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PREFACE 

This IIASA Research Report compares the liquid-metal fast breeder 
reactor (LMFBR) and the deuterium-tritium (TOKAMAK) fusion reactor. 
Both nuclear reactors can potentially produce practically unlimited amounts 
of energy. This relates exactly to  the theme of IIASA's Energy Program, 
which studies the transition from today's supply systems that use limited 
but cheap resources to  future supply systems that will use unlimited but pos- 
sibly expensive means for the supply of large amounts of energy. 

The conclusions obtained by comparing these two nuclear breeder types 
are summarized in the first chapter. 

I t  should be pointed out that, in order to delimit the study, it was 
decided not to write a monograph on breeders in general. For instance, the 
now often debated concept of hybrid breeders is reported on only briefly. 
Also, comparisons of costs have been omitted on purpose since they can be 
made only after a great number of reactors have been sold commercially. 
This is not even the case with the fission breeder, let alone the fusion breeder 
whose physics is still under development. The report does include a detailed 
comparison of the nuclear safeguard features of the two breeder types, but 
an attempt has not been made to keep up with the development of the last 
months. Data and developments up to November 1976 that contribute to  
the comparison of the two breeders have been included. 

The draft of this study was distributed to several experts for comments 
in March 1977. A considerable number of comments have been received, 
most of which are incorporated in this final version. 
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I. INTRODUCTION AND CONCLUSIONS 

1 .  TIME PHASES OF THE ENERGY PROBLEM 

I t  i s  u s e f u l  t o  view t h e  problem o f  e n e r g y  s u p p l y  i n  t e r m s  
o f  t h r e e  t i m e  p h a s e s :  t h e  n e a r - t e r m  p h a s e ,  a  t r a n s i t i o n  p h a s e ,  
and a  long- term phase  [ I - 1  , 1-2 I . 

The dominant  i s s u e s  i n  t h e  n e a r - t e r m  p h a s e ,  which i n c l u d e s  
t h e  r e c e n t  p a s t ,  i n v o l v e :  (a) s u p p l y  and p r i c e  o f  t h e  p a r t i c u l a r  
e n e r g y  s o u r c e s  upon which i n d u s t r i a l  s o c i e t y  h a s  become most 
h e a v i l y  d e p e n d e n t ,  namely p e t r o l e u m  and n a t u r a l  g a s ;  and 
f b /  t h e  impact  on h e a l t h  and t h e  env i ronment  o f  t h e  immedia te ly  
a v a i l a b l e  p r i n c i p a l  supp lements  t o  t h o s e  f u e l s ,  namely c o a l  
and t h e r m a l  f i s s i o n  r e a c t o r s .  I n c l u d e d  i n  t h e  i s s u e s  o f  s u p p l y  
and p r i c e  a r e  t h e  p o l i t i c a l  r a m i f i c a t i o n s  o f  t h e  w o r l d ' s  growing 
dependence on a  r e l a t i v e l y  s m a l l  number of p e t r o l e u m - e x p o r t i n g  
n a t i o n s ;  t h e  d i f f e r e n t i a l  i m p a c t s  o f  r i s i n g  e n e r g y  p r i c e s  upon 
r i c h  and p o o r ,  a s  n a t i o n s  and a s  i n d i v i d u a l s ;  and t h e  d e g r e e  t o  
which a  more e f f i c i e n t  end-use  o f  e n e r g y  can be  e l i c i t e d  by 
h i g h e r  p r i c e s  and /or  r e g u l a t i o n  w i t h o u t  undue economic d i s r u p t i o n .  

The long- te rm phase  w i l l  be  c h a r a c t e r i z e d  by r e l i a n c e  on one 
o r  more o f  t h e  e s s e n t i a l l y  i n e x h a u s t i b l e  e n e r g y  s o u r c e s :  s o l a r  
e n e r g y ,  e n e r g y  from n u c l e a r  f i s s i o n  by b r e e d i n g ,  and e n e r g y  from 
n u c l e a r  f u s i o n  ( c o n c e i v a b l y ,  geo thermal  e n e r g y  f rom h o t  d r y  rock  
w i l l  some day p rove  t o  be  a  v i a b l e  a d d i t i o n  t o  t h i s  g r o u p ,  b u t  
t h a t  i s  by no means c e r t a i n ) .  With t h e  b a s i c  c o n s t r a i n t  o f  f u e l  
s u p p l y  removed, t h e  q u e s t i o n s  t h a t  remain w i l l  be :  (a) what mix 
of t h e s e  long- term o p t i o n s  s h o u l d  be  u s e d ,  and ( b )  a t  what l e v e l  
s h o u l d  e n e r g y  u s e  be  s t a b i l i z e d ?  The answers  w i l l  b e  governed 
t o  some e x t e n t  by economics and t o  a  v e r y  i m p o r t a n t  e x t e n t  by 
c o n s t r a i n t s  imposed by t h e  p h y s i c a l  and s o c i a l  env i ronments  on 
t h e  h a n d l i n g  o f  v e r y  l a r g e  e n e r g y  f l o w s  w i t h  t h e s e  v a r i o u s  
t e c h n o l o g i e s  11-31. These c o n s t r a i n t s  can  b e  viewed a s  i n v o l v i n g  
t h e  problem o f  embedding l a r g e - s c a l e  t e c h n o l o g i c a l  s y s t e m s  i n t o  
t h e  combina t ion  o f  t h e  a tmosphere ,  h y d r o s p h e r e ,  e c o s p h e r e ,  and 
s o c i o s p h e r e  [ I -1  I .  P o t e n t i a l l y  a t  r i s k  i f  t h e  d i s r u p t i o n s  a r e  
t o o  g r e a t  a r e  t h e  s t a b i l i t y  o f  c l i m a t e ,  n a t u r a l  s e r v i c e s  o f  
e c o s y s t e m s ,  s o c i a l  s t r u c t u r e s ,  and i n t e r n a t i o n a l  r e l a t i o n s ,  n o t  
t o  ment ion d i r e c t  impac t s  on h e a l t h  due t o  l e a k s  o f  t o x i c  
s u b s t a n c e s  f rom e n e r g y  s y s t e m s  i n t o  t h e  b r o a d e r  env i ronment .  



The t r a n s i t i o n  phase  i s  t h e  b r i d g e  between t h e  immediate 
problems o f  t h e  near - te rm and t h e  s t i l l  i m p e r f e c t l y  d i s c e r n e d  
f e a t u r e s  o f  t h e  long-term s t e a d y  s t a t e .  Of c r i t i c a l  impor tance  
a r e  t h e  t i m i n g  o f  t r a n s f o r m i n g  s o c i e t y  from r e l i a n c e  on s c a r c e  
e n e r g y  s o u r c e s  t o  i n e x h a u s t i b l e  o n e s  ( i n c l u d i n g  t h e  r e s e a r c h  
s t r a t e g i e s  needed t o  b r i n g  t h i s  a b o u t ) ;  t h e  e x t e n t  t o  which 
r e l i a n c e  on i n t e r m e d i a t e  s o u r c e s  such  a s  c o a l ,  o i l  s h a l e ,  and 
non-breeder  f i s s , i o n  r e a c t o r s  i s  j u s t i f i e d ;  t h e  r a t e  o f  growth 
o f  energy  use  a s  a  whole t h a t  i s  d e s i r a b l e  o r  manageable d u r i n g  
t h e  t r a n s i t i o n  p e r i o d ;  and t h e  n a t u r e  o f  t h e  i n s t i t u t i o n s  and 
mechanisms needed t o  implement t h e  t r a n s i t i o n  w i t h  minimum 
d i s r u p t i o n  ( i n c l u d i n g  t h e  s p e c i a l  problems o f  d e c i s i o n  making 
i n  t h e  f a c e  of u n c e r t a i n t y ) .  I t  i s  i m p o r t a n t  t o  r e c o g n i z e  a l s o  
t h a t  t h e  t r a n s i t i o n  phase  i n v o l v e s  d i f f e r e n t  t i m i n g  and d i f f e r e n t  
c h o i c e s  i n  d i f f e r e n t  g e o g r a p h i c a l ,  c u l t u r a l ,  and economic 
g r o u p i n g s  o f  c o u n t r i e s ,  s i n c e  b o t h  t e c h n o l o g i e s  and i n s t i t u t i o n s  
must b e  t a i l o r e d  t o  b e  a p p r o p r i a t e  f o r  d i f f e r e n t  p h y s i c a l  and 
socio-economic env i ronments  ( t h e  l a t t e r  i n c l u d i n g  g o a l s  a s  w e l l  
a s  i n i t i a l  conditions) [I-41. 

I t  i s  obvious  t h a t  i n t e l l i g e n t  e n e r g y  p l a n n i n g  r e q u i r e s  
a c c o u n t i n g  f o r  t h e  c h a r a c t e r i s t i c s  o f  t h e  p r o b l e m ' s  t h r e e  t ime  
p h a s e s ,  a s  w e l l  a s  f o r  d i f f e r e n c e s  and s i m i l a r i t i e s  among v a r i o u s  
g r o u p i n g s  o f  c o u n t r i e s ,  i n  an i n t e g r a t e d  way. The g r e a t  
c h a l l e n g e  o f  t h e  t r a n s i t i o n  p e r i o d  i s  t o  d e v i s e  pathways 
c o m p a t i b l e  b o t h  w i t h  t h e  i n i t i a l  c o n d i t i o n s  and w i t h  t h e  d e s i r e d  
e n d p o i n t s ,  and hav ing  t h e  c h a r a c t e r i s t i c  t h a t  t h e  pathways chosen 
i n  d i f f e r e n t  r e g i o n s  a r e  c o m p a t i b l e  w i t h  e a c h  o t h e r .  

2 .  IIASA AND THE FISSION-FUSION COMPARISON 

The I n t e r n a t i o n a l  I n s t i t u t e  f o r  Appl ied  Systems A n a l y s i s  
(IIASA) was e s t a b l i s h e d  w i t h  t h e  g o a l  o f  c o n t r i b u t i n g  t o  i n t e l l i -  
g e n t  p l a n n i n g  o f  r e s p o n s e s  t o  p r e c i s e l y  t h e  s o r t  o f  m u l t i - t i m e  
p h a s e ,  m u l t i - r e g i o n a l ,  and m u l t i - d i s c i p l i n a r y  problems w e  have 
j u s t  d e s c r i b e d  11-51. The Energy Program was a  major  component 
o f  IIASA's e f f o r t s  f rom t h e  o r g a n i z a t i o n ' s  i n c e p t i o n ,  and t h e  
s y s t e m a t i c  ass 'essment  of  s u p p l y  o p t i o n s  f o r  t h e  l o n g  t e r m  was 
i d e n t i f i e d  e a r l y  a s  one  wor thwhi le  f o c u s  o f  t h i s  p r o j e c t ' s  
a c t i v i t i e s .  I n  , t h i s  c o n n e c t i o n ,  J .  G v i s h i a n i ,  Chairman o f  t h e  
Counc i l  o f  IIASA, o b s e r v e d  t h a t  it is  a  c o n f u s i n g  and u n d e s i r a b l e  
s i t u a t i o n  t o  have v a s t l y  d i f f e r e n t  a s s e s s m e n t s  o f  t h e  f a s t  
b r e e d e r  r e a c t o r  and t h e  f u s i o n  r e a c t o r  i n  d i f f e r e n t  g roups  and 
c o u n t r i e s ;  t h e  major  world-wide c h a l l e n g e s  ahead o f  u s  r e q u i r e  
t h a t  such  d i f f e r e n c e s  b e  r e c o n c i l e d  i n s o f a r  a s  p o s s i b l e ,  he  
f e l t ,  and ,  a c c o r d i n g l y ,  IIASA s h o u l d  t a k e  t h e  i n i t i a t i v e  t o  
c o n t r i b u t e  toward a  b e t t e r  and more c o n s i s t e n t  a s s e s s m e n t .  

