 6 ,5  ±  2 ,5

6 3 8 0 ,0 1  ±  0 ,3 6 1 3 ,2  ± 1 , 3 2 4 2 6 ,0 5  ±  0 ,3 8 2 ,7 6  ±  0 ,1 6

6 0 4 6 ,2 5  ±  0 ,1 6 0 , 6 6  ± 0 , 0 8 2 0 9 2 ,8 5  ±  0 ,3 7 2 0 ,5  ± 0 , 5 0

5 1 0 7 ,0 3  ± 0 , 5 7 4 ,1 2  ±  0 ,2 9 2 0 2 8 ,8  ±  1 ,4 -

4 9 3 3 ,8 5  ± 0 , 1 1 6 3 ,8  ± 1 , 8 1 2 7 3 ,2 8  ± 0 , 1 2 1 9 ,0  ± 1 , 0

а )  И с п о л ь з о в а л и с ь  д а н н ы е  р а б о т  [ 3 , 4 , 5 ] .
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ТАБЛИЦА III. УСРЕДНЕННЫЕ ЭНЕРГИИ  
И ИНТЕНСИВНОСТИ ГАМ М А-ЛУЧЕЙ ИЗ 
РЕАКЦИИ 12С (п, 7 ) 13Са)

E , кэВ У I , кэВ У
4945,33 ± 0,16 67,0 ± 0,1
3683,93 ±0,26 31,8 ± 0,1
1261,75 ±0,23 29,3 ± 0,4

а) Использовались данные работ [6-10].

12С (п, 7 ) 13С . Приведенные в таблицах значения представляют собой 
взвешенные средние значения, определяемые формулой

_ E _ p l x 1

£ р 4

где Xj -  значение энергии или интенсивности гамма-перехода, получен
ное в i -й работе, a p ¡  = ст 2̂ -  вес измерения. Взвешенное среднее 
квадратическое отклонение определяется формулой

Je P j  ( х , - х ) ! 

T )  р
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D I S C U S S I O N

J . A . C ZU B E K : The p a p er  g iv e s  the w hole set o f  gam m a lin e s  (w hich 
are  known with v a ry in g  d e g re e s  o f  a c c u r a c y )  fo r  ca lib ra tio n  o f the en erg y  
s c a le  o f  the so lid  state d e te c to r . In m y op in ion , h o w e v e r , u s e r s  a re  m o re  
in te re s te d  in  obta in in g  an an sw er to  the qu estion  o f  what a c c u r a c y  can  be  
obta in ed  in  the d e term in a tion  o f  an unknown en erg y  by  using the p ro p o se d  
set o f  e n e r g ie s . F r o m  the s ta t is t ica l point o f  v iew , th is is  a ra th er  
co m p lica te d  p ro b le m  b e ca u se  it in v o lv e s  u sin g  the ca lib ra tio n  cu rv e  in  the 
o p p o s ite  d ire c t io n , and the ca lib ra tio n  cu rv e  is  it s e lf  defin ed  b y  the g am m a- 
ra y  en erg y  set in  w hich  each  en erg y  is  known to  a d iffe ren t a c c u r a c y .

F .E .  CH U KREEV: I think that the r e g r e s s iv e  a n a lys is  p ro ce d u re  
w ould  p ro v id e  an an sw er to  th is qu estion , but the re su lt  w ould be dependent 
on  the s p e c if ic  fea tu res  o f  each  e x p erim en t.

G .A .  B A R T H O L O M E W : D r. S ok o lovsk y  obta in s h igh p r e c is io n  on his 
in te n s itie s  by  u sin g  w eigh ted  a v e ra g e s  o f  the r e su lts  o f  v a r io u s  w o rk e r s .
H is r e su lts  s e e m  to  co n flic t  som ew hat w ith the poin ts I w as m aking in  the 
p resen ta tion  o f m y p a p er  (IA E A -S M -1 7 0 /3 7 ) about low  a c c u r a c ie s  in 
a b so lu te  in ten s itie s , w hich  s e e m  to be  m o re  the ru le  in  h eavy  e le m e n ts .
I w ou ld  lik e  to  m ake tw o com m en ts : f i r s t ,  th e se  a re  light e lem en ts  with 
s im p le  sp e c tra  and can  in  fa ct be  used to  ch eck  the sp e c tro m e te r  e ff ic ie n cy  
fu n ction s . N ev e rth e le ss  I am  s t il l  som ew h at w o rr ie d  about p o s s ib le  
in b re e d in g  o f  in fo rm a tio n . S econ d , som e  o f  the p ro b le m s  en cou n tered  in 
heavy e lem en ts  do not o c c u r  in  th ese  ligh t e lem en ts  and th is m a k es it e a s ie r  
to  get g ood  ag reem en t in  in te n s it ie s . I w ould s t i l l  be in clin e d  to  su sp ect 
in ten sity  p r e c is io n s  b e tte r  than about 5%.

F .E .  CH U KREEV: I w ould  m e r e ly  draw  attention  to  the fa ct that 
S o k o lo v sk y 1 s r e su lts  a re  con s isten t w ith the v ie w s  o f P r o fe s s o r  B a rth o lom ew . 
T he n u cleu s 15N b e lo n g s  to  the n u cle i w h ich  tran sit to the ground state by  
em itted  s im p le  sp e ctra .

C . W E IT K A M P: Speaking fr o m  a p r a c t i t io n e r 's  point o f  v ie w , I w ould 
lik e  to  s t r e s s  the im p o rta n ce  o f  u sing  m o r e  than on e e lem en t o r  is o to p e  fo r  
both  in ten sity  and en erg y  ca lib ra tio n s  w hen u ltim ate a c c u r a c y  o f  a n a lys is  is  
b e in g  a im ed  at. The m ain  re a so n  fo r  th is  is  the inadequate co v e ra g e  o f  the 
w hole en erg y  ran ge , and a lso  m utual p ertu rb a tion  o f  peaks in m any 
ca lib ra tio n  sp e c tra , su ch  as that fr o m  the re a c tio n  14N(n, y ) 15N.

D .J .  HOREN: H ave a l l  the tra n s it io n s  b een  fitted  in to a decay  sch em e  
to  ch e ck  the in tern a l co n s is te n cy  o f  the in te n s itie s ?

F .E .  CH U KREEV: Y e s , o f  c o u r s e .
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Abstract

C A L C U L A T IO N  OF SPALLA TIO N  YIELDS OF PRO DU CTS INDUCED BY THE IN T E R A C TIO N  OF H IG H -EN ERGY 
PRO TO N S W IT H  CO M PLEX NU CLEI.

A  n u m b er o f  c r o s s -s e c t io n s  fo r  n u c lid e s  p ro d u ce d  b y  th e  in te r a c t io n  o f  h ig h -e n e r g y  protons (3 0 0  M e V , 
580 M e V ,  19 G e V ) w ith  ta n ta lu m  and (5 8 0  M e V ) w ith  g o ld  has b e e n  d e te r m in e d . T h e  Rudstam  fo r m u la , 
w h ic h  is  n o t  v a lid  fo r  e le m e n ts  w ith  a t o m ic  n u m b er Z >  50 and proton  e n e rg ie s  > 500 M e V ,  has b e e n  
im p r o v e d . T h e  p a ra m e te r  P is  g iv e n  as a  fu n c t io n  o f  Ep and A T (m a ss  n u m b er o f  th e  ta rg et n u c le u s ) . T h e  
p a ra m e te r  T  (b e in g  con s ta n t in  th é  Rudstam  fo r m u la ) is  g iv e n  as fu n c t io n  o f  th e  m ass d i f f e r e n c e  b e tw e e n  
A x  and A p  (m a ss  n u m b er o f  the p r o d u c t ).  It is d em o n stra te d  that th e  im p ro v e d  fo r m u la  fits  th e  e x p e r im e n ta l 
da ta  o v e r  a  la rg e  ra n g e  o f  p ro ton  e n e rg ie s  and ta rg et n u c le i v ery  w e ll  (+  2 0 % ). C o m p a r iso n  b e tw e e n  the 
fo r m u la  o f  R udstam , S ilb e rb e rg  and T s a o , and our fo r m u la  has b e e n  ca rr ie d  o u t . T h e  im p ro v e d  eq u ation s 
a re  su ita b le  fo r  c a lc u la t in g  y ie ld s  o f  n u c lid e s  p ro d u ce d  in  a c c e le r a t o r  m a te r ia ls . C ro ss -s e ct io n s  fo r  products 
in d u ce d  b y  c o s m ic  rays ca n  b e  c a lc u la t e d .

The n um ber o f in vestig a tion s  dea lin g  with the in tera ction  o f c o m p le x  
n u c le i w ith  ch a rg ed  p a r t ic le s  o f  m id d le  o r  high e n e rg y  has in c r e a s e d  
co n s id e ra b ly  during  the la st fifteen  y e a r s . T h is  w ork  has co n firm e d  
the v a lid ity  o f  S e r b e r 's  tw o -s te p  m o d e l [1] fo r  p ro ton  e n e rg ie s  up to 
<*> 1 G eV . A c c o r d in g  to th is  m o d e l, p a r t ic le s  a re  em itted  in a f ir s t  fa st 
step  (t ** 10 "22 s) by  d ir e c t  in tera ction  o f the p r o je c t i le  with the in div idual 
n u cleon s in the ta rg et n u cleu s  (" fa s t  c a s c a d e " ) .  A fte r  d istr ibu tion  o f the 
dep os ition  e n e rg y  o v e r  the r e s id u a l n u c le u s , f is s io n  and p a r t ic le  e v a p o r a 
tion  a re  in co m p e titio n , thus lea d in g  to the p ro d u cts  found ex p erim en ta lly . 
In th is  p a p e r , the re a c t io n  path " fa s t  ca sca d e  p lu s p a r t ic le  ev a p ora tion " 
w ill be c h a ra c te r iz e d  a s  "s p a lla t io n " .

The e x ten siv e  e x p e rim e n ta l w ork  con ta in s a la rg e  am ount o f  in fo rm a 
tion  on c r o s s - s e c t i o n s ,  p a r t icu la r ly  with p ro to n s  as p r o je c t i le s .  C om p ila 
tion s  o f  th ese  v a lu es  have been  pu b lish ed  b y  Bruninx [2] and S ilb e rb e rg  
and T sa o  [3 ] .  It turns out, h ow ev er , that the p re se n t data a re  s t il l  in 
co m p le te  b e ca u se  c r o s s - s e c t i o n s  a re  fu n ction s o f  th ree  v a r ia b le s  (p a rtic le  
en erg y , ta rg e t n u c le u s , p rod u ct). T o obtain  fu rth er  unknown data by  e x 
p e r im e n ts  is  p o s s ib le  but ra th er  t im e -co n s u m in g .

F o r  th is  r e a so n , it se e m e d  to be re a so n a b le  to d evelop  equations fo r  
the ca lcu la tion  o f  c r o s s - s e c t i o n s .  Such equations should  not on ly  be b a se d  
on th e o r e t ic a l co n s id e ra tio n s  (such  a s  the M o n te -C a r lo  ca lcu la tion s  w hich 
a re  not in  a g reem en t with e x p e rim e n ta l r e s u lts )  but shou ld  a lso  take into
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accou n t the known e x p e rim e n ta l data. R udstam  [4] has d ev e lop ed  such  an 
equation  fo r  the ca lcu la tion  o f  sp a lla tion  c r o s s -s e c t i o n s :

w h ere  Z ,A  a re  the a tom ic  and the m a ss  n um ber o f  the p rod u ct, r e s p e c t iv e ly , 
A t is  the m a ss  n um ber o f  the ta rg et n u cleu s , and ДА = A t -  A ; P , R , S, T , f j ,  f2 
a re  p a ra m e te rs .

A  deta iled  explanation  o f  the p a ra m e te rs  is  g iven  in  R e f. [4 ] .  E quation  (1) 
can be d iv ided  into two te r m s : the f ir s t  te rm  (cr0 е х р (-Р Д А ) in d ica tes  an 
expon en tia l d e c r e a s e  o f  the y ie ld -v e r s u s -m a s s  cu rve  with in cr e a s in g  m a ss  
d if fe r e n c e  Д А . The se co n d , G a u ss ia n -lik e , te rm  d e s c r ib e s  the ch a rge  
d is p e rs io n  on an is o b a r . F ig u re  1 sh ow s an exam ple  fo r  cu rv e s  ca lcu la ted  
b y  u sin g  the R udstam  fo rm u la  [5 ] .

The n u m e r ica l va lu es o f  the p a ra m e te r s  used  in E q. (1) have been  d e te r 
m in ed  fro m  e x p e rim e n ta l data by  R u dstam . M ost o f  th ese  e x p e rim e n ts  have 
b een  c a r r ie d  out w ith ta rg e ts  o f  A t ¿. 100. In th is  m a s s  ra n g e , the R udstam  
fo rm u la  fits  the e x p e rim e n ta l r e su lts  w e ll w h erea s  in the m a ss  range 
A t 100, p a r t icu la r ly  at high e n e rg ie s , the fit  b e c o m e s  in cre a s in g ly  
p o o r e r .  F o r  th is r e a so n , som e authors have tr ie d  to m o d ify  the R udstam  
fo rm u la  in such  a w ay that a sa tis fy in g  fit  is  obta in ed  a lso  fo r  h ea v ier  ta rget 
n u c le i. Such stu d ies have been  c a r r ie d  out b y  S ch w arz and O e sch g e r  [6] 
as w e ll as b y  S ilb e r b e r g  and T sa o  [3 ] .  Both  grou ps have m o d ifie d  the 
p a ra m e te r  P  b e ca u se  R udstam  [4] has a lre a d y  in d icated  that the value o f 
P  m ight d e c re a s e  with in cre a s in g  A t . B eca u se  o f  the la ck  o f  ex p erim en ta l 
data, R udstam  cou ld  n ot m ake m o r e  e x a ct sta tem en ts.

a ( Z . A ) -  144 f i f í P  At0,367 exp (-Р Д А ) exp ( -R  |Z-SA +T A 2|)3/2

( 1 )

= a Q exp (-Р Д А ) e x p ( - R | z - S A  + TA2|)3/2

b  10-

"  5-

0 .5-

0 .1

50-

DO 50 t!P . >A

F I G . l .  C h a rg e -d is p e rs io n  cu rv es  and y ie ld -v e r s u s -m a s s  cu r v e  ca lc u la t e d  fo r  th e  sp a lla tio n  o f  ta n ta lu m  
w ith  660  M e V -  protons u sin g  R u d sta m 's  fo r m u la  [ 5 ] .
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F IG . 2 . P aram eter P versus ta rg et m ass n u m b er at Ep = 0 . 58 G e V , c a lc u la t e d  w ith  d if fe r e n t  fo rm u la s .

F IG .3 .  P aram eter  P versus proton  e n e rg y  Ep fo r  ta n ta lu m  as ta rg e t , c a lc u la t e d  w ith  d i f fe r e n t  form u la s . 
------------- Rudstam  [ 4 ] ,  — * — S ilb e rb e rg  and T sa o  [ 3 ] ,  ----------------  this w ork .

F IG , 4 ,  C a lc u la te d  m a x im u m  o f  th e  ch a rg e -d is p e rs io n  cu r v e  Z p  versus p ro d u ct  m ass n u m b er (ta n ta lu m
ta rg e t ). -------------  b e t a -s t a b il it y  l in e  taken  fro m  C o r y e l l  [ 1 7 ] , ----------Z p -c u r v e  c a lc u la t e d  a c c o r d in g  to
Rudstam  [ 4 ] ,  Z p -c u r v e  c a lc u la t e d  in  this w ork .
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A  c o m p a r is o n  o f  the ca lcu la ted  c r o s s - s e c t i o n s  — u sin g  the fo rm u la s  
fo r  P  g iven  b y  the au th ors c ite d  above — with ex p e rim e n ta l data re p o r te d  
b y  N eid hart sind B ächm ann [7, 8] (Та + p; Е р = 0. 58; 19 G eV ) and G ro v e r  [9] 
(T a  + p ; E = 5. 7 G eV ), r e s p e c t iv e ly , g iv e s  ra th er  p o o r  a g reem en t. A t
0. 58 G eV , the s lo p e  o f  the y ie ld -v e r s u s -m a s s  cu rve  ca lcu la ted  a c c o rd in g  
to R u dstam  and S ilb e r b e r g , r e s p e c t iv e ly , is  too  steep , com p a red  with 
the e x p erim en t w h erea s  the s lo p e  ca lcu la te d  a c c o rd in g  to Schw arz is  too  
fla t. A t the h igh er  p ro ton  e n e rg ie s , the S ilb e rb e rg  fo rm u la  fit s  the e x 
p e r im e n ta l s lo p e  c o r r e c t ly  w hile R u d s ta m 's  equation  g iv e s  va lu es too  high.

O ur fo rm u la  fo r  P  is  b a sed  on the assu m ption  that at h igh p ro ton  
e n e rg ie s  (> 1 G eV ) the S ilb e rb e rg  fo rm u la  is  c o r r e c t  w hile at lo w e r  e n e r 
g ie s  the value o f  P  has to  be re d u ce d  co m p a re d  w ith R udstam  and S ilb e rb e rg ,
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F IG . 6 . H istog ra m  o f  th e  ra tios  o f  e x p e r im e n ta l and c a lc u la t e d  c r o s s -s e c t io n s . E x p e r im e n ta l v a lu e s  ta k en  
fr o m  R ef. [ 7 ]  (Ep  = 0 .5 8  G e V ; T a ) .

F IG . 7 . H istogra m  o f  th e  ra tio s  o f  e x p e r im e n ta l and c a lc u la t e d  c r o s s -s e c t io n s . E x p er im en ta l v a lu e s  taken  
fr o m  R ef. [9 ]  (E p = 5 .7  G e V ; T a ) .

respectively. Table I contains the formulations made for P  by several  
authors. In all cases, except Rudstam, P  is given as a function of the 
proton energy E p and the target m ass number A t. E p is kept constant; for 
different target m ass numbers the curves shown in Fig. 2 are obtained.
The curve which has been calculated according to our formula decreases  
steeply with increasing values of A t . The shape of the curve is confirmed 
by the results of Schramm [10] who has reported P -valu es of about 0. 02 in
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F IG . 8 . H istogra m  o f  th e  ra tios o f  e x p e r im e n ta l and c a lc u la t e d  c r o s s -s e c t io n s . E x p e r im e n ta l va lu es  taken  
fro m  R ef. [ 8 ]  (Ep = 19 G e V ; T a ) .

the case of A t ê 232. The formula of Schwarz and Oeschger seems to be 
useful at low values of A t (Zt s Z Cu) [6 ] but not for heavier targets, despite 
a rather good correspondence with experimental values at ve ry  high target  
mass numbers. Figure 3 shows P as a function of E p for tantalum as 
target nuclide. The differences between the different formulas are mainly  
based on the values of E 0, the proton energy above which P is constant.

A  comparison between experimental and calculated cross-sections  
showed that satisfying agreement cannot be obtained by modifying P alone. 
The second, Gaussian-like term of Eq. (1) has to be corrected, too, e. g. 
by variation of the parameter T. So far, all authors have used a constant 
value of T. In this case, the curve connecting the peak of the charge- 
dispersion curve in different isobars has a more or less  constant distance 
to the beta-stability line (Fig. 4). The modification of the formula has been 
carried out using cross-section s reported by Neidhart and Bächmann [7].
In contrast to the other authors [3, 4], the value of T depends on the mass  
difference Д А  (see Table II). Therefore, the distance between the beta- 
stability line and the maximum of the charge-dispersion curve grows with 
increasing Д А  (see Fig. 4). In Fig. 5, T  has been plotted versus ДА.

To check the quality of the fit, the ratios between experimental and 
calculated cross-section s were determined. The histograms (Figs 6 to 8 ) 
show the distribution of these ratios around the optimum value of unity.
These histograms make evident that the best fit is obtained with our formula. 
The average ratio between experimental and calculated cross-sections and 
its standard deviation, calculated for each experiment, confirms this result  
as can be seen from Table III. This improvement is mainly based on the 
new formula for the parameter T.

We have tried to make an extension of our formula to describe the 
maximum of the excitation function (149Tb from gold) at E p ** 2 GeV which 
has been reported by several authors [ 11 - 14] .  So far, these attempts have 
not been v e ry  successful. It seems to be necessary to introduce more  
parameters. The equation for P, however, seems to be correct because  
the slope of the experimental and of the calculated yield -ve rsu s-m a ss



TAB LE  III. AVERAGE RATIO OF EXPERIM ENTAL AND CALCULATED CROSS-SECTIONS FOR THE 
REACTION OF TANTALUM WITH PROTONS OF DIFFERENT ENERGIES

P r o t o n  e n e r g y (G e V ): 0 .5 8  [ f l

F orm u la  o f A v e ra g e  r a t i o S ta n d a rd
( a b s o i ,

d e v i a t i o n  
s c a l e )

S ta n d a r d  d e v i a t i o n  
(%)

RUDSTAM 2 .0 5 4 2 .6 7 5 130

SILBERBERG 2 .0 2 1 2.372 117

t h i s  w ork I .070 0 .6 4 9 61

P r o t o n  e n e r g y (G e V ): 5 ,7  _r9J

F orifiu la  o f A v e ra g e  r a t i o S ta n d a r d  
( a b s o l .

d e v i a t i o n
s c a l e )

S ta n d a r d  d e v i a t i o n  
{%)

RUDSTAM O .615 0 .5 5 9 91

SÎLBERBERG 1 .2 2 8 0 .9 4 0 77

t h i s  w ork O .891 0 ,2 2 5 25

P r o t o n  e n e r g y (G e V ): 19 [8 ]
F orm u la  o f A v e ra g e  r a t i o S ta n d a rd  

( a b s o l .
d e v i a t i o n
s c a l e )

S ta n d a r d  d e v i a t i o n  
(%)

RUDSTAM 0 .5 3 8 0 .6 4 2 119
SILBERBERG 1 .2 2 0 1 .1 9 5 98

t h i s  w ork 1 .0 2 9 0.322 31
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curve is the same [15]. It is thought that the decrease of T with increasing 
ДА (Fig. 5) is too steep, thus leading to a shift of the calculated charge- 
dispersion curves into the region of neutron-deficient nuclides at high 
values of ДА. This effect may originate in the use of experimental cross- 
sections [7] of nuclides adjacent to magic numbers. Silberberg and Tsao [3] 
have reported that the charge-dispersion curves of isobars adjacent to 
magic numbers are shifted towards the next magic number. So far, this 
effect could not be calculated because of the lack of experimental data and 
thus has not been taken into account in the formulation of our equation 
for T.

A basic problem of these sem i-em pirical equations is the reliability 
of the experimental cross-section s. It has been found [16] that the same 
cross-section s determined simultaneously in different laboratories showed 
differences of about 50%. The sources of error are experimental uncertain
ties such as activity measurements and the chemical analyses, as well as 
uncertainties concerning nuclear data such as abundances of radiation, 
cross-section s of monitor reactions, etc. It is therefore extremely im 
portant to examine the values used in literature for the determination of 
cross-section s and, perhaps, to re-calculate the reported cross-section s. 
Unfortunately, in many cases it is not indicated which nuclear data have 
been used.

From  the above discussion, it turns out that it is possible, by the aid 
of our formula, to calculate spallation cross-section s in the mass range 
At Ш 209 with an accuracy of 25-30%. A further improvement seems to be 
possible by using more experimental data for the calculation.
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D I S C U S S I O N

A . T . G .  FERGUSON: Did this work have any motivation other than 
scientific interest in interpolating between existing cross-section  data?
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E .  ROSS: I see applications at present in the calculation of the activities  
which are formed in high-energy particle accelerators by nuclear reactions  
between the projectiles and the accelerator materials (shielding, beam  
tubes, etc.). Reference may be made in this connection to paper 
I A E A - S M - 1 70/35, which was presented by Dr. Thorson. Another field of 
application is  problems connected with the space sciences, for example, 
the activation of spacecraft by high-energy protons and similar particles  
which are present in space.

Z . SUJKOWSKI: Can you get the yields of light elements produced by 
spallation or fragmentation of heavy targets?

E .  ROSS: This is  not possible.
Z . SUJKOWSKI: Do you include spallation-fission competition in your 

treatment or do you ignore the fission altogether?
E .  ROSS: In principle, we can separate a spallation and a fission  

contribution to the cross-sections observed experimentally. The problem is,  
however, that fission does not play an important role when targets such as 
gold or tantalum are used and since the estimations have an error of 20 - 30%, 
the fission contribution lies within these limits.
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A SURVEY OF NUCLEAR DATA USE 
IN APPLIED FIELDS*

M. LEDERER, J.M . HOLLANDER 
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Berkeley, Calif. , United States o f  Am erica

Abstract

A  SURVEY OF NUCLEAR D A T A  USE IN APPLIED FIELDS.
In c o n n e c t io n  w ith  c o m p ila t io n  a c t iv it ie s  for th e  T a b le  o f  Iso to p e s , w e  are co n d u c t in g  a su rvey  o f  

n u c le a r  da ta  n eed s ou ts id e  th e  f ie ld  o f  b a s ic  n u c le a r  s c ie n c e ,  p r in c ip a l ly  a m o n g  users o f  ra d io iso to p e s . 
Q u estion n a ires  are b e in g  m a ile d  t o  p e o p le  in  su ch  d iv e rse  fie ld s  as m e d i c in e ,  e n v ir o n m e n ta l stu d ies , and 
o ce a n o g ra p h y . T h e  questions are in te n d e d  to  a sce r ta in  w h at sou rces  o f  data  are u sed , w hat s p e c i f ic  types o f  
data  are re q u ire d , to  w h at e x te n t e x is t in g  co m p ila t io n s  f i l l  these  n e e d s , and w hat ch a n g es  are n e e d é d  or 
de s ire d . S e v e ra l questions at th e  e n d  o f  th e  list  c o n c e r n  s p e c i f i c a l ly  th e  use o f  the T a b le  o f  Isotopes . A  
p r e lim in a ry  su m m a ry  o f  th e  response  to  d a te  t o  th e  su rvey  is d iscussed .

To plan compilation work for the Table of Isotopes and to co-ordinate 
our activities with those of other groups, we are undertaking a survey of the 
requirements for nuclear data of data users outside the field of basic nuclear 
physics. Since the spirit  of our survey is very close to the purpose of this 
entire symposium, I hope our presumption in reporting on our modest effort 
will be excused. It is certainly not our intent to preempt the work of the 
symposium1. We should simply like to describe the questionnaire that we 
are distributing, and to provide some information on the preliminary  
response we have received.

Figure 1 shows the actual questionnaire. Questions 1 - 3  cover general  
data on the respondent1 s type of work and his reasons for using nuclear 
data. Question 4 defines the specific data that he uses. Question 5 concerns 
the user1 s preference for best values or measured data, and the number 
of such values he wants to see. Question 6 deals with the frequency of use 
of different data sources. Questions 7 and 8 are an attempt to determine 
the extent to which the user is satisfied with these sources, and the reasons 
for his dissatisfaction, if  any. Question 9 is intended to enlarge on the 
answers to the previous questions, and to explore the possibility of additional 
interest in non-printed forms of the data — magnetic tapes or direct, on-line 
retrieval. In addition to these questions, we have enclosed a sample format 
for the 7th edition of the Table of Isotopes and invited the respondent to 
comment on it.

We have at this time a partial response to the first mailing of the 
questionnaire, and we wish to report on it here. Part of the purpose of the 
first mailing was to determine whether the questions are adequate to obtain 
the desired information, so I shall comment on the problems we have 
encountered in interpreting the answers as I describe the results. For any

W ork  p e r fo rm e d  under th e  a u sp ices  o f  th e  US A t o m ic  Energy C o m m iss io n  and the US N a t io n a l Bureau 
o f  Standards.

4 4 9



4 5 0 LEDERER and HOLLANDER

statisticians I should set forth my qualifications in this field: I have read 
the book How to Lie  with Statistics, by Huff and Geis [ 1].

The preliminary mailing was to 66 members of the Society of Nuclear 
Medicine. The names were selected from the entire membership list by a 
manufacturer and distributor of radioisotopes, and are presumed to 
represent an active and sophisticated group of data users in the medical  
field.

To date, we have received 34 responses. A  majority (23) of the 
respondents work in universities. All of them use radioisotopes, and a 
large number also use accelerators (17) and reactors (12). They are heavy  
users of nuclear data: 24 claim to use data frequently, 10 occasionally.

The range of types of data required was broader than we had antici
pated, even for a select group of medical users. Figure 2 summarizes the 
responses to question 4. It is noteworthy that a significant number of 
respondents expressed a need for such specialized data as detailed neutron 
and charged-particle cross-sections.

The response to question 5 (Fig.3) was mixed. Since a number of 
people indicated a need for both the best reported values and an adopted 
best value, while some specifically indicated that either was satisfactory,  
we have tabulated these responses separately from the request for only one 
of these. Obviously, the question needs to be stated more precisely. The 
present results do, however, indicate a divided opinion about the desirability  
of giving best values versus measured values.

The sources of data that the respondents claim to use are summarized  
in F ig .  4. It is noteworthy that five people indicated frequent use of the 
MIRD (Medical Internal Radiation Dose) pamphlets.

The response to questions 7 and 8 was most illuminating, and also most 
difficult to interpret. Most of the respondents (26) indicated that the data 
fulfil their needs "quite well", 2 people said "completely", and 6 indicated 
"only partially". More important, the reasons for dissatisfaction indicate 
a general malaise concerning the difficulty of interpreting the available data, 
often on the part of people who also indicated a need for ve ry  specialized  
data, and who even claimed that the existing compilations did not cover 
enough categories of data.

In some such cases, there appears to be a need for more highly reduced 
or evaluated data, such as electron energies and absolute intensities; 
this need is also reflected in a frequent use of the MIRD pamphlets.

One further comment concerning the degree of satisfaction with and 
complaints about the data: a number of respondents appeared to direct their 
responses to these questions specifically at the Table of Isotopes, rather  
than at all the data compilations they use, which was not the intent of the 
question. This question will be re-phrased for our next mailing.

Aside from cold statistics, the responses contained some intelligent 
comments, and a few that were highly enlightening. In such cases, a 
follow-up by direct contact with the respondent should be profitable. We 
were pleased with the response, and believe that the results of the survey 
will be quite useful. We plan to continue the survey, and we shall make a 
more extensive report on responses to it at a later date.
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Personal Data

_( optional)

Occupation^

Name of Employer: (optional)

Employer is  a s О Private Corporation
П Government operated installation 
П Government contract installation
□ University (name of dept.

or college)
О Other_____________________________________________

2. (a) Do you use or encounter radioisotopes, nuclear reactors, or charged-
particle accelerators, or deal with nuclear properties in your work?

П radioisotopes О reactors
П accelerators П nuclear properties

(b) For what purpose? (Tÿpe of application, e.g.: tracers in chemical
studies, medical diagnostics, abrasion studies, monitoring radioactive 
pollution, applications in cosmology, etc.)

3. How often do you use sources of nuclear data in your work (compilations,
wall charts, original publications, journals, etc.)?

О Frequently О Occasionally О Rarely О Never

(IF  THE ANSWER TO QUESTION 3 IS "NEVER”, IT IS NOT NECESSARY TO ANSWER 
THE FOLLOWING QUESTIONS.)

k. What types of data do you require?, (check any which you use).

Type of data

□ (a) Half-lives of radioactive substances

□ (b) Isotopic abundances

G (с) Nuclear masses

□ (d) Nuclear spins and moments

D (e) Neutron capture or fission cross-sections

□ (f) Nuclear decay modes and genetic (parent-daughter)
relationships

□ (g) Means of producing radioisotopes

(h) Energies and intensities of radiations:

□ gamma rays

□ X-rays

О beta particles

□ conversion electrons

□ alpha particles

□ other radiations (specify)

FIG. 1. S u rv ey  Q u e stio n n a ire , as sen t in  first m a il in g .  O ne a d d it io n a l p a g e  (n o t  sh ow n ) req u ested  co m m e n ts  
o n  th e  p ro p o s e d  co n te n t  and fo rm a t o f  th e  7th e d it io n  o f  th e  T a b le  o f  Isotopes .
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(i) Detailed neutron reaction data (energy-dependent 
cross sections, resonance parameters)

(j) Neutron capture gamma spectra

(k) Charged-particle or photo-induced reaction data:

□ Gross cross sections (Excitation functions)

□ Cross-sections for specific levels

□ Angular distributions

□ Gamma-ray spectra

(l) Nuclear level schemes

(m) Other types of data (specify)

How complete a listing  of a given quantity do you require? (Check one or more.)

П A ll reported values 
П A few of the best reported values 
D The one most precise or accurate reported value 
D A weighted average or adopted ,fbest" value
□ Other (specify)

What sources of nuclear data do you consult and how frequently do you use them? 
(Check appropriate boxes for any sources that you use.)

Compilation Amount of Use

^  ^
(a) Table of Isotopes, 6th edition (19^7) □ П □

(b) Table of Isotopes, earlier editions □ □ Q

(c) Nuclear Data Sheets (the Journal 
Nuclear Data В and earlier loose- 
leaf sheets)

□ a □

(d) Nuclide "wall" charts (GE, Batelle 
N.W., or other versions) D □

(e) BNL-32 5
(the "Bara Book") □ □ П

(f) "Light-element" compilations (by 
F. AJzenberg-Selove or Endt and □ □ □

van der Leun, published in the 
Journal Nuclear Physics, or other 
(specify)

(g) Any "specialized" tables of specific 
properties, such as nuclear moments» 
nuclear masses, fundamental constants, 
electron binding energies, etc. 
(specify)

--------------------------- □  □  □

---------------------------  n a n

F I G . l  ( c o n t in u e d )
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(h) Data supplied by manufacturer or 
distributor of radioisotopes.

( i) Other (specify)

□ □ □

D □ □

□ □ □

□ П □

П □ П

□ □ □

П □ a

7. How well do the sources of data you use f u l f i l l  your requirements?

□ Completely О Quite well О Only partially О Poorly

8. In what ways do you find them inadequate? (Check any answers which are 
applicable.)

□ Do not cover some of the required categories of data
□ Cover too many categories of data 
О Not enough detail
О Too much detail 
О Too d ifficu lt to interpret
□ Too far out of date
□ Other (specify)

9. Would you like to have the data in different forms, such as: 

О Another type of printed compilation (specify)

□ A magnetic tape

□ Retrievable on-line at a computer terminal (such as a teletype 
connected to a computer data bank via telephone lines)?

□  Other (specify)

FIG. 1 (continued)
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TYPE OF DATA

FIG. 2  Responses to  q u estion  4  ("W h a t  ty p e  o f  data  do  you  r e q u ir e ! " ) .

FIG. 3  Responses to  q u estion  5 ("H o w  c o m p le t e  a list in g  o f  a g iv e n  qu an tity  d o  y o u  r e q u ir e ? " ) .  R espondents 
w h o  c h e c k e d  b o th  " T h e  o n e  m o st  p r e c i s e . . . . .  re p o rte d  v a lu e "  an d  " A  w e ig h te d  a v e ra g e  o r  a d o p te d  b est 
v a lu e "  are rep resen ted  b y  th e  n ex t  to  last b ar ; respondents w h o  in serted  " o r "  b e tw e e n  th ese  tw o  c h o ic e s  are 

rep resen ted  b y  th e  last bar.
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T able o f  
iso top es

Ч- v<y

A ' . c r

8 0  

7 0  

6 0  

5 0  

4 0  

' 3 0  

2 0  

1 0

R A m ou n t o f  use

Number
o f

responses

||Rore (X I )  
f jo c c o s io n a l  (X 2)

Я Frequent (X 3)

r a

FIG. 4  Responses to  qu estion  8 ("W h a t  sou rce  o f  n u c le a r  da ta  do  y o u  co n s u lt ........... V ) .  A c t u a l num bers o f
responses in  e a c h  o f  th e  u sage  c a te g o r ie s  " fr e q u e n t” , " o c c a s i o n a l " , and " ra re "  a re  g iv e n  in  th e  bars. T he 
h e ig h t  o f  th e  bar se g m en ts  are p r o p o r t io n a l to  3 , 2 ,  an d  1 t im e s  th e  n u m b er o f  responses for fre q u e n t, 
o c c a s io n a l ,  o r  rare  u se , r e s p e c t iv e ly .  W r ite - in  responses are in c lu d e d , e x c e p t  for a few  data  sou rces  c i t e d  
o n ly  o n c e .

R E F E R E N C E S

[1 ]  HUFF, D . , GEIS, I . , H ow  to  L ie w ith  S ta tis t ics , W . W . N orton  and C b . , N ew  Y ork  (1 9 5 4 ).

D I S C U S S I O N

N. M. SPYROU: If your survey eventually shows that the majority of 
users require specific and separate nuclear data, would you consider 
preparing separate "cookbooks"?

M. LED ER ER : We would consider doing whatever was wanted1. However, 
the impression I get from this Symposium is that there are already many 
excellent "cookbook" compilations (in existence or being written) and that 
what is  most needed for these is good basic data evaluations.

H. MÜNZEL: We have made a sim ilar survey of the need for nuclear 
data in activation analysis. The results of this survey are available as 
report from the Nuclear Research Centre at Karlsruhe.

J. J. SCHMIDT: When extending your very useful enquiry do you intend 
to "internationalize" it, i . e .  to call on people outside the United States 
as well?

M. LEDER ER : Y es, we do. The difficulty is, of course, in obtaining 
satisfactory mailing lists. Our next mailing will be to authors of papers 
listed in Nuclear Science Abstracts, and should include some non-U. S. 
researchers.

I . A.  KONDUROV: Could you give us some statistics concerning replies  
to the 9th question?

M. LED ER ER : There was very little response. One person indicated 
that he already had data (neutron cross-sections) on tape. I believe one or
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two people expressed interest in tape and/or on-line retrieval. There were 
scattered requests for different types of compilations, most of which 
weren1 1 very enlightening.

A . T . G .  FERGUSON: Dr. Rose and I have made a pilot study of needs 
for nuclear data in a number of fields by interviewing in some depth 
selected groups of users. One significant point that emerged was that the 
majority of users were unaware of the wide range of data compilations 
available. They were very happy to receive the preliminary list of 
Compilations prepared at the first meeting of the IWGNSRD-INDC(NDS)- 
46/U + W).

D. J.  HOREN: I would agree with Dr. F ergu so n 's  comment and I think 
some of the comments made earlier at this Symposium seem to confirm 
this, for instance, as regards knowledge of the Martin and Blichert-Toft  
compilation.
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IMPORTANCE ET ROLE DES CONSTANTES 
NUCLEAIRES EN ANALYSE PAR ACTIVATION 
AUX PARTICULES CHARGEES OU PHOTONS y
Ch. ENGELMANN
CEA, Centre d'études nucléaires
de Saclay, France

Abstract-Résumé

IM PO RTAN CE A N D  ROLE OF NU CLEAR D A T A  IN A C T IV A T IO N  A N A L YSIS  U SIN G  CH ARG ED  PARTICLES 

OR P H O TO N S.
T h e  im p o r ta n ce  and th e  ro le  o f  n u c le a r  data  in  a c t iv a t io n  analysis using ch a rg e d  p a rt ic le s  or ph oton s 

a re  d iscu ssed ; a fte r  a g e n e ra l survey  o f  a c t iv a t io n  analysis , d iffe re n t  sta n d a rd iza tion  m eth o d s  are presen ted , 
th e  in flu e n c e  o f  c o m p e t it iv e  n u c le a r  rea ctio n s  is d iscu ssed  and th e  im p o r ta n c e  o f  c o m p ila t io n s  o f  ce r ta in  
n u c le a r  d a ta  and o f  s p e c ia l  c o m p ila t io n s  d ir e c t ly  a im e d  at a c t iv a t io n  analysis  is show n.

IM PO RTAN CE ET ROLE DES C O N S T A N T E S  NUCLEAIRES EN AN ALYSE PAR A C T IV A T IO N  A U X  PARTICULES 
CHARGEES OU PH O TO N S y.

L 'a u teu r d is c u te  l 'im p o r t a n c e  e t  l e  r ô le  des con stan tes  n u c lé a ire s  e n  a n a ly se  par a c t iv a t io n  aux 
p a rticu le s  ch a rg é e s  ou  ph oton s y ; après s 'ê t re  o c c u p é  des g é n é ra lité s  sur l 'a n a ly s e  par a c t iv a t io n , i l  p résen te  
les d iffé re n te s  m é th o d e s  d 'é ta lo n n a g e ,  d is c u te  l ' in f lu e n c e  des réa ctio n s  n u c lé a ire s  c o m p é t it iv e s ,  et m o n tre  
l 'in t é r ê t  q u 'o n t  le s  c o m p ila t io n s  d e  ce r ta in e s  con stan tes n u c lé a ire s  et le s  c o m p ila t io n s  p a rticu liè re s  d estin ées  
d ire c te m e n t  â  l 'a n a ly s e  par a c t iv a t io n .

INTRODUCTION

L'utilisation des particules chargées et des photons y  en analyse par 
activation s'est avant tout imposée à cause des possibilités remarquables 
qu'ils offrent pour déterminer les éléments légers, notamment le bore, 
le carbone, l'azote, l'oxygène et le fluor.

C e s  moyens d'irradiation conduisent, pour ces éléments, à des limites  
de détection situées entre 1СГ2 et 10"4 lUg-g"1.

L e s  sections efficaces des réactions nucléaires par lesquelles on les  
dose sont de quelques dizaines de millibarns pour les photons y. Elles  sont
10  à 10 0  fois plus élevées avec les particules chargées.

Ce sont donc ces dernières qui permettent de réaliser les analyses  
les plus sensibles. Mais leur emploi est beaucoup plus délicat, de sorte 
qu'en définitive, on préfère toujours se servir  d'abord des photons y  et 
n'utiliser les particules chargées que là où ils ne peuvent être mis en oeuvre,' 
en particulier lorsque la sensibilité est insuffisante.

Ainsi, ces deux moyens d'irradiation sont complémentaires et s'avèrent  
aussi indispensables l'un que l'autre.

Déjà maintenant, les degrés de pureté de nombreux matériaux sont 
tels que seules ces nouvelles méthodes analytiques rendent possible la 
détermination exacte de certains éléments légers.

Par exemple, on sait élaborer des métaux alcalins, du sodium 
notamment dans lequel les concentrations en carbone et oxygène sont 
inférieures à 1 fxg • g"1. L'activation par photons y  est le procédé unique 
qui permette de réaliser une telle analyse. De la même façon l'azote,

4 5 9
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qui semble une impureté très importante dans les  métaux réfractaires,  
se trouve dans ces derniers à des teneurs de l'ordre de 1 Aig- g"1. Là  
encore les photons y  sont sans concurrence.

On pourrait citer de nombreux autres exemples qui, comme les  
précédents, mettent en évidence les immenses possibilités de l'analyse  
par activation aux particules chargées ou photons y  pour résoudre les  
problèmes analytiques particulièrement délicats voire impossibles avec  
les méthodes conventionnelles.

L'apparition d'accélérateurs compacts, beaucoup moins coûteux que 
les  grandes machines construites pour des expériences de physique 
nucléaire, notamment de cyclotrons pour les particules chargées et de 
microtrons pour la production de flux très importants de photons y  de 
freinage, entraînera certainement une très large diffusion de ces techniques 
dans les prochaines années.

Il semble donc souhaitable que des recueils contenant toutes les  
données nucléaires et d'autres informations intéressant directement  
l 'analyse par activation aux particules chargées et photons y  soient 
constitues, afin que les utilisateurs actuels et futurs de ces méthodes 
puissent, d'une manière simple et sans ambiguïté, d'une part savoir  
quelles sont les réactions nucléaires les  plus spécifiques pour doser tel 
élément et l'énergie que les projectiles incidents doivent posséder, et, 
d'autre part, connaître les sensibilités de détection possibles ainsi que 
l'importance relative des interférences éventuelles, dues à des réactions  
nucléaires compétitives sur d'autres éléments contenus dans l'échantillon 
irradié.

1. GEN ER A LITES SUR L 'A N A LY SE PAR ACTIVA TION  AUX PAR TICU LES
CHARGEES E T  PHOTONS y

1 . 1 .  Analyse par activation aux photons y

La source la plus intense de photons y  de grande énergie que l'on 
sache produire est constituée par le rayonnement de freinage d'électrons  
accélérés bombardant une cible métallique de numéro atomique élevé,  
tungstène, platine, or . . .  . Le spectre est continu, l'énergie maximale  
est égale à l'énergie cinétique des électrons incidents. Le faisceau de 
photons y  est très directif. Les activations varient d'une façon relative
ment importante dès que l'on s'éloigne de la cible [1]. La position des 
échantillons pendant l'irradiation derrière c e l le -c i  doit être précise et 
reproductible. Ils sont amenés par l'intermédiaire d'un circuit pneumatique 
dans des cartouches qui sont envoyées depuis le laboratoire.

La relation de base de l'analyse par activation aux photons y  est la 
suivante:

A s = nombre de noyaux atomiques subissant par unité de temps la
réaction d'activation ( y , x ) ,  encore égal à  l 'activité à  saturation 
du radioélément produit

Em ax a

( D
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Emax = énergie cinétique des électrons incidents
E s = énergie seuil de la réaction nucléaire d'activation ( y , x )

S7 = angle solide sous-tendu par l'échantillon  
ф = flux du faisceau d'électrons
N = nombre de noyaux par cm2 de la cible de conversion 
n = nombre de noyaux par cm 2 de l'élément activé par réaction (7 .x)
°rad = section efficace de production du rayonnement de freinage  
a(y x) = section efficace de la réaction nucléaire d'activation

= fonction de distribution angulaire du rayonnement de freinage,  
dans laquelle il est tenu compte de l'absorption des photons y à 
la fois dans la cible et dans l'échantillon.

Supposons que pendant l'irradiation ф soit invariable. N est une constante 
de la cible. D'autre part, si l'élément activé est distribué d'une façon 
homogène dans l'échantillon irradié, on pourra considérer n comme constant 
également. De sorte que l'expression précédente devient

Em a x  ^

A s = ф N n f  dE f  arad % x )  ï 0 d n  (2)

E, 0

Même si l'on peut exprimer les différents termes entrant sous le 
signe somme de cette relation sous une forme analytique, il faut reconnaître 
que le calcul de A s est complexe.

Posons

N  J  d E  J  CTrad ï n  d i 2  ( 3 )
Ec 0

Si l'on pouvait déterminer ces coefficients kE pour une réaction 
nucléaire donnée, en fonction de l'énergie maximale des électrons Emax, 
on aurait une formule facilement utilisable du type

A s = kE ф n (4)

qui permettrait de prévoir les performances de la méthode en fonction de 
l 'énergie des électrons incidents.

Pour rendre l'emploi de la relation (4) plus général on pourrait  
convenir d'un arrangement géométrique cible-échantillon donné et fixer  
les dimensions de ces derniers à des valeurs standards telles que l'on 
puisse, quel que soit le matériau irradié, négliger l'influence de l'absorption  
des photons 7 .

Si de telles tables des coefficients d'étalonnage kE existaient, il 
suffirait d 'irradier un échantillon, de m esurer l'intensité du faisceau  
d'électrons ф d'une part, l'activité induite d'autre part, pour pouvoir 
déterminer immédiatement la concentration n.
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Les particules chargées subissant un freinage très important en 
pénétrant dans les milieux m atériels, l'échantillon irradié n 'est pas 
activé uniformément. En particulier, si son épaisseur est supérieure 
au parcours total, la zone effectivement activée est lim itée, d'une part 
par le diamètre du faisceau, et d'autre part par le parcours efficace le 
long duquel l'énergie des particules incidentes est supérieure au seuil 
Es de la réaction nucléaire d'activation considérée.

Dans un échantillon, l'énergie des particules chargées dans les tranches 
successives est fonction de l'épaisseur traversée x. A  cette dernière 
correspond donc une valeur parfaitement définie de la section efficace de 
la réaction nucléaire utilisée, soit ax.

A insi, l'activation dans les tranches successives d'un échantillon 
épais est en corrélation directe avec la fonction d'excitation cte.

Il est donc indispensable, sous peine de commettre des erreurs  
analytiques non négligeables, que l'élém ent à doser soit homogènement 
réparti dans l'échantillon irradié, à moins que l'épaisseur de ce dernier 
soit faible et telle que la section efficace dans le domaine d'énergie 
correspondant soit constante. Dans ce cas, en effet, la relation donnant 
l'activité à saturation est particulièrement simple:

1 . 2 .  A n a l y s e  p a r  a c t i v a t i o n  a u x  p a r t i c u l e s  c h a r g é e s

Aj = activité à saturation en désintégrations par seconde 
ф = nombre de particules chargées par seconde atteignant l'échantillon  
ct0 = section efficace de la réaction nucléaire utilisée, pour l'énergie  

incidente E 0
n = nombre d'atom es de l'élém ent à doser par gramme d'échantillon 
x = épaisseur de l'échantillon en g •cm"2.

Dans le cas général, le calcul de l'activité induite est plus compliqué. 
La relation de base est la suivante:

R = parcours total des particules chargées dans le matériau irradié 
ctx = section efficace de la réaction nucléaire d'activation en fonction de 

la profondeur de pénétration x.
On suppose naturellement que l'épaisseur de l'échantillon est supérieure 

au parcours efficace.
La diminution de ф dans la zone activée étant le plus souvent 

négligeable, on peut considérer ce term e comme invariable.
Si de plus, l'élém ent à doser est réparti d'une façon homogène dans 

l'échantillon, n est constant, et la relation (6) devient:

A s = ф n cr0 x (5)

R

( 6 )

0
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P a r un changement de variable, cette expression pèut se mettre sous 
une autre forme:

Eo

E 0 = énergie incidente des particules chargées
cte = fonction d'excitation de la réaction nucléaire
(dE/dx)E = pouvoir de ralentissement du milieu constituant l'échantillon  

irradié, pour les particules chargées utilisées.

2. LES D IF FE R E N T E S METHODES D'ETA LON N AGE

2. 1 .  Cas de l ' activation par photons y

D'après ce que l'on a vu plus haut, l'idéal serait de disposer d'une 
table donnant les coefficients d'étalonnage k E pour chaque réaction nucléaire 
présentant un intérêt sur le plan analytique en fonction de l ’ énergie du 
faisceau d'électrons Emax. En mesurant avec précision l'intensité de ce 
dernier, ce qui semble possible, on pourrait calculer la concentration n 
en se servant de la relation (4).

Une telle table n'existant pas, on procède de la façon suivante: avec 
l'échantillon à analyser on irradie simultanément un étalon de même forme  
géométrique, dans lequel l'élément à doser se trouve à une teneur parfaite
ment connue.

C 'e s t  une méthode comparative qui donne d'excellents résultats. Cet  
étalon primaire peut à la rigueur être remplacé par un moniteur de flux 
constitué d'un autre élément que celui à doser, éventuellement la matrice  
elle-m êm e; on utilise alors la technique de l'étalonnage interne.

Il est fort probable que, pour effectuer des dosages précis, ces  
modes opératoires seront toujours préférés à celui reposant sur l'utilisation  
de coefficients k E prédéterminés. Le calcul exact de ces derniers semble 
en effet délicat. En revanche, leur connaissance, même approchée, 
présenterait un intérêt évident pour évaluer a priori les performances  
de l'activation par photons y.

Il faut d'ailleurs signaler que l'on peut trouver dans la littérature  
des courbes d'activation déterminées expérimentalement qui représentent 
la variation de l 'activité induite (qui est directement proportionnelle à kE) 
dans une masse unitaire de l'élément considéré par la réaction nucléaire 
qui l 'active, en fonction de l'énergie et pour une intensité de faisceau  
donnée [2-4].

2.2.  C a s  de l'activation par particules chargées

On distingue essentiellement les cinq méthodes suivantes: 
méthode absolue
méthode de la section efficace moyenne 
méthode de l'épaisseur équivalente 
méthode comparative  
méthode de l'étalon interne.
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La première repose sur l'utilisation d'une des relations (5) à (8), 
suivant les cas. Sa m ise en oeuvre nécessite donc la connaissance précise  
de la fonction d'excitation de la réaction nucléaire utilisée et la possibilité  
de pouvoir m esurer avec exactitude l'intensité du fáisceau.

La seconde fait intervenir la notion de section efficace moyenne

Elle  a été proposée par R icci et Hahn en 1965 [5]. Ces auteurs ont 
démontré que cette section efficace moyenne est pratiquement indépendante 
du milieu dans lequel se trouve l'élément activé.

Ils ont en effet établi la relation
o

qui met en évidence que la section efficace moyenne ne dépend que de la 
fonction d'excitation cte et de l'énergie E 0 des particules chargées utilisées.

Il est donc possible d'établir des tables donnant en fonction de 
l'énergie E0 les valeurs de la section efficace moyenne. Cela pour toutes 
les réactions nucléaires utilisables en analyse par activation.

Connaissant l'activité à saturation, l'intensité du faisceau et le 
parcours total R, il  sera facile de calculer la concentration à partir de 
l'expression

L'intérêt d'une compilation des sections efficaces moyennes en 
fonction de l'énergie des réactions nucléaires potentiellement utilisables  
pour l'analyse par activation est évident. Elle  est indispensable pour 
calculer les teneurs si l'on a recours à ce procédé d'étalonnage, mais  
surtout, elle permettrait de prévoir les sensibilités de détection, donc 
les performances intrinsèques des diverses réactions nucléaires en 
fonction de l'énergie. C eci  permet notamment de définir a priori les  
conditions optimales d'activation, en particulier la réaction nucléaire à

R
J ctx dx 
0

ct = ¡j--------j dx
(9)

o

Soit encore, en changeant de variable

a ( 1 0 )

f  aE E dE

5

E dE
( И )

A s = ф n 5 R ( 1 2 )



IAE A-SM -17 0 /6 6 4 6 5

utiliser et l'énergie des particules incidentes pour effectuer une analyse 
donnée.

La méthode de l'épaisseur équivalente est antérieure à la précédente. 
E lle  a été proposée par l'auteur en 1964 [6]. C 'e s t  une méthode en
tièrement expérimentale.

L'épaisseur équivalente est définie comme étant la profondeur e 
d'une zone fictive dans laquelle l'activation de l'élément considéré, 
supposé distribué d'une manière homogène, serait constante.

En d'autres termes, on aurait

A s = ф n ct0 e (13)

En tenant compte de la relation (7) on a donc par définition
R
/ ci dx
o  * (14)

J o

En plaçant devant l'échantillon un étalon très mince d'épaisseur Дх 
telle que l'on peut y considérer la section efficace comme pratiquement 
constante et égale à ct0, on a

As' = ф п'ст0 Дх (15)

n' étant la concentration de l'élément à doser dans l'étalon mince. A  partir  
des relations (13) et (15) on établit la formule suivante:

n n' (16)
A s' e

Pour mettre en oeuvre cette méthode, la connaissance de la fonction 
d'excitation de la réaction nucléaire utilisée n'est donc pas indispensable.

Cependant, on doit irradier simultanément avec l'échantillon un étalon 
mince à teneur parfaitement connue de l'élément à doser. O r la fabrication 
de ce dernier pose des problèmes. Elle  s'avère délicate, voire impossible,  
pour de nombreux éléments, de sorte que l'on doit avoir recours à des 
étalons secondaires jouant un rôle de moniteur de flux ou se servir de la 
relation (13) en mesurant avec précision l'intensité du faisceau.

La connaissance de la valeur exacte de la section efficace ct0 pour 
l 'énergie incidente des particules chargées est donc nécessaire. D'où 
l'importance de l'établissement de la fonction d'excitation de la réaction 
nucléaire utilisée.

Dans les deux autres méthodes on se sert d'étalons épais. On ne les  
développe pas ici. Pour plus de détails les concernant on pourra, par  
exemple, consulter la référence [2]. Leur emploi n'implique en effet pas 
la connaissance de la section efficace ou d'une autre constante nucléaire.

3. IN FLUENCE DES REACTIONS NUCLEAIRES COM PETITIVES

Le principe de l'analyse par activation reposant sur la mesure de 
l 'activité d'un radioélément Y  produit par réaction nucléaire à partir de
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l'élément X à doser, il y a interférence si Y  peut être obtenu à partir  
d'autres éléments. On appelle réactions nucléaires compétitives celles  
qui conduisent à cette sorte de perturbation.

Par exemple, pour doser le carbone par activation aux photons 7 , 
on se sert de la réaction

12C (т,п)и С de seuil E s *= 18,7 MeV

Or, le radioélément carbone-11 peut également être produit à partir  
de l'azote et de l'oxygène par les réactions suivantes:

14N (7 , t) 11C de seuil E s = 22, 7 MeV

160  (7 , 0'n)11C de seuil Es = 26 MeV

De telles réactions nucléaires compétitives existent dans presque 
tous les cas. En ce qui concerne la détermination des éléments légers  
par activation aux photons 7  ou particules chargées on pourra trouver des 
informations relatives à l'importance des erreurs analytiques que certaines  
pourraient introduire dans les références [2 à 4] et [7].

L es  sources d'erreur sont très nombreuses. On peut les éliminer  
dans certains cas lorsque les énergies seuils sont très différentes ou 
m inimiser leur influence par le choix de l'énergie maximale d'irradiation.

Il est donc très important, d'une part, de savoir a priori quels sont 
les  éléments qui pourraient donner lieu par le moyen d'activation choisi 
à la formation du radioélément sur lequel repose le dosage de l'impureté  
recherchée, d'autre part, de connaître la grandeur de l'interférence que 
ces éléments perturbateurs pourraient entraîner.

En d'autres term es il s'agit  d'avoir une vue d'ensemble de toutes les  
réactions nucléaires potentiellement possibles en se limitant naturelle
ment aux énergies utilisées en analyse par activation et qui pourraient 
conduire à la production du même radioélément que celui par lequel on 
dose l'élément à déterminer, et de connaître leur seuil et surtout leur  
fonction d'excitation, ce qui permet d'évaluer à l'avance l'importance de 
l 'erreur analytique qu'elles pourraient occasionner.

4. IN TE R E T  D'UNE COMPILATION DE CERTAINES CONSTANTES
N UCLEAIRES

De ce qui précède il ressort que les constantes nucléaires qui 
interviennent constamment en analyse par activation sont avant tout les  
sections efficaces des réactions nucléaires utilisées et de celles qui 
pourraient donner lieu à des interférences.

Il nous semble par conséquent qu'il serait particulièrement intéressant  
si l'on pouvait disposer d'une compilation regroupant, en se limitant au 
domaine d'énergie propre à l'analyse par activation, les réactions nucléaires  
pouvant conduire à la formation des radioéléments dont on se sert dans 
les procédés analytiques, leur énergie seuil et les fonctions d'excitation 
correspondantes.
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L'intérêt d'une telle compilation est évident. Elle permettrait d'un 
coup d'oeil:
— d'avoir une idée précise des réactions nucléaires utilisables a priori  

pour déterminer un élément donné, compte tenu des possibilités  
d'irradiation dont on dispose

— de choisir les conditions d'irradiation optimales pour avoir le maximum  
de sensibilité avec le minimum d'interférences.

En analyse par activation aux particules chargées ou photons y, 
principalement en ce qui concerne la détermination des éléments légers,  
il est impossible d'établir des règles générales liées uniquement à l'élément  
qu'il s'agit de doser. Dans presque tous les cas on doit tenir compte de 
l'environnement dans lequel ce dernier se trouve. Et, souvent, c 'est lui 
qui impose la nature et l'énergie des particules convenant le mieux pour 
résoudre le problème posé.

De telles compilations évitent ainsi de perdre beaucoup de temps dans 
des essais préliminaires et surtout de commettre des erreurs analytiques 
par suite d'un mauvais choix des conditions expérimentales.

A  propos des domaines d'énergie dans lesquels se situe l'analyse par 
activation, il est difficile de fixer d'une façon définitive des frontières.
Il semble, en se référant aux travaux publiés par les principaux laboratoires  
utilisant de telles techniques, que les énergies maximales des photons et 
des particules chargées pourraient être limitées aux valeurs suivantes:

Photons y  50 à 60 MeV  
p 15 à 20 MeV
d 20 à 25 MeV
t 20 à 25 MeV
3He 25 à 30 MeV
a  45 à 50 MeV

D'autre part, une limitation de ces compilations vers les basses  
énergies n'est pas souhaitable. Au contraire, il est toujours intéressant  
de connaître une fonction d'excitation jusqu'à l'énergie seuil.

Notamment, dans les méthodes d'analyse de couches minces par  
activation aux particules chargées, on utilise ces dernières à des énergies  
très voisines des seuils afin de limiter la zone activée à une très faible 
épaisseur. Il est ainsi intéressant de connaître, voire avec beaucoup de 
précision, la forme de la fonction d'excitation dans le voisinage de l'énergie  
seuil.

En ce qui concerne les dosages de traces d'éléments légers, pour 
lesquels les particules chargées et les photons y  sont les plus compétitifs,  
les radioéléments qui interviennent le plus souvent sont ceux indiqués 
dans le tableau I, dans lequel on trouve également les éléments qui sont 
déterminables par leur intermédiaire et les moyens d'activation correspondants 
les plus intéressants au point de vue de la sensibilité de détection et des 
interférences.

On peut ajouter à ces radioéléments quelques autres d'usage moins 
fréquent mais présentant néanmoins de l'intérêt pour doser certains  
éléments, comme par exemple le lithium [8] ou le soufre [9]. Ils sont 
rassemblés dans le tableau II.

En fait, la liste des radioéléments par lesquels des éléments, d'une 
façon générale et non restrictive, sont dosables par activation aux particules
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T A B L E A U  I. PRINCIPAUX RADIOELEM ENTS PAR LESQUELS LES  
E L E M E N T S  LEGERS Be, B, C, N, O et F  SONT DETERMINES PAR  
ACTIVA TIO N  AUX P A R TICU L ES CHARGEES E T  PHOTONS 7

R a d io é lé m e n t E lém ents pou va n t ê tre  
dosés par son in te r m é d ia ire

M o y e n  d 'a c t iv a t io n  a 
u tilis e r

llC Be 3H e ou  a

T| = 2 0 , 3 m in B p ou  d

C y,  3H e , a

N P

13N B 3H e ou  a

T i = 9 , 96 m in C p  ou  d

N y, 3H e, a

0 P

15o C a

T i  = 2 , 03 m in N d
2

O У

17f N a

T^ = 66  s 0 d

18f 0 p, t, 3H e, a

T^ = 109 , 7 m in F y,  p , d, a

chargées ou photons y est très longue. Cependant, le plus souvent, on se 
sert de ces derniers pour doser les éléments légers consignés dans les  
tableaux I et II.

Dans ces deux tableaux, l'utilisation des tritons comme moyen 
d'activation n'apparaît que pour le dosage de l'oxygène. Or il est fort 
probable que ce type de particules conviendra pour déterminer de nombreux 
autres éléments. Mais actuellement, peu d'accélérateurs sont conçus pour 
fournir des faisceaux intenses d'énergie supérieure à 5 MeV. Cependant, 
il serait intéressant dans le cadre d'une compilation de constantes nucléaires  
pour l'analyse par activation de prendre en considération les tritons dans 
la gamme d'énergie indiquée. En effet, on peut prévoir que dans l'avenir,  
certaines machines soient spécialement adaptées pour accélérer ces  
particules, d'autant plus que, sur le plan de l'analyse par activation, leurs  
possibilités semblent très  prometteuses.

On peut trouver dans la littérature de nombreuses compilations de 
constantes nucléaires dont certaines rendent de très grands services  
aux spécialistes de l'analyse par activation.

Notamment, les tables des énergies seuils publiées par Howerton et 
coll. [1 0 ] se rapportant à des réactions de type (x, n), (x, 2 n), (x,p), (x, np), 
(x,d), (x,nd), (x,t), (x,nt), (x, 3He), (x, n3He), (x,o-), (x, na) induites par 
des photons 7 , des protons, des deutons, des tritons, des hélions-3 et 
des particules a.
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T A B L E A U  II. A U TR ES RADIOELEM ENTS POUVANT P R ESEN T ER  UN 
IN TE R ET A N ALY TIQ U E , NOTAM MENT POUR DOSER Li, Be, B, 180,  
F  E T  S

R a d io é lé m e n t
E lém ents pou vant ê tre  

dosés par son in te r m é d ia ire
M o y e n  d ’ a c t iv a t io n  

à u tilis e r

6 H e

= 0 , 802  s

Li У

8Li

T j  = 0 , 8 84  s
Be У

9 Li

T j  = 0 ,1 7 6  s
B y

7 Be Li p  ou  d

T j  = 5 3 ,4  j B p o u  d

” N 18o У

T * = 4 - 2 s F y

“ C l

= 32  m in

S p ou  d

En ce qui concerne les réactions photonucléaires, Hunt et coll. [11] 
ont réuni dans un rapport les fonctions d'excitation publiées dans la 
littérature. Bien que relativement ancien et incomplet, ce document 
s'avère cependant souvent utile.

On peut citer également la table des parcours et des pouvoirs de 
ralentissement des particules chargées de Williamson et coll. [12] dont 
on se sert couramment.

Il existe de nombreuses autres compilations, m ais le plus souvent, 
les informations qu'elles contiennent sont d'une utilisation moins immédiate 
que les précédentes.

P a r  exemple, on peut mentionner celles de F u lle r  et coll. [13] pour 
les réactions photonucléaires, McGowan et coll. [14] pour les particules 
chargées, dans lesquelles on trouve les références relatives aux réactions  
nucléaires déjà étudiées. Ces documents sont très complets et fort 
intéressants, notamment lors de l'étude et de la mise au point de nouvelles 
méthodes. En effet, connaissant a priori les réactions nucléaires dont il 
faut tenir compte, elles permettent de retrouver les résultats expérimentaux 
déjà publiés à leur sujet.

5. COMPILATIONS PA R TICU LIER ES DESTINEES D IR ECT EM E N T  A
L 'A N A LY S E  PAR  ACTIVA TIO N

E lles  devraient constituer le document de base des spécialistes de 
l'analyse par activation ou des analystes en général, dans lequel doivent
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figurer en clair  toutes les informations indispensables à connaître lorsque  
l'on se propose de déterminer un élément dans un milieu donné.

En particulier, à notre avis, elles devraient comporter pour chaque 
élément:

a) Les moyens d'activation utilisables pour le doser: les réactions  
nucléaires les plus intéressantes, leur énergie seuil et les fonctions 
d'excitation correspondantes.

b) Les limites de détection en fonction de l'énergie des particules  
choisies, pour une intensité de faisceau de référence: par exemple,
10 ц А  pour les particules chargées et 100 ц А  moyen pour le faisceau  
d'électrons générateurs de photons 7  de freinage. A vec les particules  
chargées, la limite de détection dépendant du milieu analysé on pourra 
adopter comme matériau de référence l'aluminium, comme on l'a  déjà 
proposé par ailleurs [2, 15]. Les limites de détection pour les autres 
matériaux s'en déduisent d'une manière très simple en tenant compte des 
parcours efficabes. Pour les photons 7  il sera important de préciser la 
nature de la cible de conversion utilisée, son épaisseur, le diamètre 
du faisceau d'électrons, celui de l'échantillon et surtout la distance de ce 
dernier à la cible. En ce qui concerne ces paramètres on pourrait définir 
des valeurs standards.

c) L es éléments pouvant interférer par réactions nucléaires  
compétitives: leur énergie seuil, leur fonction d'excitation et, en fonction 
de l'énergie des projectiles incidents, l'importance relative de l'interférence  
qu'elles entraînent.

Il s'agirait là, naturellement, d'une compilation hautement spécialisée,  
m ais qui, compte tenu du développement que connaît actuellement l'analyse  
par activation aux particules chargée et photons 7 , nous semble justifiée.

Pour déterminer les limites de détection comme l'importance relative  
des réactions nucléaires compétitives, on peut procéder de plusieurs façons:

a) Si les  fonctions d'excitation des réactions nucléaires considérées  
sont connues, on peut calculer les sections efficaces moyennes 5 dans le 
cas des particules chargées et les coefficients kE pour les  photons 7 .
Même si l'on ne peut connaître qu'une valeur approchée de ces deux grandeurs, 
cela serait déjà intéressant. En se servant respectivement des relations (4) 
et (1 2 ) on obtient les limites de détection en définissant l 'activité minimale 
correspondante et on peut estim er l'importance des interférences.

b) Un moyen plus direct consiste à déterminer les courbes d'activation  
des éléments auxquels on s'intéresse. E lle s  représentent en fonction de 
l'énergie et pour une intensité de faisceau donnée, l'activité induite dans 
ces derniers. Dans le cas de l'activation par photons 7  on la rapporte à 
l'unité de m asse d'élément. Pour les particules chargées il  est commode 
de la relier à l'unité de teneur massique, par exemple 1 ng  ■ g "1 , de 
l'élément dans un milieu de référence donné.

En fait, ce sont de telles courbes d'activation qui sont le plus directe
ment exploitables par les analystes. Elles  permettent d'atteindre d'une 
façon immédiate les sensibilités de détection ainsi que l'importance relative  
des interférences, en fonction de l ’ énergie.

En ce qui concerne plus spécialement les éléments légers Be, В, C,
N, O et F  on pourra trouver des compilations de courbes d'activation, de 
courbes représentant la variation de l'importance relative des interférences  
ainsi que des tableaux donnant les sensibilités de détection d'une part, les  
quantités ou les teneurs des éléments qui par réactions nucléaires



IAE A-SM -17 0 /66 471

compétitives entraînent une erreur analytique par excès de 10 0 %, d'autre 
part, dans [2, 7, 15, 16] pour les particules chargées p, d, 3He, a,  et dans 
[2-4] pour les photons y  de freinage.

Krasnov et coll. [17] ont également déterminé un très grand nombre 
de courbes d'activation relatives aux éléments à partir desquels on peut 
obtenir les radioéléments UC, 13N, 1SF ,  par activation aux p, d, 3He, et a.

Depuis quelques années on voit apparaître de plus en plus, dans la 
littérature spécialisée, des publications avec de telles courbes qui 
s'avèrent d'une utilisation particulièrement simple et agréable.

CONCLUSION

Sur le plan de l'analyse par activation aux particules chargées ou 
photons y,  il est clair que la compilation idéale serait constituée d'une 
part par les courbes d'activation des éléments, telles que no  us les avons 
définies, en y ajoutant les réactions nucléaires ainsi que leurs énergies  
seuils, et d'autre part par des tableaux contenant les sensibilités de 
détection, pour une intensité de faisceau donnée, ainsi que les éléments  
pouvant interférer et l'importance relative de l 'erreur analytique qu'ils 
introduisent, en fonction de l'énergie.

On pourra adopter, pour les particules chargées, un milieu de référence  
arbitraire; on avait proposé l'aluminium [2, 15], mais tout autre matériau  
pourrait convenir. Pour les photons y,  des conditions expérimentales  
standards peuvent être parfaitement bien défininies, de sorte que les  
informations les concernant soient effectivement exploitables quel que 
soit l 'accélérateur employé, et cela sans ambiguité.

A  défaut d'une telle compilation à caractère très pratique, un recueil  
contenant les réactions nucléaires utilisables et celles dont il faut tenir 
compte par suite des interférences qu'elles pourraient engendrer, ainsi  
que leurs énergies seuils et les fonctions correspondantes, rendrait déjà 
de très grands services. Des tableaux d'excitation donnant les valeurs  
des sections efficaces moyennes ct des réactions nucléaires par particules  
chargées ainsi que les coefficients d'étalonnage kE pour les photons y, 
en fonction de l'énergie, compléteraient très utilement les données 
précédentes. Le calcul des coefficients kg semblant particulièrement  
complexe, ceu x-ci pourraient à la rigueur être remplacés, bien que 
pratiquement elles soient beaucoup moins intéressantes, par les sections  
efficaces intégrées T. = / cte dE des réactions photonuc.léaires, qui permettent 
en effet d'apprécier d'une manière approximative l'importance de 
l'activation d'un élément, notamment par comparaison avec un autre.

Comme on l'a  déjà indiqué, de telles compilations sont largement  
justifiées compte tenu du développement que connaissent actuellement  
les méthodes d'analyse par activation aux particules chargées ou photons y.

E lle s  pourraient constituer le document de travail indispensable aux 
analystes, au même titre que les catalogues de spectres y,  de sections 
efficaces des réactions nucléaires par neutrons thermiques, etc.

Dans tous les cas, elles faciliteraient la tâche en évitant des pertes  
de temps souvent considérables par suite des tâtonnements préliminaires  
fréquemment imposés par l'absence d'informations précises, et surtout 
les erreurs analytiques consécutives à un mauvais choix des conditions 
expérimentales d'activation.
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On s 'e s t  surtout préoccupé des élém ents lé g e rs . M ais le s  particu les  
ch argées ou le s  photons y s 'av èren t égalem ent des m oyens d 'activation  
trè s  in téressan ts pour d o ser  d 'au tres élém en ts. L es com pilations  
précédentes ne doivent donc pas être lim ité e s  aux seuls élém ents lé g e rs  
m a is  se rapporter à tous ceux pour lesq u els ces  m éthodes analytiques  
sont effectivem ent u tilisa b les.
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D I S C U S S I O N

W. B .  LEWIS: Would not your techniques also be very appropriate 
for analysing for the minor isotopes among the light elements, for example,
13 С ?

Ch. ENGELMANN: They would, of course. In fact, they can sometimes  
be used for this purpose by taking advantage of the specific features of  the 
reaction.

Z . SUJKOWSKI: You mention in your paper that it is easy to define 
standard conditions for photoactivation and you propose quoting the electron 
current. I wonder, however, whether this will give you a unique determi
nation of the irradiation conditions. The photon flux, which you are ultimately 
interested in, will in general depend on the geometry used, electron target, 
etc. Perhaps it would be better to quote the photon flux at the irradiated  
target and the maximum photon energy. I have one other comment: it 
would be very useful if standards (standard reactions) for measuring photon 
flux were worked out, as has been done in the case, for example, of (n, 7 ) 
activation.

Ch. ENGELMANN: I agree with you but unfortunately there is a difficulty, 
namely, the fact that the photon spectrum is continuous. In my opinion, 
accurate measurements of a continuous photon spectrum for use as analysis  
standards is not a very convenient solution. F o r example, if there is a 
variation in your spectral distribution, you may have a very considerable  
variation in your activation and there is no certainty whatever that your 
equipment for measuring gamma photon flux will be able to include this 
or make you aware of it. It is for these reasons that we prefer to measure  
the intensity and energy of the electron beams, which we consider to be 
more tangible param eters. Moreover, it is these parameters which govern  
the shape of the spectrum and the intensity of gamma flux in the region 
of interest.
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NUCLEAR REACTIONS INDUCED BY 
FAST PARTICLES 
Accuracy of the calculated activities
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Institute for Radiochemistry,
Nuclear Research Centre, Karlsruhe,
Federal Republic o f Germany

Abstract

NU CLEAR REA CTIO N S INDUCED B Y  F A S T  PARTICLES: A C C U R A C Y  OF THE C A L C U L A TE D  A C T IV IT IE S .
M any  a p p lic a t io n s  and ca lc u la t io n s  in  a c t iv a t io n  analysis a re  using th e  e x c it a t io n  fu n c tio n s  fo r  the 

n u c le a r  re a ct io n s  p u b lish ed  in  th e  lite ra tu re  or o b ta in e d  fro m  th e  sy ste m a tic s . In g e n e ra l, i t  is  very 
d i f f ic u l t  to  ju d g e  th e  a c c u r a c y  o f  the in d iv id u a l v a lu e  o b ta in e d  in  such  ca lc u la t io n s . T h e re fo r e , an 
e s t im a t io n  w as m a d e  o f  th e  a c c u r a c y  that c a n  b e  e x p e c te d .  T h is  w as d o n e  b y  c a lc u la t in g  th e  a c t iv ity  
p ro d u ce d  in  th ic k  targets using th e  e x c i t a t io n  fu n c tio n s  fo r  a g iv e n  n u c le a r  r e a c t io n  pu b lish ed  b y  d iffe re n t  
authors. T h e  resu lts a re  d iscussed  w ith  regard  to  the errors o f  e x c i t a t io n  fu n c tio n s  stated  in  the p u b lica t io n s .

In th o se  ca ses  w h ere  n o  e x p e r im e n ta l e x c i t a t io n  fu n c tio n s  are a v a ila b le  o n e  has to  resort to  the 
es t im a te d  v a lu e s  b ased  o n  the sy ste m a tic s . T o  g a in  an im p ression  o f  th e  errors e x p e c te d  fo r  th e  a c t iv it ie s  
o b ta in e d  w ith  th e  a id  o f  such  v a lu es  s e v e ra l ca lc u la t io n s  w e re  m a d e  and co m p a r e d  w ith  a v a ila b le  e x p e r im e n ta l 
da ta .

T h ese  ca lc u la t io n s  w e re  d o n e  fo r  n u c le a r  re a ct io n s  in d u ce d  b y  ch a rg e d  p a r t ic le s  and fast neutrons.

F or many applications, such as the calculation of the sensitivities  
or detection limits of activation analysis, excitation functions for nuclear 
reactions are necessary. These excitation functions were normally ob
tained from the literature or from systematics. In general, it is very  
difficult to judge their accuracy. Therefore, the expected uncertainty  
of the excitation functions was estimated.

F o r  charged particles, this estimation was done by calculating the 
activity which would be produced in a thick target, by using the excita
tion functions for a given nuclear reaction published by different authors. 
The mean value was calculated and compared with the individual values.

The drawback of this procedure is, of course, that the mean value 
is treated as the true one. But, in our opinion, this is the only method 
of obtaining at least an approximation for the accuracy of the excitation 
functions given.

As examples, the (a , xn) and (p, xn) reactions were chosen. A ll  
reactions of this type were used, where two or even more excitation 
functions are listed in the extensive compilations of excitation functions 
for charged-particle reactions [1 ].

The distribution of the deviations from the mean values is shown in 
the histogram of F i g . l .  To gain an impression of the probability that the 
deviation is less than a given value, the histogram has been integrated. 
The upper part of F ig . l  contains the results. It is, for example, shown 
that in 70% of the cases considered the deviations are less than 20%.
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deviation in percent

FIG . 1 . F req u en cy  d istr ib u tio n  o f  d e v ia t io n s  o f  the t h ic k -ta r g e t  y ie ld s  fr o m  th e  m e a n  v a lu e  for 
c h a r g e d -p a r t ic le  re a ctio n s . T h e  upper part show s the in te g ra tio n  o f  th e  h is to gra m .

In this evaluation of the data, one has to note that in the cases where 
excitation functions were determined twice or even more times, the 
authors normally did know the result of the foregoing work and their own 
values were probably checked carefully if deviations occurred. T h ere
fore, in one or another case where only a single excitation function is 
known, the accuracy is possibly not so good as could be expected from 
F i g . l .

Furthermore, it is interesting to know whether the deviations are 
within the limits of error of the experimental data. Unfortunately, no 
errors are given explicitly for excitation functions. But as an approxima
tion, the errors stated for the cross-sections can be used for this 
comparison.

The ratio of the percentage deviation from the mean value to the 
e rrors stated in the publications was calculated. The distribution of 
these values is shown in the lower part of F i g .2. The integration of the 
histogram in the upper part of the same figure shows that only 60% of 
the deviations obtained are smaller than the deviations expected from the 
errors given in the publications.

In the cases where no experimental excitation functions are available,  
one has to resort to estimated values based on the systematics. To get 
an impression of the uncertainty of these estimated excitation functions, 
the thick target yields were calculated and compared with the mean value 
of the experimental data used before.
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FIG. 2 . F req u en cy  d istr ib u tion  o f  th e  ra t io  Rg fo r  c h a r g e d -p a r t ic le  re a ctio n s . R£ is  the ra tio  o f  the 
in d iv id u a l d e v ia t io n s  o f  c a lc u la t e d  t h ic k -ta r g e t  y ie ld s  fr o m  th e  m e a n  t o  th e  errors stated  in  th e  p u b lica t io n s . 
H ie  u p per pa rt show s the in te g ra tio n  o f  th e  h isto gra m . N o te : T h e  a bscissa  is d iv id e d  in to  0 .1  steps up to  
1 . 0 and a b o v e  b y  th e  co r re sp o n d in g  r e c ip r o c a l  va lu es.
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FIG . 3 . F req u en cy  d istr ib u tion  o f  th e  ra t io  Rg o f  th ic k -t a r g e t  y ie ld s  o b ta in e d  by  sy ste m a tics  to  e x p e r im e n ta l 
m e a n  va lu es  fo r  c h a r g e d -p a r t i c le  re a ctio n s . T h e  upper pa rt show s the c o m m o n  in te g ra tio n  o f  the fre q u e n cy  
fo r  fa c to rs  a b o v e  1 .0  and the co r re sp o n d in g  re c ip r o c a ls , r e s p e c t iv e ly .  N o te : T h e  abscissa  is  d iv id e d  in to
0 . 1  steps up to  1 . 0 and a b o v e  b y  th e  corresp on d in g  r e c ip r o c a l  va lu es .
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deviation in percent

FIG . 4 . F req u en cy  d istr ib u tion  o f  d e v ia tio n s  o f  th e  t h ic k -ta r g e t  y ie ld s  fr o m  the m e a n  v a lu e  fo r  1 4  M e V - 
neutrons. T h e  upper part show s th e  in te g ra tio n  o f  th e  h istogram .

This comparison was performed with the systematics developed in 
our laboratory [2]. The distribution of deviations is shown in the histo
gram of Fig.3. In the upper part, the probability that deviations are less  
than a certain factor and less than its reciprocal value, respectively, is 
given. This probability was obtained by simply integrating the c o r r e s
ponding frequencies of the histogram. It is shown that in 50% of the cases  
the deviations for the excitation functions obtained by systematics are 
sm aller than a factor of 1.25 and in 90% of the cases are smaller than a 
factor of 2. One extreme deviation occurs in the case of 54Fe (a,  2n)56Ni 
where 56Ni is a doubly magic nuclide.

Estimations sim ilar to those for charged particles were carried out 
for 14-M eV neutrons. From  the cross-section s published by different 
authors, the mean value was calculated for a given reaction. To judge 
the accuracy of the experimentally obtained cross-section s, they were  
compared with the mean value. As examples, the (n, 2n)-reactions were  
chosen. The distribution of the deviations of the individual values from 
the mean value is shown in F ig .4. To obtain the probability that the 
deviations from the mean are less than a given value, the histogram  
was integrated, as is shown in the upper part of F ig .4. There, one can 
see that in 80% of the cases the deviations between the mean values and 
the individual experimental data are less than 20%.
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FIG. 5. F req u en cy  d istr ib u tion  o f  the ra tio  Re for  1 4 -M e V  neutrons. R£  is the ra tio  o f  th e  in d iv id u a l 
d e v ia t io n s  o f  c a lc u la t e d  t h ic k -ta r g e t  y ie ld s  fr o m  the m e a n  to  the errors sta ted  in  th e  p u b lica t io n s . The 
upper part show s th e  in te g ra tio n  o f  th e  h isto gra m . N o te : T h e  abscissa  is d iv id e d  in to  0 .1  steps up to
1 . 0 and a b o v e  by  th e  corre sp o n d in g  r e c ip r o c a l  va lues.
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FIG . 6 . F req u en cy  d istr ib u tion  o f  th e  ra tio  R s  o f  t h ic k -ta r g e t  y ie ld s  o b ta in e d  by  sy ste m a tics  t o  e x p e r im e n ta l 
m e a n  v a lu e s  fo r  14  M e V  neutron s. T h e  upper part show s th e  c o m m o n  in te g ra tio n  o f  th e  fr e q u e n cy  for 
fa cto rs  a b o v e  1. 0 and th e  corre sp o n d in g  re c ip r o c a ls , r e s p e c t iv e ly .  N o te : T h e  abscissa  is d iv id e d  in to  
0 . 1  steps up to  1 . 0 and a b o v e  b y  th e  corre sp o n d in g  r e c ip r o c a l  va lu es .
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A comparison of the errors stated in the publications with the devia
tions of the individual values is shown in F i g .5. The curve is very similar  
to that found for charged-particle reactions. Again, only in 60% of the 
cases, the deviations are within the errors stated by the authors.

The calculated (n, 2n) cross-sections of Pearlstein [3] were com
pared with the experimental mean value. The result is shown in F ig . 6 .
The comparison shows that more than 70% of the deviations are smaller  
than a factor of 1.25 and all values are better than a factor of 2.

Thick-target yields for fast neutrons could not be calculated in the 
same way as was done for charged particles, because of the lack of ex
perimental data. Systematics of excitation functions for (n, 2n) reactions 
were developed by Krivan and Münzel [4]. They showed that, with one 
exception, the agreement with experimental data was better than 25%.
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Abstract-Résumé

NEED FOR NUCLEAR DATA  IN ACTIVATION  ANALYSIS USING CHARGED PARTICLES OF INTERMEDIATE 

ENERGY.