An e a r l i e r  exchange o f  v i e w s  on t h e  f i s s i o n - f u s i o n  comparison,  
p a p e r s  by W .  H a f e l e  and C. S t a r r  (1-6, 1-71, J . P .  Holdren [ I -81 ,  
F.  von Hippe l  [ I -91,  and Y.V. S i v i n t s e v  [ I -101 ,  p rov ided  a  
s t a r t i n g  p o i n t .  I n  s u b s e q u e n t  d i s c u s s i o n  i n v o l v i n g  p r i m a r i l y  
W .  H a f e l e ,  J .P .  Holdren ,  C. S t a r r ,  and M.A. S t y r i k o v i c h  it was 
a g r e e d  t o  u n d e r t a k e  a  l a r g e r  s t u d y  a s  p a r t  o f  t h e  IIASA Energy 
Program u s i n g ,  wherever  p o s s i b l e ,  common a s s u m p t i o n s  and yard-  



s t i c k s  f o r  t h e  f i s s i o n  a n d  t h e  f u s i o n  s i d e s .  A  t eam o f  p r i n c i p l e  
a u t h o r s  was formed t h a t  r e p r e s e n t e d ,  o n  a n  e q u a l  b a s i s ,  f i s s i o n  
a n d  f u s i o n :  W.  H a f e l e ,  G .  Kessler, J . P .  H o l d r e n  a n d  G . L .  Kul- 
c i n s k i .  A  complemen ta ry  e f f o r t  was  made i n  t h e  S o v i e t  Academy 
o f  S c i e n c e s .  As p a r t  o f  t h e  p r o j e c t ,  two m a j o r  s e m i n a r s  w e r e  
h e l d  i n  Moscow ( F e b r u a r y  1975 a n d  May 1 9 7 6 ) ,  p r o v i d i n g  d i r e c t i o n  
t o  t h e  s t u d y  a s  a  who le  and  a n  o p p o r t u n i t y  f o r  c o o r d i n a t i o n  a n d  
c r o s s - f e r t i l i z a t i o n  be tween  t h e  S o v i e t  a n d  Wes te rn  p a r t i c i p a n t s .  
B e s i d e s  t h e s e  two m a j o r  s e m i n a r s  i n  Moscow, t h e  t eam o f  p r i n c i p a l  
a u t h o r s  m e t  s e p a r a t e l y  a t  IIASA i n  Laxenburg ,  n e a r  V i e n n a ,  i n  
J u l y  1975 a n d  J a n u a r y  1976 ,  and  i n  O c t o b e r  1976 i n  Madison,  
W i s c o n s i n .  Some o f  t h e  S o v i e t  p a r t i c i p a n t s  s p e n t  t i m e  a t  IIASA 
d u r i n g  August  and  Sep tember  o f  1976 f o r  c o o r d i n a t i o n  w i t h  o n e  o f  
t h e  p r i n c i p a l  a u t h o r s .  I n  a d d i t i o n  t o  t h e  c o o r d i n a t i o n  a n d  
i n t e r a c t i o n  made p o s s i b l e  by t h e  S o v i e t  p a r t i c i p a t i o n  i n  t h e  
p r o j e c t ,  some s p e c i f i c  w r i t t e n  c o n t r i b u t i o n s  w e r e  p r e p a r e d  by 
S o v i e t  a u t h o r s ;  t h e s e  a r e  i n c l u d e d  a n d  i d e n t i f i e d  i n  t h i s  r e p o r t .  

I t  i s  n o t  t h e  c o n t e n t i o n  o f  any  o f  t h e  p a r t i c i p a n t s  t h a t  
t h e  f i n a l  r e p o r t  p r e s e n t e d  h e r e  r e p r e s e n t s  a  d e f i n i t i v e  a n d  con-  
c l u s i v e  t r e a t m e n t  o f  a l l  t h e  i s s u e s  a d d r e s s e d .  Compar i sons  a r e  
d i f f i c u l t  by  t h e i r  n a t u r e .  Even when t h e  t e c h n o l o g i e s  b e i n g  
compared have  b a s i c  s i m i l a r i t i e s  i n  f u n c t i o n  and  a p p r o a c h ,  a s  
d o  t h e  two  n u c l e a r  t e c h n o l o g i e s  u n d e r  c o n s i d e r a t i o n  h e r e ,  it i s  
i m p o s s i b l e  t o  a v o i d  e n t i r e l y  t h e  s i t u a t i o n  i n  wh ich  a s p e c t s  b e i n g  
compared a r e  f u n d a m e n t a l l y  incommensurable- -one  f a c e s  t h e  p r o b l e m  
o f  compar ing  a p p l e s  and o r a n g e s .  A  f u r t h e r  d i f f i c u l t y  is  t h a t  
t e c h n i c a l  f i e l d s  r e l a t e d  b o t h  t o  f i s s i o n  b r e e d e r s  and  t o  f u s i o n  
a r e  e v o l v i n g ,  somet imes  r a p i d l y .  T h i s  i s  e s p e c i a l l y  s o  f o r  
f u s i o n  b e c a u s e  t h e  s u b j e c t  i s  a t  s o  e a r l y  a  s t a g e  i n  i t s  d e v e l o p -  
men t .  W e  h a v e  u s e d  t h e  mos t  r e c e n t  i n f o r m a t i o n  we c o u l d  f i n d ,  
b u t  some d e t a i l s  w i t h o u t  d o u b t  w i l l  c h a n g e  e v e n  be tween  t h e  f i n a l  
w r i t i n g  and  p u b l i c a t i o n .  W e  hope  t h e  main c o n c l u s i o n s  w i l l  p r o v e  
t o  b e  more r o b u s t ,  b u t  e v e n  t h e r e  i t  i s  p o s s i b l e  t h a t  some o f  
o u r  c o n c l u s i o n s  rest on p r e m i s e s  w h i c h  w i l l  b e  shown t o  b e  
i n v a l i d  by  s u b s e q u e n t  work .  

F i n a l l y ,  i t  mus t  b e  emphas ized  t h a t ,  e v e n  i f  o u r  c o m p a r i s o n  
o f  f u s i o n  and  f i s s i o n  c o u l d  b e  d e f i n i t i v e ,  i t  would n o t  b y  itself 
b e  a  s u i t a b l e  b a s i s  f o r  d e c i d i n g  w h e t h e r  t o  d e v e l o p  a n d  d e p l o y  
s p e c i f i c  e n e r g y  t e c h n o l o g i e s .  Answer ing  s u c h  s t r a t e g i c  q u e s t i o n s  
r e q u i r e s  a  b r o a d e r  a s s e s s m e n t  t h a n  we h a v e  u n d e r t a k e n  h e r e ,  
i n c o r p o r a t i n g ,  among o t h e r  t h i n g s ,  e v a l u a t i o n s  o f  e n e r g y  n e e d s ,  
o f  o t h e r  a l t e r n a t i v e  l o n g - t e r m  s o u r c e s  s u c h  a s  s o l a r  e n e r g y ,  a n d  
o f  t r a n s i t i o n  s o u r c e s  s u c h  a s  c o a l ,  o i l  s h a l e ,  and  n o n - b r e e d e r  
f i s s i o n  s y s t e m s .  



3 .  SUMMARY OF THE MAIN CONCLUSIONS 

C h a p t e r s  I1 t h r o u g h  X o f  t h e  main  r e p o r t  a d d r e s s  t h e  
f o l l o w i n g  t o p i c s  : 

11. The Problem o f  F u e l  R e s o u r c e s  

111. P r e s e n t  S t a t u s  o f  F i s s i o n  a n d  F u s i o n  R e a c t o r s  

IV. R e f e r e n c e  R e a c t o r  S y s t e m s  

V. R a d i o a c t i v e  I n v e n t o r i e s  o f  R e a c t o r  Economies  

VI .  Normal O p e r a t i n g  L o s s e s  a n d  E x p o s u r e s  

V I I .  N o n - r o u t i n e  R e l e a s e s  

V I I I .  S a f e g u a r d s  

I X .  M a t e r i a l s  a n d  I m p a c t  o f  K a d i a t i o n  Damage 

X .  What Would Be R e q u i r e d  f o r  C o m m e r c i a l i z a t i o n ?  
P rograms ,  T iming ,  and  F u n d i n g  

W e  p r e s e n t  i n  t h e  f o l l o w i n g  p a r a g r a p h s  a  c a p s u l e  summary o f  o u r  
c o n c l u s i o n s  o n  t h e s e  t o p i c s .  R e f e r e n c e s  a n d  s u p p o r t i n g  m a t e r i a l  
a r e  found  i n  t h e  c o r r e s p o n d i n g  c h a p t e r s  o f  t h e  main  r e p o r t .  

3 .1  The P rob lem o f  F u e l  R e s o u r c e s  

N u c l e a r  f u e l s  f o r  f i s s i o n  a n d  f o r  f u s i o n  r e p r e s e n t  e n e r g y  
r e s o u r c e s  a l m o s t  i n c o m p a r a b l y  g r e a t e r  t h a n  t h e  f o s s i l  f u e l s  now 
r e l i e d  upon f o r  most  o f  t h e  w o r l d ' s  e n e r g y  u s e .  F i s s i o n  b r e e d e r  
r e a c t o r s  ( b r e e d i n g  p l u t o n i u m  f rom u ran ium)  a n d  f u s i o n  b r e e d e r  
r e a c t o r s  ( b r e e d i n g  t r i t i u m  f rom l i t h i u m )  c a n  e x t r a c t  0 . 3  t o  
1 . 0  MW(th) - d a y  p e r  gram mined o f  t h e i r  n a t u r a l  m e t a l  f u e l s ,  
u r a n i u m  and  l i t h i u m .  L i g h t  w a t e r  r e a c t o r s  e x t r a c t  r o u g h l y  100 
t i m e s  l e s s  a n d  f o s s i l - f u e l  b u r n e r s  a  few m i l l i o n  t i m e s  less 
e n e r g y  p e r  gram o f  t h e  n a t u r a l l y  o c c u r r i n g  f u e l s .  

U n c e r t a i n t y  o f  a t  l e a s t  a  f a c t o r  o f  two t o  t h r e e  i s  e v i d e n t  
i n  e s t i m a t e s  by  d i f f e r e n t  g r o u p s  ( I n t e r n a t i o n a l  Atomic  Ene rgy  
Agency,  World Ene rgy  C o n f e r e n c e ,  US Energy  R e s e a r c h  and  Development  
A d m i n i s t r a t i o n )  o f  t h e  m a g n i t u d e  o f  US a n d  w o r l d  u ran ium r e s o u r c e s  
a v a i l a b l e  a t  c o s t s  o f  $66/kg U 3 0 ,  o r  less.  U n c e r t a i n t i e s  i n  t h e  
i n t e r m e d i a t e  c o s t  r a n g e  o f  $66/kg t o  p e r h a p s  $250/kg a r e  e v e n  
l a r g e r .  T h e s e  u n c e r t a i n t i e s  a r e  s i g n i f i c a n t  i n  t h e  c o n t e x t  of  
e s t i m a t i n g  how l o n g  n a t i o n s  c o u l d  r e l y  on n o n - b r e e d e r  r e a c t o r s  
t o  s u p p l y  a  s i g n i f i c a n t  p a r t  o f  t h e i r  e n e r g y  u s e ,  b u t  t h e  
u n c e r t a i n t i e s  a r e  not s i g n i f i c a n t  i n  t h e  c o n t e x t  o f  t h e  e n e r g y  
p o t e n t i a l  o f  f i s s i o n  b r e e d e r  r e a c t o r s .  T h i s  i s  s o  b e c a u s e :  
( a 1  t h e  b r e e d e r ' s  h i g h  e n e r g y  e x t r a c t i o n  p e r  gram o f  f u e l  s t r e t c h e s  
e v e n  t h e  s m a l l e s t  e s t i m a t e d  q u a n t i t i e s  o f  l o w - c o s t  u r a n i u m  o u t  t o  
2000 TW-yr o f  e l e c t r i c i t y  (1 TW = 1012  W = 1 , 0 0 0 , 0 0 0  MW); a n d  
( b i  t h e  i n s e n s i t i v i t y  o f  e l e c t r i c i t y  c o s t  t o  f u e l  c o s t  i n  t h e  
b r e e d e r  means t h a t  h i g h - c o s t ,  d i l u t e  u r a n i u m  r e s o u r c e s ,  wh ich  
e x i s t  i n  q u a n t i t i e s  f a r  l a r g e r  t h a n  t h e  l o w - c o s t  r e s o u r c e s ,  



become e c o n o m i c a l l y  a c c e p t a b l e  a s  b r e e d e r  f u e l  ( t h e  s u p p l y  i n  
t h e  o c e a n s  a l o n e  r e p r e s e n t s  a  q u a n t i t y  on t h e  o r d e r  o f  2 ,000 ,000  
TW-yr o f  e l e c t r i c i t y ) .  With f i s s i o n  b r e e d e r s ,  t h e r e f o r e ,  n u c l e a r  
f u e l  s u p p l y  c a n  be  c o n s i d e r e d  i n e x h a u s t i b l e  f a r  beyond any t i m e  
s c a l e  o f  c o n c e i v a b l e  p l a n n i n g  i n t e r e s t .  

The s i t u a t i o n  i s  s i m i l a r  f o r  l i t h i u m ,  t h e  l i m i t i n g  f u e l  
r e s o u r c e  f o r  D-T f u s i o n .  There  a r e  u n c e r t a i n t i e s  o f  a  f a c t o r  
o f  t h r e e  i n  U S  r e s o u r c e s  a v a i l a b l e  a t  low c o s t  ($60/kg o f  L i  
m e t a l  o r  l e s s ) ,  and s t i l l  l a r g e r  u n c e r t a i n t i e s  a b o u t  wor ld  
r e s o u r c e s ,  b u t  t h e s e  u n c e r t a i n t i e s  a r e  e s s e n t i a l l y  i r r e l e v a n t  
t o  t h e  o u t l o o k  f o r  D-T f u s i o n .  The srnaZzest  e s t i m a t e d  g l o b a l  
q u a n t i t y  o f  low-cost  l i t h i u m  r e p r e s e n t s  a t  l e a s t  2500 TW-yr o f  
e l e c t r i c i t y  i n  D-T f u s i o n  r e a c t o r s .  Much more e x p e n s i v e  l i t h i u m  
c o u l d  b e  used  e c o n o m i c a l l y ,  i n c l u d i n g  presumably t h a t  i n  s e a  
w a t e r ,  which a l o n e  r e p r e s e n t s  a t  l e a s t  100 m i l l i o n  TWayr o f  
e l e c t r i c i t y .  There  i s  no r e a s o n  t o  suppose  t h e n  t h a t  l i t h i u m  
r e s o u r c e s  w i l l  l i m i t  D-T f u s i o n  on any i n t e r e s t i n g  t i m e  s c a l e .  
Deu te r ium i n  s e a  w a t e r  (by  w e i g h t )  i s  200 t i m e s  more abundan t  
t h a n  l i t h i u m .  and i s  more economic t o  e x t r a c t .  

For  t h e  f i s s i o n  b r e e d e r ,  t h e  h i g h  u t i l i z a t i o n  o f  o r e s  i s  
r e f l e c t e d  i n  a  v e r y  low f r a c t i o n  t h a t  o r e  c o s t s  c o n t r i b u t e  
t o  t h e  t o t a l  b u s b a r  c o s t .  These  f r a c t i o n s  a r e  a  few t e n t h s  
o f  a  p e r c e n t .  T h i s  n o t  o n l y  makes t h e  low g r a d e  o r e s  a c c e s s i b l e ,  
b u t  it a l s o  p r o v i d e s  f o r  a  d i f f e r e n t  c l a s s  o f  s e c u r i t y  
f o r  o r e  s u p p l y  b e c a u s e  s u c h  low g r a d e  o r e s  c a n  be  found a l m o s t  
everywhere ,  and s t o r a g e  o f  o r e s  d o e s  n o t  impose a n  unaccep t -  
a b l e  economica l  burden  on t h e  owner o f  a  power p l a n t .  T h e r e f o r e ,  
o r e  s u p p l y  embargoes a r e  e l i m i n a t e d  and ,  i n d e e d ,  t h e  o p e r a t i o n  
o f  power p l a n t s  i s  e s s e n t i a l l y  d e c o u p l e d  f rom t h e  t r a d i t i o n a l  
p rob lems  o f  f u e l  s u p p l y .  F o r  t h e  f u s i o n  b r e e d e r ,  t h e  s i t u a t i o n  
i s  f u n d a m e n t a l l y  t h e  same a s  f a r  a s  l i t h i u m  i n  i t s  f u n c t i o n  a s  
a  f u e l  i s  c o n c e r n e d .  I n d e e d ,  t h e  burn-up o r e  c o s t s  f o r  b o t h  
b r e e d e r  t y p e s  a r e  on t h e  o r d e r  o f  mill /kWh. B u t ,  f o r  t h e  
c a s e  o f  t h e  f u s i o n  b r e e d e r ,  l i t h i u m  may have  t h e  a d d i t i o n a l  
f u n c t i o n  o f  s e r v i n g  a s  a  c o o l a n t ,  which would r a i s e  t h e  t o t a l  
i n v e n t o r y  o r e  c o s t s  t o  a  few t e n t h s  o f  a  mill/kWh. I n  any e v e n t ,  
f o r  b o t h  b r e e d e r  t y p e s ,  t h e  o r e  c o s t s  a r e  s o  low t h a t  t h e  l a r g e  
e x i s t i n g  u n c e r t a i n t i e s  i n  o r e  p r i c e s  t h a t  r e f l e c t  g e o l o g i c a l  and 
p o l i t i c a l  c o n d i t i o n s  s i m p l y  do n o t  m a t t e r .  



3.2 P r e s e n t  S t a t u s  o f  F i s s i o n  and Fus ion  R e a c t o r s  

The development  and e v o l u t i o n  o f  new major  t e c h n o l o g i e s  
s e e m  t o  f o l l o w  a  p a t t e r n  t h a t  d i s t i n g u i s h e s  t h r e e  t h r e s h o l d s  
of  f e a s i b i l i t y :  

(a) s c i e n t i f i c  f e a s i b i l i t y ;  

( b )  e n g i n e e r i n g  f e a s i b i l i t y ;  

(el commercia l  f e a s i b i l i t y .  

T h i s  p a t t e r n  i s  i m p o r t a n t  f o r  judgments o r  a s s e s s m e n t s .  

The development  o f  f a s t  b r e e d e r  r e a c t o r s  f i r s t  fo l lowed  t h e  
l i n e  o f  m e t a l l i c  f u e l  e l e m e n t s  and p o w e r - r e a c t o r  s i z e s  of  o n l y  
few hundred megawat ts .  I t  is  r e p r e s e n t e d  by e a r l y  c o n c e p t s  
s u c h  a s  t h a t  o f  t h e  E n r i c o  Fermi  F a s t  B r e e d e r  Reac to r  (EFFBR). 
The second  l i n e  o f  f a s t  b r e e d e r  r e a c t o r  development  i s  d i s t i n c t l y  
d i f f e r e n t  i n  t e r m s  of  f u e l  t e c h n o l o g y ,  r e a c t o r  p h y s i c s ,  s a f e t y ,  
a s  w e l l  a s  power p l a n t  c h a r a c t e r i s t i c s ;  it u s e s  mixed p lu ton ium/  
uranium o x i d e  a s  r e a c t o r  f u e l .  A f t e r  t h e  BN 350 became c r i t i c a l  
i n  November 1972, it was t h e  French  PHENIX r e a c t o r  which was 
t h e  f i r s t  r e a c t o r  of  t h e  300 M W ( e )  c l a s s  t h a t  came t o  d e s i g n e d  
power ( 1 9 7 4 ) .  I t  h a s  been i n  f u l l  o p e r a t i o n  on t h e  g r i d ,  w i t h  
l o a d  f a c t o r s  i n  t h e  neighborhood o f  85X.:) The B r i t i s h  PFR and 
t h e  S o v i e t  BN 350 a r e  a l s o  i n  o p e r a t i o n  now a f t e r  i n i t i a l  e n g i -  
n e e r i n g  d i f f i c u l t i e s ,  m o s t l y  on t h e  s t eam g e n e r a t o r  s i d e ,  have 
been overcome. The German/Belgian/Dutch f a s t  b r e e d e r  p r o t o t y p e  
r e a c t o r  S N R  300 i s  i n  t h e  midd le  o f  i t s  c o n s t r u c t i o n  p e r i o d ;  
s o  i s  t h e  S o v i e t  BN 600, w h i l e  c o n s t r u c t i o n  o f  t h e  US C l i n c h  
R i v e r  B r e e d e r  R e a c t o r  (CRBR) and t h e  J a p a n e s e  MONJU r e a c t o r  i s  
e x p e c t e d  t o  s t a r t  soon. 

The v a r i o u s  f a s t  r e a c t o r  g r o u p s  o f  t h e  w o r l d  now have 
a v a i l a b l e  a  l a r g e  set  o f  p h y s i c s  and e n g i n e e r i n g  tes t  f a c i l i t i e s  
whose b u i l d - u p  was a  major  p a r t  o f  t h e  o v e r a l l  e f f o r t ,  i n  terms 
o f  c a p i t a l  i n v e s t m e n t ,  manpower and  t i m e .  The t e c h n o l o g i e s  
f o r  l i q u i d  sodium a s  a  c o o l a n t  and f o r  mixed o x i d e s  a s  f u e l s  a r e  
e s s e n t i a l l y  i n  hand. A major  s h a r e  o f  o u t - o f - p i l e  and i n - p i l e  
t e s t s  i s  d e v o t e d  t o  proofing t e s t s  a s  r e q u i r e d  i n  t h e  l i c e n s i n g  
p r o c e s s  f o r  l a r g e  power r e a c t o r s  o f  t h e  1200 M W ( e )  c l a s s .  

P r e p a r a t i o n s  f o r  t h e  semi-commercial  c l a s s  o f  1200 M W ( e )  
a r e  w e l l  under  way i n  F r a n c e ,  t h e  U K ,  FRG and  t h e  US. 

I t  c a n ,  t h e r e f o r e ,  be  c o n c l u d e d  t h a t  t h e  t h r e s h o l d s  o f  
s c i e n t i f i c  and e n g i n e e r i n g  f e a s i b i l i t y  o f  f a s t  b r e e d e r  r e a c t o r s  
have  been p a s s e d ;  t h e  t h r e s h o l d  o f  commercia l  f e a s i b i l i t y ,  
however ,  h a s  n o t  y e t  been p a s s e d .  P r e s e n t  p r o j e c t i o n s  i n  t h e  
FRG and  i n  F r a n c e  a n t i c i p a t e  t h i s  t h r e s h o l d  f o r  a b o u t  1990. 

* PHENIX was s h u t  down a t  t h e  b e g i n n i n g  o f  Oc tober  1976,  d u e  
t o  sodium l e a k  i n  a n  i n t e r m e d i a t e  h e a t  e x c h a n g e r  which i s  
c u r r e n t l y  b e i n g  r e p a i r e d .  



For f u s i o n  power, d e m o n s t r a t i o n  o f  s c i e n t i f i c  f e a s i b i l i t y  
means c r e a t i n g  i n  an e x p e r i m e n t a l  d e v i c e  a  combina t ion  of  f u e l  
d e n s i t y ,  t e m p e r a t u r e ,  and conf inement  t ime  which would l e a d  t o  
a  n e t  o u t p u t  of  energy  i n  a  r e a c t o r .  No such  s c i e n t i f i c  f e a s i b i l i t y  
d e m o n s t r a t i o n  h a s  y e t  t a k e n  p l a c e  a s  o f  l a t e  1976. Of t h e  two 
main approaches  t o  t h e  problem--magnetic conf inement  and i n e r t i a l  
confinement--magnet ic  conf inement  h a s  t h e  l o n g e r  h i s t o r y  ( i t  
o r i g i n a t e d  i n  t h e  e a r l y  1950s)  and t h e  g r e a t e r  number of 
v a r i a t i o n s  (TOKAMAK, M i r r o r  machines ,  and h i g h - d e n s i t y  P i n c h e s  
a r e  t h e  most i m p o r t a n t  a t  p r e s e n t ) .  The i d e a  o f  i n e r t i a l  con- 
f inement  f o r  a  f u s i o n  r e a c t o r  d a t e s  from t h e  e a r l y  1960s,  and 
t h e  two main v a r i a t i o n s  a r e  t o  u s e  l a s e r s  o r  e l e c t r o n  beams t o  
i n i t i a t e  t h e  r e q u i r e d  implos ions .  Plany p r o p o n e n t s  o f  magne t ic  
conf inement  b e l i e v e  t h a t  l a r g e  TOKAMAK d e v i c e s ,  now i n  t h e  l a t e  
s t a g e s  of  d e s i g n  o r  e a r l y  s t a g e s  of  c o n s t r u c t i o n ,  w i l l  a c h i e v e  
s c i e n t i f i c  break-even ( i . e .  t h e  Lawson c r i t e r i o n )  i n  t h e  e a r l y  
1980s (DOUBLET-I11 and TFTR, f o r  example) .  Some a d v o c a t e s  o f  
l a s e r  f u s i o n  b e l i e v e  t h a t  such sys tems  c a n  a l s o  a c h i e v e  s c i e n t i f i c  
break-even by t h e  e a r l y  1980s, a l t h o u g h  t h i s  view i s  more 
c o n t r o v e r s i a l  and i s  c louded  by c l a s s i f i c a t i o n  of r e l e v a n t  
r e s u l t s .  Once s c i e n t i f i c  f e a s i b i l i t y  is  a c h i e v e d  w i t h  e i t h e r  
magne t ic  o r  i n e r t i a l  conf inement ,  f o r m i d a b l e  problems o f  
m a t e r i a l s  and e n g i n e e r i n g  w i l l  have t o  be  s o l v e d  b e f o r e  t echno-  
l o g i c a l  f e a s i b i l i t y  can  b e  demons t ra ted  i n  t h e  form of  a  working 
r e a c t o r .  T h i s  i s  u n l i k e l y  t o  be a c h i e v e d  b e f o r e  t h e  y e a r  2000. 
Commercial f e a s i b i l i t y  w i l l  n o t  be  a s s u r e d  even when such  a  
r e a c t o r  e x i s t s ;  it is  p o s s i b l e  t h a t  f u s i o n  w i l l  work b u t  t h a t  it 
w i l l  s imply  be  t o o  e x p e n s i v e .  Even i f  it d o e s  p r o v e  commerc ia l ly  
f e a s i b l e  by t h e  e a r l y  t w e n t y - f i r s t  c e n t u r y ,  a  c o n t r i b u t i o n  of  a s  
much a s  10 p e r  c e n t  o f  t h e  e l e c t r i c i t y  used i n  i n d u s t r i a l  n a t i o n s  
s t i l l  seems u n l i k e l y  b e f o r e  t h e  y e a r s  2020 t o  2030. 

3 .3  Refe rence  Reac tor  Systems 

A u s e f u l  comparison of  f u s i o n  and f i s s i o n  b r e e d e r s  r e q u i r e s  
t h a t  t h e  a n a l y s i s  be  under taken  a t  a  l e v e l  of  d e t a i l  t h a t  can 
o n l y  be p r o v i d e d  by r e f e r e n c e  t o  s p e c i f i c  r e a c t o r  d e s i g n s .  

The b a s i s  f o r  o u r  c h o i c e  i n  f i s s i o n  i s  t h a t  t h e  L i q u i d  
Metal  F a s t  Breeder  R e a c t o r  (LMF'BR) c l e a r l y  domina tes  r e s e a r c h  
and development  programs on b r e e d e r  r e a c t o r s  around t h e  wor ld ,  
making t h e  LWBR by f a r  t h e  most l i k e l y  b r e e d e r  f o r  commercial-  
i z a t i o n .  H i s t o r i c a l l y ,  f a s t  r e a c t o r s  have been p r e f e r r e d  t o  
t h e r m a l  b r e e d e r s  because  of  t h e i r  h i g h e r  b r e e d i n g  r a t i o s ,  which 
p r o v i d e  o ~ t i m u m  f u e l  u t i l i z a t i o n  and t ~ ~ e  p o s s i b i l i t y  o f  a  r e l a t i v e l y  
r a p i d  expans ion  of  t h e  number of r e a c t o r s .  Among f a s t  r e a c t o r s ,  
l i q u i d - m e t a l - c o o l e d  r e a c t o r s  have r e c e i v e d  much more a t t e n t i o n  
t h a n  gas -coo led  r e a c t o r s  f o r  p a r t l y  t e c h n i c a l  and p a r t l y  
h i s t o r i c a l  r e a s o n s .  I n  any c a s e ,  no p r o t o t y p e  gas -coo led  f a s t  
r e a c t o r s  a r e  under  c o n s t r u c t i o n  a t  p r e s e n t .  Among v a r i o u s  
e x i s t i n g  LMFBR d e s i g n s  we chose  t h e  German/Belgian/Dutch f a s t  
b r e e d e r  p r o t o t y p e  r e a c t o r  SNR 300 because  we had f u l l  a c c e s s  t o  
a l l  t h e  d e t a i l s  of  t h e  program. 