After a brief survey of the research work done by the group dealing with the application of nuclear 

reactions to chemical analysis (Saclay), the authors indicate the nuclear data needed in activation analysis 

using charged particles of intermediate energy. They show that often these data are not sufficient and 

sometimes even missing, and that there is a real need for both experimental work and data compilation 

and evaluation in this field of research.

LES BESOINS EN DONNEES NUCLEAIRES DANS LE DOMAINE DE L'ANALYSE PAR ACTIVATION AVEC LES 

PARTICULES CHARGEES DE MOYENNE ENERGIE.

Après avoir brièvement rappelé les études effectuées parleGrouped'application des réactions nucléaires 

à l'analyse chimique (Saclay), les auteurs indiquent quelles sont les données nucléaires dont on a besoin dans 

le domaine de l'analyse par activation avec les particules chargées de moyenne énergie. Ils montrent que 

ces données sont souvent insuffisantes, parfois inexistantes, et qu'il existe un réel besoin, a' la fois de 

travail expérimental et de travail de compilation et d'évaluation de données dans ce secteur de recherche.

E X PO SE  DES R E CH ER CH ES DU GARNAC

L e grou pe d 'a p p lica tio n  d es  ré a c tio n s  n u c lé a ire s  à l 'a n a ly se  ch im iqu e 
u tilis e  le s  t r o is  types de p a rt icu le s  h abitu els: n eu tron s, photons et 
p a r t icu le s  ch a rg é e s . C e s  d e r n iè re s  sont c e l le s  que nous u tilison s  le  plus 
et nous ne p a r le r o n s  pas d es p ro b lè m e s  re la t ifs  aux a u tres . N os 
r e c h e r c h e s  ont deux buts prin cip au x :
— l 'é la b o r a t io n  de n o u v e lles  m éth od es ou p o s s ib ilit é s  d 'a ctiv a tio n
-  l 'u t ilisa t io n  de m éth od es  d é jà  con n u es, ou de m éth od es à l 'e s s a i ,  pou r  

r é so u d re  d es p r o b lè m e s  c o n c re ts .
L e s  c h e r ch e u rs  qui tra v a illen t en an a lyse  par a ctiva tion  av ec  le s  

p a r t icu le s  ch a rg é e s  se  sont su rtou t attach és à d o s e r  le s  é lém en ts  lé g e r s  
(B e , B , C , N, O , F ) et ont n ég ligé  le s  é lém en ts  de n um éro  atom ique 
Z  > 20 , à l 'e x c e p t io n  de q u e lq u es -u n s [ 1]. L e s  seu ls  r a d io iso to p e s  
u t ilis é s  éta ien t b ien  connus (^ C , 13N, 18F , 150 ,  é m etteu rs  j3+ pu rs) et p ou r 
le s  d o sa g e s  on u tilisa it  dans la  m a jo r ité  d es ca s  d e s  éta lon s de m êm e  
nature que le s  im p u retés  à a n a ly se r . Enfin , d es sép a ra tion s  ch im iqu es 
éta ien t le  p lu s sou vent e ffe c tu é e s . D ans le  ca s  des é lém en ts  p lu s lo u rd s  
c ité s  c i -d e s s u s  [ 1], i l  n 'y  a en  fa it ja m a is  eu beaucou p  de d osa g es  
r é e lle m e n t e ffe ctu é s  et dans le s  c a s  où il y  a v ra im en t eu une ap p lica tion ,
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i l  s 'e s t  to u jo u rs  a g i du d osage  d 'un  seu l é lém en t à la  fo is ,  gén éra lem en t 
a v ec  sép a ra tion  ch im iqu e a p rè s  irra d ia tion . Il n 'y  avait donc pas de 
d ifficu lté  du poin t de vue d es données n u c lé a ire s . A ctu e llem en t, pou r  nous, 
le  p ro b lè m e  e s t  com p lè tem en t d iffé ren t pu isque nous m etton s au point 
l 'a n a ly s e  non d e s tru ctiv e  d 'un  grand n om bre  d 'é lé m e n ts  à la  fo is ,  à 
l 'e x c lu s io n  des é lém en ts  lé g e rs .

N ous avon s ju s q u 'ic i  u tilisé  seu lem ent le s  p ro to n s ; c e s  p a rt icu le s  
sem b len t ê tre  le s  p lu s in té re ssa n te s  et p erm etten t de d o s e r  en an alyse 
non d e s tru ctiv e  sans in te r fé re n c e s  une cinquantaine d 'é lé m e n ts  dans une 
qu inzaine de m a tr ic e s  d iffé re n te s  [2 ].

DONNEES N U C LEA IRES N ECESSAIRES PO U R L 'A N A L Y S E

N ous avon s re s s e n ti le  m anque de don nées n u c lé a ire s  en  c e  qui 
c o n c e rn e  a u ss i b ien  l 'a n a ly s e  qu alita tive  que l 'a n a ly se  quantitative. P ou r 
l 'a n a ly s e  qu a lita tive , le s  don nées n é c e s s a ir e s  sont le s  p é r io d e s  ra d io a ct iv e s  
et le s  s ch é m a s  de d és in tégra tion ; p ou r  l 'a n a ly s e  quantitative nous avon s 
b e s o in  en outre des taux de p rod u ction  (se c t io n s  e f f ic a c e s  in té g ré e s ). On 
peut d ire  que s i  tou tes c e s  données sont a s s e z  b ien  conn ues p ou r la 
m a jo r ité  des r a d io iso to p e s  u t ilis é s  en a ctiva tion  neutron iqu e, i l  n 'en  est 
pas de m ê m e  p ou r le s  ra d io iso to p e s  obtenus sp écia lem en t p a r  activa tion  
au m oy en  de p a rt icu le s  ch a rg é e s . C e s  is o to p e s  n é ce ss ite n t pou r leu r  
p ro d u ctio n  un a c c é lé r a te u r  de p a rt icu le s  et co m m e  c e s  m a ch in es  sont plus 
r a r e s  que le s  r é a c te u r s , i l  e st  p rob a b le  que c 'e s t  p ou r ce tte  r a is o n  q u 'il  
e x is te  p ou r  eux m o in s  de don nées ou d e s  données qui ne sont pas a u ss i 
r é ce n te s  ni a u ss i p r é c is e s  que c e l le s  qui sont r e la t iv e s  aux produ its  
d 'a c t iv a t io n  neutron ique.

L 'A N A L Y S E  Q U A L IT A T IV E

P o u r  cette  an a lyse , qui e st  r é a lis é e  par s p e c tro m é tr ie  y  a v e c  un 
d é te cte u r  G e (L i), l 'e x p é r im e n ta te u r  a b e s o in  de con n a ître  a v ec  une 
p r é c is io n  qui e s t  fo n ct io n  de la  r é so lu tio n  de son  en sem b le  d ’ an a lyse , 
le s  v a le u rs  d es é n e rg ie s  y  d es r a d io iso to p e s  q u 'il  a p rod u its ; c e c i  n 'e s t  
d 'a i l le u r s  pa s su ffisan t et i l  faut con n aître  a u ss i le s  ra p p o rts  d 'é m is s io n  
de c e s  rayon n em en ts et fa ir e  p ou r p lu s de sû reté  p lu s ie u rs  m e s u r e s  su r 
un m ê m e  éch a n tillon  p ou r o p é r e r  une sé le c t io n  g râ ce  aux p é r io d e s  ra d io a c t iv e s

L e s  p e rso n n e s  qui tra v a illen t en a ctiva tion  neutron ique savent co m b ie n
il  e st  pén ib le  d 'o p é r e r  m an u ellem en t ce  tra v a il de d é tective  qui c o n s is te  
à id e n t ifie r  le s  r a d io is o to p e s ; le s  ca lcu la te u rs  é le c tro n iq u e s  nous p erm etten t 
m aintenant d 'e f fe c t u e r  c e  tra v a il autom atiquem ent à la  con d ition  de d is p o s e r  
d 'e n s e m b le s  de don nées co h é re n te s  en tre  e lle s .  C ette d e r n iè re  con d ition  
peut ê tre  c o n s id é r é e  co m m e  à peu p r è s  r é a lis é e  en activa tion  neutron ique; 
en activa tion  a v e c  le s  p a rt icu le s  ch a rg é e s , le  g ro s  du tra v a il e st à fa ire .
E n e ffe t, m ê m e  en adm ettant que l 'o n  se  s a t is fa s s e , p ou r  une analyse 
q u a lita tive , d e s  s ch é m a s  de d és in tégra tion  et d e s  p é r io d e s  ra d io a ct iv e s  
p u b liés  à c e  jo u r , i l  n 'e x is te  c o m m e  données u tilisa b le s  en ce  qui co n ce rn e  
le s  é n e rg ie s  que c e l le s  qui sont r e la t iv e s  aux ra d io iso to p e s  fo r m é s  à la



IAEA - S M - 1 7 0 /6 8 485

f o is  p a r  r é a c t io n s  (n, 7 ), (n, a) ou (n, 2n) et p a r  ré a ctio n s  a v e c  le s  p a rt icu le s  
c h a rg é e s ; i l  y  a a u ss i qu elqu es ra p p o rts  de C line  et Heath su r  le s  is o to p e s  
d é fic ie n ts  en n eu tron s [3].

B eau cou p  d es is o to p e s  com m u n s aux r é a c tio n s  a v ec  le s  neutrons 
((n , 7 ) p a r  e x em p le ) et aux r é a c tio n s  a v ec  le s  p a rt icu le s  ch a rg é e s  ((D ,p ) 
p a r  ex em p le ) ne sont pas u tilisa b le s  en an a lyse  par a ctiva tion  a v e c  des 
p a rt icu le s  ch a rg é e s , à cau se  de n o m b re u se s  in te r fé re n c e s , s i b ien  que 
nous d isp o so n s  à l 'h e u re  a ctu e lle  des s p e c tre s  7 d 'e n v ir o n  50 ra d io iso to p e s  
a lo r s  q u 'i l  y  a e n v iron  200 ra d io iso to p e s  u tilisa b le s ?

P o u r  en te r m in e r  a v ec  l 'a n a ly s e  qu a lita tive , i l  nous sem b le  im portan t 
de so u lig n e r  que, la  nature et le s  se c t io n s  e f f ic a c e s  des r é a c t io n s  n u c lé a ire s  
varian t a v ec  l 'é n e r g ie  d es p a rt icu le s , i l  e x is te  donc p ou r chaque é lém en t 
n atu rel ir ra d ié  av ec  une p a rticu le  donnée un n om bre  ill im ité  de s p e c tre s  
7 d iffé re n ts . (Ce p ro b lè m e  e x is te  à un d e g ré  b ien  m oin d re  en a ctiva tion  
a v e c  le s  n eutron s de r é a c te u r . ) L e s  ca ta log u es  de sp e c tre s  a c tu e ls  [4] 
s 'e f fo r c e n t  de p r é s e n te r  d es s p e c t r e s  de r a d io iso to p e s  pu rs , et non pas 
des s p e c tr e s  de l 'é lé m e n t  n atu rel ir r a d ié ; une ra is o n  en est que suivant 
le s  tem p s d 'ir ra d ia t io n  et de r e fro id is s e m e n t  il  y  a là  a u ss i un n om bre  
i ll im ité  de sp e c tre s .

N ous pen son s cependant q u 'il  s e ra it  utile de d is p o s e r , en  a ctiva tion  
a v e c  le s  p a rt icu le s  ch a rg é e s , de s p e c tre s  d 'é lé m e n ts  ir r a d ié s  à 
d iffé re n te s  é n e rg ie s  c h o is ie s  en fo n ctio n  des se u ils  de ré a ctio n .

L 'A N A L Y S E  Q U A N T IT A T IV E

P o u r  le  d osag e  sim u ltané de n om breu x  é lém en ts  dans un m êm e 
éch a n tillon , nous nous trou von s dans la  m êm e situ ation  qu 'en  analyse 
neutron ique u tilisan t la  m éthod e du m on ostan dard . En e ffe t , nous ne 
pou von s pas ir r a d ie r  sim u ltaném ent un éta lon  de chaque é lém en t r e ch e rc h é , 
et l 'é ch a n tillo n ; nous ir ra d io n s  un m on iteu r  de flux et un éch a n tillon , ou 
b ien  l 'é ch a n tillo n  seu l, et nous m e s u ro n s  a lo r s  le  n om bre  de m i c r o 
co u lo m b s  r e çu s . Il e s t  n é c e s s a ir e  de m e s u r e r  le s  a c t iv ité s  sp é cifiq u e s  
obtenu es à p a rt ir  d 'é ta lo n s  des é lém en ts  à d o s e r , en  fon ction  de l 'a c t iv ité  
du m on iteu r  du flux. N ous n 'a von s en p r in cip e  pas b e s o in  de conn aître  
le s  s e c t io n s  e f f ic a c e s  d es r é a c tio n s  u t ilis é e s , nous tra v a illo n s  r e la t iv e 
m ent à un co m p a ra te u r  unique. P a r  co n tre , nous avon s b e s o in  de con n aître  
le s  p é r io d e s  d es r a d io iso to p e s  p rod u its  et le s  s ch é m a s de d és in tégra tion  
de fa ço n  à e ffe c tu e r  le s  c o r r e c t io n s  p ou r le s  tem ps d 'ir ra d ia t io n  et de 
d é c r o is s a n c e  a in s i que p ou r le s  p ro b lè m e s  de filia t io n . L e s  don nées dont 
il  e s t  qu estion  ont été  c o m p ilé e s  [5] m a is  il  y a souvent des é c a r ts  qui 
nous la iss e n t p e r p le x e s  quant à la  v a leu r  à c h o is ir .  Il est c la ir  que la 
p r é c is io n  de nos a n a ly ses  dépend de la p r é c is io n  su r  c e s  données et qu 'un 
g ro s  tra v a il r e s te  à fa ir e  dans ce  dom ain e.

N ous avon s dit q u 'il  éta it p o s s ib le  de s 'a ffr a n c h ir  de la con n a issa n ce  
d es se c t io n s  e f f ic a c e s .  En fa it, s i  nous vou lon s e ffe c tu e r  d es d osa g es  a u ss i 
p r é c is  que p o s s ib le , il ne nous faut pas u t i l is e r  le s  s e c t io n s  e f f ic a c e s

1 Ceci était vrai au moment où ce rapport a été écrit. Les auteurs signalent qu'un nouveau rapport 

par Heath d'avril 1973 contient beaucoup des informations en question.
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p u b lié e s , m a is  b ien  m e s u r e r  le s  taux de p rod u ction  re la tivem en t le s  uns 
aux a u tre s , à l 'é n e r g ie  c h o is ie . N éanm oin s, il est in téressa n t de con n aître  
c e s  se c t io n s  e f f ic a c e s  au m o in s  ap prox im a tivem en t, pou r le s  ré a c tio n s  
que l 'o n  n 'a  pas e n co re  é tu d iées  s o i -m ê m e  de fa ço n  à é v a lu er  la  p o s s ib ilité  
d 'un  d osa g e , et à e s t im e r  le s  n iveaux d 'a c t iv ité  obtenus à p a rt ir  d 'un 
éch a n tillon  ou la  v a leu r  d 'une in te r fé re n ce .

Q u 'il  nous so it p e r m is  de d ire  que le s  s e c t io n s  e f f ic a c e s  ont été 
m e s u r é e s  p a r  des p h y s ic ie n s  et ch im is te s  n u c lé a ire s  et que la  p lu part du 
tem p s, e l le s  sont in u tilisa b les  en a ctiva tion  (du m oin s  d irectem en t) p a rce  
que p r é se n té e s  p a r  ex em p le  sou s fo r m e  de se c t io n s  e f f ic a c e s  d if fé r e n t ie lle s  
(et non to ta le s ). Si nous con su lton s des co m p ila tio n s  ex ista n tes  [5 ], e lle s  
sont de n otre point de vue trop  tou ffu es, contenant de n o m b reu ses  in form ation s  
in u tiles , et in co m p lè te s  c a r  il m anque des r é a c tio n s  ou des é n e rg ie s  que 
n ous u tilison s .

Enfin , p ou r c lo r e  le  ch a p itre  de l 'a n a ly s e  quantitative, il nous sem b le  
u tile  de p a r le r  b r iè v e m e n t du p ro b lè m e  des p ro g ra m m e s  de tra item en t 
autom atique des s p e c tre s . Il ex iste  à l 'h e u re  a ctu e lle  d 'in n om b ra b les  
p r o g r a m m e s  é c r it s  so it  en F o r tra n  et u tilisé s  a v e c  de g ro s  ca lcu la te u rs , 
so it  en a s se m b le u r  et u t il is é s  surtout a v ec  de p etits  ca lcu la te u rs  du genre 
du P D P . 9.

Sans ê tre  s p é c ia lis te s , nous pouvons nous ren d re  com p te  du fa it que 
c e s  p ro g ra m m e s  ont d es p e r fo rm a n ce s  sem b la b les  su r ce rta in s  po in ts , 
m a is  que ce r ta in s  d 'e n tre  eux traitent m ieu x  le  p ro b lè m e  de l 'in té g ra tio n  
d e s  p ic s  et la  ré so lu tio n  des dou b lets, ou que d 'a u tre s  tra iten t m ieu x  le  
p ro b lè m e  d e s  p etits  p ic s . Il se ra it  souhaitab le  d 'é tu d ie r  le s  d iffé re n ts  
p r o g r a m m e s , d 'en  e x tr a ir e  le s  p a rtie s  in té re ssa n te s  et de le s  p ré se n te r  
dans un r e c u e i l  s p é c ia lis é .

CONCLUSION

C om m e toute autre d is c ip lin e  sc ien tifiq u e  en p lein  développ em en t, 
l 'a c t iv a t io n  a v ec  le s  p a rt icu le s  ch a rg é e s  de m oyenne én e rg ie  a b e so in  de 
con stan tes to u jo u rs  p lu s p r é c is e s  et d 'e n s e m b le s  de v a le u rs  b ien  conn ues 
le s  unes p a r  ra p p ort aux au tres  et que l 'o n  n 'u tilise  que dans cette  d is c ip lin e .

C om m e ty p es  de con stan tes  u tilis é e s  dans d 'a u tre s  d is c ip lin e s , nous 
pou von s c i t e r  le s  é n e rg ie s  y, le s  p é r io d e s  ra d io a c t iv e s  et le s  sch ém a s 
de d és in tégra tion ; il y  a un im portant tra v a il ex p érim en ta l à fa ir e  dans 
c e s  dom ain es. C om m e con stan tes q u 'i l  n 'e s t  pas n é c e s s a ir e  de con n aître  
a v e c  p r é c is io n , m a is  qui sont u tiles  p ou r fa ir e  d es évalu ation s avant une 
e x p é r ie n c e , nous pou von s c it e r  le s  se c t io n s  e f f ic a c e s  de réa ction é  
n u c lé a ire s ; à l 'h e u re  a ctu e lle  i l  est sans doute e n co re  va lab le  d 'e x tra ir e  
de l'abondan te lit té ra tu re  de physique n u clé a ire  le s  données u tilisa b le s  
en activa tion .

D 'u n  au tre c ô té , le s  v a le u rs  ou ren se ig n em en ts  u t ilis é s  s p é c if iq u e 
m ent en a ctiva tion  av ec  le s  p a rt icu le s  ch a rg é e s  sont d es sp e c tre s  y 
obtenus dans d es con d ition s  stan dards , d es p ro g ra m m e s  de c a lc u ls  et 
des taux globaux de p rod u ction . Une m e ille u re  con n a issa n ce  de tou tes 
c e s  con stan tes et don nées p e rm e ttra  de m e ttre  au point une an a lyse  par 
a ctiva tion  de p lu s en plus sû re  et p r é c is e ,  ce  qui e st  un des o b je c t ifs  que 
ch erch en t à r é a l is e r  toutes le s  m éth od es d 'a n a ly se .
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D I S C U S S I O N

W . B .  LEW IS: Y o u r  p ro b le m  o f  the n o n -d e s tru c tiv e  a n a lys is  o f  a la rg e  
n um ber o f  e lem en ts  p re se n t tog e th er  se e m s  to c a l l  fo r  m o r e  sop h is tica ted  
m ethods o f  d isp la y  fo r  o b se rv a t io n  — fo r  ex a m p le , m aintaining a continuous 
d isp la y  w hile the in ciden t p a r t ic le  en erg y  is  m ade to p a ss  o v e r  a th resh o ld  
can  r e v e a l that th resh o ld  in the p r e s e n ce  o f  a c o m p le x  back grou n d . D o you  
not a g re e ?

J . L .  D EBRUN: O ur p ro b le m  is  not the one to  w hich  you r e fe r .  We 
a re  not look in g  at g rou p s  o f  p a r t ic le s , w e a re  doing tr a c e  an a lyses by 
activa tion  and fo r  the c a s e s  o f  in te re s t  to  us no o th er  n u c lea r  m ethod  se e m s  
a p p lica b le .
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Abstract

A PROPOSED M ETHOD  FOR ASSAYING SULPHUR BY PROTON ACTIVATION  ANALYSIS USING A 

LOW-ENERGY ACCELERATOR.

A new method of proton activation analysis is proposed for assaying sulphur using the capture reaction 

32S(p,y)33Cl. The method involves short irradiations of a few seconds by a mechanically chopped beam 

from a low-energy Van-de-Graaff accelerator, coupled with the measurement of the residual positron 

activity of T ^  = 2. 52 s, resulting from the decay of 33C1. A  plastic scintillation detector was used for 

positron counting in conjunction with a multi-channel analyser operated in the multi-scaling mode with 

a dwell time of 40 ms per channel. The time for irradiation was 4 s and for counting was 10 s. The 

repeated irradiation-counting sequence was automatically controlled by a timer-relay unit which effects 

mechanical chopping of the beam. This activation reaction features a high-abundance target isotope (95%), 

and the method is highly selective since only the counts showing the correct half-life are included for the 

analysis.

This proposal is based on our detailed study (Phys. Rev. C5_ (1972) 1270) of the excitation function for 

this reaction in the bombarding-energy range 3. 3 to 5. 4 M eV, applying this technique and using the model 

C-N Van-de-Graaff Accelerator at Trombay. A  sensitivity of a few ßg/cm2 can be achieved by this 

method which is rapid and uses only a low-energy accelerator. This method can be fruitfully used in 

assaying sulphur in different materials, e. g. in petroleum products.

INTROD U CTION

A ctiv a tion  a n a lys is  u sin g  c h a rg e d -p a r t ic le  b e a m s  has been  ba sed  so  
fa r  on the m ea su rem en t o f  ra d io iso to p e s  w ith h a lf - l iv e s  ranging  in m ost 
c a s e s  fr o m  m inutes up to s e v e r a l  d a ys . Not m uch w ork  h as been  rep orted  
on  the a n a ly tica l exp lo ita tion  o f  n u c le a r  re a ctio n s  y ie ld in g  ra d ioa ctiv e  
s p e c ie s  w ith h a lf - l iv e s  o f  a few  se co n d s . Such an a p p roa ch  o f fe r s ,  h ow 
e v e r , s e v e r a l  advantages by  p rov id in g  fo r  rapid  and se n s itiv e  m ethods 
o f  a n a ly s is  in m a x im iz in g  the b u ild -u p  o f  the ra d io iso to p e  o f  in te re st 
c lo s e  to  sa tu ra tion  le v e ls .

T he d e term in a tion  o f  su lphur is  o f  g re a t im p orta n ce  in m e ta llu rg y , 
p e tro le u m  p ro d u c ts , e tc .  It i s ,  u n fortu nately , v e ry  d ifficu lt  to d e term in e  
the su lphur content by  a ctiva tion  a n a lys is  e ith e r  with th erm a l o r  fast 
n eu tron s b e ca u se  s e v e r a l  e lem en ts  in te r fe re  [ 1 , 2].

In th is p a p e r , it is  p r o p o se d  that the d eterm in a tion  o f  sulphur can 
be  done by  u sin g  the p ro ton  activa tion  a n a ly s is , w ith the help o f  the 
captu re  re a c tio n  32S (p ,y )33C1 (Q = 2.29 M eV ) with a r e la t iv e ly  lo w -e n e r g y  
a c c e le r a to r .  T h is  a ctiva tion  re a c tio n  fe a tu re s  (a) a ta rget iso to p e  o f  high 
abundance (95% ), and (b) a p rod u ct n uclide  w hich  e m its  h ig h -e n e rg y  
p o s itr o n s  (Eß+max. = 4.51 M eV) w ith a sh o rt h a lf - l i fe  o f  2 .52 s [3 ].

T h is  p r o p o s a l is  ba sed  on ou r  study [4] o f  the ex cita tion  fu nction  fo r  
th is r e a c tio n  up to a p ro to n  bom ba rd in g  e n e rg y  o f 5.4 M eV , u sin g  an 
activa tion  tech n ique.
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T hin  su lphur ta rg e ts  w ere  p rep a red  by  evaporatin g  natural antim ony 
su lph ide (Sb2S3) in vacuum  to a th ick n ess o f  about 300 j i g / c m 2 on to  a 
th ick  go ld  back in g . T h is  ta rg e t was m ounted at the cen tre  o f  a 5 -c m  
d ia m e te r  th in -w a lled  (0 .8  m m ) sta in less  s te e l ch a m b e r , cou p led  to the 
beam  tube. The ta rg et w as or ien ted  at 45° to the in com in g  proton  beam  
fr o m  the 5 .5 -M e V  m o d e l C -N  V a n -d e -G r a a ff  a c c e le r a to r  at the Bhabha 
A to m ic  R e s e a rch  C en tre at T ro m b a y . The beam  w as co llim a te d  to a 
s iz e  o f  5 m m  by  tantalum  a p e rtu re s . The beam  w as stopped  in the target 
back in g  and m on itored  by a cu rre n t in te g ra to r .

At 90° to the bea m , a ß -d e te c to r  c o n s is t in g  o f  a 1 0 -cm  d ia m eter  
X 2 .5 -c m  th ick  p la s t ic  s c in t il la to r  m ounted on a X P 1040 p h otom u ltip lier  
w as p la ce d  w ith its fron t fa ce  5 cm  fro m  the ta rg e t. T he p u lses  fr o m  this 
d e te c to r  co rre sp o n d in g  to  a p o s itro n  e n e rg y  above 500 k eV , s e le c te d  by 
su itab le  e le c t r o n ic s  w e re  fed  to a N u clea r -D a ta  4096 channel a n a lyser  
used  in m u lt i-s c a lin g  m ode with 40 m s dw ell tim e  p e r  channel. U sing a 
beam  o f  2 fj.A, the op era tin g  c y c le  (bom ba rd  the ta rget w ith the beam  fo r  
4 s and count the p o s itro n s  with the a n a ly se r  in the m u lt i-s c a lin g  m ode 
fo r  10 s) w as rep eated  until a fixed  am ount o f  ch a rge  fr o m  the beam  w as 
accu m u la ted  as m on itored  in the cu rre n t in te g ra to r . T he p e r io d ic a l 
chopp ing  o f  the beam  w as a cco m p lish e d  by a m e ch a n ica l beam  stop p er  
op era ted  by  an e le c tro m a g n e t. The ir ra d ia tio n -co u n tin g  seq u en ce  was

E X P E R I M E N T A L  D E T A I L S

FIG. 1. E x p er im en ta l se t -u p .
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TIME (sec)
FIG. 2. Time spectrum of the positron decay of 33C1 produced in the 32S(p, y)33Cl reaction. The solid 

line through the experimental points is the computer fit obtained for an exponentially decaying function 

with constant background.

co n tro lle d  a u tom a tica lly  w ith a t im e r -r e la y  unit, thus p rov id in g  fo r  the 
re p ro d u c ib ility  needed  to c a r r y  out re p e tit iv e  ir ra d ia tio n s  on the sam e 
sa m p le  and a ccu m u la tion  o f  the d e ca y  data fo r  a ch iev in g  b e tte r  counting 
s ta t is t ic s .  T he ta rg e t, d e te c to r  and counting set-up a re  show n in F ig . l .

RE SU LTS AND DISCUSSION

T he resu ltin g  tim e sp e ctru m  fro m  the p o s itro n  d e te c to r , in addition  
to a constan t ba ck grou n d , show ed the ex p ected  a ctiv ity  w ith a h a lf - l i fe  o f
2.52 s fr o m  the d e ca y  o f  33C1 p rod u ced  in the 32S (p, у )33С1 re a c tio n . 33C1 
d e ca y s  by  p o s itro n  e m is s io n  to  the ground state o f  33S with an en d -po in t 
e n e rg y  o f  4 .51 M eV . A n exam ple  o f  the d e ca y  data, r e c o r d e d  in about 
25 m in  w ith a bom ba rd in g  en erg y  o f  E p = 5.283 M eV is  show n in F ig .2.
A  co m p u te r  fit  o f  the data obtained by u sin g  an expon en tia lly  decay in g  
fu n ction  with constan t back grou n d  is  a lso  shown in the fig u re .

W ith th is a rra n g em en t, the e x cita tio n  fu nction  fo r  the S2S (p , y )3SCl 
re a c tio n  h as been  obta in ed  in the fo llow in g  w ay. The coun ts in the d eca y  
cu rv e  in the f ir s t -5 s e c o n d  p e r io d  (re g io n  I in F ig .2) a re  added and fro m  
th is su m  the counts in the la te r  5 -s e co n d  p e r io d  (re g io n  II) a re  su btra cted .
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FIG. 3. Yield curve of 33C1 activity resulting from the capture of protons by 32S.
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T h is  d iffe r e n c e  g iv e s , in e ffe c t , the m e a su re  o f  the y ie ld  o f  the 32S(p, y )33Cl 
r e a c tio n . In th is w ay, the y ie ld  cu rv e  w as obtained fo r  the bom ba rd in g  
e n e rg y  range E p = 3.3 to 5.4 M eV in step s o f  10 keV using the ta rg et w hich 
w as 14 keV th ick  fo r  5 M eV p ro to n s . T h is ex cita tion  fu nction  is  show n in 
F ig .3 .

A s is  c le a r  in th ese  m e a su re m e n ts , the id en tifica tion  o f  the produ ct 
is o to p e  33C1 is  m ade by its  c h a r a c te r is t ic  h a lf - l i fe  o f  2.52 s m ea su red  by 
counting  the h ig h -e n e rg y  p o s itro n s  (E p> max = 4.51 M eV) em itted  in  its 
d e ca y . At the r e la t iv e ly  low  bom bard in g  e n e rg ie s  (< 5.5 M eV) u sed  in 
th ese  m e a su re m e n ts  th ere  is  no in te r fe r in g  re a ctio n  w hich  w ill  lead  to the 
sam e a c tiv ity . H ow ever , it is  to be noted that i f  a s i l ic o n  im p u rity  is  
p re se n t in the sa m p le  the 28S i(p , y )29P re a c tio n  w ill lead  to 29P  w hich is  
a p o s itro n  e m itte r  with a m axim u m  p o s itro n  e n e rg y  o f  3.945 M eV decay in g  
with a h a lf - l i fe  o f  4 .23 s [3 ]. The con trib u tion  fr o m  th is r e a c t io n  can  be 
e lim in ated  i f  the d is cr im in a tio n  le v e l in the p o s itro n  d e te c to r  is  ra is e d  to 
m axim u m  o f  p o s itro n  e n e rg y  fr o m  th is r e a c tio n  at the expen se  o f  part o f 
the con trib u tion  fr o m  the 32S (p, y ) 33C1 r e a c tio n . A lte rn a tiv e ly , the c o n 
trib u tion  fr o m  th is r e a c tio n  can a lso  be  estim a ted  by  su itab le  a n a lys is  o f  
the d e ca y  data s in ce  the h a lf - l iv e s  o f  33C1 and 29P  a re  d iffe re n t , i .e .
2.52 s and 4.23 s ,  r e s p e c t iv e ly .

A s a re su lt  o f  th ese  m e a su re m e n ts , it is  p ro p o se d  that th is technique 
em p loy in g  the 32S (p, y )33Cl re a c tio n  can  be fru it fu lly  u sed  in  assa y in g  
su lphur in the su r fa ce  la y e r s  o f  so lid  sa m p les  o r  in liqu id  sa m p les  such 
as p e tro le u m  p ro d u cts  by  co m p a riso n  with su itab le  standard sa m p le s . The 
ran ge  o f  the 5 -M eV  p ro to n s  in ir o n , e .g . is  65 m g /c m 2 [5 ]. Few  tens o f 
ß g / c m 2 o f  su lphur can  e a s ily  be estim a ted  b y  th is tech n iqu e.

CONCLUSION

The m ethod o f  p ro ton  a ctiva tion  a n a lys is  p ro p o se d  h e re  fo r  assayin g  
su lphur u se s  the ra d ia tiv e  captu re  re a c tio n  32S(p, -y)33C l. The m ethod in 
v o lv e s  sh ort ir ra d ia tio n s  o f  a few  se co n d s  by  m e ch a n ica lly  chopped beam  
fr o m  a lo w -e n e r g y  (5 .5 M eV) p ro ton  a c c e le r a to r  cou p led  with the counting 
o f  the re s id u a l p o s itro n  a ctiv ity  resu ltin g  fr o m  the d e ca y  o f  33C1 with a 
h a lf - l i fe  o f  2.52 s . A  s im p le  p la s t ic  s c in tilla t io n  d e te c to r  is  u sed  fo r  
p o s itr o n s . The m ethod fea tu res  a h igh -abun dance ta rg e t is o to p e  and is 
h igh ly  s e le c t iv e . T h e se n s itiv ity  and p r e c is io n  depends on the s iz e  o f  the 
d e te c to r  and num ber o f  re p e tit iv e  ir ra d ia t io n s , fo r  obtain ing the counting 
s ta t is t ic s  c o n s id e re d  n e c e s s a r y . T h is  tech n ique is  ra p id , n o n -d e s tru ctiv e  
and a p p lica b le  to s o lid  and liqu id  m a te r ia ls .
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D I S C U S S I O N

J.  A.  C Z U B E K : Can you  t e l l  m e w hether the w o rk  d e s c r ib e d  in y ou r  
p a p er  is  m e r e ly  a d em on stra tion  o f  the p o s s ib ility  o f  d e tection  o f  su lphur 
by th is tech n ique, o r  have you  actu a lly  found it to be the b e tte r  ( fro m  the 
poin t o f  v iew  o f  a c c u r a c y , e con om y , e tc . ) than su ch  m ethods o f  su lphur 
d e tection  as , fo r  ex am p le , in e la s tic  fa s t neutron  sca tte r in g  u sin g  a p u lsed  
n eutron  s o u r c e , gas ch rom a tog ra p h y  using ion iz in g  d e te cto rs  o r  X -r a y  
flu o r e s c e n c e  a n a ly s is?

M . A . ESW ARAN : A s  I m en tioned  in m y  p resen ta tion , w e w e re  
c o n ce rn e d  in th is e x p erim en t w ith its n u c le a r  p h y s ics  a sp e cts  and ou r  on ly  
p u rp o se  h ere  w as to draw  the attention  o f  p o ten tia l u se rs  to the activa tion  
tech n ique as a m ethod  o f  assaying  su lphur ba sed  on  the use o f  a r e la t iv e ly  
lo w -e n e r g y  a c c e le r a to r .  The m e r its  o f  th is m ethod  in c o m p a r is o n  w ith 
o th e rs  a re  not d is cu s s e d  in  the p a p e r .
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Abstract

THE SIGNIFICANCE OF STOPPING POWERS IN EVALUATING AND  USING CHARGED-PARTICLE EXPERIMENTS.

Charged-particle analysis, including nuclear reactions, Rutherford scattering and atomic processes 

such as X-ray emission, is now widely used for analytical purposes. Such analyses are frequently difficult 

because the stopping powers of charged particles must be used to interpret them correctly. A  well known 

example is the problem of calculating thick-target yields. In the case of a sample of uniform composition, 

the analyst can frequently avoid the problem by using a properly chosen comparative standard. For 

samples in which die depth distribution of the impurity is not known the problem may require a more 

sophisticated approach. Similar situations arise when charged*particle analysis is used to determine the 

depth profile of an impurity or to measure the stoichiometry of a compound. The importance of stopping 

powers in measuring nuclear life-times by Doppler-shift techniques has also been recognized. This paper 

will emphasize the difficulties in obtaining good stopping power data that are really applicable to the 

particular system being investigated; especially in work involving single crystals where the phenomena 

of ion channelling or blocking can play a dominant role. There is also the related question of whether the 

data themselves contain errors because they came from an experiment that required stopping power data 

for its interpretation; a simple example is determining a target thickness from energy loss measurements. 

Another problem comes from the fact that nuclear data usually come from experiments in nuclear physics 

which have a purpose quite unconnected with analysis; for example, experiments on the relative 

abundance of 7-rays rather than their absolute intensities. Finally, there is the question of how the 

compiler might simplify the problems of the user. Data might be presented in more useful or extensive forms. 

A  central authority for collecting, revising and distributing stopping-power data would be most useful.

Suitable experimental procedures could be suggested since although the problems might be well recognized 

by a nuclear physicist they may not be obvious to users in other disciplines. Another approach would be to 

provide, or list, computer programs that would enable the user to apply the data to his particular problem.

The question of how fast,charged particles lose their 
energy to the medium through which they are passing has attrac
ted the attention of theorists and experimenters for many de
cades, Since the formulation by Bohr [1] and its advancement 
by Bethe [2] many refinements have appeared (see, for example, 
refs. [3] and [4]). Understanding of the energy loss proces
ses for slow-moving particles has also advanced. The roles 
of nuclear (elastic) and electronic (inelastic) mechanisms 
have been made clearer [5]. Experimental evidence ([6,7] and 
many others) for atomic size and electronic,structure effects 
in projectile and/or target atom has stimulated a more micro
scopic description of the inelastic collision events respon
sible for energy loss [ref. 8  and others reviewed in ref. 9]. 
Semi-empirical "universal" stopping powers have been generated 
and appear in tabulated or graphical form [10-13].
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We wish to use this opportunity to point out that despite 
the work that has been done, the situation is still far from 
satisfactory and particularly so for the many users of such 
data. in almost any charged particle experiment involving 
targets of finite thickness, stopping power data enter in a 
fundamental way and yet these numbers are frequently the source 
of the greatest uncertainty in the analyses undertaken. Two 
different types of example will serve to illustrate the point, 
one relating to work of an applied (analytical) type, the 
other to an important class of basic nuclear physics experi
ments .

First, let us look at a helium ion backscattering analy
sis of thin films to map the depth profiles of implanted atoms 
in a near-surface layer. In this particular example [14], the 
helium ion energy is 2 MeV, which is typical for this type of 
analysis and the matrix is anodic aluminum oxide. Changes in 
the depth distribution of implanted Xe marker atoms are used 
to measure the transport of Al and О ions under applied volt
age as the anodic oxide film is thickened. Part of a typical 
energy spectrum is shown in Fig. 1. The energy scale can be 
converted into depth scales, one appropriate to each atomic 
species. Two are shown in Fig. 1, viz. for Xe and AI in AI 2 O3 . 
The ordinate scale may be converted through the scattering 
cross-section to an atomic concentration. It is important to 
recognize that both these conversions require a knowledge of 
the stopping power for the analyzing beam and the precision 
with which the depth profile of the Xe atoms can be specified 
is directly related to the accuracy of the stopping power data1 . 
For scattering from Xe at depth x the emergent particles have 
an energy

x о
E| и к2ГЕ0 -  j  S(E)di] _ J  S(E)di

о x sec0

(A related example is provided by the very careful depth pro
filing of boron in As-doped silicon through use of the '*'®B(n,a) 
^Li reaction [15]. The stopping-power for alpha-particles in 

silicon is needed to transform the alpha-particle energy spec
trum into a boron profile). Unique information can be gained 
from particle-scattering microanalysis about thin film alloy 
formation, film stoichiometry, diffusion, etc. [16] with a pre
cision and sensitivity that is often superior to that available 
by any other method. The limitation in absolute precision, as 
we have stated, currently lies in the stopping powers to be used.

1 H e r e  a n d  t h r o u g h o u t  w e  d o  n o t  t a k e  u p  t h e  r e l a t e d  p r o b le m s  

o f  e n e r g y  s t r a g g l i n g .
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DEPTH SCALE AI IN А1г03 

fig/cm2
100 SO 0

DEPTH SCALE Xe IN A l20, 

fj. g/cm2

F I G . l .  S p ectru m  fr o m  X e  b u ried  in  an o x id e  la y e r  (95  M g /cm 2 th ick ) on  the su r fa ce  o f  A l ;  in c id e n t  
en e rg y  o f  the H e+ w as 1 97 5  k e V .

S e c o n d ,  w e  c i t e  t w o  e x a m p le s  t a k e n  f r o m  a n  a r e a  o f  n u c l e a r  

p h y s i c s  r e s e a r c h  a n d  d r a w  d i r e c t l y  f r o m  e x p e r i e n c e  a t  C R N L .

T h e  p r o b le m  w e  a r e  e m p h a s i z i n g  i s ,  h o w e v e r ,  com m on t o  a l l  s u c h  

p r o g r a m s .  T h i c k  t a r g e t  y i e l d s  a r.e  r e l a t e d  t o  t h e  c r o s s - s e c t i o n  

f o r  t h e  e v e n t  o f  i n t e r e s t  -  h e r e ,  h e a v y - i o n  i n d u c e d  C o u lo m b  e x 

c i t a t i o n  -  t h r o u g h  a n  e x p r e s s i o n  o f  t h e  t y p e
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/
y ( e  ) =  a ( E ( x ) ) p d x

where E is the incident ion energy, pdx an element of the ion 
trajectory and R the range of the ion in the target. The ion 
energy E(x) at depth x is given by

E(x) = E -
/

S (E)pdx

We see that any uncertainty in the stopping power is immediate
ly felt as a corresponding uncertainty in the cross-section to 
be extracted.

In a related context Doppler shift attenuation measure
ments suffer from stopping power uncertainties in just the same 
way. A beam of fast heavy ions is used to Coulomb-excite tar
get atoms. Recoil velocities of the order of 3-4% of с can be 
imparted. Gamma-decay of the excited state, during recoil, re
sults in a maximum photon energy for forward (zero degree) 
emission of Ey = E (1 + v(it ) ) . The velocity distribution de
scribes the slowing down process for the recoiling atom (t = 0  

is the collision event) and is directly related to the stopping 
power for that recoil in the target :

v (t ) = v (o) - ^  J  S (E (t1 ))dt1

о
neglecting changes in direction of motion of the recoiling 
nucleus. Analysis Of the line shape of the Doppler-shifted 
spectrum yields a lifetime for the decaying state. An example 
is shown in Fig. 2 for 100 MeV ^ C l  excitation of ^ M o  [17].
The uncertainty in the extracted lifetime value tN = 4.5 ps is 
thought to be > 1 0 %  and is attributed to the use of stopping 
powers which, although the best available, are not based on 
experiment. Many nuclear lifetimes suffer from precisely this 
lack of accurate stopping power data.

To the examples that we have mentioned we could add many 
others. One of the more important is charged particle activa
tion analysis. Whenever a charged-particle-induced cross-section 
is required from thick target data the stopping power enters 
directly. As before, the reaction yield will be given by

R x
Y =  f  a(E(x))pdx, E(x) = E - f  S (E)pdx. This is as true

о  о  о
for non-resonant as for resonant nuclear reactions and for non
nuclear (Coulomb excitation, particle-induced X-ray, etc.) as 
for nuclear cross-sections. The stopping powers are required
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LINE SHAPE FOR 2+— 0+ (871 keV) in ПЛо 
BACKSCATTER COINCIDENCE WITH 35C/ (lOOMeV)

v/c %
О I 5 10 20 30 40 50 TO

E  RECOIL

F IG . 2 .  I llu stra tion  o f  the D S A M -m e th o d  o f  m ea su rin g  n u c le a r  l i f e - t im e s .  A ssu m in g  the stop p in g  p o w e r 
cu rv e  show n in  the in set fo r  M o -a t o m s  in  M o , the b est f i t  to  the da ta  p o in ts  y ie ld s  a m e a n  l i f e  o f  
тдо= 4 . 5  ps fo r  the 8 7 1 -k e V  2+ l e v e l  i n * M o .  T h e  a c c u r a c y  w o u ld  a p p ro a ch  the 2<7» s ta t is tica l v a lu e  
i f  the stop p in g  pow ers w ere  a c cu r a te ly  k n ow n ; fr o m  R e f . [ 1 7 ] .

in profiling studies where the profile is to be extracted from 
the outgoing particle energy distribution. Similar remarks 
apply to charged particle ranges in any media. Stopping power 
inaccuracies affect the confidence with which ion ranges and 
energy loss rates may be predicted for applications as diverse 
as ion implantation into solids, simulation of radiation damage 
in reactor fuels and wall erosion rates for the plasma contain
ment vessels of fusion reactors.

Some idea of the magnitude of the problem can be given by 
drawing from the foregoing examples. The energies at which
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alpha-partiele stopping-powers go through a maximum are of the 
order 0.5 to 2.0 MeV for most materials i.e. it is in this 
energy range that greatest depth sensitivity is reached. 
However, systematic data for this energy range, even for the 
more common elemental materials, are sparse. Further, while 
1 0 %  errors are typically assigned, reported alpha-particle 
stopping powers at the same energy in Si differ from those in 
Al by as much as 30%. There is at present no published theo
retical basis for such a large difference.

If anything, the situation is worse in the case of heavy 
ions (E/A < 10 MeV/amu). The highly regarded Northcliffe and 
Schilling tables "provide useful and reasonable estimates in 
the overwhelming number of cases where there are no data at 
all" but "it cannot be expected that all of these values will 
be of high accuracy" [13]. Isolated measurements undertaken 
for 3 5 C 1  stopping powers in Ge and Ag depart from the tabulated 
values [13] by up to 10% in the range 10 < Ec ^ < 100 MeV [18]. 
(Absolute errors for these data are quoted to be less than 5%).

While it is patently clear that more data are needed there 
is also evidence that caution must be used in interpreting the 
stopping powers that are being measured. There are at least 
four areas of experimental and theoretical uncertainty.

1. Density Effect

It is not clear at the present time whether heavy ion 
energy loss in a gaseous and solid absorber of the same 
thickness will be different. The higher mean charge state for 
beams transmitted through stripper foils as compared with 
stripper gases may be understood in terms of the higher fre
quency of charge changing collisions in the solid [19]. It is 
also true that the ion beam must penetrate to a finite depth 
before charge state equilibrium is reached in a solid 
target (W. Brandt, private communication) and stopping powers 
measured in foils of such thickness can be expected to show 
anomalies. We are unaware of any published data on this sub
ject. A group at ORNL has seen some evidence for this effect 
in transmission of oxygen beams (S. Datz, private communication).

2 .  B r a g g ' s  L a w

This law states that the stopping cross-section of an 
assemblage of atoms is the sum of the stopping cross-sections 
of all component atoms e.g.

e . (M N )= xe (M) + y e (N) mol x y at J at
Experimental stopping powers have been found to fall below the 
values predicted from the single element values [2 0 , 2 1 ]; for 
anodic AI 2 O3 a 30% discrepancy has been, reported for protons
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40 < Ep < 100 keV [2 2 ] and for Si02 of ~ 10% [23] for alpha- 
particles of 1-2 MeV energy. In stopping-power studies, 0.3 <
Ea < 2 . 0  MeV, Bourland et al. [24] showed that the values de
rived for stopping cross-sections in carbon were different for 
solid and gaseous hydrocarbon targets when Bragg's rule was 
applied. In a subsequent paper. Powers et al. [25] measured 
stopping powers in a variety of halogen-substituted hydrocarbon 
gases and concluded that using either two discrete values for 
the stopping cross-sections for carbon or two for hydrogen 
could satisfy the Bragg additivity rule to better than 3% in 
all 13 compounds studied. These results caution experimenter 
and evaluator alike. The conditions under which the stopping 
power can reveal information about chemical bonding in the 
absorber are obscure at the present time. No differences 
attributable to band structure have so far been observed in 
proton stopping powers (Ep ~ 4 MeV) in comparisons between 
semiconductors, metals and insulators [26], for example.

3. Shell Effects

At low velocities (E/A ~ 20 kev/amu) heavy ions will not 
be fully stripped and electron promotion mechanisms can cause 
inner-shell excitations during projectile-target atom en
counters. Much more spectroscopic detail is embedded in the 
stopping power for this regime than in the case of fast com
pletely stripped light ions such as protons and alpha-particles. 
Nevertheless, shell-like structure effects are seen in the 
stopping cross-section dependence on target atomic number for 
high energy protons [27] and for alpha-particles [28] in the 
energy range 0.3 < Ea < 2.0 MeV (see Fig. 3). These variations 
are accounted for in the modification by Rousseau et al. [29] 
of the theory of Lindhard and Winther [30], using Hartree-Fock 
wavefunctions for the target electron distributions rather than 
the structureless dress given by the Thomas-Fermi potential.
The finer substructure in Fig. 4 is thought to be real [28]. 
Hence, tabulations based on smooth interpolations between data 
points should be used with caution.

Even more striking evidence has been reported for the 
oscillatory dependence of the (electronic) stopping power on 
projectile atomic number, Z^ [6,7]. (Range measurements show 
corresponding results for the Z2 ~dependence (J.L. Whitton, 
private communication)). In amorphous targets the stopping may 
vary by a factor two from a smooth, monotonie interpolation 
curve (E¿on ~ 500 keV). The effects can be enhanced by a factor
3 or more in single crystals (see later). This phenomenon has 
been shown to be a shell effect [8,9] perhaps best visualized 
as a periodic variation with Z in the size of the atom. For 
example. Ne, Cu, A g , i A u  are small and have small stopping cross- 
sections whilst N, Ar, Kr, Xe are large and have large stopping 
cross-sections. This also implies that stopping powers in this 
regime may be sensitive to charge-state through ion "size".
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F I G .3 .  A t o m ic  stop p in g  c r o s s -s e c t io n s  ea as a  fu n c t io n  o f  the a t o m ic  n u m b er Z 2 o f  the stop ping  
m e d iu m  fo r  a lp h a -p a r t ic le s  a t e n e rg ie s  o f  0 .8 ,  1 .2 ,  1 .6  and 2 .0  M e V . T h e  so lid  cu rv e s  are d u e  to  the 
th eory  o f  L indhard and W in th er [ 3 0 ]  as m o d if ie d  b y  Rousseau e t  a l .  [ 2 9 ] .  S o lid  c i r c le s  rep resen t 
m ea su re m e n ts  by  P ow ers e t  a l . , [ 2 5 ]  and e a r lie r  w ork ; the o th e r  sy m b o ls  d e n o te  results b y  o th er  
e x p e r im e n te rs . T h e re  is  c le a r  e v id e n c e  fo r  la rg e  structure and su g g estiv e  e v id e n c e  fo r  fin e  structure 
in  ea versus Z 2 .

4. Trajectories

In single crystal targets, successive collisions may be 
correlated, as in channeling [31] with a concomitant reduction 
in stopping and an increase in particle range. Up to a hundred
fold increase in the range has been seen for heavy ions.
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In channeling, successive small-angle collisions steer the pro
jectile away from any close collisions with target atoms so that 
in averaging the impact parameters used to define stopping, the 
small impact parameters have much-reduced weights. Channeled 
particle stopping powers depend on the channel and how well the 
particle was channeled in it. That fraction that is best- 
channeled spends least time in the electron-dense regions of 
the channel. For example, a stopping power of only one third 
the amorphous value has been observed for the best-channeled
4 MeV protons in single crystal Ge [26]. Stopping power measure
ments made in any solid, particularly metals films, in which 
large, coherent single crystal grains are often present, must 
allow for such contingencies. Conversely, users of stopping 
power data should recognize that the collision sequence for an 
energetic recoil in a single crystal or polycrystal target 
may not be the same as that in an amorphous target.

Hence stopping power data are most meaningful if the 
weighting of impact-parameters along the particle trajectory 
can be defined. In a backscattering measurement the particle 
has undergone at least one collision atypical of all others 
along the rest of its journey, namely the one that scattered 
it back. Inelastic energy losses, e.g. from inner-shell target 
electron ejection, will be high for that collision. In obtain
ing stopping by transmission measurements in thin targets one 
excludes those particles that have undergone large angle 
scattering, so one again ignores small impact parameters. For 
example, if an energy loss measurement is made only at very 
small scattering angles, much smaller than the width of the 
multiple-scattering peak, the measured "stopping power" is 
found to be proportional to thickness in the very thin target 
limit [32]. In the same way, the measured stopping of в in Si 
appears to depend on whether a range or an energy loss measure
ment has been made.

We have described a problem that affects a large community 
of users, in both fundamental and applied research. The pur
pose of this paper is to suggest that the continual evaluation, 
compilation and revision of stopping power data, in accessible 
form, is an undertaking proper to an international organization. 
When undertaken, it would benefit numerous users who, at pre
sent, find it difficult to judge the authority or applicability 
of the different tabulations and scattered data that are now 
available. Such a group would also coordinate the efforts of 
experimentalists working on stopping power measurements and 
could identify the more serious gaps in the data. Naturally, 
any compilation and evaluation would take advantage of the best 
present and future theoretical treatments.

It must be remembered that stopping power measurements or 
evaluations are sometimes subsidiary to the main purpose of a 
research project and it is not always obvious from the title
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or abstract of a publication that stopping power information 
is contained in the text or references. A key-word survey, 
for example, would not reveal these data. A degree of publi
city would perhaps be necessary in order to bring forth such 
'hidden' data.

Another, perhaps more difficult problem, is to identify 
and evaluate errors in nuclear data, e.g. in reaction yields, 
that might be due to the use of erroneous stopping powers.
Any future evaluation of such data should indicate the origin 
of the stopping powers used and the possible errors. In this 
way the user could revise his conclusions, if necessary, based 
on the best current information. Again, the cooperation of 
authors, in stating their source material explicity, will be 
helpful.
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I . V .  M IT C H E L L : I w as hoping that the ev a lu ators  and c o m p ile r s  
p re se n t m igh t su g g est what should  be done.

M . L E D E R E R : Can the sp ea k er  o r  anyone e ls e  h ere  su g gest who m ight 
do an eva lu ation  o f  stopping  p ow er data and s e m i-e m p ir ic a l  ca lcu la tio n s?

I . V .  M IT C H E L L : D r. W e i-K a n  Chu at C a lifo rn ia  Institute o f  T ech n o log y  
has to ld  m e  that he is  w illin g  to g iv e  so m e  help in this d ir e c t io n . T h is  w ould 
be p a rt icu la r ly  in  re g a rd  to p roton  and a lp h a -p a r tic le  stopping  p o w e rs .
F o r  heavy ion s p erh a p s D r . S ch illin g  o r  D r . Hans B etz  cou ld  h elp .
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Abstract

CHARGED-PARTICLE NUCLEAR REACTIONS: COMPILATION, EVALUATION AND SYSTEMATICS OF 
EXCITATION FUNCTIONS.

In many fields o f applied science and technology, there is a great need for cross-sections to be used 
for calculating the activity o f  nuclides produced by charged-particle bombardment. Therefore, many 
attempts are made in preparing compilations to ease the access to the data. In this paper, a survey is 
given on the present situation in respect to the available reference lists, the data compilations, the critical 
evaluation and the systematics o f  excitation functions.

E x c i t a t i o n  f u n c t i o n s  f o r  c h a r g e d  p a r t i c l e  I n d u c e d  r e a c t i o n s  a r e  

n e c e s s a r y  t o  s o l v e  m a n y  d i f f e r e n t  k i n d s  o f  p r o b l e m s .  T o  m e n t i o n  o n l y  s o m e :  

C a l c u l a t i o n  o f  l i m i t s  o f  d e t e c t i o n  i n  a c t i v a t i o n  a n a l y s i s ,  e s t i m a t i o n  o f  

o p t i m u m  i r r a d i a t i o n  c o n d i t i o n s  f o r  i s o t o p e  p r o d u c t i o n  o r  t e s t i n g  d i f f e r e n t  

a s s u m p t i o n s  i n  t h e  t h e o r y  o f  n u c l e a r  r e a c t i o n s .  P r a c t i c a l l y ,  i n  a l l  t h e s e  

c a s e s  i t  i s  n o t  p o s s i b l e  t o  p r e d i c t  w h i c h  s p e c i a l  e x c i t a t i o n  f u n c t i o n  w i l l  

b e  n e e d e d  i n  t h e  n e a r  f u t u r e .  T h e r e f o r e ,  a n  i d e a l  c o m p i l a t i o n  s h o u l d  

c o n t a i n  t h e  e x c i t a t i o n  f u n c t i o n s  f o r  a l l  p o s s i b l e  t a r g e t - p r o j e c t i l e -  

c o m b i n a t i o n s  u p  t o  a  p r o j e c t i l e  e n e r g y  o f  a b o u t  1 0 0  M e V .  I n  a d d i t i o n ,  i t  

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

a b o u t  t h e  e r r o r s  t o  b e  e x p e c t e d .  I t  i s  c l e a r ,  o f  c o u r s e ,  t h a t  s u c h  a n  

i d e a l  c o m p i l a t i o n  c o u l d  n o t  b e  b a s e d  o n l y  o n  e x p e r i m e n t a l  r e s u l t s .  T h e r e 

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

f u n c t i o n s .

T h e  w o r k  w h i c h  h a s  t o  b e  d o n e  f o r  p r e p a r i n g  a  c o m p r e h e n s i v e  c o m p i l a 

t i o n  c a n  b e  d i v i d e d  i n t o  t h e  f o l l o w i n g  f o u r  s t e p s  w h i c h ,  o f  c o u r s e ,  d e p e n d  

p a r t l y  o n  e a c h  o t h e r :

I .  S c a n n i n g  t h e  l i t e r a t u r e

I I .  C o l l e c t i n g  e x p e r i m e n t a l  d a t a ,  i . e .  c r o s s  s e c t i o n s  a n d  e x c i t a t i o n  

f u n c t i o n s

I I I .  C r i t i c a l  e v a l u a t i o n
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I V .  D e v e l o p m e n t  o f  t h e  s y s t e m a t i c s  o f  e x c i t a t i o n  f u n c t i o n s .

I n  t h e  f o l l o w i n g  s u r v e y  t h e  s i t u a t i o n  i n  r e s p e c t  t o  t h e  a b o v e m e n t i o n e d  

a s p e c t s  i s  d i s c u s s e d .  B u t  I  w i l l  r e s t r i c t  m y s e l f  t o  t h e  d i s c u s s i o n  o f  

c r o s s  s e c t i o n s  f o r  t h e  f o r m a t i o n  o f  n u c l i d e s ,  w h e r e a s  t h e  f o r m a t i o n  o f  

s i n g l e  s t a t e s  o r  s i n g u l a r  d i s t r i b u t i o n s ,  e t c .  a r e  n o t  c o n s i d e r e d .

I .  S c a n n i n g  t h e  l i t e r a t u r e

T h e  f i r s t  s t e p  i s  a  c o m p r e h e n s i v e  r e c h e r c h e  o f  t h e  a v a i l a b l e  l i t e r a 

t u r e  t o  c o l l e c t  t h e  r e f e r e n c e s  f o r  a l l  p u b l i c a t i o n s .  T h i s  i s  u n d o u b t e d l y  

a n  i m p o r t a n t  t a s k ,  b e c a u s e  a l l  o t h e r  c o m p i l a t i o n s  d e p e n d  o n  t h i s  s u r v e y .

I n  p r a c t i c e  t h i s  m e a n s  t h a t  o n e  h a s  t o  l o o k  u p  m a n y  j o u r n a l s  e t c .  w h i c h  

i s  a  v e r y  t i m e  c o n s u m i n g  t a s k .  B u t ,  i n  d e s p i t e  o f  t h i s  f a c t ,  t h e  s i t u a t i o n  

i s  v e r y  s a t i s f a c t o r y .  T h i s  i s  d u e  t o  M c G o w a n  a n d  h i s  c o l l a b o r a t o r s  w h o  n o w  

p u b l i s h  e v e r y  y e a r  s u c h  a  c o m p i l a t i o n  i n  f o r m  o f  a  v e r y  e x t e n s i v e  

r e f e r e n c e  l i s t e l ] .

T h e  s e t u p  o f  t h i s  r e f e r e n c e  l i s t  i s  s i m i l a r  t o  t h e  s e t u p  u s e d  i n  t h e  

w e l l  k n o w n  C I N D A - r e f e r e n c e  i n d e x .  F o r  e a c h  e x p e r i m e n t a l l y  i n v e s t i g a t e d  

r e a c t i o n  a n  e n t r y  i s  m a d e .  T h e y  a r e  o r d e r e d  a c c o r d i n g  t o  t h e  t a r g e t  n u c l i d e .  

I n  t h e  l a s t  t w o  l i s t s  r e f e r e n c e s  a r e  g i v e n  a l s o  f o r  t h e o r e t i c a l  i n v e s t i 

g a t i o n s  w h i c h  d e a l  w i t h  t h e  a n a l y s i s  o f  e x p e r i m e n t a l  d a t a .  E a c h  e n t r y  g i v e s  

t h e  t y p e  o f  r e a c t i o n ,  t h e  r a n g e  o f  t h e  p r o j e c t i l e  e n e r g y  a n d  s o m e  i n f o r m a 

t i o n  a b o u t  t h e  k i n d  o f  t h e  d a t a .  I n  s o m e  c a s e s  t h e  e x p e r i m e n t a l  d a t a  a r e  

g i v e n  d i r e c t l y .  T h e  l i s t  o f  t h e  k e y w o r d s  u s e d  s h o w s  t h a t  t h e s e  i n d e x e s  

c o n t a i n  r e f e r e n c e s  o f  p u b l i c a t i o n s ,  w h i c h  g i v e  r e s u l t s  o f  a l l  k i n d s  o f  

I n v e s t i g a t i o n s  a b o u t  n u c l e a r  r e a c t i o n s ,  i . e .  e x c i t a t i o n  f u n c t i o n s ,  a n g u l a r  

d i s t r i b u t i o n s ,  C o u l o m b  e x c i t a t i o n ,  t o t a l  r e a c t i o n  c r o s s  s e c t i o n s , e t c .  

T h e r e f o r e ,  t h e s e  r e f e r e n c e  l i s t s  h a v e  a  c o n s i d e r a b l e  s i z e .  B u t  d u e  t o  t h e  

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

W i t h o u t  g o i n g  i n t o  d e t a i l s  I  w o u l d  l i k e  t o  m a k e  s o m e  c o m m e n t s  a b o u t  

t h e s e  c o m p i l a t i o n s .  T h e r e  i s  n o  d o u b t  t h a t  i t  I s  v e r y  v a l u a b l e  t o  h a v e  s u c h  

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

T h i s  i s  t h e  a d v a n t a g e  o f  s u c h  a  " c h a r g e d  p a r t i c l e  C I N D A " .  O t h e r  c o l l e c t i o n s  

o f  l i t e r a t u r e  r e f e r e n c e s ,  l i k e  N S A  o r  I N I S ,  a r e  l e s s  s u i t a b l e .  T h i s  i s  

m a i n l y  d u e  t o  t h e  f a c t  t h a t  t h e y  h a v e  a  m u c h  w i d e r  s c o p e  a n d  t h e i r  k e y w o r d  

l i s t  i s  t h e r e f o r e  n o t  s o  a d a p t e d  t o  t h e  s p e c i a l  p u r p o s e .

F o r  t h e  p r e p a r a t i o n  o f  t h e i r  c o m p i l a t i o n s  M c G o w a n  e t  a l .  s c a n  m a n y  

J o u r n a l s .  T h i r t y  o f  t h e m  a r e  e x p l i c i t l y  s t a t e d .  T h e r e f o r e ,  o n e  c a n  a s s u m e  

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

c o m p l e t e l y .  B u t  r e p o r t s  a n d  c o n f e r e n c e  a b s t r a c t s  a r e  n o t  s c a n n e d .  I n  b o t h



IAEA-SM-170/11 511

c a s e s  t h e  d a t a  w i l l  n o w a d a y s  m o s t  p r o b a b l y  a p p e a r  l a t e r  i n  o n e  o f  t h e  

c o v e r e d  j o u r n a l s ,  b u t  w i t h  a  c o n s i d e r a b l e  t i m e  l a g .  T h e r e f o r e ,  i t  w o u l d  

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

I I .  C o m p i l a t i o n s  o f  c r o s s  s e c t i o n s  a n d  e x c i t a t i o n  f u n c t i o n s

A  d i s a d v a n t a g e ,  w h i c h  i s  i n h e r e n t  t o  r e f e r e n c e  l i s t s ,  i s  t h e  f a c t  t h a t  

e v e r y  u s e r  h a s  t o  g o  b a c k  t o  t h e  o r i g i n a l  p u b l i c a t i o n s  t o  o b t a i n  t h e  d a t a .  

T h i s  t a s k  i s  n o t  t o o  t i m e  c o n s u m i n g ,  i f  i )  t h e  w a n t e d  c r o s s  s e c t i o n s  a r e  

p u b l i s h e d ,  i i )  t h e  l i t e r a t u r e  i s  r e a d i l y  a v a i l a b l e ,  a n d  i i i )  t h e  p u b l i c a 

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

U n f o r t u n a t e l y ,  q u i t e  o f t e n  a t  l e a s t  o n e  o f  t h e s e  p r e m i s e s  a r e  n o t  f u l 

f i l l e d .  T h e  d i f f i c u l t i e s  a r e  m u c h  l a r g e r ,  i f  t h e  w a n t e d  e x c i t a t i o n  f u n c t i o n  

w a s  n o t  e x p e r i m e n t a l l y  d e t e r m i n e d ,  b e c a u s e  i n  s u c h  c a s e s  o n e  h a s  t o  l o o k  

u p  m u c h  m o r e  r e a c t i o n s  t o  b e  a b l e  t o  e s t i m a t e  t h e  c r o s s  s e c t i o n s  b y  e x t r a  - 

o r  i n t e r p o l a t i o n .  T h e r e f o r e  i t  w o u l d  b e  v e r y  h e l p f u l  i f  a  c o m p i l a t i o n  

a b o u t  e x c i t a t i o n  f u n c t i o n s  e x i s t e d .

T h e  f i r s t  b r o a d  c o l l e c t i o n  o f  c h a r g e d  p a r t i c l e  c r o s s  s e c t i o n s  w a s

p u b l i s h e d  b y  J a r m i e  a n d  S e a g r a v e  [ 2 ] .  T h i s  c o l l e c t i o n  c o n t a i n s  r e a c t i o n s

w i t h  H  u p  t o  P .  L a t e r ,  S m i t h  [ 3 ]  p r e p a r e d  a  c o m p i l a t i o n  f o r  r e a c t i o n s  w i t h

t a r g e t s  r a n g i n g  f r o m  N e  t o  C r .  M c G o w a n  e t  a l .  c o n t i n u e d  t h i s  t y p e  o f  w o r k

a n d  p u b l i s h e d  f r o m  1 9 6 4  t i l l  1 9 6 7  c o m p i l a t i o n s  f o r  r e a c t i o n s  w i t h  M n ,  F e ,

C o  [ 4 ] ,  N i ,  C u  [ 5 ] ,  L i ,  B e ,  В  [ б ] ,  С  ]_ 7 } ,  a n d  0 ,  N  [ в ] .  I n  f i g u r e  1  a n

e x a m p l e  i s  g i v e n  t o  s h o w  t h e  k i n d  o f  p r e s e n t a t i o n  u s e d .  I n  t h e  u p p e r  l e f t

t h e  r e a c t i o n ,  t h e  r e f e r e n c e  a n d  s o m e  a d d i t i o n a l  i n f o r m a t i o n  i s  g i v e n .  I n

t h e  e x a m p l e  c h o s e n ,  t h i s  i n f o r m a t i o n  r e a d s :  " S y n c h r o t r o n ,  s t a c k e d  f o i l  

a c t i v a t i o n  a n a l y s i s ,  e n e r g y  r e s o l u t i o n  0 . 4  M e V .  T a b u l a r  p o i n t s  o b t a i n e d

w i t h  d a t a  p o i n t  r e a d e r  f r o m  F i g .  1 . "  T h e  d a t a  a r e  g i v e n  i n  a  t a b l e  ( l o w e r  

l e f t  s i d e )  a n d  a  g r a p h  ( r i g h t  s i d e ) .  T h e  c o m p i l a t i o n s  [ 2 - 8 ]  c o n t a i n  a l s o  

a n g u l a r  d i s t r i b u t i o n s  e t c .  T h e r e f o r e ,  t h e  s i z e  i s  q u i t e  l a r g e .  F o r  i n 

s t a n c e ,  t h e  C - c o m p i l a t i o n  [  7 J  h a s  2 4 1  p a g e s .  U n f o r t u n a t e l y ,  t h i s  v a l u a b l e  

w o r k  w a s  p r e s u m a b l y  s t o p p e d  b e c a u s e  s i n c e  1 9 6 7  n o  e x t e n s i o n s  o r  r e v i s i o n s  

h a v e  a p p e a r e d .

A n o t h e r  c o m p i l a t i o n  w a s  p r e p a r e d  b y  K u n z  a n d  S c h i n t l m e i s t e r  [  9 J  i n  

t h e  y e a r s  f r o m  1 9 6 5  u p  t o  1 9 6 7  c o v e r i n g  n u c l e a r  r e a c t i o n s  w i t h  t a r g e t s  

u p  t o  Z  =  1 6  ( S u l f u r ) .

F e w  y e a r s  a g o  w e  g o t  f o r  s e v e r a l  r e a s o n s  i n t e r e s t e d  i n  t h e  s y s t e m a 

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

i n  t h e  l o w  a n d  m e d i u m  e n e r g y  r a n g e .  F o r  t h i s  p u r p o s e  w e  n e e d e d  m a n y
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E (MeV)

F IG .l. Representation of the data in the compilation o f cross-sections for charged-particle-induced 
reactions with carbon [7 ] .  In the picture, the reaction 12C(p,pn) n C is shown. In the compilation, also 
numerical values and some additional information (see text) are given.

e x p e r i m e n t a l l y  d e t e r m i n e d ,  e x c i t a t i o n  f u n c t i o n s .  W e  h a v e  t h e r e f o r e  c o l l e c t e d  

m a n y  o f  t h e m  a n d  p u b l i s h e d  a  c o m p i l a t i o n ,  w h i c h  a l s o  i n c l u d e d  f i r s t  r e s u l t s  

a b o u t  t h e  s y s t e m a t i c s  £ l o j .  T h i s  w o r k  w a s  c o n s i d e r a b l y  e x t e n d e d  i n  t h e  

l a s t  y e a r s ,  b e c a u s e  w e  f e e l e d  t h a t  a  c o m p r e h e n s i v e  c o m p i l a t i o n  f o r  c h a r g e d  

p a r t i c l e  e x c i t a t i o n  f u n c t i o n s  w a s  n e e d e d  a n d  t h e  o t h e r  a b o v e m e n t i o n e d  

c o m p i l a t i o n s  w e r e  n o t  c o n t i n u e d .  T h e  r e s u l t  o f  t h i s  s u r v e y  i s  n o w  a v a i l a 

b l e  a s  a  v o l u m e  l / 5 b  o f  t h e  L a n d o l t - B ö m s t e i n ,  N e w  S e r i e s  [ l l j .  T h i s
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FIG.2. Representation o f the excitation functions in the compilation prepared by Lange et a l. [1 1 ] . In 
the example, the (p, 5n)-reactions with the listed target nuclides are shown.

c o m p i l a t i o n  c o n t a i n s  m o r e  t h e m  l 8 0 0  e x c i t a t i o n  f u n c t i o n s  f o r  r e a c t i o n s  o f

a ll kinds o f  ta rget n u cle i with ch a rged  p a r t ic le s , ranging  fr o m  p roton  
up to A r -4 0 .

I n  f i g .  2  a n  e x a m p l e  i s  g i v e n  t o  i l l u s t r a t e  t h e  p r e s e n t a t i o n  u s e d  i n  

t h i s  c o m p i l a t i o n .  T h e  e x c i t a t i o n  f u n c t i o n s  a r e  g i v e n  a s  s m o o t h  c u r v e s  

a n d  n o  i n d i v i d u a l  c r o s s  s e c t i o n s  a r e  s h o w n .  I n  g e n e r a l ,  t h e  c u r v e s  w e r e  

o b t a i n e d  b y  r e a d i n g  o f f  v a l u e s  f r o m  t h e  c u r v e s  d r a w n  b y  t h e  a u t h o r s  o f  

t h e  p u b l i c a t i o n s .

T h e  o r d i n a t e  g i v e s  t h e  c r o s s  s e c t i o n  i n  m b ,  w h e r e a s  o n  t h e  a b s c i s s a  

t h e  d i f f e r e n c e  b e t w e e n  p r o j e c t i l e  e n e r g y  a n d  t h r e s h o l d  e n e r g y  i s  u s e d .

W e  a r e  a w a r e  o f  t h e  f a c t  t h a t  d u e  t o  t h i s  s c a l e  o n e  h a s  t o  r e a d  o f f  i n  

e a c h  c a s e  t h e  t h r e s h o l d  e n e r g y  a l s o  g i v e n  i n  a  l i s t  o f  t h i s  c o m p i l a t i o n  

b e f o r e  t h e  p r o j e c t i l e  e n e r g y  c a n  b e  c a l c u l a t e d .

F o r  t h i s  p u r p o s e  t h e  e x t e n s i v e  Q - v a l u e  t a b l e  g i v e n  i n  v o l u m e  l / 5 a  [ 1 2 ]  

c a n  b e  u s e d  t o o .  N e v e r t h e l e s s ,  w e  u s e d  t h i s  s c a l e  b e c a u s e  i t  o f f e r s ,  a s  

w e  t h i n k ,  t w o  i m p o r t a n t  a d v a n t a g e s :
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1) Large d e v ia t io n s  between th e  e x c i t a t io n  fu n c t io n s  in d ic a t e  th e  p o s s i 

b i l i t y  th a t  one o f  them may be in  e r r o r .  T h is assum ption  i s  based on 

th e  s im i l a r i t y  o f  e x c i t a t io n  fu n c t io n s  f o r  r e a c t io n s  o f  the same type 

in  a l im ite d  range o f  th e  n u cleon  number A o f  th e ta r g e t  n u c l id e s .  I f  

th e re  are  no s p e c ia l  re a s o n s , l i k e  a r e la t iv e  la r g e  n eutron  ex ce ss  o r  

d e f i c i t  o f  th e ta r g e t  n u c le u s , then  one shou ld  ch eck  c a r e f u l ly ,  i f  f o r  

in s ta n ce  wrong decay  d ata  were used f o r  e v a lu a tin g  th e  c r o s s  s e c t io n s .  

F or such com parisons th e  sy s te m a tics  (s e e  IV ) may a ls o  prove t o  be 
very  h e lp fu l .

2 ) Quite often, the wanted excitation function w ill not be found in the 
literature, i .e .  is  not experimentally determined yet. Then, an 
estimate can be made with the aid of the shown curves by extra- or 
interpolation. Again one makes use of the abovementioned sim ilarity.

F ig . 2 which shows e x c i t a t io n  fu n c t io n s  f o r  (p ,5 n )r e a c t io n s  can be used

f o r  an i l l u s t r a t i o n :  The cu rv es  2 and 4 show th e ex p ected  s im i la r i t y  and

in  a d d it io n  a gree  ap p rox im ately  w ith  th e  cu rves  co n s tru c te d  w ith  th e  a id
88of the systematics. The much lower cross section for the Sr-reaction

(cu rv e  1 ) i s  due t o  th e  low er coulomb b a r r ie r  o f  t h is  ta r g e t  n u c l id e .

T h e re fo re  th e  p r o b a b i l i t y  f o r  p ro ton  em iss ion  i s  h ig h e r  than in  the
l 8 l  206r e a c t io n s  w ith  Ta and P u . Curve 3 d e v ia te s  a ls o  co n s id e r a b ly  from  

th e cu rv es  2 and 4 , f o r  in s ta n ce  in  r e s p e c t  t o  th e  p o s i t io n  o f  th e maxi

mum, which i s  ap p rox im ate ly  7 MeV h ig h e r  than e x p e cte d . T h is  d e v ia t io n  

i s  most p rob a b ly  due t o  th e  f a c t  th a t a s ta ck ed  f o i l  ta r g e t  arrangement 

w ith  an in c id e n t  p ro to n  energy o f  1 5 5  MeV was used t o  determ ine th e  c r o s s  

s e c t io n s  a t  e n e rg ie s  as low  as 40 MeV. A s l i g h t  e r r o r  in  th e  d E /d X -ta b les  

used t o  c a lc u la t e  th e average energy in  th e in d iv id u a l  f o i l s  o r  an e r r o r  

in  th e f o i l  th ick n e s s  d e term in a tion  may b e  th e  rea son  f o r  th e  s h i f t  
o b serv ed .

A lthough  t h i s  co m p ila t io n  c o n ta in s , as a lrea d y  m entioned,m ore than

1800 e x c i t a t io n  fu n c t io n s ,  t h is  does n o t mean th a t  a l l  ava ilab le  d a ta  are

in c lu d e d . Some l im it a t io n s  had to  be in c lu d e d  in  th e  p r e p a ra tio n  o f  th e  
m a n u scrip t. S o , f o r  p r o j e c t i l e s  up t o  a -p a r t i c l e s  o n ly  an en ergy range o f

about 1 5 0  MeV was taken in to  a ccou n t. In  a d d it io n , s t a r t in g  from  th e 

th r e s h o ld  energy in  g en era l o n ly  th e f i r s t  40 MeV, o r  i f  th e  maximum 

va lu e  o f  th e  cu rve  would n o t be in c lu d ed  in  t h i s  ran ge , th e f i r s t  80 MeV 

are shown. But th e  most im portant l im it a t io n  i s  th a t  o n ly  such in v e s t ig a 

t i o n s  were co n s id e r e d , where th e energy in te r v a l  o f  th e  measured e x c i t a 

t i o n  fu n c t io n  exceed s  2 MeV. A c c o r d in g ly , th o se  p u b l ic a t io n s  in  which
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f o r  a g iv e n  r e a c t io n  o n ly  one c r o s s  s e c t i o n  i s  s ta t e d , a re  n o t con ta in ed  

in  th e  c o m p ila t io n . T h is  l im it a t io n  was a p p lie d ,  because

1 ) th e  c o l l e c t i o n  o f  t h is  d a ta  would have d e la y ed  th e  p r e p a ra tio n  o f  

th e  m anuscript f o r  q u it e  a lo n g  tim e ,

2 ) th e  in c lu s io n  o f  a l l  d ata  would have in cre a se d  th e  s i z e  c o n s id e r a b ly , 

w hich would make th e  use cumbersome, and

3 )  th e  k in d  o f  p r e s e n ta t io n  o f  th e e x c i t a t io n  fu n c t io n  used now would 

n o t  have been s u it a b le  f o r  such  an e x te n s io n  o f  th e  d a ta .

Some o f  t h i s  l im it a t io n s  are due t o  th e  f a c t  th a t  we o r i g i n a l l y  d id  

n o t  in te n d  t o  prep a re  a c o m p ila t io n  but were more in t e r e s t e d  in  the 

s y s te m a tic s  o f  th e  e x c i t a t io n  fu n c t io n s .

A l l  th e  co m p ila t io n s  I  m entioned up t o  now t r y  t o  g iv e  a more o r  l e s s  

com prehensive p ic tu r e  about th e  a v a i la b le  d a ta . The g en era l in te n t io n  was, 

as I  b e l i e v e ,  t o  s e rv e  a l l  u se rs  and n o t o n ly  some s p e c i a l i s t s .  T h e re fo re , 

in  one o r  an oth er ca se  i t  may be  cumbersome t o  e x t r a c t  th e  wanted d ata  

from  th e  a v a i la b le  c o m p ila t io n s . T h is  s i t u a t io n  can o n ly  be im proved i f  

a c l o s e r  c o o p e r a t io n  between u se rs  and co m p ile rs  can be a ch ie v e d .

I I I .  C r i t i c a l  e v a lu a t io n

The work n e ce ssa ry  f o r  a c r i t i c a l  e v a lu a t io n  o f  th e  d ata  can be  d iv id 

ed in t o  th re e  s te p s :

a )  c o l l e c t i n g  th e  d a ta  used f o r  th e  c a l c u la t io n  o f  th e  c r o s s  s e c t io n s  from  

th e  measured a c t i v i t i e s ,  f o r  in s ta n ce  th e  decay  d ata  o f  th e r a d io n u c lid e ,

b )  com parison  o f  th ese  d a ta  w ith  th e  presum ably " b e s t "  d a ta  and, i f  

n e ce ssa ry  c o r r e c t io n  o f  th e  p u b lish ed  c r o s s  s e c t i o n s .

e )  E v a lu a tin g  recommended v a lu e s  f o r  th e  c r o s s  s e c t i o n s .

A survey  o f  th e  a v a i la b le  co m p ila t io n s  shows th a t  th e  s i t u a t io n  in  r e s p e c t  

t o  a l l  th re e  s te p s  o f  th e  e v a lu a t io n  i s  n o t s a t i s f a c t o r y  a t  a l l .  In  th e 

C P X -rep orts , f o r  in s ta n c e , some a d d it io n a l  in fo rm a tio n  i s  g iv e n  and in  few  

ca s e s  c o r r e c t io n s  are  a p p lie d .  In  ou r c o m p ila t io n  no a d d it io n a l  d a ta  are 

g iv e n . Recommended d a ta  a re  n o t  a v a i la b le  a t  a l l .

There i s  no dou bt th a t  th e  e v a lu a t io n  o f  recommended d a ta  i s  a v ery  

im portan t ta s k , bu t i t  i s  a ls o  a v ery  tim e consum ing Job . The d i f f i c u l 

t i e s  s t a r t  a lre a d y  w ith  th e  c o l l e c t i o n  o f  th e d a ta , b e ca u se , u n fo r tu n a te ly , 

q u it e  o f t e n  one o r  more o f  th e  r e le v a n t  v a lu es  a re  m iss in g  o r  a re  a t 

l e a s t  n o t  p r e c i s e ly  s ta te d  in  th e p u b l ic a t io n .  The subsequent com parison  

w ith  th e  now a v a i la b le  " b e s t "  v a lu es  f o r  m on itor c r o s s  s e c t i o n s ,  decay
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d a ta , and so  on , aga in  i s  tim e consuming because  q u ite  o f t e n  one f i r s t  

has t o  ev a lu a te  th e se  " b e s t ” va lu es  i t s e l f .  A uthors and e d it o r s  cou ld  

ease  th e l i f e  o f  th e e v a lu a to rs  v ery  much i f  in  fu tu r e  th ey  co u ld  check

more c a r e f u l ly  i f  a l l  re lev a n t data  are  n o t o n ly  co n ta in e d  in  th e
i

p u b l ic a t io n s ,  b u t a re  a ls o  unam biguously s ta t e d . Of c o u r s e , such a check  

can o n ly  be done e f f e c t i v e l y  i f  the e v a lu a to rs  have s ta te d  c l e a r ly  

which d a ta  th ey  n eed . H ere, a c l o s e r  c o o p e r a t io n  between a u th o rs , e d i t o r s  

and e v a lu a to rs  i s  n e ce ss a ry .

In th e  e v a lu a t io n  an oth er d i f f i c u l t y  comes up. Only in  few  ca ses  

e x c i t a t io n  fu n c t io n s  f o r  a g iv en  r e a c t io n  were determ ined  e x p er im en ta lly  

two o r  more t im e s . As a con sequ en ce , th e re  a re  in  g en era l n o t enough 

exp erim en ta l d ata  f o r  any k ind o f  a vera g in g  p roced u re  t o  o b ta in  recom 

mended v a lu e s . T h e re fo re , in  th e se  ca se s  th e o n ly  p o s s i b i l i t y  t o  check  

th e exp erim en ta l d ata  i s  t o  compare them w ith  th e  e x c i t a t io n  fu n c t io n s  

ob ta in ed  from  th e  s y s te m a tic s .

IV . S ystem a tics

A lread y  a rough estim a te  shows th a t  up t o  now o n ly  few  p e r ce n t o f  th e  

p o s s ib le  com bin ation s o f  ta r g e t  n u c l id e s ,  p r o j e c t i l e s  and r e a c t io n  ty p es  

a re  ex p e r im e n ta lly  in v e s t ig a t e d . Even in  th e  f a r  fu tu r e  f o r  many r e a c t io n s  

o n ly  e stim a ted  o r  computed v a lu es  w i l l  be a v a i la b le .  T h e r e fo r e , i t  i s  

v ery  im portant t o  d e v e lo p  and t o  t e s t  th e a p p l i c a b i l i t y  o f  such p ro ce d u re s .

A survey  o f  th e l i t e r a t u r e  shows th a t  in  many p u b l ic a t io n s  e x p e r i

m en ta lly  determ ined  c r o s s  s e c t io n s  a re  compared w ith  c a lc u la te d  v a lu e s . 