On t h e  f u s i o n  s i d e ,  it i s  i m p o s s i b l e  t o  s t a t e  w i t h  any 
c e r t a i n t y  which c o n f i g u r a t i o n  w i l l  a c t u a l l y  l e a d  t o  a  working 
r e a c t o r .  At  t h e  p r e s e n t  t i m e ,  t h e  TOKAMAK c o n c e p t  seems t o  
p r o v i d e  t h e  g r e a t e s t  p romise  o f  s u c c e s s  f rom a  s c i e n t i f i c  
s t a n d p o i n t  and ,  t h e r e f o r e ,  h a s  been t h e  o b j e c t  o f  most c o n c e p t u a l  
r e a c t o r  d e s i g n s .  However, i t s  t o r o i d a l  geometry and  complex 
magnet c o n f i g u r a t i o n  make t h e  TOKAMAK a  v e r y  d i f f i c u l t  s y s t e m  
t o  d e s i g n  f o r  e l e c t r i c i t y  p r o d u c t i o n ;  t h e  c o n s t r u c t i o n  o f  s u c h  
l a r g e - s c a l e  power p l a n t s  w i l l  undoubted ly  b e  more d i f f i c u l t  t h a n  
t h a t  o f  s i m i l a r - s i z e d  f i s s i o n  b r e e d e r  r e a c t o r s .  Pe rhaps  some 
o t h e r  approach  t o  f u s i o n  ( M i r r o r s ,  l a s e r  f u s i o n ,  e t c . )  w i l l  l e a d  
more e a s i l y  t o  a  r e a c t o r  t h a n  t h e  TOKAMAK c o n c e p t ,  b u t  it is  
t o o  e a r l y  t o  s a y .  We have chosen  t o  d i s c u s s  h e r e  t h e  l i q u i d -  
l i t h i u m  c o o l e d  TOKAMAK b e c a u s e  more e x t e n s i v e  and d e t a i l e d  
i n f o r m a t i o n  h a s  been a c c e s s i b l e  f o r  t h i s  c o n c e p t  t h a n  seems t o  
b e  a v a i l a b l e  f o r  o t h e r  a p p r o a c h e s .  

3 . 4  R a d i o a c t i v e  I n v e n t o r i e s  o f  R e a c t o r  Economies 

I t  i s  e v i d e n t  t h a t  b o t h  f a s t  b r e e d e r  and D-T f u s i o n  r e a c t o r s  
w i l l  c o n t a i n  h i g h  i n v e n t o r i e s  (31000 t o  5000 Ci /kW(th) )  o f  r a d i o -  
i s o t o p e s  a f t e r  a  few months o f  o p e r a t i o n .  F u r t h e r m o r e ,  t h e  
f i n i t e  l i m i t s  on f u e l  burn-up i n  f i s s i o n  r e a c t o r s  and f i n i t e  
b l a n k e t  s t r u c t u r e  l i f e t i m e s  i n  f u s i o n  r e a c t o r s  w i l l  r e s u l t  i n  
l a r g e  volumes o f  h i g h  l e v e l  w a s t e  (10 t o  100 m 3  p e r  GW(th) . y r ) .  
T h i s  w a s t e  must b e  p r o p e r l y  p r o c e s s e d  and  s t o r e d  f o r  p e r i o d s  o f  
s e v e r a l  t h o u s a n d  y e a r s  f o r  nea r - t e rm ( s t a i n l e s s  s t e e l )  f u s i o n  
r e a c t o r s ,  and  a t  l e a s t  t e n  t i m e s  l o n g e r  f o r  f i s s i o n  r e a c t o r s .  
More p r e c i s e  numbers r e q u i r e  more p r e c i s e  c r i t e r i a .  The l e n g t h  
o f  s u r v e i l l a n c e  c a n  be s h o r t e n e d  t o  l e s s  t h a n  50 y e a r s  i n  
f u s i o n  r e a c t o r s  i f  c e r t a i n  a l l o y s  o f  vanadium a r e  used .  How- 
e v e r ,  t h e  p r o b a b i l i t y  of t h i s  e lement  b e i n g  used i n  e a r l y  f u s i o n  
r e a c t o r s  seems s m a l l ,  because  v e r y  l i t t l e  i s  known a b o u t  i t s  
p r o p e r t i e s  i n  a  f u s i o n  r e a c t o r  env i ronment ,  and n o  commercia l  
i n d u s t r y  p r e s e n t l y  e x i s t s  t o  p roduce  t h e  t h o u s a n d  m e t r i c  t o n  
q u a n t i t i e s  t h a t  would be  r e q u i r e d  f o r  an e a r l y  f u s i o n  economy. 

I t  is  a l s o  r e c o g n i z e d  t h a t  t h e  i n v e n t o r i e s  o f  r a d i o a c t i v i t y  
i n  f i s s i o n  and f u s i o n  r e a c t o r s ,  measured i n  c u r i e s ,  do n o t  
p r o v i d e  a n  a d e q u a t e  b a s i s  on which t o  compare t h e  r e l a t i v e  
h a z a r d s .  A  somewhat b e t t e r  approach  ( a l t h o u g h  s t i l l  i m p e r f e c t  
b e c a u s e  it does  n o t  i n c l u d e  t h e  pathways t o  r e l e a s e - - s e e  C h a p t e r  
V I I )  i s  t o  use  t h e  B i o l o g i c a l  Hazard P o t e n t i a l  (BHP). The BHP 
i n d e x  i n c o r p o r a t e s  t h e  e f f e c t s  o f  r a d i o i s o t o p e s  on humans e i t h e r  
by i n h a l a t i o n  from t h e  a i r  o r  by i n g e s t i o n  t h r o u g h  t h e  w a t e r  
r o u t e .  The i n h a l a t i o n  BHP i s  main ly  a p p l i c a b l e  i n  t h e  e v e n t  
o f  an a c c i d e n t a l  r e l e a s e  o f  r a d i o i s o t o p e s  e i t h e r  f rom t h e  r e a c t o r  
o r  d u r i n g  any o f  t h e  r e p r o c e s s i n g  s t e p s  b e f o r e  t h e y  a r e  i n s e r t e d  
i n t o  t h e  f i n a l  w a s t e  s t o r a g e  l o c a t i o n .  The i n g e s t i o n  BHP i s  
main ly  a p p l i c a b l e  t o  t h e  l o n g  t e r m  s t o r a g e  o f  w a s t e s  b u t  c o u l d  
a l s o  b e  i m p o r t a n t  i n  s p e c i f i c  a c c i d e n t a l  r e l e a s e s .  On t h e  b a s i s  
o f  i n v e n t o r y  a l o n e  ( d i s r e g a r d i n g  t h e  p r o b a b i l i t y  o f  r e l e a s e ,  
which i s  t r e a t e d  i n  c h a p t e r s  V I  and V I I ) ,  we f i n d  t h a t  t h e  BHP 
f o r  i n h a l a t i o n  is  m e  t o  two o r d e r s  o f  magni tude  h i g h e r  f o r  t h e  



LMFBR system than  f o r  f u s i o n  up t o  t h e  p o i n t  o f  t h e  r e p r o c e s s i n g  
of f u e l  was t e s .  A f t e r  most ( 99%)  of t h e  Pu i s o t o p e s  have been 
s e p a r a t e d  from t h e  s p e n t  f u e l ,  w e  f i n d  t h a t  t h e  BHP f o r  i n g e s t i o n  
o f  t h e  i n v e n t o r y  ( n o t  t h e  amount t h a t  would n e c e s s a r i l y  b e  
r e l e a s e d )  i s  a  f a c t o r  of two t o  100 t i m e s  h i g h e r  f o r  f i s s i o n  
t h a n  f u s i o n  f o r  t h e  f i r s t  1000 y e a r s  a f t e r  shut-down. For  t h e  
n e x t  m i l l i o n  y e a r s ,  t h e  BHP f o r  i n g e s t i o n  of t h e  s t o r e d  was t e s  
i s  two o r d e r s  of magnitude h i g h e r  f o r  f i s s i o n  t h a n  t h e  s t r u c -  
t u r a l  m a t e r i a l  of a  s t a i n l e s s - s t e e l  f u s i o n  r e a c t o r .  

The economic i n c e n t i v e  t o  r e p r o c e s s  f i s s i o n  f u e l s  soon a f t e r  
d i s c h a r g e  i n  l a r g e  r e p r o c e s s i n g  f a c i l i t i e s ,  s e r v i n g  about  10 t o  
30 G W ( e )  FBR p l a n t  c a p a c i t y ,  means t h a t  l a r g e  amounts of h i g h  l e v e l  
was t e s  must be hand l ed ,  t r a n s p o r t e d ,  and e v e n t u a l l y  s o l i d i f i e d  
f o r  long-term s t o r a g e .  Fusion sys tems  have an i n t e g r a t e d  f u e l  
c y c l e  ( t r i t i u m  s e p a r a t i o n ) ;  and a f t e r  a p p r o p r i a t e  compact ion,  
s t r u c t u r a l  s teel  and o t h e r  was t e  m a t e r i a l  can  d i r e c t l y  be  s t o r e d  
a s  s o l i d s .  Th i s  t e n d s  t o  reduce  t h e  p o t e n t i a l  f o r  a  r e l e a s e  of  
r a d i o i s o t o p e s  t o  t h e  environment  and cou ld  l e s s e n  t h e  haza rd  
p o t e n t i a l  a s s o c i a t e d  w i t h  t h e  f i n a l  t r a n s p o r t a t i o n  o f  f u s i o n  
r e a c t o r  was t e s  t o  t h e  u l t i m a t e  s t o r a g e  f a c i l i t i e s .  

F i n a l l y ,  t h e r e  i s  t h e  q u e s t i o n  of measuring t h e  t o t a l  burden 
o f  r a d i o i s o t o p e s  t o  s o c i e t y .  I f  one c o n s i d e r s  t h e  BHP i n t e g r a t e d  
o v e r  t h e  l i f e t i m e  of  t h e  v a r i o u s  i s o t o p e s ,  a l l owing  f o r  t h e  f a c t  
t h a t  any g iven  i s o t o p e  could  p a s s  t h r o u g h ' s e v e r a l  b i o l o g i c a l  
g e n e r a t i o n s ,  one f i n d s  t h a t  s t a i n l e s s  s teel  D-T f u s i o n  r e a c t o r s  
r e p r e s e n t  a  f a c t o r  o f  t e n  s m a l l e r  burden t h a n  an  LMFBR on 
t h e  b a s i s  o f  a  u n i t  of energy  produced.  The u s e  o f  vanadium 
a l l o y s  could  i n c r e a s e  t h i s  advantage  f o r  f u s i o n  t o  two o r d e r s  
of magni tude.  A s  mentioned above,  t h e  p r o b a b i l i t y  t h a t  such  
a l l o y s  can indeed  be  used i n  economic f u s i o n  power r e a c t o r s  i s  
much s m a l l e r  t han  f o r  s i m i l a r  r e a c t o r s  w i t h  a  s teel  s t r u c t u r e .  
However, hopes remain t h a t  s t r u c t u r a l  m a t e r i a l s  f o r  f u s i o n  w i t h  
even b e t t e r  a c t i v a t i o n  p r o p e r t i e s  t han  vanadium, such  a s  pe r -  
haps  t i t a n i u m  a l l o y s ,  w i l l  e v e n t u a l l y  be  shown t o  be f e a s i b l e .  

3 .5  Normal Ope ra t i ng  Losses  and Exposures  

Because t h e  i n v e n t o r y  of  t r i t i u m  i s  l i k e l y  t o  be  around 
250 M C i / G W ( e )  i n  f u s i o n  compared t o  around 0.025 MCi/GW(e) i n  t h e  
LMFBR, t h e  degree  o f  t r i t i u m  c o n t r o l  would have t o  b e  about  f o u r  
o r d e r s  of magnitude t i g h t e r  i n  f u s i o n  t o  meet t h e  same requi rement  
on envi ronmenta l  doses  from t r i t i u m  ( ach i ev ing  5  mrem/yr a t  t h e  
f encepos t  would mean t r i t i u m  c o n t r o l  t o  about  1  p a r t  i n  10"er 
y e a r  f o r  a  1  GW(e) f u s i o n  p l a n t ) .  