Q u ite  o f t e n ,  th e  agreem ent foun d  i s  rem arkable g ood . T h e re fo re , such 

c a lc u la t io n  p roced u res  shou ld  o f f e r  a p o s s i b i l i t y  t o  o b ta in  an estim a te  

f o r  unknown e x c i t a t io n  fu n c t io n s .  But th e f i r s t  d i f f i c u l t y  w hich o ccu rs  

i s  th e  s e l e c t i o n  o f  th e  most s u it a b le  p ro ce d u re . There are  s e v e r a l more 

o r  l e s s  d i s t i n c t  p r o p o s a ls  a v a i la b le ,  w hich d i f f e r  g r e a t ly  in  th e 

s o p h is t ic a t io n  o f  th e  t h e o r e t i c a l  assum ptions and t h e r e fo r e  a ls o  in  th e  

tim e needed f o r  th e c a l c u la t io n s .  We have compared th e  r e s u l t s  g iv e n  in  

about 30 p u b l ic a t io n s  t o  f in d  o u t , which proced u re  would prove t o  be th e 

b e s t .  T h is  com parison  d id  however show th a t th e agreem ent between 

c a lc u la t e d  and ex p e r im e n ta lly  determ ined va lu es  depends o n ly  s l i g h t l y  

on th e co m p le x ity  o f  th e programs u sed . I f  t h i s  s u r p r is in g  r e s u l t  proves 

t o  be t r u e ,  th en  th a t  program  shou ld  be u sed , which ta k es  th e  s h o r te s t  

tim e f o r  a r e l i a b l e  c a l c u la t io n  o f  unknown e x c i t a t io n  fu n c t io n s .

An even more im portant d i f f i c u l t y  i s  th e s e l e c t i o n  o f  th e  b e s t  

va lu e  f o r  th e  in p u t d a ta , l i k e  th e l e v e l  d e n s ity  param eter. A survey  o f
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X
F IG .3 .  D ependence  o f  the m a x im u m  c ross -sec tio n  on  the  p a ra m e te r к  fo r  (p ,n )- re a c t io n s .

th e l i t e r a t u r e  shows th a t  th e a c tu a l v a lu es  used d i f f e r  co n s id e ra b ly  

from  each  o th e r .  In  many ca se s  one o r  even  more o f  th e  in p u t param eters 

were t r e a te d  as a d ju s ta b le  q u a n t i t ie s ,  what o f  cou rse  im proved th e a g ree 

ment betw een exp erim en ta l and c a lc u la t e d  v a lu e s . T h e r e fo r e , a s e le c t io n  

o f  th e  b e s t  v a lu es  f o r  th e  in p u t d ata  and th e  most s u i t a b le  c a lc u la t io n  

proced u re  has t o  be don e , b e fo r e  r e l i a b l e  va lu es  o f  th e  c r o s s  s e c t io n s  

can be c a lc u la te d .  We a re  ju s t  now w orking at such an a n a ly s is .

We have d ev e lop ed  a s e m i-e m p ir ica l proced u re  f o r  e s t im a tin g  unknown

e x c i t a t io n  fu n c t io n s  f o r  p , d , ^He and а - r e a c t io n s ,  w hich can be a p p lie d

w ith ou t th e  use o f  a com puter 1 0 ,1 3 ,1 4  i. T h is sy s te m a tics  i s  based on

th e  dependence o f  some c h a r a c t e r is t i c  v a lu e s , l i k e  th e  p o s i t io n  and h e ig h t

o f  th e  maximum o f  th e e x c i t a t io n  fu n c t io n s  on a param eter -te , which

i t s e l f  i s  a fu n c t io n  o f  th e  b in d in g  e n e rg ie s  o f  th e  l a s t  n eutrons and

p ro to n s  and th e coulom b b a r r ie r .  Such a dependence i s  shown in  f i g .  3 .

With th e  a id  o f  th e  v a lu es  read  o f f  from  th o se  c u r v e s , which are v is u a l

f i t s  t o  th e  p o in t s ,  many e x c i t a t io n  fu n c t io n s  were c o n s tr u c te d . They w i l l

be p u b lish e d  in  volume l / 5 c  o f  th e  L a n d o lt -B ö m s te in  1 5 ]»  th e  m anuscript

i s  in  p r e p a ra t io n . In  f i g .  % an example i s  g iv e n  f o r  th e  k ind o f  p resen 
t a t io n  used in  t h i s  c a s e . A ga in , a s en ergy s c a le  th e d i f f e r e n c e  between
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^proj t̂hr
F IG .4 .  R ep resenta tion  o f  the e x c ita t io n  fu n c tio n s  co ns tru c ted  w ith  the  a id  o f  the sys tem atics  [ 1 5 ] .

p r o j e c t i l e  energy  and th re s h o ld  energy i s  ch osen . T h is  volume w i l l  a ls o  

co n ta in  t h ic k  ta r g e t  y i e l d s ,  w hich were c a lc u la te d  w ith  th e a id  o f  th ese  

e x c i t a t io n  fu n c t io n s .  To use t h is  co m p ila t io n  one has t o  read  o f f  ж -v a lu e s  

from  a t a b le  and t o  in t e r p o la t e  betw een th e  g iv e n  cu rv e s .

One im portan t p o in t  in  th e  a p p l ic a t io n  o f  such a sy s te m a tics  i s  the

u n ce r ta in ty  o f  th e  estim a ted  v a lu e s . We th e r e fo r e  te s t e d  th e  a ccu ra cy  in

two ways. F i r s t ,  th e  d e v ia t io n s  o f  th e  maximum c r o s s  s e c t io n s  from  the

p r e d ic te d  v a lu e s  were c a lc u la te d  f o r  ( p ,x n ) -  and ( a ,x n ) - r e a c t io n s ,  w ith  x

ran gin g  from  1 t o  4 . The mean va lu es  o f  th e d e v ia t io n s  ob ta in ed  were l e s s

than 30 % [ 1 3 J • A nother t e s t  was perform ed t o  check  th e  whole e x c i t a t io n

fu n c t io n  |^1б]. F or  t h is  purpose th ic k  ta r g e t  y ie ld s  were c a lc u la te d  f o r

(p ,x n )  and (a ,x n )  r e a c t io n s ,  u s in g  exp erim en ta l v a lu e s  and e x c i t a t io n

fu n c t io n s  o b ta in e d  from  sy s te m a tic s . The com parison  shows th a t  w ith  one

e x c e p t io n  th e  d e v ia t io n s  betw een corresp on d in g  th ic k  ta r g e t  y ie ld s  are
54 56le s s  than a f a c t o r  o f  2 . The e x c e p t io n  i s  th e  r e a c t io n  F e (a ,2 n )  N i , f o r

which th e  v a lu e  ob ta in e d  w ith  th e  a id  o f  th e sy s te m a tics  i s  by a f a c t o r
56o f  20 t o o  h ig h . T h is i s  most p roba b ly  due t o  th e  f a c t  th a t  Ni i s  a 

d ou b le  m agic n u c le u s . We a re  ju s t  in v e s t ig a t in g ,  i f  th e  sy s te m a tics  

co u ld  be im proved by in c lu d in g  s h e l l  e f f e c t s  in  th e  c a lc u la t io n  o f  -x .
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The s it u a t io n  can be summarized in  th e fo l lo w in g  way: The scann ing o f  

th e  l i t e r a t u r e  i s  s a t i s f a c t o r y .  P robab ly  one improvement c o u ld  be the 

in c lu s io n  o f  r e p o r ts  and c o n fe re n ce  a b s t r a c t s .  In  r e s p e c t  t o  th e  c o l l e c t i o n  

o f  c r o s s  s e c t i o n s ,  th e  s i t u a t io n  i s  n ot so  s a t i s f a c t o r y .  A lthough  the 

newest c o m p ila t io n  co n ta in s  more than 1800 e x c i t a t io n  fu n c t io n s ,  i t  com

p r is e s  n o t  a l l  a v a i la b le  d a ta . S o m e  l im it a t io n s  w e r e  m e n tio n e d  a b o v e . T h e  

c r i t i c a l  e v a lu a t io n  o f  th e  d ata  i s  m iss in g  a lm ost c o m p le te ly . An sem i-em p ir

i c a l  sy s te m a tics  i s  now a v a i la b le  so th a t  unknown e x c i t a t io n  fu n c t io n s  f o r  

s e v e r a l  d i f f e r e n t  ty p e s  o f  r e a c t io n s  can be e s tim a te d . B u t, a lt o g e t h e r ,  i t  

s t i l l  must be foun d ou t i f  th e  m entioned co m p ila t io n s  s a t i s f y  th e  s p e c ia l  

requ irem en ts o f  th e  d i f f e r e n t  u se r s .

As t h i s  summary show s, th ere  are  many d e f i c i e n c i e s  o r  even  gaps in  

t h i s  f i e l d  o f  th e  c o m p ila t io n , e v a lu a t io n  and d is se m in a tio n  o f  c r o s s  

s e c t io n  d a ta  f o r  charged  p a r t i c l e  induced r e a c t io n s .  Many e f f o r t s  have to  

be done t o  im prove th e  s i t u a t io n .  But t h is  can be accom plish ed  o n ly  i f  th e 

c o n d it io n s  f o r  th e c o l l e c t i o n  and e v a lu a t io n  o f  th e d a ta  are  im proved t o o .

I  would l i k e  t o  m ention  fou r: requ irem en ts o n ly :

1 ) C o n sid e ra b le  in c r e a s e  o f  th e a v a ila b le  man power in  th e  v a r io u s  com p ile r  

g ro u p s .

2 )  C lo s e r  c o o p e r a t io n  betw een th e  co m p ile r  g rou p s.

3 )  C lo s e r  c o o p e r a t io n  betw een a u th o rs , e d i t o r s  and co m p ile rs  t o  make the

d ata  more r e a d i ly  a c c e s s i b l e .

4 )  C lo s e r  c o o p e r a t io n  betw een u sers  and co m p ile rs  t o  g e t  a b e t t e r

understand ing o f  th e  needs and requ irem en ts and , on  th e o th e r  hand,

o f  th e  d i f f i c u l t i e s  a r is in g  in  th e  p r e p a ra tio n  o f  s p e c ia l  c o m p ila t io n s .
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D I S C U S S I O N

D . J .  HOREN (C h airm an ): S ince it ap pears that b a s ic  r e s e a r c h e r s  have 
lit t le  in te re s t  in  m aking the types o f  m ea su rem en ts  to  w hich  you  have 
r e fe r r e d ,  do you  fe e l  that th e re  is  su ffic ie n t e c o n o m ic  in te re s t  on the part 
o f  u s e r s  to  fund such w ork ?

H. M U N ZE L: It is  v e r y  d ifficu lt  to  an sw er th is qu estion . Our su rvey  
co n ce rn in g  data n eed s  in  a ctiva tion  a n a ly s is  con v in ced  us that data on 
e x cita tion  fu n ction s a re  la ck in g . If activa tion  a n a lys is  is  now  c o n s id e re d  to 
b e  a p r e s s in g  n eed , then th is  is  w here the an sw er to  y ou r  qu estion  l ie s .
But I cannot say what w ill b e  the fin an cia l im p lica t io n s .
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EVALUATION DES PARAMETRES 
DE SCHEMAS DE DESINTEGRATION
W. BAMBYNEK*, B. GRINBERG**, H.H. HANSEN*,
F. LAGOUTINE**, Y. LE GALLIC*», J. LEGRAND**,
E. DE ROOST*, A. SPERNOL*, A. H. WAPSTRA’*', H. M. WEISSÎÎ

Abstract-Résumé

EVALUATION OF D ECAY  SCHEME PARAMETERS.

The use of radionuclides is partly a function of our knowledge of the parameters by which they are 

characterized. While in many cases an accuracy of 1 to 2?o is sufficient, an accuracy of 0.1  to 0. 2%  is 

needed for certain applications. The latter accuracy can be achieved for many parameters, but only very 

few decay schemes are known with such an accuracy. This is the reason why the BCMN/IKO/PTB/LM RI 

group has decided to evaluate these schemes to a higher accuracy. The paper reports on the method of 

work and the evaluation rules adopted; some examples of evaluation are given.

EVALUATION DES PARAMETRES DE SCHEMAS DE DESINTEGRATION.

L’utilisation des radionucléides est en partie conditionnée par la connaissance des paramètres qui les 

caractérisent. Si dans de nombreux cas une précision de 1 à 2“Уо est suffisante, pour certaines applications 

une précision de 0,1  à 0, 2%  est nécessaire. Cette dernière peut être atteinte pour de nombreux paramètres, 

mais très peu de schémas de désintégration sont connus avec une telle précision. C'est pourquoi le groupe 

BC M N/IKO/PTB/LM RI s'est proposé d’évaluer ces schémas avec une meilleure exactitude. Le mémoire 

rend compte de la méthode de travail et des règles d'évaluation adoptées, et donne quelques exemples 

d'évaluations.

IN TROD U CTION

D epuis qu elques an n ées, d es la b o r a to ire s  eu rop éen s e ssa ie n t d 'é v a lu e r  
de m a n iè re  ap p ro fon d ie  le s  p a ra m è tre s  de sch é m a s de d és in tégra tion  des 
150 ra d io n u clé id e s  le s  p lu s im p orta n ts . L e  but de c e  g rou p e e s t  de fo u rn ir  
aux u tilisa te u rs  le s  m e ille u re s  v a le u rs  a in s i que le u rs  in certitu d es  pour un 
grand n om b re  de p a ra m è tr e s . En e ffe t  sou vent le s  u tilisa te u rs  regretten t 
de ne pas a v o ir  à leu r  d is p o s it io n  une v a leu r  re co m m a n d é e  et de d e v o ir  
fa ir e  le  ch o ix  e u x -m ê m e s . B ien  sû r  i l  e x is te  de n o m b re u se s  ta b les  [1 - 4 ] ,  
m a is  m a lg ré  1' e x ce lle n t  tra v a il e ffe c tu é , sou vent e lle s  ne rendent pas le 
s e r v ic e  attendu c a r  la p lu part sont d es co m p ila tio n s . D ' autre p a rt , s i  dans 
qu elqu es c a s  c e r ta in e s  ta b les  recom m a n d en t une v a le u r , la  nature de 
1' e r r e u r  qui lu i est a s s o c ié e  e s t  ra re m e n t c la ire m e n t  d é fin ie ; c 1 e s t  p o u r 
qu oi le  g rou pe s ' est attaché à d é fin ir  d 'u n e  part une m éthode de tra v a il 
et d 'a u t r e  part d e s  r è g le s  d 1 évalu ation  de te lle  s o r te  que le s  in certitu d es  
su r  chacu n  d es p a ra m è tre s  év a lu és  so ien t d é te rm in é e s  de m a n ière  
co m p a ra b le .

Un autre but de ce  tr a v a il est de m ettre  en év id en ce  l 'in su ffisa n c e  
de travau x  ex p érim en tau x  pou r la  m e s u re  de ce r ta in s  p a ra m è tre s , et a insi 
de s u s c it e r  de n ou v e lles  d é te rm in a tio n s . L e s  qu elques e x e m p le s  que nous

* Bureau central des mesures nucléaires de l’Euratom, Geel, Belgique.

** CEA, LMRI, Centre d'études nucléaires de Saolay, France.

^ Instituut voor Kernphysisch Onderzoek, Amsterdam, Pays-Bas.

^  Physikalisch-Technische Bundesanstalt, Brunswick, République fédérale d'Allemagne.
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au ron s 1' o c c a s io n  de tr a ite r  m on treron t que m êm e pou r d es ra d io n u clé id e s  
qui sem b len t b ien  con n u s , ce rta in s  p a ra m è tre s  fo r t  u tile s  ne sont connus 
dans 1' étât a ctu e l qu' a v e c  une p r é c is io n  in su ffisan te .

1. M OTIVATIO NS

L ' u tilisa tion  des ra d io n u clé id e s  e st  en p a rtie  con d ition n ée  par la 
c o n n a issa n ce  d es p a ra m è tre s  qu i le s  c a r a c té r is e n t . Si dans de n om breu x  
c a s  une p r é c is io n  de 1 à 2% e st su ffisan te , p ou r ce rta in e s  a p p lica tion s  une 
p r é c is io n  de 0 ,1  à 0 , 2% est n é c e s s a ir e . Cette d e rn iè re  peut ê tre  atteinte 
pou r de n om breu x  p a ra m è tr e s , m a is  t r è s  peu de sch é m a s de d és in tégra tion  
sont connus a v ec  une te l le  p r é c is io n . A  ce tte  o c c a s io n  qu elques e x em p les  
peuvent ê tre  c ité s : 1' a m é ric iu m -2 4 1  est un ra d ion u clé id e  trè s  u t ilisé ; o r  
i l  se m b le  su b s is te r  qu elques doutes su r  sa  p é r io d e . En e ffe t pendant de 
n o m b re u se s  années la  v a le u r  adoptée éta it de 458 ans en v iron ; e lle  était 
déduite d es travau x de H all et M arkin  [5] et de W allm ann et c o l l .  [6 ]. Une 
d iza in e  d 'a n n é e s  plus ta rd , en s ' appuyant su r  le s  travau x de O etting et 
Gunn [7] ,  Stone et H ulet [8 ] et Brow n et P r o p s t  [9] ,  on  peut ê tre  tenté 
d 1 a d op ter  une p é r io d e  de 433 ans en v iron  so it  un é ca r t  de 6% a lo rs  que le s  
d iffé re n ts  au teu rs reven diquen t des p r é c is io n s  de 0, 1 à 0 , 5%.  La le c tu re  
attentive d e s  d iffé re n te s  pu b lica tion s ne p e rm e t pas de d é c e le r  des e r r e u r s  
qu i p e rm e ttra ie n t  de ju s t if ie r  le s  é c a r ts  o b s e r v é s .  Si la  p é r io d e  du 241 A m  
doit ê tre  connue a v ec  p r é c is io n , de n ou v e lles  m e s u re s  sont n é c e s s a ir e s .

Un autre ex em p le  co n ce rn e  1 'u ra n iu m -2 3 4 , p ou r leq u e l une évalu ation  
ap p ro fon d ie  a condu it le  B ureau  cen tra l d es m e s u re s  n u c lé a ire s  (BCM N , 
E u ra tom , G ee l) à e n tre p re n d re  de n ou v e lles  m e s u r e s  de la  p é r io d e  de ce  
ra d io n u clé id e . L a n ou v e lle  va leu r  a en tra în é une dim inution  de 2% de la 
s e c t io n  e f f ic a c e  de f is s io n  de 1 'uranium -235 . T o u jo u rs  dans le  dom aine 
d e s  p é r io d e s ,  d es travau x  ré ce n ts  du N ational B ureau  o f Standards (USA) 
ont p e r m is  de d é te rm in e r  av ec  p r é c is io n  c e lle  du 63N i, a lo r s  que le s  v a leu rs  
p u b liées  éta ient s é p a r é e s  de p r è s  de 50%.

D es e x e m p le s  s im ila ir e s  p ou rra ien t ê tr e  c ité s  pou r d 'a u t r e s  p a ra 
m è tre s  te ls  que le  ra p p o rt ß+/C E  pou r le  22Na, 1' in ten sité  d es photons 
de 59 keV  du 241A m , le  c o e ffic ie n t  de c o n v e rs io n  in terne  de la  tra n sition  
de 14 keV  du 57F e , de n om breu x  ren d em en ts de flu o r e s c e n c e  p ou r la 
co u ch e  K , e tc .

Il ne faut pas co n c lu re  à p a rt ir  de c e s  quelques e x e m p le s  que 
1' éva lu ateu r  m et to u jo u rs  en év id en ce  une in su ffisa n ce  d es travaux e x 
périm en ta u x ; au c o n tr a ir e , t r è s  souvent i l  ap para ît que le s  p a ra m è tre s  
sont connus a v ec  une p r é c is io n  su ffisan te pou r l 'u s a g e  sou h aité . L e tra v a il 
d 'é v a lu a t io n  p e rm e t a lo r s  de d é fin ir  une v a leu r  et l 1 in certitu d e  a s s o c ié e .  
T r è s  sou vent, lo r sq u e  le s  travaux sont n om b reu x , et le s  m éth od es 
e m p lo y é e s  d if fé r e n te s , 1' in certitu d e  su r le  p a ra m è tre  évalu é e st b ien  
m e ille u re  que c e lle  reven d iq u ée  p a r  chacun  d es au teu rs.

2. M ETH O DE DE T R A V A IL

L 1 évalu ation  e st e f fe c tu é e , se lon  des r è g le s  c la ire m e n t d é fin ie s , 
p a r  deux p h y s ic ie n s  de deux la b o r a to ire s  d iffé r e n ts , qu i ont e u x -m ê m e s  
e ffe ctu é  qu elques travau x  su r  le s  ra d io n u clé id e s  é tu d iés . C e s  con d ition s
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sont ap paru es t r è s  im p ortan tes c a r  il  e s t  d if f ic i le  d 'a v o ir  un point de 
vue cr it iq u e  et de ré é v a lu e r  d es e r r e u r s  p ou r d es tech n iqu es plus ou 
m oin s  bien  con n u es. P a r  e x e m p le , pou r  la  p é r io d e  du 241A m , d es p r é 
c is io n s  de 0 , 1 ou 0 , 2% n' auraient ja m a is  été  a c c e p té e s .

L 1 ex p osé  d es ré su lta ts  com p ren d  deux p a rt ie s ; la  p r e m iè r e  e s t , 
pou r chaque ra d io n u clé id e , une étude ap p ro fon d ie  av ec  d es co m m e n ta ire s  
su r  le s  p u b lica tion s  ex a m in ées  et tou s le s  d é ta ils  d es éva lu ation s. La 
se co n d e  p a rtie  se  p ré se n te ra  sou s  fo rm e  d ' u n  tableau  où se ro n t r e p o rté s  
tous le s  r é su lta ts . A fin  de re n d re  le  m axim u m  de s e r v ic e s ,  i l  a été 
d é c id é  de p r é s e n te r  d 'u n e  part 1' évalu ation  d es p rin cip au x  p a ra m è tre s : 
p é r io d e , é n e r g ie s , in ten sités  d e s  d iffé re n ts  rayon n em en ts , c o e ffic ie n ts  
de c o n v e rs io n  in terne  e tc . et d 'a u tr e  part une com p ila tion  de n om breu x  
au tres p a ra m è tre s : se c t io n s  e f f ic a c e s  de p rod u ction , sp in s , p a r ité s , 
du rée  de v ie  d es n iveaux , v a le u rs  de lo g  ft e tc .

E n fin , pou r a id e r  le s  u t ilisa te u rs , d es s p e c t r e s  des d iffé re n ts  
ray on n em en ts sont jo in ts  (a , e " ,  7 et X  se lo n  le  c a s ) a in s i qu' une table 
de d é c r o is s a n c e  c a lc u lé e  à p a rt ir  de la  p é r io d e  é v a lu ée . D eux e x em p les  
de c e s  ra p p o rts  son t d is p o n ib le s , i ls  co n cern en t le  58Co [10]  et le  51C r [11].

3. RE G LE S D 1 E V A L U A TIO N

L e d é ta il d e s  d é fin ition s  et d es r è g le s  e st d é c r it  dans 1' in trodu ction  
g é n é ra le  au tra v a il e n tre p r is  [12] .  L e p ro b lè m e  le  plus d é lica t a été  de 
d é fin ir  l 1 in certitu d e  fin a le  a s s o c ié e  à la  v a leu r  du p a ra m è tre  évalu é. 
F in a lem en t i l  a été re com m a n d é  que ce tte  in certitu d e  c o r r e s p o n d e  le  
p lu s p o s s ib le  â un in terv a lle  de co n fia n ce  de 68%, 1' in certitu d e  ayant 
dans le  ca s  g é n é ra l la  fo r m e  su ivante:

t : fa c te u r  de Student pou r un in te rv a lle  de co n fia n ce  de 68% 
s : é c a r t  type 
ô : e r r e u r s  sy stém a tiq u es

ó = ^  6j

L a d e r n iè re  re la t io n  n ' e st  u t ilis é e  que s i  le s  e r r e u r s  sy stém a tiq u es  
son t n o m b re u se s  et du m êm e o r d re  de g ra n d eu r.

C ette d é fin ition  de 1' in certitu d e  e st un c o m p r o m is . Si e lle  est 
m u ltip lié e  p a r  3, on obtien t une v a le u r  qu i c o rr e sp o n d  pratiqu em en t à 
un in te rv a lle  de co n fia n ce  de 99 ,7% .

L e s  d iffé re n te s  étapes de 1' évalu ation  son t le s  su ivan tes:
-  com p ila tion
-  c o r r e c t io n  év en tu elle  des ré su lta ts
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-  d é term in a tion  de n ou v e lles  e r r e u r s  et r e je t  d es  résu lta ts  douteux
-  est im a tion  de la  « m e il le u r e »  va leu r  et de son  in certitu d e .

T ou tes  le s  p u b lica tio n s , et, lo r sq u e  c 1 est n é c e s s a ir e  et p o s s ib le , 
tou tes le s  in fo rm a tio n s  fo u rn ie s  par le s  au teu rs, sont p r is e s  en c o n s id é 
ra tion . L e s  ré su lta ts  p u b liés  sont éven tu ellem en t c o r r ig é s  s i  de m e ille u re s  
v a le u rs  ou de n o u v e lle s  fo rm u le s  sont conn ues d es év a lu ateu rs . C ' e s t  le  
ca s  p a r  ex em p le  d es ren d em en ts  de f lu o r e s c e n c e  qui condu isent à c o r r ig e r  
c e r ta in e s  v a le u rs  de c o e f fic ie n t s  de c o n v e rs io n  in tern e , de 1' é n e rg ie  de 
c e r ta in e s  tra n s ition s  a ou  7 u t ilis é e s  co m m e  r é fé r e n c e  et qui ont été 
m e s u r e e s  re ce m m e n t a v ec  d es p r é c is io n s  b ien  s u p é r ie u re s  à c e l le s  u t ilis é e s  
p a r  le s  a u teu rs , e tc .

D es in ce rtitu d e s  son t a ffe c té e s  à chaque v a leu r  se lon  le s  r è g le s  f ix é e s  
s i  c e l le s  don nées p a r  le s  au teu rs ne sont pas co m p a tib le s  a v e c  nos d é 
fin it io n s . Chaque fo is  q u 'u n  résu lta t e st m o d ifié , tou tes le s  ju s t if ica t io n s  
son t fo u rn ie s . E n su ite  le s  résu lta ts  pou r le s q u e ls  i l  n ' a pas été p o s s ib le  
de d é te rm in e r  une e r r e u r  sont r e je té s  a in s i que ceu x  dont 1' in certitu d e  
est t r o is  fo is  p lu s grande que c e lle  du ré su lta t le  p lus p r é c is .  C ette r è g le  
n ' e s t  pas app liquée lo r s q u ' i l  n ' y a qu ' une v a leu r  à la q u e lle  i l  n' a pas été 
p o s s ib le  d 'a s s o c i e r  une e r r e u r ; dans ce  c a s  e lle  est c o n s e rv é e  et c ité e  
a v ec  tou tes le s  r e s t r ic t io n s  n é c e s s a ir e s .

P o u r  la  d é term in a tion  de la m e ille u re  v a leu r  et de son  in certitu d e  
a s s o c ié e  p lu s ie u rs  ca s  peuvent ê tre  d is tin g u és  qui son t r e p r is  en d éta il 
dans le  texte  d 'in tr o d u c t io n  [12 ]. En e ffe t , b ien  que le s  sép a ra tion s  
p u issen t p a ra ître  a r b it r a ir e s ,  le s  s itu ations su ivan tes ont été  im a g in ées  
et le s  ca lc u ls  de la  m e ille u re  v a leu r  et de 1' in certitu d e  ont été  d é fin is  
p ou r chacune d 'e l l e s :
-  un seu l auteur u tilisa n t une seu le  m éthode
-  p lu s ie u rs  au teu rs u tilisa n t la  m êm e m éthode
-  un ou p lu s ie u rs  au teu rs u tilisant d es m éth od es d iffé re n te s .

C ette d e r n iè re  situ ation  e s t  la p lu s co n fo r ta b le  pu isqu ' e l le  p e rm e t 
de m in im is e r  le s  e r r e u r s  sy stém a tiq u es , la  m e ille u re  v a leu r  e st a lo r s  
la  m oyen n e p o n d érée . L 'in ce r titu d e  c o rr e sp o n d  à 1' e r r e u r  in tern e ; la 
v a lid ité  de ce tte  d e r n iè re  est tes tée  p a r  le  ca lc u l de 1' e r r e u r  ex tern e  qui 
doit lu i ê tre  in fé r ie u re  ou au plus é g a le . Si ce  n ' e s t  pas le  ca s  une n ouvelle  
éva lu ation  de 1' in certitu d e  su r  chacun d es résu lta ts  pu b liés  e s t  fa ite .

L ' e x p é r ie n ce  e ffe ctu é e  su r le  51C r, le  58Co et le  65Z n  a m on tré  qu' i l  
é ta it r a r e  de se  tr o u v e r  dans cette  situ ation  id é a le , m a is  1' o b je c t i f  de 
1' év a lu ation , q u e l que so it  le  c a s  dans le q u e l i l  se  tr o u v e r a , s e r a  de 
fo u rn ir  une v a le u r  av ec  une e r r e u r  a s s o c ié e  qui c o r r e s p o n d e  le  p lus 
p o s s ib le  à un in te rv a lle  de con fia n ce  de 68%. L o r sq u ' i l  au ra  été  d if f i c i le ,  
e t m êm e q u e lq u e fo is  im p o s s ib le , de d é te rm in e r  la  m e ille u re  va leu r  
1' év a lu ateu r p r o p o s e r a  de n ou v e lles  m e s u r e s .

4 . E X E M P L E S  D 'E V A L U A T IO N S

T r o is  éva lu ation s sont m aintenant te rm in é e s ; e l le s  co n ce rn e n t le  
51C r , le  58Co et le  65Z n . L e s  ra p p o rts  su r le s  deux p r e m ie r s  r a d io 
n u c lé id e s  sont d is p o n ib le s . D 'a u tre s  éva lu ation s sont en c o u r s ; e l le s  
con cern en t le  37A  et le  60Co.

P o u r  le  51C r , la  p lu part d es p a ra m è tre s  u tile s  son t conn us a v e c  une 
p r é c is io n  su ffisa n te . Il se r a it  cependant n é c e s s a ir e  que l ' in ten sité  de la
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tra n sitio n  y de 320 keV  so it  d é te rm in é e  a v ec  une m e ille u re  ex actitu d e , 
c e  qui se m b le  fa c ile m e n t a c c e s s ib le  com p te  tenu d es tech n iq u es d is p o n ib le s .

P o u r  le  58C o, le  p r in c ip a l p ro b lè m e  co n ce rn a it  sa  p é r io d e ; en e ffe t 
1' an a lyse  d e s  qu elques p u b lica tion s  a m on tré  que le s  au teu rs avaient m a l 
tenu com p te  d e s  im p u retés  sou vent p r é s e n te s . E n e ffe t , se lo n  le  m ode 
de p ro d u ctio n , d es quantités p lus ou m oin s  im p ortan tes  de 51Co et de 60Co 
peuvent ê tre  fo r m é e s .  De n o u v e lle s  m e s u r e s  ont été fa ite s  tant au BCM N 
qu 1 au LM RI; un e x ce lle n t  a c c o r d  a été  obtenu , ce  qui a condu it le s  
év a lu ateu rs  à re co m m a n d e r  la  v a le u r  de 70, 78 ± 0 , 1 0  jo u r s ,  qui est 
se n s ib le m e n t p lu s fa ib le  que c e lle  g én éra lem en t adoptée: 71 , 3  ± 0 , 2  jo u r s . 
L e  58Co e st t r è s  u tilis é  pou r le s  m e s u r e s  de flux n eu tron iqu es et 1' é ca r t  
o b s e r v é  su r  sa  p é r io d e  en tra în ait d es e r r e u r s  non n é g lig e a b le s . P o u r  
tou s le s  au tres  p a ra m è tr e s , le s  in ce rtitu d e s  obtenu es p a r  1' évaluation  
son t co m p a tib le s  a v e c  le s  d iffé re n te s  u tilisa tio n s  du 58C o. De n ou v e lles  
m e s u r e s  ne son t pas u tile s .

P o u r  le  65Z n , 1' éva lu ation  et le s  m e s u r e s  c o m p lé m e n ta ire s  e ffe ctu é e s  
p a r  le  BC M N  et le  P T B  m on tren t que tou s le s  ra p p o rts  de b ran ch em en t 
sont conn us a v ec  une in certitu d e  de 0 , 1%.

CONCLUSION

L e grand n om b re  de ra d io n u clé id e s  à e x a m in er  im p liqu e  d e s  d é la is  
re la tiv e m e n t im p orta n ts . En e ffe t , pou r que c e  tra v a il so it  c o r r e c te m e n t  
e ffe c tu é , i l  e s t  n é c e s s a ir e  d 1 y  c o n s a c r e r  beaucou p  de te m p s , ce  qu i en 
lim ite  de fa çon  im portan te  le  «re n d e m e n t» . Cependant s ' i l  éta it p o s s ib le  
de r e n fo r c e r  1' équ ipe ex istan te  par la  p a rtic ip a tio n  d 'a u t r e s  la b o r a to ir e s , 
le s  150 ra d io n u clé id e s  le s  p lu s u t ilis é s  p ou rra ien t ê tre  exa m in és  en  une 
d iza in e  d 'a n n é e s . C ette é ch éa n ce  peut p a ra ître  lo in ta in e , m a is  i l  faut 
r e m a r q u e r  qu1 a p rè s  une éva lu ation  i l  ne d e v ra it  p lus ê tre  n é c e s s a ir e  de 
r e c o m m e n c e r  avant de n o m b re u se s  an n ées à m oin s  qu' e n tre -te m p s  
a p p a ra isse n t d e s  b e s o in s  en don nées p lu s p r é c is e s .
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D I S  C U S S I O N

A.  H. W A P S T R A : I w ould like to  poin t out that th ings a re  w ron g not on ly  
i f  the "e x te r n a l"  e r r o r  is  m u ch  la r g e r  than the " in te rn a l"  on e , but a lso  if  
the r e v e r s e  is  tru e . T h is , to o , points to the p r e se n ce  o f  sy ste m a tic  
com pon en ts in  the e r r o r s .

J . LE G R A N D : I a g re e .
G . A .  K O LST A D : A m on g  the th ree  fu nction s o f  a "data  g ro u p " , i . e .  

c o m p ila tio n , d issem in a tion  and evalu ation , evaluation  has until now  had a 
lo w e r  p r io r ity  than co m p ila tio n  and d issem in a tion . Now that m uch  m o re  
e x p e r im e n ta l data, and a ls o  co m p u te r ize d  sy s te m s  o f  data a ss im ila tio n , a re  
a v a ila b le , do you  fe e l that the tim e  has com e  to  upgrade the le v e l and quantity 
o f  ev a lu ation , even  i f  th is m eans s low in g  down the com p ila tion  o f  new 
e x p e rim e n ta l data o r  in c r e a s in g  the tu rn -a rou n d  tim e  fo r  putting out an 
evalu ated  m a ss  chain , o r  s im ila r  evalu ated  se t ?  S econ d ly , should  the 
evalu ation  w ork  be  c a r r ie d  out at the data c e n tre s  o r  by  s c ie n t is ts  w ork in g  
at th e ir  h om e la b o r a to r ie s  with o c ca s io n a l in te ra c tio n  with a ce n tra l c o 
ord in atin g  g rou p?

J . L E G R A N D : It is  tru e  that with the la rg e  num ber o f  data now  av a ila b le , 
the tim e  w ould s e e m  to  have co m e  fo r  m o r e  thorough  evalu ation . W e w ould 
p ro p o se  that th is evaluation  shou ld  b e  m ade by  sc ie n t is ts  who have p e rso n a l 
e x p e r ie n ce  o f  the p a ra m e te rs  to  be  d eterm in ed .

J . A .  C ZU B E K : What is  the re a so n , fr o m  the point o f  v iew  o f  s ta t is t ic s , 
fo r  applying the fo rm u la  A = t - s /s /n  + 6 /3  in  y o u r  p a p er?  It s e e m s  v e ry  
stran ge  to  com b in e  th e se  tw o quite d iffe re n t ty p e s  o f  e r r o r  (by d efin ition  on e 
o f  th e se  i s  s ta t is t ica l and the o th er  is  con stan t), and to  p e r fo r m  an a lg e b ra ic  
su m m ation  ( fo r  e r r o r s  a g e o m e tr ic  su m m ation  is  g e n e ra lly  u sed ). T h is  
qu estion  can  be quite im portan t i f  one o f  th e se  e r r o r s  is  la rg e .

J . L E G R A N D : It is  tru e  that the ran dom  and sy s te m a tic  e r r o r s  a re  o f  
d ifferen t nature and that the id ea  o f sum m ing them  m ay se e m  stra n g e . H ow 
e v e r , the u ser  wants to  have an u ncerta in ty  a s so c ia te d  with each  resu lt  and 
fo r  th is  r e a s o n  a co m p r o m is e  was n e c e s s a r y .

Y . LE  G A L L IC : I sh ou ld  lik e  to add a few  w o rd s  to  what M r. L egrand 
h as ju st sa id . U se rs  want to  know what u ncerta in ty  a tta ch es to  the data 
w hich  they u se . The p ro b le m  is  the sam e as that w hich  e x is ts  fo r  ra d io a ct iv e  
s tan d ard s . O f c o u r s e , the com bin ation  o f  ran dom  and sy s te m a tic  e r r o r s  is  
su b je ct to  d is c u s s io n . In the p resen t c a s e ,  the fo rm u la tion  adopted re p re s e n ts  
a con ven tion  by  m eans o f  w hich  the r e su lts  p resen ted  can  b e  brou gh t into 
lin e  w hile the u se r  is  p ro v id e d  with data w hich  can  b e  u sed  d ir e c t ly .

B . ROSE: You stated  you b e lie v e  that the evaluation  o f  th e '150  m ost 
im portan t n u c lid e s  w ould  take about ten  y e a r s .  G iven  support fr o m  oth er 
la b o r a to r ie s , cou ld  you  estim a te  how m any m a n -y e a r s  w ould  b e  n eeded  fo r  
th is e n te r p r is e ?

J . LE G R A N D : On the b a s is  o f ou r e x p e r ie n c e , the a v e ra g e  tim e  r e q u ire d  
fo r  the evalu ation  o f  one is o to p e  is  about s ix  m onths ( fo r  tw o s c ie n t is ts ) .

C . W E IT K A M P : T h e c r i t ic a l  evalu ation  and gen era tion  o f  b e s t , o r  
re co m m e n d e d , v a lu es  fo r  p ro p e r t ie s  o f  e x c ite d  n u c le a r  sta tes has so  fa r  
b een  lim ite d  to few  and r e la t iv e ly  is o la te d  qu an tities , su ch  as h a lf - l iv e s .
How fa r  do you plan to  g o  with r e sp e c t  to  the data to  b e  ev a lu ated? W ill you , 
fo r  e x a m p le , t r y  tn evalu ate 7 - r a y  e n e rg ie s  and in te n s itie s , o f  w hich  m any 
hundreds a re  so m e tim e s  pu blish ed  in  a s in g le  p a p er?  And i f  so , do you
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ex p e ct that the data fo r  the evaluation  w ill be r e a d ily  a v a ila b le . Is the six  
m a n -m on th  estim a te  p e r  n u clid e  s t il l  r e a l is t i c ?

J . LE G R A N D : Not a ll the data a re  evalu ated  — on ly  the m ost im portant 
on es  ( e . g .  h a lf - l i fe ,  e n e rg ie s  and in te n s itie s  o f  the d iffe re n t ra d ia tio n s , 
in tern a l c o n v e rs io n  c o e f fic ie n t ).  H ow ever , the e n e rg ie s  and in te n s itie s  o f 
a ll e x c ite d  le v e ls  a re  not eva lu ated . It is  fo r  th is  re a so n  that the average  
tim e  fo r  an evalu ation  can  b e  put at s ix  m a n -m on th s .

D . J .  HOREN (C h airm an ): I w ould lik e  to  con gra tu la te  the E U R A TO M  
p eo p le  fo r  ca r ry in g  on  th is kind o f  w ork , b e c a u se  I think it is  v e r y  n e c e s s a r y . 
S om ebod y , so m e w h e re , has to  do so m e  p r e c is e  w ork  to  m eet esta b lish ed  
sta n d a rd s . H ow ever , i f  we a r e  ta lk ing in te r m s  o f  t im e , we m ight say that 
they a r e  spending , i f  we take the n u m bers g iven  b y  M r. L e  grand, rough ly  
s ix  m a n -m on th s to  get g ood , evalu ated  p r e c is io n  on , I w ould  sa y , 20 
n u m b e rs . If w e w e re  to  try  to  evalu ate e v e ry  s in g le  datum  g en era ted  in 
n u c le a r  p h y s ics  to  a p r e c is io n  o f b e tte r  than 1%, it w ould b e  an im p o s s ib le  
ta sk . W e th e r e fo r e  have to  adopt so m e  p r a c t ic a l  ap p roa ch  to  the p ro b le m , 
and th is  i s  what is  done in  the v a r io u s  ty p es  o f  c o m p ila tio n s . An a v erag e  
Data Sheet co m p ila tio n  ta k es som eth in g  o f  the o r d e r  o f  th re e  to  fou r  m an- 
m on th s, so m e tim e s  lo n g e r . T h is  in c lu d e s  exam in in g  around 10 000 n um bers 
but ce rta in ly  n e v e r  in  the d e ta il with w hich  the E U R A TO M  type  o f  evaluation  
i s  c o n c e rn e d . If in  p rep a r in g  a Data Sheet one w e re  a lso  to  try  and do 
ex p e rim e n ts  to d e term in e  the b a s is  o f  in co n s is te n c ie s  in e v e ry  n um ber, one 
w ould  o f c o u r s e  n e v e r  re a ch  th e  p u b lica tion  s ta g e . So I think w e have to 
d e v e lo p  a p e r s p e c t iv e , but w ithin th is  p e r s p e c t iv e  th e re  is  ce rta in ly  an 
urgent need fo r  so m e  v e ry  p r e c is e  data . T he o th e r  req u irem en t i s  to fo r c e  
th is type o f  need onto the e x p e r im e n ta lis ts  in  that they w ill p rod u ce  b e tter  
p a p e rs .
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Abstract

NUCLEAR D A T A  COMPILATIONS OF UTILITY IN MEDICAL AND BIOLOGICAL APPLICATIONS.