For  t h e  c a s e  of t h e  f i s s i o n  b r e e d e r ,  t h e  l i m i t i n g  f a c t o r  
i s  t h e  r e l e a s e  o f  a - e m i t t e r s ,  i o d i n e  129, and k ryp ton .  I n  a l l  
c a s e s  t h e  r e p r o c e s s i n g  f a c i l i t y  appea r s  t o  make t h e  l a r g e s t  
c o n t r i b u t i o n .  Confinement f a c t o r s  ( annua l  f low/annual  r e l e a s e )  



o f  2 -10 '  f o r  t r a n s u r a n i u m  emitters,  2 -10 '  f o r  i o d i n e ,  and 10 f o r  
k r y p t o n  would p e r m i t  mee t ing  t h e  r e g u l a t i o n s  now under  c o n s i d e r -  
a t i o n  i n  t h e  U S .  A s  long  a s  conf inement  f a c t o r s  o f  10' '  can  b e  
a c h i e v e d ,  t h e  f u e l  f a b r i c a t i o n  f a c i l i t i e s  do  n o t  s e e m  t o  c o n t r i b u t e  
s i g n i f i c a n t l y  t o  t h e  o v e r a l l  r e l e a s e s .  The f a s t  r e a c t o r  i t s e l f  
i s  a  s m a l l  c o n t r i b u t o r  compared t o  b o t h  r e p r o c e s s i n g  p l a n t s  and 
f u e l  f a b r i c a t i o n  p l a n t s .  A l l  t h e s e  conf inement  f a c t o r s  appear  
t o  b e  w i t h i n  r e a c h .  

Comparing f u s i o n  and f i s s i o n  w i t h  r e s p e c t  t o  r o u t i n e  
r e l e a s e s ,  t h e  d e g r e e  o f  c o n t r o l  r e q u i r e d  i n  t h e  most s e n s i t i v e  
p a r t  o f  t h e  f u e l  c y c l e  ( t r i t i u m  i n  f u s i o n  r e a c t o r s ,  t r a n s u r a n i u m  
a - e m i t t e r s  and i o d i n e  129 i n  f i s s i o n - f u e l  r e p r o c e s s i n g  p l a n t s )  
a p p e a r s  t o  b e  a t t a i n a b l e ,  b u t  it s t i l l  must be  demons t ra ted  i n  
d a i l y  o p e r a t i o n  o f  l a r g e  f a c i l i t i e s .  I t  a l s o  remains  t o  b e  s e e n  
i n  b o t h  c a s e s  what t h e  c o s t  burden  a s s o c i a t e d  w i t h  t h e s e  c o n t r o l s  
w i l l  be .  

I t  is i m p o r t a n t  t o  r e c o g n i z e  t h e  magni tude o f  t h e  impact  on 
t e c h n o l o g y  o f  r e g u l a t i o n s  c o n c e r n i n g  r e l e a s e s  from t h e  f a s t -  
b r e e d e r  f u e l  c y c l e .  I t  i s  n e c e s s a r y  t o  d e f i n e  c l e a r l y  t h e  n a t u r e  
o f  such  r e g u l a t i o n s  and t h e  s p e c i f i c  l e v e l s  t h a t  w i l l  have  t o  b e  
m e t ,  s o  t h a t  t h e  t e c h n o l o g i s t s  c a n  a d j u s t  t h e i r  d e s i g n s  a c c o r d i n g l y .  
T h i s  i l l u s t r a t e s  a  more g e n e r a l  o b s e r v a t i o n .  While o r i g i n a l l y  
t h e  i n h e r e n t  t e c h n i c a l  c h a r a c t e r i s t i c s  o f  n u c l e a r  power shaped  
t h e  development  o f  t h e  t e c h n o l o g y ,  it i s  now more and more 
a l s o  t h e  n a t u r e  o f  r e g u l a t i o n s  and s t a n d a r d s  which i s  s h a p i n g  
i t s  development .  

3 .6  Non-rout ine R e l e a s e s  

E a r l y  c o n c e r n s  a b o u t  t h e  s a f e t y  o f  LMFBR focused  on c o n t r o l  
c h a r a c t e r i s t i c s  and t h e  p o s s i b i l i t y  of  c o r e  recompact ion i n  
a c c i d e n t s  t h a t  b e g i n  w i t h  sodium b o i l i n g  and l o c a l  f u e l  m e l t i n g .  
These c o n c e r n s  were a c c e n t u a t e d  by t h e  emphasis  on compact c o r e s  
and m e t a l l i c  f u e l  e l e m e n t s  i n  b r e e d e r  d e s i g n s  o f  t h e  1950s and 
e a r l y  1960s.  F o r  t h e  c a s e  o f  t h e  l a r g e  c o r e s  and mixed-oxide 
f u e l s  t y p i c a l  of a l l  p r o t o t y p e  and commercial LMFBR d e s i g n s  i n  
t h e  1970s,  it i s  now known t h a t  i n  t h e i r  c r u c i a l  r e s p e c t s  t h e  
c o n t r o l  c h a r a c t e r i s t i c s  a r e  s u b s t a n t i a l l y  s i m i l a r  t o  t h o s e  of t h e  
LWR. Moreover,  a  l a r g e  and growing body o f  t h e o r e t i c a l  and 
e x p e r i m e n t a 1 , e v i d e n c e  s u p p o r t s  t h e  view t h a t  t h e  p r o p a g a t i o n  of  
l o c a l  f u e l  f a i l u r e s  i n  a  way t h a t  l e a d s  t o  recompact ion i n  t h e  
l a r g e - c o r e ,  mixed-oxide f u e l e d  LMFBR would r e q u i r e  combina t ions  
o f  e v e n t s  and d e g r e e s  o f  s p a t i a l  and tempora l  coherence  t h a t  
a r e  n o t  p h y s i c a l l y  r e a l i s t i c .  

The l a r g e  LMFBR p r o t o t y p e s  t h a t  a r e  i n  o p e r a t i o n  i n  France  
and i n  advanced s t a g e s  of c o n s t r u c t i o n  i n  t h e  FRG have undergone 
l i c e n s i n g  rev iews  a s  s t r i n g e n t  w i t h  r e s p e c t  t o  s a f e t y  a s  t h e  
o n e s  t h a t  a r e  a p p l i e d  t o  t h e  LWR. The d e s i g n  b a s i s  a c c i d e n t s  (DBA) 
f o r  t h e s e  l a r g e  LMFBR encompass t h e  p o s s i b i l i t y  o f  f a i l u r e  o f  b o t h  
independent  shut-down sys tems ,  f o l l o w i n g  a  h y p o t h e t i c a l  l a r g e  
i n s e r t i o n  o f  r e a c t i v i t y  o r  coast-down of  t h e  main sodium pumps. 



The c a l c u l a t e d  consequences  o f  m e l t i n g  and c o r e  d i s a s s e m b l y  i n  
t h e s e  maximum h y p o t h e t i c a l  a c c i d e n t s  d e f i n e  t h e  d e s i g n  c h a r a c t e r -  
i s t ics  o f  t h e  con ta inment  s y s t e m s  r e q u i r e d  f o r  l i c e n s i n g  ( s t r e n g t h  
o f  r e a c t o r  v e s s e l  and p r imary  p i p i n g ;  s t r e n g t h  and l e a k  r a t e s  
o f  s u r r o u n d i n g  d o u b l e  s teel  and c o n c r e t e  con ta inment  s t r u c t u r e s ) .  
I n  a d d i t i o n  t o  t h e  p r e s s u r e  l o a d s  d u r i n g  a  DBA, l a r g e  commercia l  
LMFBR would a l s o  have t o  cope a f t e r  a  DBA w i t h  long- te rm c o o l i n g  
o f  l a r g e  masses  o f  mol ten  and d i s p e r s e d  f u e l .  While t h i s  c a p a b i l i t y  
a p p e a r s  t o  b e  a t  hand f o r  t h e  300 M W ( e )  c l a s s  LMFBR, a d d i t i o n a l  
development  work i s  needed f o r  l a r g e r  LMFBR power s t a t i o n s .  
Mee t ing  t h e s e  d e s i g n  r e q u i r e m e n t s ,  which a s  t h e  French  and German 
e x p e r i e n c e  i n d i c a t e s  can b e  done w i t h  r e a s o n a b l e  t e c h n i c a l  e f f o r t ,  
c a n  r e s t r i c t  r a d i a t i o n  d o s e s  t o  1 rem o r  l e s s  a t  t h e  p l a n t  
boundary i n  t h e  e v e n t  t h e  DBA o c c u r s .  The o v e r a l l  c o n c l u s i o n  i s  
t h a t  t h e  LMFBR c a n  meet t h e  same p r e d e t e r m i n e d  s a f e t y  s t a n d a r d s  
a s  a r e  a p p l i e d  t o  o t h e r  f i s s i o n  r e a c t o r s .  T h i s  w i l l  a l s o  h o l d  
f o r  t h e  LMFBR f u e l  c y c l e  ( f a b r i c a t i o n  and r e p r o c e s s i n g  p l a n t s )  . 

I n  t h e  c a s e  o f  f u s i o n ,  r e a c t o r  s a f e t y  a n a l y s i s  i s  n e c e s s a r i l y  
much more p r i m i t i v e  b e c a u s e  t h e  t e c h n o l o g y  c a n n o t  y e t  b e  d e s c r i b e d  
i n  d e t a i l .  Examinat ion o f  s t o r e d  e n e r g i e s  and p o t e n t i a l  pathways 
f o r  e n e r g y  r e l e a s e  i n  c o n c e p t u a l  C o n t r o l l e d  Thermonuclear  R e a c t o r  
(CTR) d e s i g n s  i n d i c a t e s  t h a t  sudden f a i l u r e s  o f  t h e  magnet s u p p o r t  
and vacuum s y s t e m s  c o u l d  p roduce  enough mechan ica l  e n e r g y  t o  s e v e r e l y  
damage t h e  r e a c t o r .  Loss  o f  c o o l a n t  o r  c o o l a n t  f l o w  c o u p l e d  w i t h  
f a i l u r e  t o  s h u t  down t h e  f u s i o n  r e a c t o r  c o u l d  c a u s e  l o c a l  i n t e r i o r  
s t r u c t u r a l  damage. The c h a r a c t e r i s t i c s  o f  f u s i o n  p lasmas  and 
t h e  v e r y  s m a l l  amount o f  f u e l  p r e s e n t  i n  t h e  r e a c t i o n  chamber a t  
any t i m e  mean t h a t  r e a c t i v i t y  a c c i d e n t s  w i l l  n o t  b e  an i m p o r t a n t  
concern .  Decay-heat  due t o  n e u t r o n  a c t i v a t i o n  o f  s t r u c t u r a l  
m a t e r i a l s  is.  s m a l l  enough i n  most d e s i g n s  t o  b e  s u b s t a n t i a l l y  
e a s i e r  t o  h a n d l e  t h a n  i n  f i s s i o n  r e a c t o r s .  For  CTR d e s i g n s  
where  l i q u i d  l i t h i u m  s e r v e s  a s  b r e e d i n g  medium and c o o l a n t ,  t h e  
v e r y  l a r g e  chemica l  e n e r g y  s t o r e d  i n  t h i s  c o o l a n t  and t h e  h i g h  
f l a m e  t e m p e r a t u r e  o f  t h e  l i t h i u m - a i r  and l i t h i u m - w a t e r  r e a c t i o n s  
(somewhat worse  i n  b o t h  r e s p e c t s  t h a n  t h e  sodium i n  a  comparable  
LMFBR) p r o b a b l y  r e p r e s e n t  f u s i o n ' s  most i m p o r t a n t  v u l n e r a b i l i t y  
t o  a c c i d e n t s  c a p a b l e  o f  r e l e a s i n g  s i z a b l e  q u a n t i t i e s  o f  r a d i o -  
a c t i v i t y .  Both MlFBRs and l i q u i d - l i t h i u m  c o o l e d  CTRs r e q u i r e  
c a r e f u l  d e s i g n  o f  s t eam g e n e r a t o r s  t o  h a n d l e  s a f e l y  t h e  p o s s i b i l i t y  
o f  l e a k s  t h a t  b r i n g  w a t e r  i n t o  c o n t a c t  w i t h  l i q u i d  m e t a l .  

Many o f  t h e  p o s s i b l e  a c c i d e n t  pathways f o r  CTR can  be  
minimized i n  impor tance  by i n t e l l i g e n t  d e s i g n ,  which i n c l u d e s  
t h e  a p p a r e n t  p o s s i b i l i t y  o f  t r i t i u m  b r e e d i n g  i n  c e r a m i c  l i t h i u m  
compounds, and c o o l i n g  w i t h  p r e s s u r i z e d  he l ium i n s t e a d  o f  l i q u i d  
l i t h i u m .  Such a n  approach  may a l s o  b e  a b l e  t o  r e d u c e  t h e  
i n v e n t o r y  o f  b l a n k e t  t r i t i u m  t h a t  c o u l d  b e  r e l e a s e d  i n  an 
a c c i d e n t ,  b u t  o t h e r  s o u r c e s  o f  t r i t i u m  i n  p r o x i m i t y  t o  t h e  
b l a n k e t  ( i . e .  vacuum pumps, d i v e r t e r  c o l l e c t o r  p l a t e s ,  e t c . )  
w i l l  n o t  b e  a f f e c t e d  by t h e  change t o  s o l i d  b r e e d e r s .  Enthusiasm 
a b o u t  t h e  p o t e n t i a l  f l e x i b i l i t y  i n  d e s i g n  o f  CTR must  b e  tempered 
w i t h  t h e  r e c o g n i t i o n  t h a t  t h e r e  may be  i m p o r t a n t  t r a d e - o f f s - - f o r  
example ,  t h e  p r o b a b l e  need  t o  u s e  t o x i c  and r e l a t i v e l y  s c a r c e  
b e r y l l i u m  f o r  n e u t r o n  m u l t i p l i c a t i o n  i f  s o l i d  b r e e d e r s  a r e  
employed i n  r e a l i s t i c  b l a n k e t  d e s i g n s .  D e s i g n e r s  o f  f u s i o n  



sys tems  can  a n t i c i p a t e  t h a t  t h e  approaches  t h e y  d e v i s e  t o  c o n t r o l  
e n e r g y  r e l e a s e  f rom magnets ,  vacuum s y s t e m s ,  c o o l a n t ,  and s o  on 
w i l l  d o u b t l e s s  b e  s u b j e c t e d  t o  much t h e  same c r i t i c a l  s c r u t i n y  
and demand f o r  h i g h  r e l i a b i l i t y  e x p e r i e n c e d  now i n  f i s s i o n -  
r e a c t o r  l i c e n s i n g  p r o c e e d i n g s .  

I t  is p o s s i b l e  t o  make a  v e r y  c r u d e  comparison o f  f i s s i o n  
and f u s i o n  r e a c t o r s  w i t h  r e s p e c t  t o  t h e  consequences  of  e v e n t s  
worse  t h a n  t h e  d e s i g n  b a s i s  a c c i d e n t s - - r e s u l t i n g ,  f o r  example,  
from a c t s  o f  war ,  s a b o t a g e ,  o r  h y p o t h e t i c a l  e v e n t s  exceed ing  t h e  
d e s i g n  c a p a b i l i t i e s  o f  t h e  s a f e t y  sys tems .  Applying t h e  conse-  
quence model o f  t h e  R e a c t o r  S a f e t y  S tudy  (Rasmussen Repor t )  o f  
t h e  US Nuclear  Regula to ry  Commission shows t h a t  h y p o t h e t i c a l  
r e l e a s e  o f  a  s u b s t a n t i a l  f r a c t i o n  o f  t h e  f i s s i o n  p r o d u c t s  and 
0.5  p e r c e n t  o f  t h e  a c t i n i d e s  i n  an LWR ( r e l e a s e  PWR-1 i n  t h e  
R e a c t o r  S a f e t y  S tudy)  would p roduce  roughly  100 t i m e s  more e a r l y  
deakhs  under  a d v e r s e  m e t e o r o l o g i c a l  c o n d i t i o n s  t h a n  a  r e l e a s e  
o f  l o e  Ci  o f  t r i t i u m  o x i d e  f rom a CTR under  t h e  same c o n d i t i o n s .  
Much i n  need of f u r t h e r  i n v e s t i g a t i o n  i s  what f r a c t i o n  o f  t h e  
a c t i v a t i o n  p r o d u c t s  i n  a  CTR and o f  t h e  a c t i n i d e s  i n  an LMFBR 
c o u l d  b e  r e l e a s e d  i n  such  h y p o t h e t i c a l  e v e n t s ,  a s  t h e s e  c o u l d  
s i g n i f i c a n t l y  a f f e c t  t h e  c a l c u l a t e d  outcomes. Comparat ive exam- 
i n a t i o n  o f  d e l a y e d  a s  opposed t o  e a r l y  c a s u a l t i e s  i s  a l s o  needed.  

I n  t h e  CTR most o f  t h e  f u e l  c y c l e  i s  w i t h i n  t h e  r e a c t o r  con- 
t a i n m e n t  s t r u c t u r e  i n  t h e  form of  t h e  t r i t i u m  c y c l i n g  sys tems .  
For  t h e  LMFBR t h e r e  must e x i s t  i n  a d d i t i o n  f u e l  r e p r o c e s s i n g  and 
f u e l  f a b r i c a t i o n  p l a n t s ,  and t h e  p o t e n t i a l  f o r  a c c i d e n t s  on t h e  way 
t o  o r  a t  t h e s e  f a c i l i t i e s  n e e d s  c a r e f u l  e x a m i n a t i o n .  Such a n a l y s i s  
i s  n o t  y e t  n e a r l y  a s  r e f i n e d  a s  t h a t  o f  t h e  LMFBR i t s e l f .  Both 
LMFBR and CTR w i l l  r e q u i r e  some form o f  r a d i o a c t i v e  w a s t e  
management f a c i l i t i e s ,  f o r  which a c c i d e n t  a n a l y s i s  w i l l  a l s o  
have t o  b e  done. 

3 . 7  S a f e g u a r d s  

Unders tand ing  and  comparing s a f e g u a r d s  a s p e c t s  o f  f i s s i o n  
and f u s i o n  can be f a c i l i t a t e d  by making s e v e r a l  i m p o r t a n t  
d i s t i n c t i o n s :  

- s p r e a d  o f  knowledge v s .  s p r e a d  o f  n u c l e a r  m a t e r i a l ;  

- e x p l o s i v e  v s .  r a d i o l o g i c a l  t h r e a t s ;  

- v u l n e r a b i l i t y  o f  power r e a c t o r s  v s .  t h a t  o f  t h e  
rest o f  t h e  f u e l  c y c l e ;  

- d i v e r s i o n  ( c o u n t e r e d  by d e t e c t i o n )  v s .  t h e f t  
( c o u n t e r e d  by p r o t e c t i o n )  ; 

- o f f e n s e s  by governments  v s .  o f f e n s e s  by p r i v a t e  g roups ;  

- n a t i o n a l  v s .  i n t e r n a t i o n a l  c o n t r o l s .  



A s  f i s s i o n  power s p r e a d s ,  t h e  a s s o c i a t e d  s p r e a d  o f  bomb- 
r e l a t e d  m a t e r i a l  i s  more i m p o r t a n t  t h a n  t h e  s p r e a d  o f  bomb- 
r e l a t e d  knowledge. ( T h i s  i s  a  problem o f  a l l  forms o f  f i s s i o n ,  
n o t  j u s t  b r e e d e r s . )  I f  f u s i o n  power s p r e a d s ,  t h e  a s s o c i a t e d  
s p r e a d  o f  bomb-rela ted knowledge ( i n  t h e  i n e r t i a l  conf inement  
approach)  would b e  more i m p o r t a n t  t h a n  t h e  s p r e a d  o f  bomb- 
r e l a t e d  m a t e r i a l .  However, n e u t r o n s  from any D-T f u s i o n  r e a c t o r  
c o u l d  b e  used  by t h e  o p e r a t o r s  t o  p roduce  f i s s i l e  m a t e r i a l ;  
t h i s  r a i s e s  t h e  q u e s t i o n  o f  " s a f e g u a r d i n g  n e u t r o n s " .  

Misuse o f  n u c l e a r  m a t e r i a l  a s  a  r a d i o l o g i c a l  r a t h e r  t h a n  
an e x p l o s i v e  weapon i s  a  t h r e a t  a s s o c i a t e d  w i t h  b o t h  f i s s i o n  
and  f u s i o n .  (Here f u s i o n ' s  h a z a r d  i s  from t h e  t r i t i u m  a s s o c i a t e d  
w i t h  a l l  a p p r o a c h e s ,  n o t  j u s t  t h e  i n e r t i a l  conf inement  approach . )  
With r e s p e c t  t o  a i r b o r n e  d i s p e r s a l  o f  p lu ton ium o r  t r i t i u m ,  
f u s i o n  a p p e a r s  t o  have a  q u a n t i t a t i v e  a d v a n t a g e  o v e r  f i s s i o n  o f  
two t o  f i v e  o r d e r s  o f  magni tude,  depending  on  t h e  chemica l  form 
o f  t h e  m a t e r i a l s ;  w i t h  r e s p e c t  t o  w a t e r b o r n e  d i s p e r s a l ,  t h e  
two a r e  a p p r o x i m a t e l y  even .  

I n  t h e  c a s e  o f  f i s s i o n  power,  s a f e g u a r d i n g  o t h e r  s t e p s  i n  
t h e  f u e l  c y c l e  i s  a  g r e a t e r  problem t h a n  s a f e g u a r d i n g  power 
s t a t i o n s .  Moreover,  t h e  f i s s i o n  f u e l  c y c l e  i s  s p r e a d  o u t  
( r e q u i r i n g  t r a n s p o r t a t i o n  o f  n u c l e a r  m a t e r i a l s ) ,  and it w i l l  
remain s o  u n l e s s  n u c l e a r  energy  c e n t e r s  become t h e  norm. I n  
t h e  c a s e  of  f u s i o n ,  t h e  t r i t i u m  f o r  t h e  most p a r t  r emains  i n  
t h e  power s t a t i o n s ;  t r a n s p o r t a t i o n  i s  n e c e s s a r y  o n l y  when new 
power s t a t i o n s  a r e  b e i n g  s t a r t e d  up. 

The d e t e c t i o n  o f  d i v e r s i o n  o f  n u c l e a r  m a t e r i a l  i s  o f  concern  
between governments ,  and t h e  N o n - P r o l i f e r a t i o n  T r e a t y  i s  a d d r e s s e d  
t o  t h i s  i s s u e ;  it c a l l s  more f o r  i n t e r n a t i o n a l  t h a n  n a t i o n a l  
c o n t r o l s .  The p r o t e c t i o n  o f  n u c l e a r  m a t e r i a l  from t h e f t  i s  a  
problem f o r  i n d i v i d u a l  n a t i o n s  and c a l l s  more f o r  n a t i o n a l  t h a n  
i n t e r n a t i o n a l  c o n t r o l s .  

F o r  a  s t a t e ,  t h e  most d i r e c t  r o u t e  t o  t h e  f a b r i c a t i o n  o f  
a  few c r u d e  n u c l e a r  e x p l o s i v e  d e v i c e s  i s  p r o b a b l y  t h e  c o n s t r u c t i o n  
o f  c e n t r i f u g e s ;  it is  n o t  t h e  deployment o f  e c o n o m i c a l l y  
s i g n i f i c a n t  c i v i l i a n  n u c l e a r  f i s s i o n  power. Without  a d e q u a t e  
s a f e g u a r d s ,  t h e  l a t t e r  may, however,  b e  a  permanent  t e m p t a t i o n  
t o  d i v e r t  some n u c l e a r  m a t e r i a l ,  p o s s i b l y  a t  a  l a t e r  d a t e .  

T e c h n i c a l ,  m a n a g e r i a l  and i n s t i t u t i o n a l  measures  c a n  
i n c r e a s e  t h e  e f f i c i e n c y  o f  s a f e g u a r d s .  E s t a b l i s h i n g  an  e q u i l i -  
b r ium of  any k i n d  between r i s k s ,  b e n e f i t s  and c o s t s  i s ,  i n  t h e  
f i r s t  a n a l y s i s ,  a  s t e p  t h a t  e n t a i l s  s o c i a l  and p o l i t i c a l  
c o n s i d e r a t i o n s  a s  w e l l  a s  t e c h n i c a l  i n s i g h t s .  The q u e s t i o n  h a s  
been r a i s e d  whe ther  a d e q u a t e  s a f e g u a r d s  would e n t a i l  t o o  heavy 
s o c i a l  c o s t s ,  f o r  i n s t a n c e  i n f r i n g e m e n t s  o f  c i v i l  l i b e r t i e s .  
W e  have n o t  f e l t  c a p a b l e  o f  p r o p e r l y  a d d r e s s i n g  t h i s  i s s u e  h e r e .  



3 . 8  M a t e r i a l s  and Impact  o f  R a d i a t i o n  Damage 

I t  i s  c l e a r  t h a t  one o f  t h e  major  f a c t o r s  l i m i t i n g  t h e  
e f f i c i e n c y  and economic v i a b i l i t y  o f  b o t h  f i s s i o n  and  f u s i o n  
r e a c t o r s  is  t h e  d e g r a d a t i o n  o f  m a t e r i a l s  performance i n  t h e  
r e a c t o r  env i ronment .  The reduced  component l i f e t i m e  a f f e c t s  
t h e  economies o f  n u c l e a r  power p l a n t s  i n  s i x  major  a r e a s :  

(a) reduced  t h e r m a l  e f f i c i e n c y  ( l o w e r  o p e r a t i n g  
t e m p e r a t u r e )  ; 

fb) reduced  p l a n t  f a c t o r s  ( t o  change damaged components ) ;  

(c) i n c r e a s e d  c a p i t a l  c o s t s  ( f o r  remote h a n d l i n g  
equipment)  ; 

( d l  i n c r e a s e d  o p e r a t i n g  c o s t s  ( f o r  component 
rep lacement  and manpower ) ; 

( e l  i n c r e a s e d  volume o f  r a d i o a c t i v e  w a s t e s ;  

(f) i n c r e a s e d  demand f o r  s c a r c e  e l e m e n t s .  

These problems have been s t u d i e d  f o r  o v e r  20  y e a r s  f o r  t h e  
LME'BR and r e s u l t e d  i n  t h e  c h o i c e  o f  Pu02/U02 a s  a f u e l ,  S S  316 
a s  a c l a d d i n g  and c o r e  s t r u c t u r a l  m a t e r i a l ,  and BbC a s  a c o n t r o l  
r o d  m a t e r i a l .  However, it i s  q u i t e  p r o b a b l e  t h a t  even  t h e s e  
m a t e r i a l s  w i l l  n o t  b e  s u f f i c i e n t  f o r  a c o m p l e t e l y  economical  
b r e e d e r  economy, and c a r b i d e  f u e l s  and h i g h  n i c k e l - b a s e  a l l o y s  
a r e  b e i n g  i n v e s t i g a t e d  f o r  p o s s i b l e  long-term a p p l i c a t i o n .  