Detailed knowledge concerning the energies and intensities of all the radiations emitted as a result 

of a radioactive decay process is necessary in making radiation dose calculations. The principal author 

has previously published a compilation of nuclear data of this type for nuclides of interest in medical and 

biological applications. This paper reports on significant extensions of that work. We have recently 

calculated the bremsstrahlung spectrum associated with beta particles and with monoenergetic conversion 

electrons. Although only the inner bremsstrahlung is an invariable part of the radioactive decay process, 

we have calculated in addition the external bremsstrahlung for absorption in air, muscle, adipose tissue 

and skeleton. As a further aid to persons involved in internal radiation dose calculations, we propose to use 

decay scheme data as input and calculate specific effective energies (SEE) for many radionuclides. Specific 

effective energy is the energy absorbed per gram of target organ Y  for each disintegration of the radionuclide 

in source organ X multiplied by qualifying factors associated with linear energy transfer values of the 

radiation. A computer program has been written which calculates SEE values for a large matrix of target 

and source organs. For each radiation, in addition to the intensity and energy, this program interpolates 

from a table to find the fraction of the energy absorbed in organ Y  for a source uniformly distributed in 

organ X .  These absorbed fractions have been determined by Monte-Carlo techniques using a non-homogeneous 

phantom representing standard man. The quality factors used in all calculations are shown explicitly so 

that the SEE tables may be used in calculations of absorbed dose as well as dose equivalent. All of the 

nuclear data and the static biological data are provided in the SEE tables, with the kinetic biological data 

which the user must provide being contained in the residence time of the radionuclide in the source organ.

I n t r o d u c t i o n

N u c l e a r  d a t a  c o m p i l a t i o n s  s u c h  a s  t h e  J o u r n a l ,  N u c l e a r  D a t a ,  o r  t h e  

T a b l e  o f  I s o t o p e s  b y  L e d e r e r  e t .  a l .  d o  n o t  l i s t  t h e  e n e r g i e s  a n d  i n t e n 

s i t i e s  o f  a t o m i c  t r a n s i t i o n s  w h i c h  o c c u r  a s  a  r e s u l t  o f  r a d i o a c t i v e  d e 

c a y .  N o r  d o  t h e y  l i s t  t h e  a v e r a g e  e n e r g y  o f  b e t a  p a r t i c l e s  i n  a  g i v e n  

b e t a  b r a n c h .  H o w e v e r ,  i n f o r m a t i o n  o f  t h i s  k i n d  i s  r e q u i r e d  i n  d o s i m e t r y  

c a l c u l a t i o n s .  T h e  p r i n c i p a l  a u t h o r  h a s  p r e v i o u s l y  p u b l i s h e d  [ l ]  d e t a i l e d  

d e c a y  s c h e m e  d a t a  w h i c h  i n c l u d e d  a v e r a g e  b e t a  e n e r g i e s  a n d  e n e r g i e s  a n d  

i n t e n s i t i e s  o f  a t o m i c  t r a n s i t i o n s .  T h i s  c o m p i l a t i o n  h a s  b e e n  u s e d  b y  

t h e  M e d i c a l  I n t e r n a l  R a d i a t i o n  D o s e  ( M I R D )  C o m m i t t e e  o f  t h e  S o c i e t y  o f  

N u c l e a r  M e d i c i n e  a n d  b y  o t h e r s  a s  t h e  d a t a  b a s e  f o r  r a d i a t i o n  d o s e  e s t i 

m a t i o n .  H o w e v e r ,  i n  m e d i c a l  a n d  o t h e r  b i o l o g i c a l  a p p l i c a t i o n s  t h e  b a s i c  

n u c l e a r  d a t a  i s  m e r e l y  a  b e g i n n i n g  p o i n t  f o r  m a k i n g  r a d i a t i o n  d o s e  e s t i 

m a t i o n s .  A  l a r g e r  f r a c t i o n  o f  t h e  t o t a l  e f f o r t  i n  m a k i n g  r a d i a t i o n  d o s e

529
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e s t i m a t i o n s  o f t e n  c o m e s  a f t e r  t h e  b a s i c  n u c l e a r  d a t a  i s  d e t e r m i n e d .  X n  

v i e w  o f  t h i s  w e  h a v e  a t t e m p t e d  t o  b r i d g e  t h e  g a p  b e t w e e n  t h e  p u r e l y  p h y 

s i c a l  d a t a  o n  t h e  o n e  h a n d  a n d  t h e  p u r e l y  b i o l o g i c a l  d a t a  o n  t h e  o t h e r  

h a n d ;  o u r  g o a l  h a s  b e e n  t o  p u t  d a t a  i n  a  f o r m  m o r e  d i r e c t l y  a n d  e a s i l y  

u s a b l e  i n  m e d i c a l  a n d  b i o l o g i c a l  a p p l i c a t i o n s .

L a c k  o f  a p p r e c i a t i o n  o f  t h e  f u l l  s i g n i f i c a n c e  o f  d e t a i l e d  i n f o r m a t i o n  

o n  b a s i c  n u c l e a r  p r o c e s s e s  c a n  s o m e t i m e s  l e a d  o n e  t o  u n w a r r a n t e d  c o n c l u 

s i o n s .  F o r  e x a m p l e ,  t h e  r a d i a t i o n  d o s e  d u e  t o  b r e m s s t r a h l u n g  p h o t o n s  

a c c o m p a n y i n g  b e t a  d e c a y  c a n n o t  b e  n e g l e c t e d  i n  s e t a e  c a s e s ,  p a r t i c u l a r l y  

i n  e s t i m a t i n g  g e n e t i c  d o s e .  H e n c e  a  c a l c u l a t i o n  o f  t h e  b r e m s s t r a h l u n g  

s p e c t r u m  h a s  b e e n  i n c o r p o r a t e d  r e c e n t l y  a s  p a r t  o f  t h e  d e c a y  s c h e m e  d a t a .  

T h e  m e t h o d s  u s e d  i n  t h i s  c a l c u l a t i o n  a n d  t y p i c a l  r e s u l t s  w i l l  b e  d i s c u s s e d  

i n  t h i s  p a p e r .

P r e s e n t l y  t h e  M I R D  C o m m i t t e e  i s  c o m b i n i n g  b a s i c  n u c l e a r  d e c a y  s c h e m e  

d a t a  w i t h  c o m p i l a t i o n s  c o n c e r n e d  w i t h  p h y s i c a l  a n d  b i o l o g i c a l  a s p e c t s  o f  

t h e  m a n n e r  i n  w h i c h  t h e  v a r i o u s  r a d i a t i o n s  i n t e r a c t  w i t h  t h e  h u m a n  b o d y  

t o  e s t i m a t e  d o s e  f r o m  a d m i n i s t e r e d  r a d l o p h a r m a c u t i c a l s .  T h i s  h a s  l e d  u s  

t o  a  c o n c e p t  w e  c a l l  s p e c i f i c  e f f e c t i v e  e n e r g y  a n d  w h i c h  w e  a l s o  d i s c u s s  

i n  t h i s  p a p e r .

D e c a y  D a t a  a n d  N u c l e a r  P a r a m e t e r s

A s  a  b a s i s  f o r  t h e  d i s c u s s i o n  o f  t h e  s i g n i f i c a n t  e x t e n s i o n s  o f  a n d  

u s e s  f o r  t h e  d e c a y  s c h e m e  d a t a  w e  h a v e  p r e v i o u s l y  p u b l i s h e d  w e  s h a l l  s u m 

m a r i z e  t h e  n a t u r e  a n d  e x t e n t  o f  t h e  p r e v i o u s l y  p u b l i s h e d  d a t a .  D e t e r m i n 

a t i o n  o f  a v e r a g e  b e t a  e n e r g i e s  i s  q u i t e  t e d i o u s  a n d  r e q u i r e s  d e t a i l e d  i n 

f o r m a t i o n  c o n c e r n i n g  t h e  p h y s i c s  o f  t h i s  p r o c e s s .  I n  t h e  c a s e  o f  a l l o w e d  

b e t a  d e c a y ,  e x a c t  c l o s e d  m a t h e m a t i c a l  f o r m  c a l c u l a t i o n  o f  t h e  a v e r a g e  

e n e r g y  o f  b e t a  p a r t i c l e s  f r o m  t h e  F e r m i  t h e o r y  o f  b e t a  d e c a y  i s  n o t  p o s 

s i b l e  a n d  n u m e r i c a l  m e t h o d s  o f  i n t e g r a t i o n  m u s t  b e  u s e d .  A  h i g h  s p e e d  

c o m p u t e r  b e c o m e s  a n  a b s o l u t e  n e c e s s i t y ,  p a r t i c u l a r l y  w h e n  o n e  r e a l i z e s  

t h a t  t h e  t h e o r y  o f  u n i q u e  f o r b i d d e n  b e t a  d e c a y  i s  c o n s i d e r a b l y  m o r e  c o m 

p l e x  t h a n  f o r  a l l o w e d  b e t a  d e c a y .  T h e  c o m p u t e r  c o d e  d e v e l o p e d  b y  t h e  

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

y i e l d s ,  r e l a t i v e  x - r a y  a n d  A u g e r  e l e c t r o n  y i e l d s , t h e o r e t i c a l  i n t e r n a l  

c o n v e r s i o n  c o e f f i c i e n t s ,  e l e c t r o n  b i n d i n g  e n e r g i e s ,  e t c . ,  i n  o r d e r  t o  

c a l c u l a t e  t h e  e n e r g i e s  a n d  i n t e n s i t i e s  o f  x - r a y s ,  A u g e r  e l e c t r o n s  a n d  

i n t e r n a l  c o n v e r s i o n  e l e c t r o n s .  I n  t h e  c a s e  o f  e l e c t r o n  c a p t u r e ,  t h e o r y  

i s  u s e d  t o  d e t e r m i n e  t h e  d i s t r i b u t i o n  o f  i n i t i a l  v a c a n c i e s  i n  t h e  v a r i o u s  

a t o m i c  s h e l l s .

T h u s  t h e s e  d a t a  i n c l u d e d  a v e r a g e  b e t a  e n e r g i e s ,  x - r a y  i n t e n s i t i e s  

a n d  e n e r g i e s ,  a n d  A u g e r  a n d  i n t e r n a l  c o n v e r s i o n  e l e c t r o n  i n t e n s i t i e s  a n d  

e n e r g i e s  a s  w e l l  a s  d a t a  o n  n u c l e a r  t r a n s f o r m a t i o n s  w h i c h  m a y  b e  f o u n d  

i n  s t a n d a r d  n u c l e a r  d a t a  c o m p i l a t i o n s .  T h e s e  d a t a  a g r e e  q u i t e  w e l l  w i t h  

a  s i m i l a r  p u b l i c a t i o n  b y  M .  J .  M a r t i n  a n d  P .  H .  B l i c h e r t - T o f t  [ 2 ] .  T h e  

b r e a k - d o w n  o f  x - r a y  a n d  A u g e r  e l e c t r o n  d a t a  i n t o  t h e  v a r i o u s  g r o u p s  i s  

m o r e  c o m p l e t e  i n  o u r  p u b l i c a t i o n s  t h a n  i n  [ 2 ] .  A  n e w  p u b l i c a t i o n  b y  t h e  

M I R D  C o m m i t t e e  g i v i n g  d e c a y  i n f o r m a t i o n  o f  t h i s  t y p e  i s  i n  p r e p a r a t i o n .

I t  w i l l  c o n t a i n  r e v i s e d  a n d  u p d a t e d  d a t a  o n  t h e  5 1* r a d i o n u c l i d e s  p r e 

v i o u s l y  p u b l i s h e d  [ 1 ] ,  a n d  w i l l  c o n t a i n  n e w  d a t a  o n  a n  a d d i t i o n a l  6 5  

r a d i o n u c l i d e s .  I n  a d d i t i o n ,  i n f o r m a t i o n  o f  t h i s  t y p e  f o r  m o r e  t h a n  4 0 0  

r a d i o n u c l i d e s  i s  o n  f i l e  a t  t h e  I n f o r m a t i o n  C e n t e r  f o r  I n t e r n a l  E x p o s u r e ,  

O a k  R i d g e  N a t i o n a l  L a b o r a t o r y ,  O a k  R i d g e ,  T e n n e s s e e ,  U . S . A .  T h i s  i n f o r 

m a t i o n  i s  b e i n g  p r e p a r e d  f o r  u p d a t i n g  I n t e r n a t i o n a l  C o m m i s s i o n  o n  R a d i o 

l o g i c a l  P r o t e c t i o n  ( I C R P )  P u b l i c a t i o n  I I  [ 3 ] .
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B r e m s s t r a h l u n g  r a d i a t i o n  a l w a y s  a c c o m p a n i e s  b e t a  e m i s s i o n  o r  t h e  

e m i s s i o n  o f  m o n o e n e r g e t i c  e l e c t r o n s .  I n  d o s i m e t r y  c a l c u l a t i o n s  i t  i s  

o f t e n  d i s m i s s e d  a s  r e p r e s e n t i n g  a  n e g l i g i b l y  s m a l l '  f r a c t i o n  o f  t h e  e m i t t e d  

r a d i a t i o n .  I n d e e d ,  e v e n  f o r  t h e  r a r e  c a s e  o f  a  b e t a  e m i t t e r  w i t h  e n d p o i n t  

e n e r g y  i n  t h e  n e i g h b o r h o o d  o f  1 0  M e V  t h e  t o t a l  b r e m s s t r a h l u n g  y i e l d  i s  n o t  

e x p e c t e d  t o  e x c e e d  a  f e w  p e r c e n t  o f  t h e  a v e r a g e  b e t a  e n e r g y  i f  a b s o r p t i o n  

o f  t h e  b e t a s  t a k e s  p l a c e  i n  t i s s u e  o r  o t h e r  l o w  Z  m a t e r i a l .  H o w e v e r ,  

t h e r e  a r e  c a s e s  w h e r e  t h e  r a d i a t i o n  d o s e  d u e  t o  b r e m s s t r a h l u n g  c a n n o t  b e  

n e g l e c t e d .  T h i s  i s  t r u e ,  f o r  e x a m p l e ,  i n  t h e  c a s e  o f  i m m e r s i o n  o f  p e r s o n s  

i n  a  p u r e  o r  a l m o s t  p u r e  b e t a  e m i t t i n g  r a d i o a c t i v e  c l o u d .  T h e  g e n e t i c  

r a d i a t i o n  d o s e  w i l l  b e  d u e  a l m o s t  e n t i r e l y  t o  b r e m s s t r a h l u n g  r a d i a t i o n  

s i n c e  t h e  b e t a s  w i l l  b e  a b s o r b e d  i n  t h e  s k i n  u n l e s s  e x t r e m e l y  e n e r g e t i c .

A  c a s e  i n  p o i n t  i s  t h e  c o n c e r n  w i t h  t h e  e n v i r o n m e n t a l  b u i l d u p  o f  r a d i o 

a c t i v e  k r y p t o n - 8 5  w h i c h  i s  a l m o s t  a  p u r e  b e t a  e m i t t e r .  T h e r e  i s  a  l o w  

i n t e n s i t y  g a m m a - r a y  i n v o l v e d  i n  t h e  k r y p t o n - 8 5  d e c a y  b u t  a p p r o x i m a t e l y  

2 0 jo o f  t h e  g e n e t i c  d o s e  i s  p r e d i c t e d  t o  b e  d u e  t o  b r e m s s t r a h l u n g  r a d i a t i o n .  

A n o t h e r  e x a m p l e  w h e r e  b r e m s s t r a h l u n g  r a d i a t i o n  m a y  b e  i m p o r t a n t  i n  d o s i 

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

t o  t h e  c o n t e n t s  o f  t h e  g a s t r o i n t e s t i n a l  t r a c t .

T h u s  w e  h a v e  r e c e n t l y  i n c o r p o r a t e d  a  c a l c u l a t i o n  o f  t h e  b r e m s s t r a h l u n g  

s p e c t r u m  a s  a  p a r t  o f  t h e  d e c a y  s c h e m e  c o m p u t e r  p r o g r a m  m e n t i o n e d  i n  t h e  

i n t r o d u c t i o n .  T h e r e  a r e  t w o  t y p e s  o f  b r e m s s t r a h l u n g  r a d i a t i o n .  I n n e r  

b r e m s s t r a h l u n g  r a d i a t i o n  i s  c r e a t e d  d u r i n g  t h e  e m i s s i o n  o f  t h e  b e t a  p a r t 

i c l e  f r o m  t h e  n u c l e u s .  O u t e r  o r  e x t e r n a l  b r e m s s t r a h l u n g  r a d i a t i o n  i s  

c r e a t e d  a f t e r  t h e  b e t a  p a r t i c l e  i s  e j e c t e d  f r o m  t h e  n u c l e u s  a n d  h e n c e  i t s  

c h a r a c t e r i s t i c s  a r e  d e t e r m i n e d  b y  t h e  a b s o r b i n g  m e d i u m  i n  w h i c h  t h e  r a d i o 

a c t i v e  p a r t i c l e s  a r e  i m m e r s e d .  A l t h o u g h  o n l y  t h e  i n n e r  b r e m s s t r a h l u n g  i s  

a n  i n v a r i a b l e  p a r t  o f  t h e  r a d i o a c t i v e  d e c a y  p r o c e s s  w e  h a v e  c a l c u l a t e d  i n  

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

a n d  s k e l e t o n  s i n c e  t h e s e  a r e  t h e  m e d i a  o f  p r i m a r y  c o n c e r n  i n  m e d i c a l  a n d  

b i o l o g i c a l  a p p l i c a t i o n s .  T h e s e  b r e m s s t r a h l u n g  c a l c u l a t i o n s  h a v e  b e e n  m a d e  

u s i n g  t h e  c o n t i n u o u s - s l o w i n g - d o w n  a p p r o x i m a t i o n .  T h i s  a p p r o x i m a t i o n  a s 

s u m e s  t h a t  t h e  r a t e  o f  e n e r g y  l o s s  o f  t h e  b e t a  p a r t i c l e  a l o n g  t h e  e n t i r e  

t r a c k  o f  t h e  p a r t i c l e  i s  a l w a y s  e q u a l  t o  t h e  m e a n  r a t e  o f  e n e r g y  l o s s .  

A c t u a l l y  t h e  r a t e  o f  e n e r g y  l o s s  f l u c t u a t e s  a b o u t  t h e  m e a n  v a l u e .  A l s o  

t h e  c o n t i n u o u s - s l o w i n g - d o w n  a p p r o x i m a t i o n  d o e s  n o t  i n c l u d e  r a d i a t i o n  f r o m  

s e c o n d a r y  e l e c t r o n s .  H o w e v e r ,  t h e i r  c o n t r i b u t i o n  w o u l d  b e  q u i t e  s m a l l  d u e  

t o  t h e i r  p r e d o m i n a n t l y  v e r y  l o w  e n e r g y .  B e r g e r  a n d  S e l t z e r '  [ U ]  h a v e  c o m 

p a r e d  b r e m s s t r a h l u n g  r a d i a t i o n  y i e l d s  u s i n g  t h e  c o n t i n u o u s - s l o w i n g - d o w n  

a p p r o x i m a t i o n  w i t h  m o r e  a c c u r a t e  m e t h o d s  w h i c h  t a k e  i n t o  a c c o u n t  t h e  d i s 

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

a s  t h e  p r o d u c t i o n  o f  s e c o n d a r y  e l e c t r o n s .  T h e i r  d i s c u s s i o n  e n d s  w i t h  t h e  

a s s e r t i o n  t h a t  t h e  c o n t i n u o u s - s l o w i n g - d o w n  a p p r o x i m a t i o n  i s  q u i t e  s e r v i c e 

a b l e  a n d  g i v e s  r i s e  t o  e r r o r s  o f  n o  m o r e  t h a n  a  f e w  p e r c e n t .

T h e  e x t e r n a l  b r e m s s t r a h l u n g  s p e c t r a l  d i s t r i b u t i o n  h a s  b e e n  c a l c u l a t e d  

a c c o r d i n g  t o  m e t h o d s  d e v e l o p e d  b y  L i d e n  a n d  S t a r f e l t  [ 5 ] .  T h e  s p e c t r a l  

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

t h e o r y  d e v e l o p e d  i n  K h i p p  a n d  U h l e n b e c k  [ 6 ] .  I n  i m p l e m e n t i n g  t h e  t h e o r y  

i n  b o t h  c a s e s  w e  h a v e  r e l i e d  u p o n  t h e  d e t a i l e d  a n d  c o m p r e h e n s i v e  r e v i e w  

o f  b r e m s s t r a h l u n g  c r o s s  s e c t i o n  f o r m u l a s  b y  K o c k  a n d  M o t z  [ 7 ] .  A  d e 

t a i l e d  a c c o u n t  o f  a l l  f o r m u l a s  u s e d  a n d  m e t h o d s  o f  i m p l e m e n t a t i o n  o f  t h e  

r e q u i r e d  n u m e r i c a l  p r o c e d u r e s  i s  b e i n g  p r e p a r e d  f o r  p u b l i c a t i o n .  I t  i s  

s u f f i c i e n t  t o  s a y  h e r e  t h a t  w e  b e l i e v e  t h e  p r i n c i p a l  f a c t o r  l i m i t i n g  t h e  

a c c u r a c y  o f  t h e  c o m p u t e d  r e s u l t s  i s  t h e  a c c u r a c y  o f  t h e  c r o s s  s e c t i o n  d a t a  

b a s e .  T h e  t o t a l  b r e m s s t r a h l u n g  s p e c t r a  ( i n n e r  p l u s  o u t e r )  a s s o c i a t e d  w i t h

Brems S t r a h lu n g  Radiation
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P H O T O N  E N E R G Y  (M e V )

F IG .l . The internal and total (internal + external in a tissue medium) bremsstrahlung spectrum associated 

with the beta decay of krypton-85.

the beta decay of krypton-85 for a muscle tissue absorbing medium is  shown 
in Fig. 1 . Also shown for reference is  the inner bremsstrahlung spectrum.
The ratios of to ta l bremsstrahlung spectrum of a ir , bone and adipose tissue  
to muscle tissue remain practically constant at 1 .05 , 1 .24 , and O.9O, res
pectively, up to an energy of 0.10 MeV. At higher energies these ratios 
change gradually to 1 .009, 1.053 and O.982, respectively, at an energy of 
0.60  MeV. The general features of these spectra are representative of 
the spectra we have calculated for a number of different radionuclides.

For ease in using these data in dosimetry calculations we have simu
lated the continuous bremsstrahlung spectrum with a histogram where the 
abcissa consists of a number of discrete energy intervals. The number 
of energy intervals used increases approximately logarithmically with the 
beta end-point energy. F ifty  is  a typical number of intervals. The or
dinate is  the to ta l number of bremsstrahlung photons in the energy intervals. 
Narrower energy intervals are chosen at lower photon energies because the 
bremsstrahlung photon yield increases quite rapidly at lower energies.
This histogram method allows one to approximate the continuous bremsstrah
lung spectrum with a series of photon intensities at a number of discrete 
photon energies, the discrete photon energies being the mid-points of the 
energy intervals. Each of these discrete photon energies can then be 
treated in a manner identical with gazmna-ray photons which are a part of 
the normal decay scheme data. The only exception to this rule occurs for 
immersion in a radioactive beta emitting cloud. The bremsstrahlung produced 
in the skin from betas which are stopped in the skin d iffers from the brem
sstrahlung associated with betas stopped in the surrounding air not only
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because the absorbing media are different but also because the spectrum 
of betas which enter the skin differs from the equilibrium beta spectrum 
in a ir . A separate histogram is  computed for this case.

Specific Effective Energy Tables

Even with complete nuclear decay scheme data, including information 
on bremsstrahlung radiation and atomic transitions which are not found in 
most nuclear data compilations, the task of accurate radiation dose calcu
lations is  formidable. This is particularly true in internal dosimetry 
where the radioactive source may be distributed in several internal body 
organs and the radiation dose to  these same and other organs may be in 
question. Suppose, for example, one wishes to  calculate the genetic dose, 
whole body dose, and the dose received by each of the source organs when 
the source is distributed in varying degrees in five  organs. Then for 
each radiation emitted in the decay and for each source organ one must 
calculate the genetic dose, whole body dose, and the dose to  every source 
organ. I f  there are, say, 100 penetrating radiations this w ill involve 
100 x 7 °r  700 calculations for each of the source organs or 3500 calcu
lations in a l l .  One-hundred penetrating radiations is not atypical a l
though at f ir s t  glance i t  might seem so. Taking into account the brems
strahlung spectrum by the methods described above accounts for 50 pene
trating radiations in an average case. Furthermore, the state of the 
art in gamma-ray spectroscopy is  such that many radionuclides have been 
found to contain a plethora of low intensity gamma-rays. As an aggregate 
these may be quite significant in dosimetry calculations although any 
particular gamma-ray alone makes a small contribution to the overall ra
diation dose. Each calculation requires knowledge of the fraction of the- 
energy emitted in source organ X which is  absorbed in target organ T, the 
absorbed fraction. Absorbed fractions have been calculated recently [8] 
by Monte Carlo techniques using a nonhomogeneous phantom representing 
standard man [3 ] .  These calculations take account of the size , shape, 
density, elemental composition and relative positions o f a ll  of the major 
organs and parts of standard man as well as accounting accurately for the 
physical processes by which gamma radiation interacts with matter. For 
small target organs i t  is  sometimes the case that the sta tis tic a l accuracy 
of the Monte Carlo estimate o f absorbed fractions is  too poor to be mean
ingfu l. In such cases absorbed fractions have been estimated by alternate 
techniques which involve buildup factors and other principles which have 
been discussed by Snyder [9 ] .  These absorbed fractions are tabulated at
12 energy values ranging from 0.01 to U.O MeV and thus an interpolation 
must usually be performed to obtain the absorbed fraction at the desired 
energy. The prospect of 3500 interpolations and other simple arithmetic 
operations adds up to a most tedious and laborious task.

As an aid to persons involved in internal dosimetry calculations 
we propose to publish tables of specific effective energies (SEE) for 
a large number of radionuclides, including those nuclides of particular 
interest in medical and biological applications. Specific effective  
energy (SEE) is  defined as the energy absorbed per gram of target organ 
Y for each disintegration of the radionuclide in source organ X multi
plied by Quality factors related to the linear energy transfer of the 
radiations involved. The Quality factors axe included to estimate dose 
equivalent values (rem dose) as opposed to absorbed dose values (rad 
dose). A computer program has been written which calculates SEE values 
for a matrix of 22 source organs and 3 1  target organs for a to ta l of 
3^10 entries. For each source-target combination the SEE value is  tab
ulated for each of U kinds of radiation and for the sum of the k  kinds
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T A B L E  I. SOURCE AND T A R G E T  ORGANS FOR SP ECIFIC  E F F E C T IV E  
E N E R G Y  T A B L E

Qrgana Source Target

Bladder Contents (BLAD CON) X
Bladder Wall (BLAD WAL) X
Stomach Contents (S CONT) X
Stomach Wall (S WALL) X
Small Intestine (S .I .) X X
Upper Large Intestine Contents (ULI CONT) X
Upper Large Intestine Wall (ULI WALL) X
Lower Large Intestine Contents (LLI CONT) X
Lower Large Intestine Wall (LLI WALL) X
Kidneys X X
Liver X X
Lungs X
Nasopharyngeal Region (NP KEG)*3 X X
■Tracheobronchial Region (ТВ REG)13 X X
Pulmonary Region (P REG)° X X
Pulmonary Lymph Nodes (LYMPH)13 X X
Muscle X X
Ovaries X X
Pancreas X X
Skeleton X
Cortical Bone (COR B0NE)c X X
Trabecular Bone (TRA BONE)0 X X
Red Marrow (R MARROW)c X X
Yellow Marrow (Y MARROW)0 X X
Total Marrow (T MARROW)c X
Cortical Endosteal Cells (COR E CL)c X
Trabecular Endosteal Cells (TRA E CL)c X
Total Endosteal Cells (T E CL)c X
Skin X
Spleen X X
Testes X X
Thymus X
Thyroid X X
Uterus X
Total Body (T BODY) X X

a Quantities in parentheses are abbreviations used in computer output. 
^ Subregions of the lungs. 
c Subregions of the skeleton.

of radiation. The four kinds of radiation are: (1) gamma and x-ray rad
iation , (2) beta and monoenergetic electron radiation, (3) alpha radia
tion , and (I)-) recoil nuclei associated with alpha emission. In the out
put of the computer code these are designated by the symbols G, B, A and
B, respectively. The to ta l of a ll  radiations is  designated by the symbol 
T. Although not ex p lic itly  shown in the computer output, the Quality 
factors currently in use are 1 for gamma and x-ray radiation and for betas 
and monoenergetic electrons, 10 for alpha particles and 20 for recoil 
nuclei. Thus a user of these tables who is  interested in absorbed dose
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source -

TTARGKT~

->
S COHT S. I .

ULI
С0МТ

LLI
COHT LUNGS

THY
ROID

T
BODY

S WALL G 77.6 4 .78 6.53 2.44 2 .2 1 0.157 2.31
В 389. 2 .78
T 1+66 . 1+.78 6.53 2 . 10+ 2 .2 1 0.157 5 .O9

S .I . G 3.86 44.0 19.9 2 3 .9 O.38O 0.0221 2.53
В 243 . 2 .7 8
T 3.86 287 . 19.9 2 3 .9 O.38O 0.0221 5.31

LILI WALL G lu 76 3 1 .9 42.4 5.68 0.400 0.0579 2.64
B 44i. 2 .7 8
T 4 .76 3 1 .9 484. 5.68 o.4oo 0.0579 5.42

LLI WALL G 1.30 20.9 7.55 50.3 О.103 O.OI58 2.43
B 7 1 9 . 2 .7 8
T I .30 20.9 7.55 770. 0.103 O.OI58 5.20

LUHGS G 2 .3 2 0.332 о.з4о O.O9I+3 19.4 1,44 I .90
B 1 9 b . 2 .7 8
T 2 .3 2 9.332 0.340 0.09^3 2 l4 . 1 . 1* 4.67

OVARIES G I .05 13 .6 5.43 12.7 0.628 0 . 019b 1.73
B 2 .78
T I .05 13 .6 5¡*3 12.7 0.628 0.0194 4.51

TESTES G 0.190 0.768 1 .7 8 8.31 O.0965 0.0033 2.69
B 2 .78
T 0.190 0.768 1 .7 8 8.31 0.0965 0.0033 5.47

THYROID G 0.190 0.0423 0.0514 0.0158 1.17 6 13 . I .6 7
B 12100 . 2 .78
T 0.190 * 0.0423 0.51^ 0.0158 I . I 7 12800. 4.42

T BODY G 2.55 2.8 3 2.7b 2.7b I .92 1.68 I .83
B 2 .78 2 .7 8 2 .78 2 .7 8 2 .7 8 2 .7 8 2 .78
T 5.33 5 . 6I 5.52 5.51 h . 69 4.45 4 .6 1

âTable entries are in units of eV-dis- 1 -g "1 .

as opposed to dose equivalent can easily  factor out the Quality factors.
A majority of radionuclides do not emit alpha radiation and in such cases 
absorbed dose and dose equivalent are identical.

A l i s t  of the target and source organs is  shown in Table I along with 
the abbreviations used in the computer output for those cases where abbre
viations are necessary, I t  w ill be noted that the lungs and skeleton are 
subdivided into smaller regions which may have widely varying biological 
retention functions or radiation sen sitiv ities for a given radionuclide. 
The tremendous advantage to  the user of the SEE tables becomes apparent 
by referring to the example above where 3500 calculations were required. 
The number of calculations required is  reduced to  7 since the summation 
over a ll  radiations has already been made. Furthermore, no interpolations 
are necessary since a ll  absorbed fractions are im plicit in the SEE values.
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-̂ SOURCE-
 ̂TARGET""* 
S WALL

»
s  c o r n S. I .

ULI
CONT

LLI
CONT LUNGS

COR
BONE

TRA
В 0 И Е

G 1 0 6 . 6 . 1 + 0 8 . 1 * 9 3 . 1 * 1 2 . 9 1 1 . 0 3 1 . 0 3

В

T
1 8 . 3

1 2 1 * . 6 . 1 * 0 8 . 1 * 9 3 . 1 * 1 2 . 9 1 1 . 0 3 I . 0 3

S. I . G 5 . 1 3 6 3 . 5 2 6 . 1 3 ^ . 3 0 . 5 2 6 1 . 3 8 1 . 3 8

В

T 5 . 1 3

1 1 . 1*

7 * t . 9 2 6 . 1 3 ¡ * . 3 0 . 5 2 6 1 . 3 8 1 . З 8

ULI WALL G 6 . 5 2 b 5 . 7 5 8 . 9 7 . 6 5 0 . 5 3 6 0 . 9 5 5 0 . 9 5 5

B
T 6 . 5 2 ^ 5 . 7

2 0 . 8

7 9 . 7 7 . 6 5 0 . 5 3 6 0 . 9 5 5 0 . 9 5 5

LLI WALL G 1 . 7 1 2 9 . 9 1 0 . 1 7 3 . 3 0 . 1 2 0 1 . 1 * 5 1 Л 5

B
T 1 . 7 1 2 9 . 9 1 0 . 1

3 3 . 9

1 0 7 . 0 . 1 2 0 1 . 1 * 5 1 Л 5

LUNGS G 3 . 1 7 0 . 1 * 8 9 0 . 5 2 3 o.ll+l 3 1 . 9 1 . 1 * 6 1 . 1 * 6

B
T 3 . 1 7 0 . 1 * 8 9 0 . 5 2 3 0 . 1 1 * 1

9 . 1 5

1 * 1 . 1 1 . 1 * 6 1 . 1 * 6

T E CL G 0 . 9 V 7 1 . 3 1 1 . 9 8 1 . 7 6 1 . 6 1 * 6 . 7 0 6 . 7 0

B
T 0 . 9 1 * 7 1 . 3 1 1 . 9 8 1 . 7 6 1 . 6 1 *

0 . 5 9 7

7 . 3 0

0 . 9 5 1

7 . 6 5

R MARROW G 1 . 1 * 8 3 . 0 3 2 . 3 1 * 3 . 7 8 1 . 7 7 6 . 9 6 6 . 9 6

B
T 1 . 1 * 8 3 . 0 3 2 . 3 1 * 3 . 7 8 1 . 7 7

0 . 0 3 b 6  

6 . 9 9

I . 0 5

8 . 0 1

OVARIES G
B
T

1 . 7 1 2 0 . 7 6 . 5 7 1 9 . 9 0 . 2 6 9 0 . 1* 3 1 * 0 . 1*3 1 *

1 . 7 1 2 0 . 7 6 . 5 7 1 9 . 9 0 . 2 6 9 0 . 1* 3 1 * олзи
TESTES G

B
T

0 . 2 7 3 1 . 1 3 2 . 1 * 3 1 0 . 5 0 . 0 1 * 6 3 1 . 3 2 1 . 3 2

0 . 2 7 3 1 . 1 3 2 . 1 * 3 1 0 . 5 0 . 0 1 * 6 3 1 . 3 2 1 . 3 2

T BODY G 3 . 5 0 3 . 8 6 3 - 7 1* 3 . 7 2 2 . 6 9 2 . 5 !* 2 . 5 I*

B 0 . 1 3 1 0 . 1 3 1 0 . 1 3 1 0 . 1 3 1 0 . 1 3 1 0 . 1 3 1 0 . 1 3 1

T 3 . 6 3 3 . 9 9 3 . 8 8 3 . 8 5 2 . 8 2 2 . 6 7 2 . 6 7

^ a b le  entries are in units of eV-dis

The information which the user must provide is  the kinetic biological 
data related to the time integral of activity1 of the radionuclide in each 
source organ. A ll the decay scheme data and static biological data such as 
organ weights, sizes and locations are contained im plicitly in the SEE 
tab les. Furthermore, data related to the basic interactions of nuclear 
radiation with tissue and bone are contained im plicitly in the SEE tables. 
The transition from SEE values to radiation doses is  simple. One merely 
multiplies the SEE value for target organ Y times the time integral of 
activity  of the radionuclide in source organ X times a constant factor

2Time integral of activity  is  a number proportional to the to ta l num
ber of disintegrations which have occurred and is  often measured in 
U,Ci-h or y,Ci-d.
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to convert the final answer to the units of rads in the case of absorbed 
dose or to the units of rems in the case of dose equivalent. In order to 
find the total radiation dose to target organ Y one must, of course, use 
this simple procedure and sum over all source organs which contribute any 
dose to Y.

The SEE values for iodine-131 and strontium-85 are illustrated in 
Tables II and III. In order to bring the size of the tables within 
manageable proportions, rather than show the direct computer output 
which is quite voluminous we show only those source and target organs 
which are known to be significant in the metabolism of iodine- 131 and 
strontium-85 in the human body. Furthermore, the entries in the direct 
computer output for alpha radiation and recoil nuclei have been suppres
sed in Tables II and III since no alpha particles are involved. The con
version of the SEE values in Tables II and III to radiation dose, while 
simple in principle as discussed in the immediately prior paragraph, is 
difficult in actual practice. This is because time integrals of activity 
in the various source organs depend on the method of administration of 
the radionuclide and on the compound administered. Furthermore, human 
subjects exhibit rather wide statistical variation for the retention of 
a given radionuclide in a given source organ. The emphasis in this 
study has been to interrelate basic nuclear data with certain static 
biological data in a useful way for internal dosimetry calculations and 
we feel the SEE are at present the best available vehicle for producing 
accurate dose estimates. It is fair to say that the variability of kin
etic biological data is the limiting factor on the accuracy of radiation 
dose estimates in nearly all cases if the SEE tables are used.

As expected in the case of iodine-131 the data of Table II coupled 
with time integrals of activity indicate that the thyroid receives by 
far the largest radiation dose when the intake is oral or by inhalation. 
However, in the therapeutic use of iodine-131 the dose to the other tar
get organs mentioned in Table II is very useful information. For stron
tium-85 the dose commitment to the target organs mentioned in Table III 
is more nearly uniform. Hence, the organ at greatest risk is not obvious 
and depends on the method of administration of the radionuclide and the 
nature of the compound administered.

We recognize that the SEE tables do possess certain limitations.
They are based on the assumption that the radioactivity is uniformly dis
tributed in the source organs. This may sometimes not be the case. How
ever, since the position of localized hot spots in a particular organ of 
a given individual is usually impossible to anticipate, the assumption 
of uniform concentration is perhaps justified. Our method does not pre
clude taking into account non-uniform source distributions in an organ 
but at present the experimental data are too meager to warrant such a pro
cedure. Also, since the SEE tables implicitly contain information on body 
organ weights, sizes and locations, these tables will not apply to children 
or adults who physically vary significantly from standard man. However, 
we feel the SEE tables to be a major step forward in providing the data 
base for the best possible radiation dose estimations with a minimum of 
effort.
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D I S C U S S I O N

G . A .  K O L STA D : W h ile  the tit le  o f  y ou r  p aper is  "N u c le a r  D ata o f 
U tility  in  M ed ica l and B io lo g ic a l  A p p lica tio n s " , it is  lim ite d  to  ra d io iso to p e s  
fo r  d ia g n o s is , th erapy  o r  o th e r  in  v iv o  a p p lica tio n s . H ow ever , it is  a lso  
im portan t fo r  ra d ia tion  th erap y  to  d ev e lop  sound co m p ila tio n s  o f  evaluated 
n u c le a r  and b io lo g ic a l  data fo r  the treatm en t o f  an im als and human patients 
b y  rad ia tion s  fr o m  p a r t ic le  a c c e le r a to r s  — fo r  gam m a rad ia tion , h ig h -e n e rg y  
e le c tr o n s , p ro to n s , a lphas and h e a v ie r  ion s  and even  fo r  w~ o r  p o s s ib ly  K" 
m e s o n s . What is  the m e d ica l com m unity  doing to  en su re  that n u c lea r  and 
b io m e d ic a l data o f  th is  o th er  c la s s  a re  b e in g  co m p ile d , evalu ated  and m ade 
a v a ila b le  in u sefu l fo r m s ?

L . T .  D IL L M A N : I do not fe e l com peten t to  an sw er the qu estion . My 
co n ta c ts  w ith  the m e d ica l com m u n ity  have been  con fin ed  p r im a r i ly  to  in tern a l 
d o s im e try  p r o b le m s .

G . A .  K O L STA D : It w ould ap pear  that th e re  is  a m a jo r  gap w hich  needs 
to  b e  f i l le d .

D . J .  HOREN: I think th is  is  p rob a b ly  tru e . T h e re  is  a gap but som e 
w ork  is  b e in g  d on e. At Oak R id ge , A ls m il le r  is  try in g  to  do ca lcu la tio n s  to  
c o m p a re  the v a r io u s  types o f  p a rt ic le s  fo r  ra d io th era p y  — n eu tron s, p roton s , 
heavy io n s , p ion s , e tc .  I think the m ain  p ro b le m  is  going  to  b e  that o f  try in g  
to  c o -o r d in a te  th re e  g ro u p s : (1) the p h y s ic is ts , who w ill have to  m ea su re  
s p e c i f i c  n u c le a r  p r o p e r t ie s  (and th ere  a re  p ro p o sa ls  fo r  som e  w ork  o f  th is 
k in d , e s p e c ia lly  f o r  7r-m eson s), (2) the m e d ica l p eop le  and (3) the ca lcu la to rs  
(p eop le  lik e  A ls m il le r  o r  D illm an ).
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G . A .  K O LSTA D : It s e e m s  to  m e  that it c a lls  fo r  a m o r e  o rg a n ize d  
and c o n s id e re d  e ffo r t  than has apparently  b een  m ade so  fa r .

D . B E R É N Y I: M r. D illm an  has sp ok en  at so m e  length about in terna l 
and ex tern a l b re m sstra h lu n g . H o w ev er , m o s t  o f  the data w hich  he p resen ted  
ap pear  to  have b een  ca lcu la te d  data. C ou ld  he in d ica te  what he c o n s id e r s  to  
b e  the r e a lly  m iss in g  ex p erim en ta l m ea su rem en ts  in  th is  a re a ?

L . T .  D ILL M A N : V e r y  lit t le  ex p erim en ta l in form a tion  i s  ava ilab le  
co n ce rn in g  the in te ra ctio n  and p rod u ction  o f b re m sstra h lu n g  in  m ed ia  o f  
m e d ica l in te re s t , su ch  a s  b on e  and t is s u e . H ow ever , ex p erim en ta l b r e m s 
strahlung m ea su rem en ts  h ave b e e n  co m p a re d  with th e o re t ica l ca lcu la tion s  
fo r  s p e c if ic  e lem en ts  and the co m p a r is o n  in d ica te s  that the th e o re t ica l 
v a lu e s  a re  in  g ood  agreem en t with e x p e rim e n ta l r e su lts , the e r r o r s  b e in g  no 
la r g e r  than a few  p e r  cen t. I b e l ie v e , th e r e fo r e , that one can  p r o ce e d  with 
co n fid e n ce  in  applying  th e o r y  fo r  the co m p le x  m ed ia  o f  b io lo g ic a l  in te re s t . 
C erta in ly  the e r r o r s  w ill b e  s m a lle r  than the e r r o r  in  m any b io lo g ic a l  p a ra 
m e te r s  w hich  m ust a ls o  be  used .
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Abstract

DEVELOPMENT OF A  COMPUTER-BASED NUCLEAR D A T A  COMPILATION - TABLE OF ISOTOPES.

On the basis of a proposal made by the authors in 1968, they are proceeding to apply computer 

techniques to the production of the next (7th) and future editions of the Table of Isotopes.

The use of computers is intended to accomplish several goals: (1) to reduce the probability of errors 

and simplify the compiler's job by improvements in the data-input procedure, by computer checks for all 

possible machine-detectable errors in the syntax and in the physics of the input data, and by elimination of 

redundant entry and proofreading of data re-used in succeeding editions of the Table of Isotopes; (2) to shorten 

the time delay between the cut-off data for acceptance of new literature and the publication of the compilation 

by nearly complete automation of the production process; (3) to enable the authors to produce automatically 

sorted or inverted compilations, such as tables of gamma rays from all isotopes produced by neutron capture 

in natural targets, ordered by energy; (4) to eliminate redundant entry of abstracted data by different 

compilers whenever possible.

An important part of the computer automation is the development of a text input and editing system for 

direct keyboarding of complex text. This system is being used for input of all tabular data. Graphical data 

(level schemes) are input in tabular form on punched cards and plotted by computer. A major saving in 

effort and improvement in accuracy should thus be obtained because level schemes can be modified easily and 

redrawn automatically, without the need for extensive drafting and redundant proofreading.

In 1968, sh o rtly  a fte r  the 6th ed it ion  o f  the T ab le  o f  Iso top es  was 
p u b lish ed , L e d e r e r , H olla n d er and M e issn e r  p r o p o se d  a c o m p u te r -b a s e d  
s y s te m  fo r  data co m p ila tio n  [ 1 ] .  A lthough th is sy s te m  w as m otivated  by  
ou r p r im a ry  g o a l, the p rod u ction  o f future ed ition s  o f  the T a b le  o f  Iso to p e s , 
the u se  o f  c o m p u te rs  in clu d es  som e  new tech n iq u es that a re  a p p lica b le  to  
o th er  ty p e s  o f  data co m p ila tio n s  and, m o r e  g e n e ra lly , to  m u lt i-p u rp o se  
data b a s e s .

E ven  though the to p ic  o f  th is paper w as to  b e  the c o m p u te r -b a s e d  sy ste m ,
I think that so m e  r e a d e r s  a re  m o re  in te re s te d  in  the n u c le a r  data than the 
m eth od o logy  o f co m p ila tio n . I sh a ll m ake a few  re m a rk s  about the status 
o f  the T a b le  o f  Iso top es  p r o je c t ,  b e fo r e  re tu rn in g  to  the d is cu ss io n  o f  som e  
a s p e c ts  o f  the au tom ation .

T h e  d ra m a tic  grow th  o f  n u c le a r  data at the c lo s e  o f  the la st decade 
ended a p leasan t e ra  in  w hich  one o r  tw o p eop le  cou ld  co m p ile  a ll the data 
e n co m p a sse d  b y  the T a b le  o f  Is o to p e s . C on sequ en tly , in  1968, w e en v isaged  
an expanded p r o je c t  that in clu ded  m o re  c o m p ile r s  and the u se  o f  com p u ters  
to  s im p lify  the p r o c e s s  o f  updating and prin tin g . A ctu a l com p ila tion  w ork  
w as s ta rte d  in  1971 when in it ia l funding w as obta in ed .

“Work performed under the auspices of the US Atomic Energy Commission and the US National Bureau 

of Standards.

541



542 LEDERER and HOLLANDER

1 3 1 1
53

t,/t 8.085 5 d  (IIso 2 2  715)

8 . 0 5 4 «  d  ( P M B  2  255)

8.067 ? d  ( P M B  2  360)

8 . 0 7 3 »  d  (IIso 19 475)

8.070 9 d  ( N S E g  3 2  46)

n o  m o d i f i c a t i o n  ol t 1/2 b y  c h e m i c a l  e n v i r o n m e n t  ( P R  C 3  1699) 

o t h e r s ( R R o u  13 485. R R L  2  41, C J C  31 120, P R  9 0  443. N u c l  11n3 14. 

P R  81 643. N a t  167 365)

*  ß- ( P R  5 *  775)

C l a s s  A; Ident: c h e m  ( P R  5 4  775); c h e m ,  g e n e t  ( P R  5 7  363)

P r o d .  fission ( P R  5 6  1. N w i s  2 7  529, P R  5 4  775. N a t  158163. P R  5 7  363,

N N E S  9  984, C J R  2 5 B  371, N a t  161 520. N N E S  9  1368)

I 7/2; /и +2 . 7 3 8  К q  - 0 . 4 0  f, a t o m i c  b e a m  ( P R  119 2022)

P~ 00.81 (0.6%), 0 . 6 0 6 5  7(86%). 0.336 7(13%). m a g  ( P h c a  17 637)

0.¿07 to (1.4%). 0 .6059 12 (84.7 J%), 0.339 to (13.3 Ä ) .  m a g  ( P R  8 6  863)

0.810 5. 0.606 <, 0.335. 0.250, m a g ,  ßy c o i n c  ( P R  8 4  585. P R  81 642)

0.812 is (0.7%). 0.608 5 (81%), 0.335 15 (9%), 0  2 5 0  20 (59%). m a g .  ßy coinc 

( P R  8 6  212) 

a v e r a g e  ß~ e n e r g y  . 0.19, ion c h  ( P R  8 6  82)

o t h e r s ( Z P  179 62. Phil 4 3  648, Phil 4 3  221, N a t  170 916, P R  8 6  82.

P R  8 3  860, P R  8 2  103, P R  81 482, P h c a  17 658, P R  7 8  179, P R  7 6  94.

P R  7 5  1270, P R  7 4  1879, P R  7 4  1640, P R  61 686)

7 (see also l31mXe)

0 .080164 9, 0 . 2 8 4 3 0 7  <9. 0 . 3 6 4 4 6 7  50. c r y s t  ( P R  91 1027)

0.080165 m  (t-,2.72 is, eK/ y  1.33 /«), 0.16398 г ( K / L  1.83 9, L , / L „  6.1 J. 

L,/L,„ 1.2 w i t h  1JImXe). 0.17723 3 (t,0.36 2. e j y  0.155 te, K / L  5.15, 

L,/L„1.8 7. L,/L„, 2.7 0), 0  2 7 2 3  5 ( t ,0.8'). 0 . 2 8 4 3 0 7  <9 (t-,7.05 40. 

eK/ y  0.041 4, K / L  5.5 s, L,/L„2.9<. L,/L„, 3.4 5), 0 .3180 * (f,0.11 ̂ ). 

0 . 3 2 5 0  < (t,0.04 I). 0 . 3 2 5 7 8  5 (t,0.45J, e K / y  0.0236 2d, K / L  6.2 u). 

0 . 3 5 8 5 5  (f,0.020 *). y0Mi (t,100. eK/ y  0.018 ', K / L  6.3«, L,/L„ 4.5 e. 

L | / L UI 5.0), 0 . 4 0 4 8 5  (f,0.080 7), 0 . 5 0 2 9 9  a (t,0 . 3 6г, e K/ y  0.0085 u. 

K / L  >5), 0 . 6 3 6 9 9  9 (fT8.0 *, eK/ y  0.0043 <). 0 . 6 4 3 0  < (t,0J8i).

0 . 7 2 2 8 9  to (t,2.10 <5, ч^/у 0.0037 <), [?0.3,4 (у 82.2%) f r o m  level 

s c h e m e  (CML)]. Ge(Li). G e - s c i n t  yy coinc. m a g  c o n v  ( P R  1531321. 

N P  3 9  613)

70.0.0 (T,3.10). 0.17702 t7 (f,0.31.7), yo a t (t-,7.42 40). 0  3 2 5 6 8  to

(t-,0.28 2). y0 Mt (tY100 6). 0 . 5 0 2 7 4  17 (t-,0.45 «). 0 . 6 3 6 3 0  24 (t,9.08 90), 

0 . 7 2 2 9 2  « (t,2.05 23). Ge(Li) ( N P  8 2  289)

7o.3« (L,/L„ 3.63 62, L|/L,„ 6.18 >05, M / L  0.195 27, N + O / M  0.25 <).

m a g  c o n v  ( A P H u  2 8  13) 

o t h e r s ( R a A c  Ю 1. C R  C 2 6 4  944, Z P  179 62. N P  4 3  650. N P  4 0  566. N P  31 456. 

N P  2 4  318, M a g y  2  n3. IzF 2 3  206, P R  Ю1 746, A r k F  8  21, P h c a  2 0  243, 

P R  9 0  849, C J P 3 0  715. P R  8 8  884, P R  8 6  863, P R  8 6  212, C J P  3 0  35. 

N a t  170 583. A r k F  5  427, Phil 4 3  648, Phil 4 3  221, P h c a  17 637, 

P R  8 4  585, P R  8 3  860, P R  8 3  679. P R  8 2  277. P R  8 2  103, P R  81 642, 

P R  81 482. N u c l  7 n 5  24, P R  7 6  94. P R  7 5  1615, P R  7 5  1544, P R  7 4  1640)

ГТ(0) Z P  2 4 4  332, N P  8 2  289, A r k F  2 3  49. P R  9 0  8 4 9

fiy{e) P R  145 907, P R  7 9  7 2 8

ß t t r a n s v e r s e  polariz(ô): Y a d F  5  Ю37, N u o C  2 5  9 4 2  

P r e i r c  p o l a r i s e ) :  Z P  179 6 2  

n u c l  alien: P R  120 1777

0.150 level of l31I: 0.94 3 ns. d e l a y  c o i n c  ( D U z b  n 4  24)

0.95 5 ns. d e l a y  c o i n c  ( P R  1 4 0  B536)

0.76 5 ns, d e l a y  c o i n c  ( N P  A161 471) 

others(IzF 2 3  1445, Z E T F  3 7  314, A r k F  111ЮА, N P  1 281) 

ft 2.77 50 if t1/2=0.95 5 ns, I P A C  ( N P  A 1 0 2  203)

1.797 level o f 1,11: tj/* 5.9 2 n s  d e l a y  c o i n c  ( P R  140 B536)
g  -0.16 5 if t|/2=5.9 2 ns, I P A C  ( N P  АЮ2 203)

FIG. 1. Sample tabulai listing foi the Table of Isotopes, 7th edition.
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W e plan to m aintain  the tra d ition a l fo r m  and sco p e  o f  the T a b le  o f  
I s o to p e s , w ith the fo llow in g  m o d ifica tio n s :

1) M easu red  u n certa in ties  w ill be  in clu d ed  on a ll qu an tities .
2) T a b le s  I and II o f  the 6th ed ition  w ill be  com bin ed  in to  a s in g le  ta b le . 

F ig u re  1 sh ow s an exam ple  o f  how  th is tab le  w ill lo o k . In p la ce  o f 
thé p a rtia l lis tin g  o f  "m a jo r  ra d ia tio n s"  that a p p eared  in  T a b le  I o f  
the 6th ed ition , we have in clu d ed  so m e  d e r iv e d  in fo rm a tio n  on 
X -r a y s  and a b so lu te  7 -r a y  in te n s it ie s , w h ere  not d ir e c t ly  m ea su red , 
in  the d eta iled  rad ia tion  data.

3) R e a ct io n  le v e ls  w ill b e  in clu d ed  fo r  a l l  n u c le i. The d eta iled  sch e m e s  
fo r  each  n u cleu s w ill b e  draw n se p a ra te ly  fr o m  a sk e leton  d iagram  
fo r  each  m a s s  ch a in , w hich  show s the d eca y  re la tio n sh ip s  and 
Q -v a lu e s . A  sa m p le  is  show n in  F ig . 2.

A lthough  w e b e l ie v e  that th is  is  g e n e ra lly  a v e r y  u se fu l type o f  c o m 
p ila tion , we r e a liz e  that m any im portan t a p p lica tion s  r e q u ire  s im p le r  ta b les  
and m o re  h igh ly  eva lu ated  o r  re d u ce d  data — fo r  exam p le , b e s t  v a lu es  o r  
abso lu te  c o n v e rs io n  e le c tr o n  in te n s it ie s . W e a re  now co m p ilin g  data fo r  the 
next ed ition  o f  the T a b le  o f  Iso to p e s , with con cu rren t d evelopm en t o f  
com p u ter  autom ation , as o u r  p r im a ry  g o a l. A s a se co n d a ry  g o a l, we intend 
to  p ro d u ce  such  additiona l ta b les  by use o f  the com p u ter  and the addition  
o f  so m e  data to  the data f i le s .

I turn now  to  the com p u ter  sy s te m . I em p h a size  fr o m  the ou tset that 
the co m p u ter  cannot and should not r e p la c e  the in te lle ctu a l a sp ect o f 
com p ila tion  and evaluation  w ork ; ra th e r , it enhances th is b y  the re m o v a l 
o f  m uch  u n n ecessa ry  c le r i c a l  w ork  that a d a ta -ev a lu a tor  m ust o th e rw ise  do. 
T he m a jo r  ta sk s  w e dem and o f  the com p u ter  a re  the e lim in ation  o f  redundant 
cop y in g , p ro o fre a d in g , and p rod u ction  w ork , and the d etection  o f m any 
ty p es  o f  e r r o r s  that the com p u ter  can  r e co g n iz e  fr o m  the syntax, the 
con tex t, o r  the p h y s ica l law s and p r o b a b ilit ie s  a p p lica b le  to  a g iven  kind o f  
text o r  data. T h e se  a re  im p ortan t ta sk s  when one m ust dea l with la rg e  
v o lu m e s  o f  data — o f the o r d e r  o f  105 qu an tities .

A t the h eart o f  any data bank is  a s to re d  data f i le ,  m e ch a n ism s fo r  
en try , s to ra g e , and r e tr ie v a l ,  and prin tin g  o r  p lottin g  o f  the data, and a 
p r o c e s s  w e c a ll  " f la g g in g "  o r  id en tifica tion . I do not want to  dw ell on  th ese  
fe a tu re s , w hich  a re  co m m o n  to  a ll data ban k s, but I shou ld  m en tion  a few  
im portan t a s p e c ts  o f  fla gg in g .

F la gg in g  la b e ls  a p ie c e  o f  in form a tion  by  it s  type and p o s s ib le  u se , thus 
fa c ilita t in g  r e tr ie v a l .  A s  a s im p le  ex am p le , one " i t e m "  in  ou r  data file  
con ta in s data on  on e is o to p e , in  one data ca te g o ry  (su ch  as h a lf - l i fe ) ,  fro m  
one r e fe r e n c e .  T h e is o to p e , data ca te g o r y , and r e fe r e n c e  cod e  a re  fla g s ; 
in  addition , the item  is  fla gg ed  to  show  m ethod  o f  m ea su rem en t, c o m p ile r , 
ty p is t , date o f  en try , and "s ta tu s " . "S ta tu s" is  actu a lly  a c o lle c t io n  o f fla g s ; 
th e se  in clude  in ten ded  u se  in  the T ab le  o f  Iso top es  ( i . e .  the o r d e r  o f  lis tin g  
fo r  th is  item  am on g  a ll t^ e n tr ie s  fo r  th is  is o to p e ), w hether the en try  is  a 
m e a su re d  o r  an adopted b e s t  va lu e , w hether to  use it in  so m e  o th er  table , 
e tc . In co m p le x  e n tr ie s , e . g .  a g a m m a -ra y  sp e ctru m , the data m ay a lso  
conta in  in tern a l fla g s  iden tify in g  s p e c i f i c  qu an tities , su ch  as e n e rg ie s , 
re la t iv e  o r  abso lu te  in te n s it ie s , c o n v e rs io n  c o e f fic ie n t s , and su b sh e ll r a t io s .

T w o n ove l a s p e c ts  o f  ou r  com p u ter  deve lop m en t e ffo r t  a re  (1) the use o f  
an im p ro v e d  sy s te m  fo r  en terin g  and ed itin g  data, and (2) ex ten s iv e  ch eck in g  
fo r  e r r o r s  b y  the com p u te r . Both  a s p e c ts  a r e  a im ed  p r im a r ily  at im p r o v e 
m ent o f  the a c c u r a c y  o f  the data b a s e . T he in p u t-ed itin g  sy s te m  a lso
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FIG, 2. Sample level-scheme drawing for the Table of Isotopes, 7th edition.
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F IG .3 . K e y b o a rd -d is p la y  co nso le , T a b le  o f  Isotopes te x t  in p u t-e d it in g  system . (T he  keyboard  shown in  
th is  ph o tog raph  is an e a r l ie r  p ro to typ e  ve rs ion . )

sim plifies the entry process and avoids unnecessary re-copying of data by 
the com pilers.

The input-editing system is an outgrowth of earlier developmental work 
in text processing at Lawrence Berkeley Laboratory, motivated by the 
Table of Isotopes and the Particle Data Compilation projects. Figure 3 shows 
the input console in use. The keyboard is an expanded typewriter keyboard, 
and the display is a storage oscilloscope. The console is connected to a 
small computer, which can drive multiple terminals. Figure 4 shows the 
keyboard layout. The character set includes complete Roman and Greek 
alphabets in upper and lower case, numbers, and a large number of special 
symbols. Fonts include "norm al" and combinations of superscripts or 
subscripts, italics and boldface.

Some useful features of this sytem are the following:
1) It permits easy editing, both when entering data and later, after the 

data have been entered and proofread. A moving cursor can be 
positioned anywhere in the text and insertions or deletions readily 
perform ed. (Insertions appear at the bottom of the screen, and are 
re-p laced in the proper part of the text by striking the redisplay key. )
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( § □ @ @ 0 0 0 O © g @ @ g g

CURSOR

0 0 0 0 0 0 0 0 0 0 0 0 0  00000  @@00000000(500 @@000 
0 0 0 0 0 0 0 0 0 0 0 0 0  g ) 0 0 ® @Shift 

. lock

0000S
FIG . 4. S ch e m a tic  la y o u t o f  the  ke ybo a rd . S p e c ia l fu n c tio n  keys in  to p  tw o  rows are fo r

a ) p o s itio n  c o n tro l ( " T a b " ,  " L in e fe e d " ,  "N ew  P age")
b )  d isp la y  c o n tro l ("L a s t Page” , "N e x t P age", "G o to "  (page num b er) "S e n d ", and "R e d isp la y ”
c )  e d it in g  (C ursor keys, "D e le te  le f t ” , "Reset c u rso r" , "C le a r  d a ta ” )
d ) re tr ie v a l o f  a s p e c if ie d  i te m  ("G o  to "  ( i te m  num ber X ) "S end” ) (X  = f  fo r id e n t i f ie r  fla gs ,

d fo r da ta )
e ) s torage and re tr ie v a l o f  a s p e c if ie d  b lo c k  o f  ite m s  o r mass c h a in  ( "S to re " ,  "R e tr ie v e " )
f )  te m p la te  c o n tro l ("A d v a n c e  T e m p la te " )
g ) r e -d e f in i t io n  o f  a ke y  ("C re a te  s y m b o l"  (keys) "o n  k e y "  (k e y ))
h ) c o lu m n  nu m b er id e n t i f ic a t io n  ( "D e fin e  c o lu m n ")
i )  fonts ("S u b s c r ip t" ,  "S u p e rs c r ip t" , " I t a l i c " ,  "B o ld " ,  "G re e k "). Foot peda ls  ca n  also be  used fo r 

subscrip t o r superscrip t.

2) Compound symbols such as e K/y  can be entered with a single key.
In fact, the typist can create such a compound symbol and assign it 
to a key while typing.

3) A "template", or prompting routine ensures the inclusion of required 
data-identifiers (flags). The identifiers for each data item are 
entered via this routine; the upper portion of Fig. 5 shows an example 
of one completed template. Note that the format flag, which I did
not mention before, defines the number of columns and their headings 
for a columnar entry.

4) A true columnar format can be used to enter data directly from 
published tables. (Positioning is controlled by the tab and line feed 
keys.) An example of such a table is shown in the lower portion of 
Fig. 5. Columnar data can be edited in the same manner as non- 
columnar data.

5) The system provides direct access to the stored data files via a high
speed link between the keyboard system and the main computer 
facility at the laboratory.

6 ) When not in use as a text editor, a console can be used as a standard 
teletype terminal connected to the main computer system.

We find that use of the keyboarding system serves not only to save time, 
but also to eliminate e rrors . It eliminates much error-prone re-copying by
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IT E M-  

T A P E .  

I S O T O P E : 
D A T A  C A T . :  

R E F E R E N C E : 

M E T H O D :  

F O R M A T :

A O R  C:  

C O M P I L E R :  

D A T E :  

T Y P I S T :

630
3 0 0 2 8

115-Ag-47(20J»)l619*
y(k«V)
NP.Al43^89//70Hn01
0e(L¡)„sc¡nt-0«(L¡).yy-co¡nc.j0e(L¡)-sc¡nt.ye.coinc
Ey±AEy..ty±Aty
a (619)
в д (619)
U/20/72^19^

1 131'4*0.2? 144*0.6Í
2 813 6*0*! 24.8*0.6*
3 229 7*0.2Î 100Í
4 2371*0.4? 2.2*0.2«
6 2436*0.4? 1.8*0.3>
6 2774*06? 0.4*0.21
7 303.3*0.2: 3 4*0.2i
8 326.6*0 2Î 10.6*0.8.
9 Зб0.9*0.2т 3 3*0 4Í
10 372.6*0.2! 10.2*0.8#
11 3893*0.2? 1.9*0.3.
12 «17.3*0.4! l.7*0.6Í
13 473 2*0 2? 18.7*09>
14 607 7*0 2: 7 1*0.7»
IS 6396*0.3? 0.7*0.2.
1 6 648.3*03? 1.1*0.2Í
17 6860*0.3? 0.8*0.2£
1 8 649 9*0.2? 13 8*0.9t
19 6992*0.2? 10.1*0.8t
20 7190*0.4? 0.4*0.2«
21 760.0*0.4? 0-6*0.2«

FIG . 5. S am p le  o u tp u t o f  p a rt o f  a da ta  i te m  typ e d  on th e  in p u t-e d i t in g  system . The  upper p o rt io n  co n ta ins  
th e  id e n t i f ie r  f la g s , typ e d  in  response to  th e  questions " IS O T O P E ":, "D A T A  C A TE G O R Y ": e tc .
( Id e n t if ie rs  la b e lle d  w ith  superscrip t num bers in  b racke ts  w e re  d e fin e d  du rin g  e n try  o f  a p re v io u s  i te m .  )
T he  da ta  ( lo w e r p a rt o f  f ig u re )  are in  co lu m n a r fo rm a t,  w ith  th e  c o lu m n  head ings g iv e n  in  th e  "F O R M A T " 
id e n t i f ie r .  and £ are  sym bols  fo r b la n k , ta b , and l in e  feed .
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hand, re-copying that would otherwise be necessary to convert the data to 
a special input format. It is flexible enough to allow the data com piler to 
use the symbols he knows and rem em bers — the language of physics.

The second novel feature of our computer development is the use o f the 
computer to perform  extensive checks for errors of form  or syntax, and 
for violations of the laws and probabilities of physics. For example, the 
letter О is sim ilar to the digit zero, but the computer knows that the letter 
is  not an acceptable part of a number. Of course, the computer cannot 
always know a 2. 375-MeV 7 -ray should have been 2. 357, but it will tell us 
if  a list of energies is out o f order. It also tells us that a 23. 57-MeV 7 -ray 
is highly improbable, and that 2.3 ± 0. 05 is not an acceptable number. (It 
would be helpful if all scientists also understood this. )

The important point is that proofreading, just like data entry, is subject 
to human error; as any com piler knows, proofreading detects only a certain 
fraction of the actual mistakes. Checking by the computer is not a substitute 
for proofreading, but it can greatly improve the overall accuracy of the data 
base by warning the com piler of definite or probable errors .

One type of error readily detected by the computer is the violation of 
physical laws. This is  especially relevant to highly correlated data, such 
as a nuclear level scheme. In the case o f a level scheme, a misplaced 
transition, an incorrect level of transition energy, or an incorrect spin or 
multipolarity can frequently be detected because it violates energy, spin or 
parity conservation.

The system that we are developing will allow for easy exchange of data 
with other groups via format conversions that can be done by us. In 
addition to the benefits from  sharing data, the checking features of our 
programs would thus becom e available for checking other data bases.

I have not mentioned some of the interesting applications o f computerized 
data files, because I wanted to emphasize novel features we have developed 
for the purpose of creating a more accurate data base with less difficulty.
But inverted or sorted tables, such as a table of gamma rays of isotopes 
produced by a specified activation process, ordered by energy, magnetic 
tapes of such data, and on-line retrieval of data are obvious applications 
that are possible once the data are stored and properly flagged in computer- 
readable form .

R E F E R E  N CE S

[ 1 ]  LEDERER, C. L . , HO LLANDER, J, M . , MEISSNER, L. P. , A  C om pu te r-B ased  System  fo r th e  N u c le a r D a ta
C o m p ila t io n  "T a b le  o f  Iso to p e s", U n iv e rs ity  o f  C a li fo rn ia ,  Law rence B e rke le y  La bo ra to ry  Rep.
U C R L-18530  (O c to be r 1968).

D IS C U S S IO N

C. WEITKAMP: I am very glad, and I think most of the audience is too, 
that Dr. Lederer has made a clear statement as to what evaluation means, 
at least for his compilation, namely selection of data. I wonder whether 
this is  the definition of other com pilers as well?

M. LEDERER: Perhaps I didn't make m yself clear. I define 
"evaluation" as comprising the two processes: ( 1 ) selection, and (2 ) the 
creation of new data ("best" values or weighted averages, derived or
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calculated quantities, etc. ). My intention was to draw attention to these two 
aspects, and to emphasize the fact that, except for data selection, evaluation 
means the creation of new numbers.

Miss K. WAY: There has been much confusion at this meeting in the 
use of certain words, such as "best value", "adopted value", "recommended 
value", and that horror of horrors, "evaluated value". I have even heard 
"evaluated best value". It would be very helpful if consistent definitions 
could be proposed and adopted by the nuclear community.

M. LEDERER: I hope I have not muddied the waters. My definition was 
m erely an operational one. I wanted to draw attention mainly to the fact 
that when the com piler does any kind of evaluation, he is creating a new 
number.

Miss K. WAY: This is a novel point of view, which is somewhat 
shattering.

M. LEDERER: It becom es especially shattering when, after having 
been added to the literature, the new number proves to be wrong. People 
are m ore upset than when an experimenter rem easures a value and gets a 
poorer number than before, because they believe in evaluators more than 
in experim enters.

M. LAMMER: Let me perhaps attempt a sort of definition to distinguish 
between compilations and evaluations. I would call a compilation a 
collection and listing of experimental data. An evaluation should involve an 
examination and critical selection of experimental data resulting in a set of 
single values for single quantities. The performance of such an evaluation 
would then depend on what the result is needed for. If some data are needed 
quickly, for practical applications, one would m erely select a few sets of 
data from  the literature which seem to be the most reliable and average 
them. In a m ore careful evaluation, one would have to correct for standards 
used and experimental methods. All evaluators know the problems that 
arise with gam m a-ray intensities, where uncertainties are often assigned 
without regard to whether a standard was available for calibration in the 
particular energy range or not. A careful evaluation has to take account 
of all this, even though such a procedure is tim e-consum ing.

M. LEDERER: Yes, but I think one must always be careful to note that 
the selection o f data itself is an expert process. For example, if in the 
Table of Isotopes one half-life is given for a certain isotope, we are in a 
very real sense recommending that as a best value to use. If we give two 
half-lives which agree fairly closely and have a comparable limit of error, 
we are saying that they are comparable and that you can choose between 
them or you can average. If we list two values that disagree, we are giving 
you a warning. If we list five values with a two-and-two disagreement and 
the fifth value is much less precise than the others or falls in one group or 
the other, we are giving you a very definite warning that the question hasn11 
been settled. So, in effect, we are making jadgements in this way. In 
principle, our preference, given the time constraints, is to do this by data 
selection, at least in the tabular data.

Z. SZATMARY: I would like to express the point of view of users of 
com pilations. We can discuss definitions of evaluations, recommended values 
and so on, but if I am a simple user of nuclear data, I cannot introduce five 
or ten values in a calculation but only one. Therefore, I would like to be able 
to rely on the opinion of an expert as to which single value I should use. 
Otherwise, I m yself have to do the evaluation without having the necessary
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scientific background for the job. This multiplication of the number of 
evaluations all over the world can lead to an explosion m ore dangerous than 
a nuclear explosion.

M. LEDERER: Yes, that is a very important point. I hope I haven't 
lost the user in this discussion. I think that from  the standpoint of the Table 
of Isotopes we1 re giving you a simple answer. I1 m saying: take the first 
value listed and you' re probably all right. If th ere 's  a disagreement, I 'l l  
leave you to do the evaluation if  you so desire. If we really believed that 
we could decide between one value or another or get a better value by 
averaging the two, we would have done so ourselves. I realize this is not a 
complete answer because the Table of Isotopes cannot cover the field in 
depth. The ultimate answer is that somebody has to decide in every case 
whether the best value is one of the measured values or whether some 
weighted average is necessary. In an ideal world we would have reduced 
every quantity down to a best choice, whether it be some measured value or 
"evaluated value".

B . ROSE: It must be rem embered that there is not a single class of 
user for any one set of tables, but at least 30 different classes with different 
needs. I would guess that Professor L ederer1 s Table is directed more to 
the professional nuclear physicist than to the "sim ple user". It seems to 
me quite im practical to produce a single table which can satisfy the needs 
of the thirty different classes.

M. LEDERER: Y es. I think when I came to this meeting I had the idea 
that the Table was used by professionals as a quick reference — something 
that he could keep in the laboratory or take to a conference, and by the 
applied user more generally. More and m ore I have gained the im pression 
here that our Table is perhaps used by the expert applied user in preparing 
specialized tables in different fields.

D .J . HOREN: Even to define compilation is difficult. For instance, 
is it to be defined as just taking the data that appear in a table of the author's 
paper, o r  does it also include reading the text and modifying such data if 
the text so indicates? As I mentioned in the presentation of my paper 
(IAEA-SM-1 70/47), it is important for the user to learn something about 
the com piler of the compilation he intends to use.
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NUCLEAR DATA TABLES -  
A MAJOR DATA OUTLET
Katharine W A Y
Duke University, Durham, N.C.,
United States of America

Abstract
N U C LEAR  D A T A  TABLES -  A  M AJOR D A T A  O U T LE T .

T he  im p o rta n c e  o f  N u c le a r D a ta  T ab le s  as a m a jo r o u t le t  o f  n u c le a r da ta  is. n e a rly  seven years a fte r 
i n i t i a l  p u b lic a tio n ,  em phas ized , and a c h ie ve m e n ts  to  da te and hopes fo r th e  fu tu re  are discussed. H is to r ic a l 
no tes are g iv e n  to  p ro v id e  ba ckg rou nd  and p e rs p e c tiv e .

The completion of ten volumes of Nuclear Data Tables nearly seven 
years after initial publication in December 1965 seems an appropriate time 
to discuss achievements to date and hopes for the future. These ten volumes 
have presented 80 data compilations in a total of over 6000 pages. Nuclear 
Data Tables has thus become in the last few years one of the m ajor publishers 
of nuclear data. It is hoped that a report on the journal to this Symposium 
will elicit suggestions for ways to make it more valuable to the international 
scientific community.

A few historical notes will give some perspective. In the late 1950s, 
the Nuclear Data Group, then under the aegis of the National Academy of 
Sciences — National Research Council, with the mission of organizing 
nuclear data by nucleus, felt so acutely the need for data organized by 
nuclear properties that it fostered and published data collections on abundances, 
m asses, moments, etc. However, the effort was so time-consuming that it 
interfered with the main project of the Group. In 1962, N .B . Gove and 
Katharine Way suggested to the American Institute of Physics the idea of a 
compilation journal as a medium for the publication of data collections, but 
AIP decided that the inauguration of such a journal would be too risky. 
Fortunately, when the idea was brought up again at the sessions on Scientific 
Information at the Paris meeting in 1964, it caught the interest of com m er
cial publishers and by the end of 1965, arrangements had been made with 
Academic Press to commence publication of Nuclear Data, Section A, Tables, 
which was to be devoted to compilations by property or topic produced by 
contributors anywhere in the world. Section B, Sheets, was to be devoted 
entirely to the output of the Nuclear Data Group on data organized by nucleus. 
In 1968 the sections were separated into two distinct journals, Nuclear Data 
Tables and Nuclear Data Sheets. The publishers felt they could operate 
without any page charge. P rices were to be kept low by using printout and 
other photoready copy for tables and graphs.

In 1965, a survey had shown that a number of excellent data collections 
already existed as reports. Therefore, one early goal was to attract this 
report literature to the journal, to make sure it conformed to the standards 
of refereed publications, and to reduce its often ungainly bulk by techniques 
generally unavailable to the issuers of reports.

Of the 80 compilations published in the first ten volumes of NDT, about 
15 were issued originally in a report form which, however, was often very
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different from that of the final publication. As the journal became known, 
many authors, who would previously have issued reports, submitted their 
compilations directly to NDT. A few manuscripts have resulted from 
suggestions of the editors but the great majority has been conceived by the 
authors themselves and submitted (in skeleton form if very long) in the 
same way that research papers are submitted to primary journals.

Opinions are often voiced that the task of compilation is so uncongenial 
to physicists that special inducements to undertake it must be offered in the 
form of invitation by distinguished com mittees. The editors, however, 
believed that data organization is attractive to many physicists, at least 
sometime in their careers, and that they will undertake it in the independent 
spirit in which they undertake pure research if the satisfaction of publication 
and recognition can be expected. The continued success of NDT shows that 
the standing invitation for manuscripts of a conscientious journal has been 
enough to produce a flow of distinguished compilations.

The 6000 pages of the first ten volumes have presented, as already 
mentioned, 80 data com pilations. Since each volume has been divided into 
six issues the average issue has contained 1.33 papers with an average length 
of 75 pages each. The longest paper consisted of 292 pages, the shortest of 6 .

The 116 authors have been citizens of 15 different countries, 65 of the 
USA, 14 of Germany, 9 of the USSR, 8 of Canada, 5 of the United Kingdom,
3 of Japan, and 1 or 2 each of Argentina, Belgium, Czechoslovakia, Finland, 
France, Iran, Mexico, The Netherlands, and Switzerland. The journal is 
thus becoming truly international.

Table I shows that of the 31 papers from countries other than the USA 
(som e with multiple authors) 65% have originated in universities and 35% in 
"national laboratories". The proportions for the USA are just the reverse, 
27% from universities and 73% from national laboratories.

Table II displays the number of papers the journal has published on 
different topics and the number of these which were tabulations of theoretical 
quantities rather than collections of experimental data. The theoretical 
papers have amounted to some 40% of the total.

Rather striking in Table II is the small number of neutron cross-section  
papers. Excellent international coverage of cross-section  data has been 
achieved by the four cross-section  centres in Brookhaven, G if-su r-Yvette, 
Vienna, and Obninsk and much evaluated information is available from them 
in computerized form but the average nuclear physicist still has a hard time 
finding the values he needs. We hope that more cross-section  tables designed 
for the non-reactor scientist will soon be available.

TABLE I. NUMBER OF NUCLEAR DATA TABLE PAPERS 
BY TYPE OF INSTITUTION

U n iv e rs ity N a t io n a l La bora to ry T o ta l

USA 13 36 49

O ther co un tries 19 12 31

T o ta l 32 48 80
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T o p ic T o ta l
N um be r

T h e o re tic a l

A n g u la r-m o m e n tu m  and a n g u la r -c o rre la t io n  c o e ffic ie n ts 11 11

Beta a c t iv i t y 1

B e ta -d e c a y  process 2 2

C ap tu re  ga m m a rays 4

C ro ss-sec tion , charged p a rt ic le s 8 1

C ro ss-sec tion , neu tron 5

Fission 2

F ra c t io n a l pa ren tage 2 2

G am m a a c t iv i t y 4 1

G a m m a -ra y  co nve rs ion  c o e ffic ie n ts 8 7

Iso b a ric  an a log  states 1 1

Masses and mass d iffe re n ce s 8

M om ents 2

N u c le a r m ode ls 5 5

M isce lla n e o u s  n u c le a r p rope rtie s 13 2

P e n e tra tio n  th ro u g h  m a tte r  o f  e lec trons 1 1

P e n e tra tio n  th ro u g h  m a tte r o f  g a m m a  rays 1

P e n e tra tio n  th ro u g h  m a tte r  o f  h e a vy  p a rt ic le s 2

T o ta l 80 33

Nuclear Data Tables has worked hard to make its tables easy to use. The 
editors believe that most users turn immediately to a table and try to figure 
out how to use it without first reading the introduction. The editorial policy 
is therefore to put all necessary explanations of policies and abbreviations 
in very concise form  just in front of the tables. All that is left for the 
introduction is the historical comments, com parisons with other tables, 
mathematical developments, and other discussion not essential to the im
mediate use of the table. This arrangement is particularly helpful to those 
whose first language is not English and to scientists in neighbouring fields.

One can think of nuclear data collections as being divided into two 
classes, prim ary and secondary, the first consisting of collections of directly 
measured quantities with recommended values based on critical evaluation of 
the measurements, the second of compilations made from other compilations. 
An example of the latter might be a collection of values of the activation 
cross-section s, gamma-ray energies, and half-lives needed by activation 
analysts, all derived from recommendations in primary compilations. In 
general, the editors of Nuclear Data Tables have fielt that it is their first 
m ission to publish primary compilations but they have recently accepted a
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collection of neutron activation cross-sections based on other compilations 
because, as mentioned above, these cross-section s are difficult for the 
average physicist to locate.

Good secondary compilations depend, of course, upon the existence of 
good prim ary compilations. The speed and accuracy with which these can be 
assembled depend upon the ease with which the com piler can locate the 
relevant research papers and then extract the information. An international 
keyword system for help in finding all papers on a given topic is needed. It 
could be developed from the system proposed by the Nuclear Data Group in 
1962, adopted some time ago by Nuclear Physics, and soon to be in use in 
Physical Review C. For help in extracting information on measured quantities, 
once the paper is located new ideas are needed. I imagine special formats or 
styles of presentation so that the main results can be found at a glance. This 
conference might designate a committee to develop and propose such styles.
If the committee succeeds in suggesting something that is eventually adopted, 
primary compilations will be better, faster, and much, much cheaper.

In conclusion I would like again to invite comments on Nuclear Data 
Tables and suggestions of any kind for ways to make it more useful to 
scientists working in the fields represented at this Symposium.

D IS C U S S IO N

M. LEDERER: I agree with your comment about putting necessary 
notes on each page, and would go one step further — one should, wherever 
possible, use universally understood symbols that need no explanation.

F .F . DYER: Has the format of the new Wakat table* been established? 
Miss K. WAY: Not finally.

* M .  A . W a k a t, N u c l.  D a ta  A 8  (1971 ) 445.
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SYMPOSIUM SUMMARY

W. В. LEWIS
Atomic Energy of Canada Limited, 
Chalk River, Ontario,
Canada

This Symposium was called essentially to consider how the users of 
nuclear data can best be served by the measurers and com pilers of such 
data. Considering first the users, they appeared to include almost all the 
producers and frontier-problem  solvers of the world. The problems of 
the world are set by a tremendous total population, who by modern com 
munications are aware of what rewards can come to a human life. That 
tremendous population is still rapidly increasing.

The average age of the w orld 's  population is probably in the teens 
and so for most, the main action in their lives is yet to com e. For them 
to achieve and accom plish, and to be able to afford the accomplishment, 
nuclear data evaluated and compiled play more of a role than most people 
suspect. The contribution of nuclear data ranges into the mundane essentials 
of staying alive, keeping fed, and keeping warm and healthy, as well as into 
the most exotic projected activities such as sending eight men to land on the 
planet Mars (IAEA-SM -170/53). Another m ajor world problem o f humanity, 
that of eliminating terrorism , appeared to look to nuclear data chiefly in 
its most sophisticated aspects of implementing safeguards against terrorism  
by nuclear bombs (IAEA-SM -170/1, 54, 78). Minor applications, however, 
also appear in forensic science.

There are problems of choice all along the route because measuring 
and compiling nuclear data does not automatically provide all that the 
m easurer and com piler seek in life. With the division of labour that has 
been established in the world and seems necessary to sustain so large a 
population, it falls to others to supply the food and life support o f their 
servants, the m easurers and com pilers, who are not most productive if 
treated as slaves.

The keynote address to this Symposium assumed that the first hurdle 
has been passed and that the scientists exist and have completed their 
basic training, so their problem is to choose the activity that is good 
science because it can be seen as the "art of the soluble", but mostly the 
chosen paths must also be seen to yield a tangible benefit within a practical 
tim e-scale ; a scale that now seems to be somewhat shorter than a single 
scientific career but could be much longer if the politicians o f the world 
who steer and fund the division of labour exercised vision extending that 
far.

My philosophical introduction is, however, becoming too long and I 
must follow the keynote address and come to grips with some of the practical 
choices, assuming that the choices are to guide skilled measurers and com 
pilers to be their most effective.

Let me take first the medical users. As presented, it would seem that 
their greatest need is for a science of radiobiology worthy of the name.
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We were shown how inadequate are the concepts of radio-biological effective
ness (RBE) and the elementary ideas of m icrodosim etry and track structure 
to explain the extraordinarily large biological effects a small amount of 
ionizing radiation can have (IAEA-SM-170/59). Consider a gamma radia
tion dose of 500 rad to the whole human body. It is an energy density so 
small that it is measured in mere tens of thousands of erg per gram -  it 
is 50 000 erg per gram -  not enough to raise the temperature by m ore than 
1 /800th of a degree, yet it is likely to lead to the death of a human being.
Yet sim ilar amounts applied in therapy can have beneficial biological 
effects; it is as if radiation has not to be assigned an individual effect but 
rather a contribution in parellel with temperature, pressure, oxygen 
supply, etc.. which all together have an optimum but can be lethal when 
too far off that optimum. Radioisotopes play their role in medicine both 
in diagnosis and in therapy (IAEA-SM-170/92, 97). A number of isotopes, 
because of their convenient availability and suitable half-lives, appear in 
the various pharmacopoeia of the world (IAEA-SM-170/70), but there is 
room  for m ore; that is m ore nuclear data, together with their evaluation 
and compilation, are looked for. Another very striking effect in therapy 
com es from  pursuing the ideas of RBE and linear energy transfer (LET), 
making it attractive to apply high-energy protons and a -particles, as well 
as the more exotic artificial products, the 7r-mesons as specific agents 
against localized tumours. That whole field of the mesons produced by 
"high"-energy (or "intermediate" energy on the nuclear scale) particle 
accelerators introduces the nuclear data measurers and com pilers to a 
new region of their science which is still mostly wilderness.