The p r o c e s s  of  s e l e c t i n g  t h e  optimum s t r u c t u r a l  m a t e r i a l s  
f o r  f u s i o n  r e a c t o r s  i s ,  by compar i son ,  i n  i t s  i n f a n c y .  E a r l y  
r e a c t o r  d e s i g n s  a lmos t  e x c l u s i v e l y  used Nb a l l o y ,  b u t  p r e s e n t  
t h i n k i n g  s t r o n g l y  s u g g e s t s  t h e  u s e  o f  a u s t e n i t i c  steels a t  l e a s t  
f o r  t h e  f i r s t  g e n e r a t i o n  o f  power r e a c t o r s .  However, due t o  
t h e  h i g h  he l ium p r o d u c t i o n  r a t e s ,  t h e  p u l s e d  n a t u r e  of most 
v i a b l e  r e a c t o r  c o n c e p t s ,  and t h e  ex t reme r e l i a b i l i t y  t h a t  w i l l  
b e  demanded on  t h e  r e a c t o r  components w i t h  r e s p e c t  t o  vacuum 
l e a k s  and d i m e n s i o n a l  s t a b i l i t y ,  it i s  now w i d e l y  a c c e p t e d  t h a t  
most o f  t h e  r e a c t o r  components w i l l  n o t  l a s t  t h e  l i f e t i m e  o f  
t h e  power p l a n t .  The n e c e s s i t y  t o  quickZy r e p l a c e  damaged 
components i n  a ve ry  h i g h  r a d i a t i o n  env i ronment  w i l l  p u t  a s e v e r e  
s t r a i n  on t h e  d e s i g n  o f  a f u s i o n  power p l a n t .  

Both f i s s i o n  and f u s i o n  s t r u c t u r a l  components and f u e l s  
s h a r e  some o f  t h e  same i n t r i n s i c  rad ia t ion-damage  problems.  
Void s w e l l i n g  i n  m e t a l s  i s  p r o b a b l y  more i m p o r t a n t  i n  LMFBR 
b e c a u s e  o f  t h e  c l o s e  t o l e r a n c e s  f o r  c o o l a n t  f l o w ,  b u t  h igh-  
t e m p e r a t u r e  he l ium e m b r i t t l e m e n t  w i l l  d e f i n i t e l y  b e  a g r e a t e r  
problem f o r  D-T f u s i o n  r e a c t o r s  t h a n  f o r  f i s s i o n  b e c a u s e  o f  t h e  
h i g h e r  e n e r g y  n e u t r o n  spectrum.  I r r a d i a t i o n  c r e e p  w i l l  p rove  
t o  b e  a m a j o r  problem i n  b o t h  t y p e s  o f  r e a c t o r s  b e c a u s e  o f :  
(a) h i g h  d i s p l a c e m e n t  r a t e s  i n  t h e  LMFBR, and (b) t h e  h i g h  t h e r m a l  
stresses i n  a f u s i o n  r e a c t o r .  F a t i g u e  is  l i k e l y  t o  b e  more s e v e r e  
i n  f u s i o n  r e a c t o r s ,  e s p e c i a l l y  i n  i n e r t i a l l y  c o n f i n e d  sys tems .  



S u g g e s t i o n s  have been  made t o  u s e  a l l o y s  o t h e r  t h a n  t h e  
a u s t e n i t i c  s t e e l s  i n  f u s i o n  r e a c t o r s ,  ma in ly  f o r  t h e  purpose  o f  
r e d u c i n g  t h e  r a d i a t i o n  l e v e l s  i n  t h e  w a s t e s .  However, e s s e n t i a l l y  a l l  
o f  t h e  p roposed  a l l o y s  s u f f e r  f rom one  o r  more s e r i o u s  d e f i c i e n c i e s  
i n  t h e  f u s i o n  r e a c t o r  env i ronment .  Aluminum a l l o y s  a r e  s u b j e c t  
t o  even  more modest t e m p e r a t u r e s .  The r e f r a c t o r y  m e t a l s  Nb and 
V o f f e r  h i g h e r  t e m p e r a t u r e  o p e r a t i o n  w i t h  less i r r a d i a t i o n - i n -  
duced e m b r i t t l e m e n t ,  b u t  t h e y  a r e  e x t r e m e l y  s u s c e p t i b l e  t o  p i c k -  
up o f  i n t e r s t i t i a l  i m p u r i t y  a toms ,  which a l s o  c a u s e s  e m b r i t t l e -  
ment,  and t h e y  s u f f e r  from a  l a c k  o f  a  commercia l  i n d u s t r y  t o  
s u p p l y  a  mature  f u s i o n  economy. Molybdenum a l l o y s  a r e  p r o b a b l y  
t h e  b e s t  s u i t e d  o f  t h e  r e f r a c t o r y  m e t a l s  b u t  r e q u i r e  major  ad- 
v a n c e s  i n  j o i n i n g  of l a r g e - s c a l e  r e a c t o r  components.  F o r  t h e s e  
and o t h e r  r e a s o n s ,  i t  i s  o f  d e b a t a b l e  v a l i d i t y  t o  compare f u s i o n -  
r e a c t o r  s y s t e m s  based  on t h e s e  u n t e s t e d  and i l l - u n d e r s t o o d  m a t e r i a l s  
t o  workab le  LMFBR r e a c t o r s .  For  t h e  f o r e s e e a b l e  f u t u r e ,  f u s i o n  
r e a c t o r s  based  on a u s t e n i t i c  s teels w i l l  p r o b a b l y  be  t h e  s t a n d a r d .  

Because o f  t h e  low power d e n s i t y  i n  t h e  b l a n k e t s  o f  a l l  
f u s i o n  r e a c t o r s  ( n o t  j u s t  t h e  TOKAMAK) , t h e  n u c l e a r - i s l a n d  
r e q u i r e m e n t  f o r  m a t e r i a l s  i s  l i k e l y  t o  r a n g e  from 10 t o  40 t /Mw(e) 
o f  s teel  v e r s u s  3 t / M W ( e )  i n  f i s s i o n  b r e e d e r  r e a c t o r s .  I n  
a d d i t i o n ,  t h e  r e p l a c e m e n t  o f  damaged s t r u c t u r a l  components may 
r a n g e  from 0.1 t o  0 .5  t /MW(e)*yr  o f  s t e e l  f o r  f u s i o n  compared t o  
0.06 t / M W ( e )  . y r  f o r  f i s s i o n  b r e e d e r  r e a c t o r s .  These  l a r g e  
m a t e r i a l  r e s o u r c e  r e q u i r e m e n t s  f o r  somet imes r a t h e r  s c a r c e  
m a t e r i a l s  w i l l  c e r t a i n l y  b e  a  g r e a t e r  problem i n  a  f u s i o n  economy 
t h a n  i n  a  f i s s i o n  economy. C a r e f u l  a t t e n t i o n  w i l l  have t o  b e  
p a i d  t o  methods o f  r e d u c i n g  t h o s e  r e q u i r e m e n t s  f o r  f u s i o n ,  o r  
t h e y  c o u l d  p r o v e  t o  be t h e  l i m i t i n g  f a c t o r  t o  t h e  amount o f  
e n e r g y  t h a t  can b e  produced by f u s i o n ,  d e s p i t e  e s s e n t i a l l y  
u n l i m i t e d  f u e l  . r e s o u r c e s .  F o r  example ,  one  m a t e r i a l  which h a s  
been  p roposed  f o r  f u s i o n  r e a c t o r s  u t i l i z i n g  s o l i d  b r e e d e r  b l a n k e t s  
i s  b e r y l l i u m .  I f  t h i s  e l e m e n t  is r e q u i r e d ,  t h e  u l t i m a t e  amount 
o f  f u s i o n  g e n e r a t i n g  c a p a c i t y  t h a t  c a n  b e  b u i l t  c o u l d  b e  l i m i t e d  
t o  a s  l i t t l e  as a  few TW(e) ,  and t h e  e l e c t r i c i t y  g e n e r a t e d  t o  a  
few hundred TW (e)  Vyr. ( T o t a l  wor ld  g e n e r a t i n g  c a p a c i t y  i n  1976 
i s  a round  1 .5  TW(e) , and a n n u a l  u s e  around 0 .8  TW(e) . y r . )  

We c o n c l u d e  t h a t  m a t e r i a l s  p rob lems  a r e  much more d i v e r s e  
and s e v e r e  i n  f u s i o n  r e a c t o r s  t h a n  i n  f i s s i o n  r e a c t o r s .  Without  
i n t e n s i v e  long- range  development  programs it is p o s s i b l e  t h a t  
f u s i o n  may n e v e r  t r a n s c e n d  t h e  e n g i n e e r i n g  f e a s i b i l i t y  p h a s e  
i n t o  a  commercia l  regime.  

3.9 What Would B e  Required f o r  C o m m e r c i a l i z a t i o n ?  Programs, 
Timing,  and Fundinq  

f t  i s  e x p e c t e d  t h a t  it w i l l  t a k e  50 t o  60 y e a r s  t o  
p a s s  t h r o u g h  t h e  s c i e n t i f i c  and e n g i n e e r i n g  f e a s i b i l i t y  
s t a g e s  b e f o r e  d e m o n s t r a t i n g  commercial  f e a s i b i l i t y  o f  t h e  
f a s t  b r e e d e r  r e a c t o r  s t a r t i n g  f rom 1942. T h i s  i s  based  on 
t h e  b e l i e f  t h a t  commercial  f e a s i b i l i t y  o f  f a s t  b r e e d e r  
power s t a t i o n s  c o u l d  be a t t a i n e d  between 1990 and t h e  



yea r  2000, wh i l e  t h e  r e l a t e d  f u e l  c y c l e  s e r v i c e s  a r e  expected 
t o  r e q u i r e  an a d d i t i o n a l  10 t o  15 yea r s .  

Approximately t h e  same t ime frame is  a n t i c i p a t e d  f o r  fu s ion  
r e a c t o r s  (a l though t h e  u n c e r t a i n t y  i s  g r e a t e r ) :  commercial 
f e a s i b i l i t y  of  l a r g e - s c a l e  power s t a t i o n s  could be achieved i n  t h e  
t ime pe r iod  of 2010 t o  2020. Unlike t h e  LMFBR, t h e r e  a r e  no 
fue l - cyc le - r e l a t ed  s e r v i c e s  which w i l l  be r equ i r ed  a f t e r  a  l a r g e  
number of  fu s ion  r e a c t o r s  a r e  cons t ruc t ed ,  and, t h e r e f o r e ,  t h e  
p o i n t  of commercial f e a s i b i l i t y  should be e a s i e r  t o  de f ine .  

Three gene ra t ions  of r e a c t o r s  seem t o  be r equ i r ed  f o r  
both  types  of energy sources  t o  demonstrate  commercial f e a s i b i l i t y :  

- exper imenta l  power r e a c t o r s  (10 t o  a  few 100 MW(th)); 

- pro to type  o r  demonstrat ion r e a c t o r s  (250 t o  500 MW(e)); 

- semi-commercial r e a c t o r s  (1000 t o  1500 MW(e)). 

Along wi th  t h e s e  major f a c i l i t i e s ,  t h e r e  a r e  a  l a r g e  number of  
s m a l l e r  bu t  equa l ly  important  t e s t  f a c i l i t i e s  t h a t  need t o  be 
developed f o r :  

- phys ics ;  

- engineer ing;  

- m a t e r i a l s ;  

- s a f e t y .  

Beyond t h e  phys i c s  f a c i l i t i e s ,  t h e  m a t e r i a l s  t e s t i n g  f a c i l i -  
t i e s  can be  p a r t i c u l a r l y  c o s t l y  and time consuming t o  t h e  o v e r a l l  
program development. There i s  ha rd ly  any way t o  circumvent t h e s e  
problems, a s  each gene ra t ion  of  r e a c t o r s  r e q u i r e s  h ighe r  p e r f o n -  
ance c h a r a c t e r i s t i c s  which a r e  d i f f i c u l t  t o  t e s t  i n  f a c i l i t i e s  
e x i s t i n g  up t o  t h a t  p o i n t .  I n  o r d e r  t o  be u s e f u l ,  f a s t  b reede r s  
and f u s i o n  r e a c t o r s  must f i t  i n t o  e x i s t i n g  schemes and r u l e s  of  
e l e c t r i c i t y  production.  Demonstration of a v a i l a b i l i t y ,  maintain-  
a b i l i t y ,  and r e p a i r a b i l i t y  i s  i n  i t s e l f  a  complex procedure m a t  
r e q u i r e s  t ime.  Espec ia l ly  important  i s  t h e  a s p e c t  o r  licensing. 
I n  f a c t ,  t h e  r u l e s  and fundamental d a t a  under ly ing  t h e  1.icensing 
p rocess  must be developed almost  i n  p a r a l l e l  w i th  t h e  r e a c t o r s  
and f a c i l i t i e s  t h a t  a r e  s o  t o  be l i censed .  Aspects o f  p u b l i c  
acceptance  broaden t h e  scope even f u r t h e r .  

F i n a l l y ,  t h e  f u e l  c y c l e  t h a t  s e r v e s  f a s t  b reede r  r e a c t o r s  
must a l s o  be developed. By n e c e s s i t y ,  t h e  h o t  p a r t  o f  t h e  f u e l  
c y c l e  can be developed on a  t e c h n i c a l l y  s i g n i f i c a n t  s c a l e  only 
when i r r a d i a t e d  f u e l  i s  a v a i l a b l e  i n  s i g n i f i c a n t  q u a n t i t i e s  from 
r e a c t o r s  whose a c c e p t a b i l i t y  o f t e n  seems t o  r e q u i r e  t h e  s e r v i c e s  
of  such f u e l  cyc le .  I n  f a c t ,  t h e  LWR seems t o  be  p r e s e n t l y  i n  
such a  s i t u a t i o n .  The problems of f i n a l  waste d i s p o s a l  extend 
t h e  t ime hor izon even f u r t h e r .  