I would like to pursue this metaphor of the wilderness and the garden 
further as it seems so apt in this matter of the choices facing the nuclear 
scientists. Fortunately, they are many and have individual preferences. 
Some w ill find m ore satisfaction in pursuing their work in the w ell-ordered 
gardens, realm s where the nuclear data are extensive and embodied in 
m ajor compilations, programmed for interrogation by enquirers with all 
the data evaluated and recorded on magnetic tapes. Others will prefer 
pioneering with 800-MeV protons and the mesons, neutrons and spallation 
products (IAEA-SM-170/9) they produce, exploring in the wilderness 
(IAEA-SM -170/35, 45). The region of the 14-MeV neutrons from  the 
D -T -reaction  is on the edge between the wilderness and the garden, 
calling for careful planning to make the most meaningful measurements 
and evaluations (IAEA-SM -170/22, 31).

Turning to that m ajor user-realm , namely, nuclear power generation 
which is needed to supply the food and energy of the growing population, 
we were reminded in the keynote address that a small problem, of such 
m ajor concern that some 22 000 pages of testimony have been recorded 
during the past year, is calling for better experimental information on the 
energy released from  the short-lived fission products immediately following 
the shut-down of a reactor from  high power. In general, the application of 
nuclear data to nuclear power generation is very extensive and fairly 
satisfactory (IAEA-SM -170/8, 18, 79) for the established types of reactor, 
so very little was reported at the symposium. On the other hand, for the 
prospective fast breeder reactors nobody appears satisfied, and many 
papers relate to the outstanding discrepancies between the calculations 
based on the evaluated nuclear data and the results of experiments on 
reactor assem blies (IAEA-SM -170/69). The data are characterized as
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differential data since they are related to neutron interactions with atoms 
in very narrow ranges of the total neutron energy spectrum. The experi
mental results, on the other hand, from reactor assem blies are charac
terized as integral data (IAEA-SM -170/19, 20). Reconciling the differential 
and integral data for fast reactors allows little play for the models and 
methods of calculation (IAEA-SM-170/38) so changes of differential nuclear 
data are still looked for (IAEA-SM -170/7, 30, 50, 67, 91).

There appears to be a m ajor gap in time likely to occur before the 
large-scale  exploitation of nuclear fission power receives any assistance 
from  nuclear fusion. The assistance may not come as a contribution to 
energy so much as a contribution to the overall neutron and fuel cycles. 
Hybrid fission-fusion reactors (IAEA-SM-170/56) and sub-thermonuclear 
fusion chains (IAEA-SM-170/49) were shown to be still largely wilderness 
areas but perhaps deserving cultivation.

Before discussing the needs of some of the many other users of 
nuclear data, it may be well to note that speaking as we have of measurers 
and com pilers can be misleading, for one and the same scientist is needed 
to pay attention not only to those two activities but also to evaluation and to 
broadening the range of the science itself. To quote the keynote address, 
there is "depth and complexity" in compilation, making it necessary for 
it to be supported by scientists "at a level sufficient for the com piler to be 
au courant with the data and to maintain his contacts with the nuclear 
community", so that "significant new nuclear science will come from 
nuclear com pilations".

Many of the users of nuclear data were only identified by a few chance 
words. The applications of radioisotopes as tracers to study ways of im 
proving the growth of crops and of adjusting feed to the optimum in animal 
husbandry are well known, but the advances of nuclear technology are 
making available even more convenient and suitable isotopes. Their choice, 
taking into account production, transmittal and application, makes use of 
many of the nuclear data compilations. M oreover, under the guise of 
chem istry, another whole technology using stable isotopes to serve as the 
tracers was discussed (IAEA-SM -170/96). These stable isotopes can then 
be identified and measured by one of several nuclear activation techniques 
with the aid of neutron sources such as 252Cf, or experimentally convenient 
nuclear reactors (IAEA-SM -170/32), or particle accelerators bombarding 
the sample prepared in the form  of a suitable target, or compact accelera 
tors producing 14-MeV neutrons in the field or higher-energy accelerators 
including m icrotrons and betatrons (IAEA-SM-170/75).

Some special users were identified in fields of environmental science, 
in oceanography (IAEA-SM -170/36), in mining (IAEA-SM-170/15, 17) and 
many other fields of industry and applied science (IAEA-SM-170/42, 46, 65).

M oreover, some advances in technology were illustrated and fo re 
shadowed, made practical by byproducts from  the large-scale  growth of 
nuclear energy. In particular, 238Pu, the 90-year half-life isotope, will 
becom e available and its use was referred to not only in small energy 
sources for heart pacemakers (IAEA-SM -170/64), but possibly also as a 
fissile  material augmenting its energy output by fission in a miniature 
reactor (IAEA-SM-170/39).

The experiments on controlled nuclear fusion lead to considerations 
o f the regeneration or breeding of tritium that require an extension of not 
only energetic neutron but also particle reactions that produce tritium
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(IAEA-SM -170/21). New technology is required for tritium retention and 
recovery which may be monitored by nuclear techniques.

Very extensive studies are opening up on the detailed structures of. 
protective surface film s on which so much depends in industrial processes. 
Amongst these techniques are nuclear backscattering and thick-target 
nuclear reaction studies (IAEA-SM-170/33).

Hot-atom chemistry was shown to need some compiled nuclear data 
(IAEA-SM -170/ 28).

The science of plasmas and lasers interrelates also with nuclear 
science in some aspects both currently and prospectively (IAEA-SM-170/53).

NUCLEAR DATA COMPILATIONS

It became apparent at the Symposium that not only the external users 
but also the nuclear scientists who formed the great majority of the parti
cipants were largely unaware of very many of the large number of nuclear 
data compilations available and their special m erits (IAEA-SM -170/60).
A few years ago, the IAEA published a bibliographical compilation of the 
compilations that included a total of 40, whereas now 90 have been identi
fied. Many papers listed and explained the relevance of these compilations.
To remind you, let us look again at a set of slides1 presented in one of 
the papers. This historical sequence followed a line of interest to oceano
graphic applications of neutron activation analysis (IAEA-SM -170/36).
A sequence of interest to medical users would be somewhat different 
because of the need to include consideration of the radiations of the 
daughter radionuclides. M oreover, the penetrating power and the rela
tive biological effectiveness of the individual radiations is significant in 
m edical and biological applications (IAEA-SM -170/46, 43).

The oceanographic nuclear scientists concluded that their need was 
best served by a compilation presented on magnetic tape so that it could 
be amended, extended and updated constantly by a computer (IAEA-SM-170/36). 
Some other users call for the opposite extreme, a compact tabulation that 
presents only the information special to their needs. Both would agree that 
they seek accurate information. The evaluation of nuclear data for accuracy 
is a m ajor work requiring all the facilities acquired by the com pilers of the 
major basic tabulations. It is necessary to preserve a strong line of com 
munication between these basic compilations (IAEA-SM -170/47, 48) and 
the multiplicity of sm aller special-purpose compilations (IAEA-SM-170/83).
It can be very frustrating to a user of small compilations to find different' 
values quoted in different sets of tables for the same nuclear constant, 
with no guide to his choice.

Much can be done by the measurer to help the evaluators in their dif
ficult task. In general, much more detail needs to be given concerning the 
assessment of errors both concerning the methods, possible systematic 
errors  and points of reference where measurements are relative. It is 
the general experience of evaluators that different measurements do not 
agree within the supposed limits of error. The condition makes it difficult 
to recognize the exceptions where the work has been so carefully done,

1 N o t pu b lished  in  the  paper in  question .
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and so closely related to accurate standards, that the results should not be 
adjusted to a value outside the limit of e rror. On the other hand, a plea 
may be entered that where there is room for any doubt the m easurer should 
be brought into consultation and should regard his work as unfinished until 
agreement is reached with the evaluator.

The nature of the nuclear data required in compilation is continually 
extending. The introduction since 1963 of the high-resolution germanium 
7 - ray spectrom eter extended the need for detailed 7 - ray spectra 
(IAEA-SM -170/37, 44,62, 76), and as activation analysis extends to the 
use of higher-energy neutrons (IAEA-SM-170/77) 7 -photons (IAEA-SM -170/66) 
and charged particles (IAEA-SM -170/6, 6 8 , 6 6 ), the range of nuclear levels 
and isom eric states with different half-lives grows broader 
(IAEA-SM -170/44, 60, 93). Users repeatedly requested absolute intensities 
of 7 - rays. M oreover, despite the high resolution, interferences are im 
portant and should be readily found in the tabulations (IAEA-SM-170/32). 
Techniques of analysis are constantly extending, involving coincidences 
not only between 7 - rays but also with X -rays and Auger electrons.

The range of nuclei of interest not only includes the direct fission 
products but also nuclides resulting from neutron capture by fission pro
ducts. Several papers discussed tabulations of fission product data 
(IAEA-SM -170/12, 13, 34, 63, 74, 94)2 . There is interest also in the heat 
released by fission products (IAEA-SM-170/58).

The half-lives and independent yields of the fission products are of 
importance in the non-destructive analysis of spent reactor fuel 
(IAEA-SM -170/12, 54).

Standard sources for the calibration of the energy scales of spectro
meters also need to be well chosen (IAEA-SM-170/23).

A plea was entered that stopping power data not only for protons and 
a-particles in various solids but also for heavier particles should be 
measured and included in evaluated compilations (IAEA-SM-170/16, 33).

The successful use of theoretical relations to extend nuclear data 
was mentioned in several connections (IAEA-SM -170/16, 30), including 
unresolved activation resonances, especially neutron resonances in 
reactor components (IAEA-SM-170/2) and excitation functions in charged- 
particle nuclear reactions (IAEA-SM -170 /10, 11).

A growing collaboration is evident between regional nuclear data 
centres. This appears most advanced in the field of neutron-nuclear data 
for reactors (IAEA-SM -170/4, 50). Similar collaboration is sought in 
other fields (IAEA-SM -170/25), especially in activation analysis, which 
is becoming so complex (IAEA-SM -170/24).

The current trend in university teaching towards interdisciplinary 
activities is well exemplified by the field of activation analysis. It intro
duces students to the limitations of compilations so they not only swell 
the ranks of com pilers but learn of the difficulties (IAEA-SM-170/3).
I am sure that all participants in this Symposium will leave with greater 
appreciation and sympathy for the com pilers.

The data evaluators and com pilers indicated a desire to reach 
internationally-standardized formats as well as key reference data, such

2 Paper L A E A -S M -1 7 0 /9 4  by  E. A . C . C ro uch  presents a new  c o m p ila t io n  o f  pub lished  fiss ion  p ro d u c t 
y ie ld s  fro m  15 h e a vy  n u c lid es .
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as the neutron yield in 252Cf fission. They also would like to sharpen the 
meanings attached to "evaluated data" and other loose phraseology used 
by com pilers. M oreover, their work would be assisted by a wider adoption 
of keywords in the scientific journals (IAEA-SM-170/83, 11). It was 
warned, however, that keywords cannot uncover all the hidden but re 
lated data (IAEA-SM-170/33).

EPILOGUE

In the oral presentation of this summary I avoided mentioning names. 
The present version, however, is annotated with references to the original 
papers. We have been most fortunate to have had the benefit of the presence 
and participation of so many of the creators of nuclear data evaluations 
and compilations at the symposium. In fact, it can be said that we have 
had leading representatives from the m ajor centres of these activities 
throughout the publishing world. What has emerged from the symposium 
is a general awareness of the magnitude and importance of the complex 
task in which we enjoy their leadership.

I appreciate the privilege of having had to work hard to distil an 
essence from the learned detail that is embodied in the papers and was 
contributed in the discussion. I am aware that I am reporting very little 
of the scientific detail and solid substance. I hope that those who look for 
more will have the time and opportunity to find it in the published 
Proceedings.



ROUND TABLE DISCUSSION

A. FINKELSTEIN (Chairman): Ladies and gentlemen, we shall now 
start the round table discussion which will conclude the Symposium. The 
members of the discussion panel will be Drs. Lewis, Kolstad, Yankov, 
Grinberg, Wapstra and Ferguson. I should like first of all to ask Dr. Lewis 
whether he has anything to add to the summary of the Symposium which he 
has just presented.

W. B. LEWIS: I gather that this round table is to address itself to the 
question of where we go from  here. At the end of my summary there were 
some indications that we should be seeking further international collabora
tion between com piling centres. Presumably the mechanisms for this 
actually exist within the International Atomic Energy Agency and the Inter
national committees. The International Nuclear Data Committee is a body 
that can have sub-com m ittees and the Agency is an organization that can 
have consultants. Hence either of these mechanisms would seem appropriate 
for bringing people together to reach the type of common agreement they 
feel is necessary.

A. FINKELSTEIN: I think it would be useful at this point to hear from 
Dr. Kolstad, because he was Chairman of the International Nuclear Data 
Committee during the years 1970-1971.

G. A. KOLSTAD: We are all increasingly aware of the emphasis these 
days (sometimes ad nauseam) on the relevance of what we are doing. I think 
that the relevance of the subject we are dealing with has perhaps been under
estimated by society as a whole and even by the nuclear science community 
itself. We are witnessing the development of problem s in many areas of 
science and technology, referred to by Dr. Lewis in his summary, where 
nuclear data are becoming increasingly important. Yet some of the 
responsible people in those areas find it difficult to recognize the importance 
of such data for their activities. Take, for example, the question of fusion 
reactors. The people in the United States concerned with research and 
development relating to controlled thermonuclear fusion are beginning now 
to do the neutron calculations that they will be faced with as they move into 
the fusion reactor area. These neutronics calculations, as Dr. McNally 
has pointed out (IAEA-SM-170/49), are highly dependent on a great deal of 
nuclear data which at present do not exist. The problem is going to be one 
of educating those responsible to fund work in nuclear data measurements, 
compilation and evaluation which feeds their particular technology or 
discipline.

We have had the problem of declining support of research. I think this 
has been not only an American but virtually a world-wide phenomenon. This 
support reached its peak in the United States around 1967 and since then 
has declined, both in terms of real dollars and, even m ore sharply, in 
term s of dollars corrected for the cost-of-living index, until this year, 
when we are hitting what I hope is the bottom. Things seem to be levelling 
off as far as support of nuclear physics is concerned and therefore I would
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hope, with the increasing importance being assigned to the area of nuclear 
data, that we shall find it possible to augment some of these activities.
We have broadened our recognition of nuclear data to a very considerable 
extent, as described by Professor Havens (IAEA-SM-170/4). We have 
restructured the United States Nuclear Data Committee in a way which 
reflects, perhaps not completely, but at least to a better degree than 
before, the needs of other areas of science and technology for nuclear data. 
We have done this in such a way as to keep the parent committee small 
while, at the same time, establishing committees for the various disciplines 
and sub-com m ittees which are concerned with particular applications and 
which will report back to the policy level group. It is hoped that with this 
approach we shall be able to develop, in an organized fashion, the 
mechanism for input from  the technologically based industries, from  the 
various sciences and from  the research and development areas which will 
need nuclear data. We have also proposed that a sim ilar approach be 
followed by the international committees, under the auspices of both the 
NE A and the IAEA.

This problem of handling the broader scope of nuclear data is currently 
being considered by both the European American Nuclear Data Committee 
and the International Nuclear Data Committee. The latter body has been 
acting jointly with a recently established working group on nuclear structure 
and reaction data and this has stimulated it to move along more rapidly in 
this direction than might perhaps otherwise have been the case. But we 
need to organize better input mechanisms from  a broader range of users 
than exist at the present time. This is very difficult to achieve. We have 
found at this meeting, for example, that many users in the fields o f space 
science, accelerator development, shielding and so forth, have explained 
how nuclear data were needed but they have not provided the measuring 
community with a quantitative set of data requirements which could then 
be met by a concerted programme of measurement. This is a matter which 
obviously needs further attention.

We also need to strengthen the data centres and to organize them better 
in order to meet the needs of society. Up till now data centres have been 
seeking to satisfy three main types of requirements. The National Neutron 
Cross-Section Centre at Brookhaven was responding mainly to applied 
needs in the fission reactor field. The Nuclear Data Project founded by 
Dr. Way was motivated prim arily by the needs of basic science. Many of 
the other data compilation efforts were motivated by the com pilers' personal 
research interests. When all these things are taken together they constitute 
a wide variety of needs, all of which have to be met. I think the nuclear 
data centres will have to recognize all three of these very legitimate demands 
for adequate compilation and evaluation.

The question of whether or not the evaluation is adequate is another 
matter that came up at this meeting and my feeling is that a relatively 
larger fraction of the effort should be devoted to evaluation, even if it 
possibly means a slowing down of the compilation activity to some extent.

Lastly, I would like to mention that we need to recognize areas other 
than those which were represented at this conference, some of which were 
referred to by Dr. Lewis, e. g. agriculture and various branches of industry.
I think this is where a good deal more can be done in providing data 
services. We might also even consider tapping them as sources of funds 
for this kind of work.
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A. FINKELSTEIN (Chairman): I have noted with great interest 
Dr. Kolstad's suggestion concerning a number of possible new financial 
sources. We must explore these very diligently albeit with limited hopes.

G. B. YANKOV: It seems to me that the Symposium constituted an 
extremely important forum of evaluators, m easurers and users of nuclear 
data and I hope that it resulted in each of these three groups having gained 
a much better understanding of each other's problems. We have been 
confronted with evidence of a great expansion in the utilization o f nuclear 
data. Earlier we were concerned only with neutron data but at this 
meeting much attention was paid to non-neutron data as well. The increasing 
flow of information will, of course, bring with it an increase in difficulties.
In these circum stances the role of international co-operation will also 
becom e m ore important, because it provides the only basis for coping with 
all the tasks that are facing us. We in the Soviet Union realize this and 
we have set up two non-neutron data centres to assist the Obninsk Neutron 
Data Centre. They are still very young and are not yet completely organized, 
but we are placing a great deal of hope in them. We consider that activities 
in connection with all types of nuclear data should constitute a single united 
effort and should not be broken down into individual mechanisms. Each 
centre should do its own work but this work should then be co-ordinated so 
that there will be no duplication of effort and so that the whole range of 
activities can be covered.

I believe the time has come to prepare lists of nuclear data require
ments for other fields, e. g. applied fields. Some experience is already 
available along these lines, although it is related only to neutron data.
During the last two or three years, with the help of the International Atomic 
Energy Agency, the formulation of data requirements in connection with 
safeguards problems and thermonuclear reactions has been undertaken on 
an international basis. I believe that in still other fields where nuclear data 
are used, we must now begin drawing up individual lists of requirements 
rather than running them all together.

At this point I should like to touch on a problem which is closely related 
to the success of our endeavours. Various speakers at this Symposium 
have referred to the difficulties which we face. It must be remembered 
that most of the things we decide on here will have to be carried out by 
young scientists and it is a known fact that young people and older people 
have rather different opinions about the world. Therefore some of the 
difficulties that have been mentioned here may reflect such different points 
of view. It may be that the young scientists do not consider these difficulties 
to be so great. Many of these young people are represented at this 
Symposium and it would be very interesting to hear their opinion. In con
clusion, I should like to express the hope that, by making an effort to 
reach agreement on our problem s, we shall be able to cope with all of them.

A. FINKELSTEIN (Chairman): Thank you very much, Dr. Yankov. No 
doubt we are all young in heart and in spirit, but let us hope that young 
people will be able, increasingly, to travel to various international meetings.

B. GRINBERG: Being in complete agreement with what my fellow 
speakers have said, I have very little to add. I think we can consider that 
this Symposium was an important step forward, due largely to the efforts 
of the International Atomic Energy Agency and the International Nuclear 
Data Committee. I am sure we all hope that it will be followed by other 
steps, otherwise it will only have been informative in character, making
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us aware of the problems but without pointing the way to solutions. For 
me, at least, the Symposium has brought out the fact that, along with the 
many users who are aware of the needs in the domain of nuclear data that 
are not always satisfied, there are many researchers in various disciplines 
who are still unacquainted with the problems involved.

In order to take the next step forward, it is necessary, as Dr. Kolstad 
has said, to set up appropriate mechanisms. I must admit that I personally 
do not quite see what these mechanisms will be, considering the great 
diversity of nuclear data needed by the different disciplines. The people 
who will have to evaluate cross-section s are not going to be the people 
who will be evaluating parameters of decay schemes. In these circumstances 
it is obvious that the International Atomic Energy Agency, which has already 
played an important role in the matter of neutron data, is an essential 
centre for a future action. To be sure, I have no illusions regarding the 
financial resources that the Agency will be able to make available for this 
kind of work. If we want to develop compilation and evaluation activities, 
the implication would seem to be that the interested Governments should 
make the necessary funds available to international groups. Therefore 
these Governments need to be made aware of the problem and perhaps this 
Symposium could be of help in that process.

However, regardless of the mechanisms set up and the resources 
allocated, the task is beyond the capabilities of any single country, so that 
there will be a need either for co-ordination among national groups or at 
least for a division of work. One example of this is the collaboration be
tween certain United States and Soviet groups which has been arranged 
with the aid of the International Atomic Energy Agency. What has been done 
in a restricted area should, I believe, be extended to cover all fields re 
quiring the compilation and evaluation of nuclear data. Although the need 
for evaluated data is obvious in the field of m etrology, it has emerged from 
the various papers presented at this Symposium that they are needed for 
many other disciplines as well.

A. FINKELSTEIN (Chairman): Thank you, Dr. Grinberg. I think it is 
precisely in the matter of co-ordinating nationalactivities that the Agency 
will have an increasingly important part to play, particularly in those fields 
which are not yet well covered by its Nuclear Data Section, such as all the 
non-neutron data areas. Of course, this will have to be done with the funds 
at present available because it will obviously be some time before we can 
expect a supplementary budget for this purpose. Nevertheless, the co 
ordination function could be exercised even at this stage to deal with some 
of the problems you have raised.

A. H. WAPSTRA: I shall confine m yself to a few scattered remarks.
I would first like to say something about availability of compilations.
Dr. Mtlnzel has described to me the great appreciation expressed by 
recipients of his questionnaire for that part of the questionnaire which con
tains a list of compilations now available. I m yself have had the strange 
experience that now, nearly two years after the publication of my latest 
mass table, people are still using the earlier one in which the precision 
is much lower. So this is a matter that needs some attention. Could not 
Dr. Way perhaps publish in the first issue of every volume of Nuclear Data 
Tables a kind of compilation o f current compilations in the field? It would 
not need to be an evaluated list, but it should not include out-dated 
compilations or at least not include them without comments.
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Then there is the matter of evaluations. Some objections have been 
raised to unnecessary evaluations and the question has been asked whether 
we could limit ourselves to mere compilation. I think the answer is no.
I rem em ber, for example, a paper which included, amongst other things, 
an alpha decay energy I needed. The value given in the abstract was dif
ferent from that given in a table and when I checked the figure showing the 
spectrum, it contained a third value different from  both. I felt I just had 
to evaluate. That was not too difficult in this case because in the figure 
two digits had evidently been transposed and the error quoted in the abstract 
was absolutely im possible, but yet some evaluation was evidently neces
sary. One can, as Dr. Lederer has shown in a slide, list several values 
for a half-life along with their errors , but then one must make sure that 
one does not mix standard errors  with limits of errors which are about 
three times as large. Again, some evaluation is necessary. I would almost 
prefer to go to the other extreme and always publish a recommended value, 
the sole exception being the case where you take the best value only if, in 
your evaluated opinion, the next best one is at least three times worse.

I would next like to make a rem ark about request lists. Berényi has 
made an interesting study o f a request list for nuclear data. He found, if I 
rem ember correctly , that many of the requested data were already avail
able, either with the requested accuracy or not very much worse. In any 
case, I have certain reservations about the requested precisions. I cannot 
prove this, but I strongly suspect that, in order to be on the safe side, 
people often ask for accuracies one or two orders of magnitude higher than 
really necessary. And sometimes exaggerated requests for accuracy are 
compounded, as in shielding calculations. Designers of accelerators, for 
instance, often apply shielding formulae to get an order-of-m agnitude better 
results, i. e. lower radiation levels, than officially required. Since the 
allowed radiation doses are, in turn, devised with an order-of-m agnitude 
safety margin, we get very dependable shielding but we are also wasting 
the taxpayers' money. Once again, I think we should take some care in 
this respect.

I was quite im pressed by the amount of new work done in activation 
analysis, but I would like to think that further development is possible here 
at an increase in cost by a factor of not m ore than about two. Large-volum e 
G e/L i counters can be mounted in anti-Compton shieldings, improving 
peak-to-background ratios by an order of magnitude and thus opening up a 
new range of possibilities for non-destructive analysis. It may be well 
worth som eone's trouble to prepare tables and atlases of spectra analogous 
to those of Dr. Heath, for use with this new tool.

To close with a few general rem arks, in my opinion the importance 
of this Symposium has been threefold: first, it has helped acquaint partici
pants with many compilations, perhaps with more than they knew existed; - 
second, it has made them aware that a lot of work still remains to be done; 
third, it has made com pilers — or  at least some of them — aware of how 
necessary it is to devote great care to the presentation of data, especially 
for users in other fields.

A. T. G. FERGUSON: I shall follow Dr. Wapstra in talking to rather 
specific points. First of all, I would like to remark that, as in the United 
States, the national Nuclear Data Committee of the United Kingdom is being 
restructured to take account of more broadly based nuclear data require
ments and to co-ordinate the needs of a much wider range of users. In
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moving from customers who are concerned purely with the reactor business 
to this broader clientele, we must realize that we have an important 
educational function to perform  and that the degree of sophistication we can 
expect from these users is limited, as regards both the formulation of 
requests and the realism , for example, of the accuracy which they demand. 
It will take some time before we can have the rather rigorous standards 
which have over the years become characteristic o f the reactor request 
lists.

Another fact that has struck us as we attempt to -broaden our base is 
the appalling ignorance of the vast majority of potential users of nuclear 
data as to what is available. As a community responsible either for the 
production of nuclear data or its compilation, I think we have the further 
responsibility of selling our product to this market, which we are now 
beginning to explore in some detail. Dr. Wapstra has made a suggestion 
about listing the available compilations in a widely read journal like 
Nuclear Data. With all due respect for this proposal, I think that effective 
advertising has got to be much more widely spread, so that it will reach 
many of the people who would certainly benefit by the availability of these 
compilations but have never heard of Nuclear Data or anything else at this 
level of sophistication. I feel that it is our duty as a scientific community 
to get articles describing the type of material which we have available into 
much more popular publications and technical trade journals.

One of the lasting im pressions which I have gained from this Symposium 
is the importance of the basic evaluated compilations to this whole field. 
They represent the source material from  which everything else is drawn, 
and all the other user-orientated compilations depend on them.

I have been working for many years in the neutron data field and even 
now I still sit through meetings with reactor physicists in which the whole 
burden of the discussion is complaints about the terrible problems of codes 
for translating from this format to that format. The fact that fairly sub
stantial libraries have grown up independently in different parts of the 
world has a perfectly adequate historical justification. There is every 
excuse for the fact that there are differences and that we have to live with 
these problems. However, in view o f the way this field is widening, I feel 
we should make it one o f our most urgent endeavours to ensure that in 
five years ' time I am not sitting through further meetings listening to the 
same kind of discussions about codes for translating other types of nuclear 
data from yet one format into another. This, in my opinion, is one of the 
most urgent tasks facing the community represented at this meeting.

A. FINKELSTEIN (Chairman): I would suggest that we now open the 
discussion to questions and comments from the other participants in the 
Symposium.

Miss K. WAY: As someone who has been in the nuclear data business 
a long time, I think it is time for the distinguished committees to give 
some thought to the need of providing the com piler with the proper tools.
You have been considering new subjects whifch could be tackled but nobody 
has said a word so far about easing the life of the com piler. I think that 
until this is done, there is no chance of getting m ore, better and cheaper 
compilations. As I said in the presentation of my paper (IAEA-SM-170/83), 
what the com piler needs is to be able to find the papers and to be able to 
extract the data from them in a reasonable time. I think this implies the 
use by authors of standard formats for presenting certain types of data.
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Much thought and experiment should be devoted to this. Decisions should 
not be reached hastily. Formats should be tried out to see how they work. 
But until this can be achieved, the poor com piler is going to have to go 
through the terrible drudgery with which he has had to cope all along. This 
is a foolish situation.

An even sim pler matter, and one in which some signs of progress are 
now apparent, is the location of the papers. I am referring here to an 
indexing or k eyw ord  system. Such a system can be coded and, I would 
hope, be adopted on an international scale. This would be very helpful.
It would also be valuable to have more standard abbreviations. These are 
all things which can be done only by international groups of the kind you 
are proposing— except that you haven't proposed that they should do any 
of these things. So, I would urge you to consider points like these.

B. GRINBERG: I fully share the views of Miss Way and I think she 
was right to draw attention to this problem, which was already raised 
within the International Working Group on Nuclear Structure and Reaction 
data (IWGNSRD), which met at Vienna in March 1972. I believe that the 
recommendations made by that Group* to the authors of scientific papers 
would simplify and ease the life of both com pilers and evaluators because, 
as things now stand, they are losing considerable time in seeking the infor
mation they need. The Working Group requested that authors themselves 
should take the trouble to evaluate the accuracy of their findings.

W. B. LEWIS: Taking up Dr. Way's suggestion, I think there is som e
thing that can be done. All the scientific literature is abstracted and I am 
sure that those who com pile the abstracts and submit them sometimes feel 
just as annoyed as the com pilers with the material they have to work with.
So I suggest that somebody should provide these abstractors with a specific 
statement about the requirements of com pilers and that, where appropriate, 
they make an annotation to the effect that the abstract was prepared in the 
face of difficulties arising from  the fact that the manuscript did not meet 
the prescribed conditions. This would help to get the information out to 
the authors.

D. BERÉNYI: I have a few short comments. First of all, on the subject 
of request lists, the formulation of a good list is not an easy matter. For 
example, at the first session of the IWGNSRD meeting to which Professor 
Grinberg referred, several different request lists were presented. For 
example, there were lists of about 15 isotopes for which half-lives were 
required or lists of around 20 isotopes for which the gamma yields were 
needed. In most cases, o f course, this information was already published, 
so that request lists of this kind were of no use.

I think the first step is the preparation of application-oriented com pila
tions, because if we have good compilations for, say, activation analysis 
or safeguards, we can expect a response as to whether or not the accuracy 
of the data is sufficient for the people working in those particular fields.

My second comment is concerned with a quite different problem. If I 
rem ember correctly , Dr. Horen said in the presentation of his paper 
(IAEA-SM-170/47) that his group can evaluate about 20 mass chains per 
year. Of course, this rate is very slow and I think it is essential to 
distinguish here between the collection of primary data and the evaluation.

*  T he  W o rk in g  G ro u p 's  re co m m e n d a tio n s  are  c o n ta in e d  in  th e  re p o rt IN D C (N D S )-4 6 /U  + W  and have 
been quo ted  in  p a rt in  an  e d ito r ia l  in  Phys. Rev. L e tt .  29 5 (9  O c to b e r 1972) 9 7 3 -9 7 4 .
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It is very important to have as complete a collection o f  data as possible; 
we need data files or, as a first step, reference files, as in the case of 
neutron data. The evaluation of the data is a somewhat different problem,
I think, and it would be good if these evaluations could be carried out by 
groups other than the Nuclear Data Group at Oak Ridge. The evaluations 
could still be published either in the well-known periodicals Nuclear Data 
Tables or Nuclear Data Sheets. If we have good centres as sources of 
the prim ary data, then one group could be responsible for evaluating a 
particular mass chain and another group another mass chain.

The third and last comment has to do with the need for atomic data.
It is a matter which I have already mentioned at this meeting, but I should 
like to emphasize it once again. This is a field where the interdisciplinary 
aspects are very important because a large number of phenomena are 
involved, for example, internal conversion, electron capture and heavy-ion 
reactions with different targets; there are also some applied aspects, 
such as X -ray  fluorescence, spectroscopy for chemical analysis and so on. 
Data are needed, for example, on yields for bombarding targets with e lec
trons or with X -rays. There is no relevant compilation here, or else 
the available data are full of gaps. Of course, here again, the first step 
is to examine the compilations to see what are the really missing data.

J. A. CZUBEK: Being a representative of the users, my interest is 
in getting accurate nuclear data. There has been a great deal of discussion 
at this Symposium on whether one should calculate, evaluate or estimate — 
that is to say, on which value one can take as a true value. This is im 
portant because we users are very often obliged to provide results with an 
accuracy of better than 1%. For example, a situation where the half-life 
of an isotope is known with an accuracy of only 1 0 % and the scatter of the 
experimental data may also be about 1 0 %, or even 2 0 %, is very unsatis
factory for our work. It therefore seem s to me that it would be a good thing 
for a round table discussion to be organized under the auspices of the Agency 
in an effort to establish some criteria  on how data should be processed in 
order to get the most accurate value.

D. J. HOREN: On the question of youth, I agree heartily with the 
comments of Dr. Yankov and I might report in this connection that it was 
by our soliciting the opinion of youth that we really succeeded in getting 
the key word system accepted by the Physical Review. It was only by 
solicitation of the membership of the Nuclear Physics Division that we were 
able to get enough weight behind our opinion to promote this idea.

Dr. Wapstra has expressed concern about advertizing and I fully 
sympathize with him. We have tried to do something about this, too, seeking 
to advertize his mass tabulation through the Radiation Shielding Information 
Center (RSIC), which, unlike ourselves, has extensive communication with 
the user community. Another way in which the Data Project is trying to 
advertize, if you will, is by personal contacts with people in the applied 
areas, including industry, laboratories, etc.

As far as internationalization of the data collection and compilation 
effort is concerned, the Data Project has been involved in this for many 
years, as witness the number o f com pilers that we have in foreign countries, 
including the USSR. In the organization of international efforts, I agree, 
every effort should be made to ease the burden of the com pilers who are 
actually engaged in the work, since they are so far behind already. We 
would have some ideas on how to go about doing this.
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One point made by Dr. Münzel in passing seems to have gone unnoticed.
I am thinking of the need to make data producers realize the potential uses 
of their information in applied areas. There are many occasions on which 
the data producers actually measure quantities which they never report and 
which would apparently be very useful in applied work.

As we look to the future, I think we have to be realistic in discussing 
the collection and tabulation of data. Enormous quantities of information are 
involved and before sitting down to decide how to go about this work we must 
ask the question: How many times does any one datum ever get used?
I believe that examination of this problem in detail will show that the answer 
varies from data type to data type. The question will then arise of whether 
it is worth the cost to have a big organized union collecting every piece 
of information. In my opinion, there are certain data that have extensive 
uses. This is true of decay data, as has been demonstrated over and over 
again at this meeting, and of a few other selected types of data. However, 
there are vast numbers of data for which this is not true: to take only one 
case, there are the 2000 gamma rays just in neutron capture. Of course, 
there are many m ore cases which we haven't even mentioned, to say nothing 
of those which haven't been discovered yet. It isn 't at all clear whether 
anyone is ever going to look at these things. You can tabulate them but a 
justified need for an evaluation may never arise. There will be large quanti
ties of such data available, measured to probably very high degrees of 
accuracy.

In conclusion, I should like to make the point that we have no problem 
finding the data. We feel that our system is very effective, and I think that 
it has been demonstrated at this Symposium that, at least as far as much 
of the data contained in the papers we look at is concerned, the reference 
system seems to be working quite well.

N.M. SPYROU: As I mentioned in my paper (IAEA-SM-170/3), a 
nuclear activation group is being formed in the United Kingdom amongst 
British universities, m edical schools and institutes o f higher education.
The comments made by the com pilers have been noted and we hope to 
submit our particular problem s and needs to them in the form they request. 
However, it must be pointed out that such a group is really there to make 
life easier for the poor users, rather than for the com pilers. I wonder 
whether the formation o f such consumer groups is not eventually going to 
make life much m ore difficult for the com pilers when they come up against 
such organized pressures.

J. J. SCHMIDT: I would like to com e back to Dr. Horen's point that we 
should be realistic about the future. I agree, but I also believe that som e
thing useful could be achieved. I would like to cite the example of the 
neutron data field, in which, on the basis o f a continuing assessment of the 
requirements, international mechanisms for compiling and exchanging of 
information have been set up and do work. I gather from  many comments 
and suggestions made during this Symposium that there is a feeling that 
a start should be made on setting up sim ilar mechanisms in the field of 
nuclear structure and decay data, for example, to develop computer files 
for such data, which would be available to everyone upon request. How
ever, setting up the mechanism and having the data available is one thing, 
the priority of what one should actually put into the files is another. I agree 
that one needs to ask how the data are actually used, how often and what is 
their priority.
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D. J. HOREN: I may be rather bold, but I am already assuming that 
we have or will shortly have, the answer to the data handling aspect of that 
problem. Obviously, I am including the decay data. This should be 
computerized. This is something I have been maintaining for a long long 
time. Essentially, we are already doing this: all our decay schemes are 
drawn up with computers, which means that they are effectively computerized, 
at least the parts that we have evaluated.

J. J. SCHMIDT: I think this would be a very good starting point for 
other people as well. I understand, for example, that the two new nuclear 
data centres in the Soviet Union mentioned by Dr. Kondurov (IAEA-SM-170/25) 
and Dr. Chukreev (IAEA-SM -170/24) are planning to use your keywords 
and your reference files. In fact, I believe they have already started.
I am sure there will also be interest in developing countries to participate 
in such an international endeavour.

G. A. KOLSTAD: If I might comment somewhat facetiously about what 
has been said on the subject of youth, I would remind you that someone 
once said that all wisdom does not spring from a bassinet. I think that 
youth has a good deal to offer but I also think there is a great deal to be 
gained from the experience of the kind of people sitting around this room, 
most of whom are over thirty.

I think that Dr. Berényi's comment was particularly pertinent. As you 
will recall, he specified two tasks to which we would have to address our
selves immediately as we move forward in the attempt to establish discipline- 
oriented sub-com m ittees: the first is the development of application- 
oriented request lists; the second is the preparation of supplemental atomic 
and molecular compilations, needed to carry out work, for example, in 
controlled thermonuclear fusion. I can think o f many other areas as well.
In biology and medicine there is certainly a need for a great deal of that 
kind of information. In safeguards, supplemental X -ray information 
represents a natural augmentation of nuclear data. There are obvious 
needs in agriculture. And in the domain of nuclear physics, as pointed out 
in paper IAEA-SM -170/33, we need a better understanding of the stopping 
power problem. I think all these matters represent vital and valid charges 
to these yet-to-be established groups.

Finally, I would like to mention a person who has been largely ignored 
at this meeting, namely, the person who makes the measurements. On 
the whole, persons working in nuclear physics have in the past been 
motivated by reasons unrelated to filling the gaps in nuclear data com pila
tions and, once they have the data they need to develop their basic science, 
they move on to other areas, going into heavy-ion physics, meson physics 
or high-energy physics or something else. There is going to be a problem 
of motivating the nuclear physicist at universities and elsewhere to do the 
kinds of measurements which many of use need but which have rather little 
basic nuclear physics content. I don't know how that problem is going to 
be answered.

B. ROSE: In reply to Dr. Kolstad's question, might I suggest, as a 
first practical step, that the IAEA should fund a few fellowships for this 
specific purpose. A number of fellowships are being used for training 
at various laboratories and if a few of them could be devoted to some of 
these particular tasks, it might perhaps be a step in the right direction.

H. JUNG: In connection with what Dr. Ferguson said concerning the 
presentation of nuclear data especially for the use of non-experts, I would
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like to point out, as an example, that it may be a great advantage to have 
access to large computer files containing thousands and even millions of 
data, such as those on neutron cross-section s. For the non-expert, 
however, I believe the old BNL-325 is still a good book.

H. MÜNZEL: In the discussions at this Symposium it has been claimed 
on several occasions that a detailed request list is the most important thing 
that we should aim for. I would like to speak a few words of warning on 
this subject. I am fully aware that it would be very convenient to have 
detailed lists o f this kind: they would ease our life very much because we 
could sit back and say we have to measure these and these data and we 
don't have to think about why we need them. However, I can think of certain 
fields for which such a detailed request list cannot be obtained. In activa
tion analysis, for instance, when you have to solve a problem and don't 
have the data, you have two choices: you can either make the necessary 
measurement yourself or you can decide to forego activation analysis and 
apply some other method. You will not state that you will need to know the 
half-life of a particular nuclide, in, say, three years' time because the 
chances are that by the time the measurement was made and the result 
evaluated, you would not be interested in it any longer. In these types of 
applications, therefore, it will be very difficult to get specialized or a de
tailed request list. If one sought to determine requirements, all you would 
perhaps get is the answer: we need all data for all nuclei and we need them 
with high accuracy. The point of my warning, then, is that if one assigns 
priorities to data, one should not do so solely on the basis of detailed 
request lists available.

A. FINKELSTEIN (Chairman); Since there seem to be no further 
contributions to the discussion, I should like to propose that we bring the 
Symposium to a close. When the IAEA Secretariat began organizing the 
meeting it felt some concern over the large number and diversity of subjects 
to be taken up, assuming that this would automatically mean that some 
participants would have less interest in certain of the sessions. However, 
applying the yardstick of audience participation and of duration and intensity 
of discussion, I think this Symposium can be considered to have success
fully reached its objective. Of course, credit for this does not belong to 
the Secretariat. A meeting is successful when it can draw on good 
specialists in the fields considered, and this has been true here.

Of course, we shall consider and study carefully the papers and 
summaries of the discussions we have heard here in an effort to obtain 
guidance in defining the Agency’ s programme for the years ahead. Evidently 
many of the participants hope that increased efforts will be made in 
matters relating to evaluated data and that work will be continued along these 
lines. Many would also like to see more work on non-neutron data, in 
particular decay schemes. This is a subject which we are going to take up 
with deliberation and prudence so that we can establish suitable co-operation 
with the existing groups and, in the light of the results obtained, increase 
our activities in this sector to the greatest extent possible.
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