In the US, with a broad and stretched-out development 
program, more than ten billion dollars are expected to be necess- 
ary for reaching commercial maturity of LMFBR. By contrast, in 
European countries, the development programs seem to be less 
broad and less stretched out and, thereby, seem likely to be 
considerably cheaper. The difference in funding points to the 
degree of flexibility that such programs seem to have. In any 
event, it must be borne in mind that there are parallel develop- 
ment programs in the world whose positive interactions contribute 
significantly to each other. The value of such positive inter- 
actions is rather high. In fact, that may explain the lower 
cost that European programs seem to have when compared with the 
US program. 

The situation for the fusion program is much less well 
defined, but recent projections in the US program reveal that 
it may require 2 0  to 2 5  billion dollars to bring fusion through the 
demonstration power reactor phase, and it is not unreasonable 
to expect that another five to ten billion dollars will be 
required to progress through the commercialization stage. In 
contrast to the breeder program, the European fusion program is 
much smaller and of a longer time duration. The Soviet program 
is approximately the same as the US program in level of effort 
now, and it is expected to keep pace with the US program. 
Therefore, it is reasonable to expect that--worldwide--it may 
require as much as 5 0  billion dollars to reach commercial feasi- 
bility of fusion. The same benefits for international cooperation 
in fusion research as in fission are expected to allow for 
considerable flexibility in design and should increase the 
probability of long-term success. 

4. OVERVIEW 

The foregoing section summarized, on a topic-by-topic 
basis, the specific conclusions of our comparison of LMFBR 
and D-T fusion. We attempt here to integrate these results 
and insights into an overview of the significance of these two 
technologies and their role in the evolving time phases of the 
energy problem. 

Of central importance is that both fission breeders and 
D-T fusion have the potential, in terms of fuel supply, of 
providing very large amounts of electricity almost indefinitely. 
In this respect, there is no difference between them that is of 
any practical significance. To answer the question of fuel supply 
for the indefinite future is an enormous benefit, but the benefit 
has its price. Both for fission breeders and for fusion, the 
price includes: a heavy investment in research and development 
before the commercial stage is reached; continuing high capital 
costs for the commercial reactors and supporting facilities; 
and a commitment to maintain a high degree of meticulousness 
and vigilance in the construction and operation of these tech- 
nologies and the sequestering of their wastes. 



Notwithstanding significant differences in the basic physical 
processes of fission and fusion, the presently envisaged tech- 
nologies of using these processes for electricity production have 
much in common: complex large-scale engineering based on large, 
central-station power plants; material damage and activation 
by neutrons; the need to contain inventories of radioactivity 
within the plant and to manage radioactive wastes beyond the 
lifetime of the reactors; and, for many present designs, use 
of liquid-metal cooling and heat-transfer technologies. At the 
same time, the nature of the fusion process in principle allows 
for a degree of flexibility in the technologies used to harness 
it. This flexibility, if explored and utilized, offers the 
possibility for D-T fusion to be quantitatively superior to 
fission in important environmental respects, despite the quali- 
tative similarities already mentioned. 

Specifically, D-T fusion has the potential for quantitative 
advantages in the form of: lower hazard potential in its radio- 
active inventory (and, accordingly, smaller predicted consequences 
of hypothetical large releases); lower radioactive decay-heat; 
smaller hazard potential and shorter hazard lifetime associated 
with radioactive wastes; less shipment of dangerous material 
outside the reactors; and smaller hazard potential for use of 
tritium as a radiological weapon (compared with plutonium in 
fission). There are, of course, qualitative differences in 
accident pathways in fusion and fission. With respect to the 
spread of the capability of making nuclear bombs, we conclude 
that fission spreads relevant material more than knowledge and 
fusion spreads knowledge (related to the inertial confinement 
approach) more than material. 

It must be emphasized that achieving the potential environ- 
mental advantages of fusion in a practical system will require 
that high priority and prolonged attention be given to environ- 
mental characteristics from the earliest stages of designing 
fusion systems. The advantages will not materialize automatically 
simply because fusion is fusion. It is possible to envision 
fusion systems in which many of the most important environmental 
advantages compared to fission do not materialize. 

Those environmental advantages of fusion that are achieved 
will have to be weighed against the cost of achieving them. No 
such weighing can be done today, both because the technology has 
so far to go (the thresholds of scientific and engineering 
feasibility have yet to be passed), and because the value that 
society will place on such advantages has yet to be determined. 

The LMFBR, by contrast, has passed the thresholds of 
scientific and engineering feasibility, with commercial feasibility 
still to be demonstrated. Herein lies a dilemma of timing. The 
LMFBR meets the fundamental requirement for long-term energy 
sources--namely, a nearly inexhaustible fuel supply--but the 
timing of its development has been such that the LMFBR's commer- 
cial feasibility, as well as its environmental and social 



c h a r a c t e r i s t i c s ,  a r e  be ing  judged a g a i n s t  t h e  y a r d s t i c k  of  
e x i s t i n g  energy  t e c h n o l o g i e s  o f  on ly  sho r t - t e rm  o r  t r a n s i t i o n a l  
s i g n i f i c a n c e  such  a s  o i l ,  n a t u r a l  g a s ,  l i g h t - w a t e r  r e a c t o r s ,  
and c o a l .  Such comparisons a r e  r e l e v a n t  f o r  h e l p i n g  t o  de t e rmine  
t h e  a p p r o p r i a t e  t im ing  f o r  commercial i n t r o d u c t i o n  of  a  t echnology  
such  a s  t h e  b r e e d e r ,  b u t  s i n c e  o i l ,  g a s ,  LWR, and c o a l  do n o t  m e e t  
t h e  b a s i c  f ue l - supp ly  c r i t e r i o n  a s  long-term s o u r c e s ,  t h e y  do 
n o t  p rov ide  s u i t a b l e  y a r d s t i c k s  f o r  judging t h e  LMFBR's v i a b i l i t y  
and d e s i r a b i l i t y  a s  a  way t o  m e e t  t h e s e  long-term needs .  

J u s t  a s  p a r t  o f  t h e  p r e s e n t  p red icament  o f  t h e  LMFBR a r i s e s  
from e v a l u a t i n g  a  long-term s o u r c e  a g a i n s t  sho r t - t e rm  c o m p e t i t o r s ,  
s o  a l s o  i s  t h e r e  a  r e l a t e d  p i t f a l l  ( a n o t h e r  con fus ion  o f  t i m e  
p e r s p e c t i v e s )  t h a t  cou ld  damage t h e  f u t u r e  of f u s i o n .  The p i t f a l l  
i s  t h a t  t h e  d e s i r e  t o  b r i n g  f u s i o n  t o  commercial f r u i t i o n  i n  t i m e  
t o  compete i n  t h e  t r a n s i t i o n  t i m e  fr.ame ( s a y ,  i n  t h e  p e r i o d  2000 
t o  2030) may l e a d  i n  f u s i o n  programs around t h e  wor ld  t o  a  d i s -  
p r o p o r t i o n a t e  emphasis on e a r l y  e n g i n e e r i n g  f e a s i b i l i t y  a t  t h e  
expense o f  p o t e n t i a l  env i ronmenta l  advantages .  I f  f u s i o n  t e chno l -  
ogy i s  s t e e r e d  t o o  e a r l y  i n  t h e  d i r e c t i o n  of  do ing  whatever  s e e m s  
nece s sa ry  t o  produce commercial power, t h e  f i e l d  may be shaped 
f o r  a  long  t i m e  t o  come by approaches  t h a t  exc lude  t h e  p r i n c i p a l  
env i ronmenta l  b e n e f i t s  t h a t  r e p r e s e n t  f u s i o n ' s  g r e a t e s t  a s s e t  a s  
a  long  te rm energy  sou rce .  Th i s  would be a  s e r i o u s  m i s f o r t u n e .  

I t  is  e s s e n t i a l ,  t h e r e f o r e ,  t o  t r y  t o  keep s e p a r a t e  i n  
t echnology  a s se s smen t s  t h e  d i f f e r i n g  r equ i r emen t s  o f  t h e  s h o r t -  
t e r m ,  t r a n s i t i o n a l ,  and long-term phase s  of t h e  energy  problem. 
The most s i g n i f i c a n t  comparison o f  long-term s o u r c e s  is w i t h  each  
o t h e r ,  a s  w e  have done h e r e  w i th  LMFBR and D-T f u s i o n .  A s  t h e  
needed i n fo rma t ion  becomes a v a i l a b l e ,  such  comparisons should  be  
ex tended  t o  i n c l u d e  l a r g e - s c a l e  u s e  of  s o l a r  ene rgy  and perhaps  
f u s i o n  and f i s s i o n  f u e l  c y c l e s  o t h e r  t han  D-T and plutonium- 
bu rn ing  LME'BR. 
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11. THE PROBLEM OF FUEL RESOURCES 

W. Hafele, J.F. Holdren, C . L .  Kulcinski 

1. BREEDING REACTIONS 

1.1 Fission Breeder Reactions 

In the case of fission reactors, two kinds of reactions lead 
to breeding. The chain for the production of plutonium from 
uranium 238 is: 

U238 + n + U239 
8- 
23.5 min U239 -Np239 
B - 

Np239 2.33 da& Pu239 

U238 is not fissionable by neutrons below 1.4 MeV, while 
Pu239 is fissionable by all neutrons. By capturing one neutron 
the fertile U238 is transformed into the fissionable Pu239. If 
this neutron originates, for example, from the fission of this 
Pu239 nucleus, it may be possible to combine the chain reaction 
and the breeding cycle [11-11. 

Similarly, in the case of thorium, the breeding reaction is 
the f 01 lowing : 

Th232 + n + Th233 
B- 
23.5 min Th233 -Pa233 
B- 

Pa2 3 3 27.4 u233 

Again, if this neutron originates from the fission of a 
U233 nucleus, the chain reaction and the breeding cycle can be 
combined [II-21 . 



Under r e a l  t e c h n o l o g i c a l  r e a c t o r  c o n d i t i o n s ,  p lu ton ium i s  
a lways  a  m i x t u r e  o f  Pu239, Pu240, Pu241, and Pu242. I t  s h o u l d  
be r e a l i z e d  t h a t  under  such c i r c u m s t a n c e s  Pu240 must be con- 
s i d e r e d  a  f e r t i l e  m a t e r i a l .  Pu240 c a n n o t  be f i s s i o n e d  by t h e r m a l  
n e u t r o n s .  Neutron c a p t u r e ,  however,  l e a d s  t o  t h e  f i s s i l e  Pu241 
i s o t o p e  : 

Pu241 i s  u n s t a b l e  and undergoes  a  B-decay w i t h  a  h a l f - l i f e  
o f  13.2 y e a r s .  T h i s  i s  long  enough f o r  it n o t  t o  i m p a i r  t h e  
v a l u e  o f  t h i s  b r e e d i n g  r e a c t i o n .  

1 .2  F u s i o n  R e a c t i o n s  

The r e a c t i o n  a l m o s t  c e r t a i n  t o  s e r v e  a s  t h e  p r i n c i p a l  
e n e r g y  s o u r c e  i n  f i r s t - g e n e r a t i o n  f u s i o n  r e a c t o r s  i s  t h a t  o f  
d e u t e r i u m  w i t h  t r i t i u m :  

D + T  + n ( 1 4 . 1  MeV) + He4(3.5  MeV) 

The e n e r g y  r e l e a s e d  amounts t o  94,000 t h e r m a l  k i l o w a t t -  
h o u r s  [ k W h ( t h ) ]  p e r  gram of  r e a c t i n g  n u c l e i ;  t h i s  is  r o u g h l y  
1800 t i m e s  t h e  e n e r g y  t h a t  must be  s u p p l i e d  t o  t h e  r e a c t a n t s  i n  
o r d e r  t o  i n i t i a t e  f u s i o n .  Because t r i t i u m  i s  a l m o s t  n o n e x i s t e n t  
i n  n a t u r e  ( g l o b a l  n a t u r a l  i n v e n t o r y  o f  a p p r o x i m a t e l y  70 k g ) ,  it 
must  be  b red .  The main b r e e d i n g  r e a c t i o n s  i n v o l v e  t h e  n e u t r o n -  
induced  f i s s i o n  o f  l i t h i u m :  

L i6  + n  + T  + He4 + 4.8 MeV 

Li7  + n  + T  + He4 + n  - 2 .5  MeV 

The o v e r a l l  r e a c t i o n s  f o r  D-T f u s i o n  a r e  t h e r e f o r e  e f f e c -  
t i v e l y :  

D + Li6 + He4 + He4 + 22.4 MeV (75,000 k ~ h ( t h ) / g  r e a c t a n t s )  

D + L i 7  + He4 + He4 + n  + 15.1 MeV (45,000 kWh( th ) /g  r e a c t a n t s )  

The He4 " a s h e s "  o f  t h e  D-T f u e l  c y c l e  a r e  n o n r a d i o a c t i v e ,  a s  
a r e  b o t h  i s o t o p e s  o f  l i t h i u m .  R a d i o l o g i c a l  c o n s i d e r a t i o n s  e n t e r ,  
however,  i n  t h e  form of  t r i t i u m  ( i t s  h a l f - l i f e  i s  12.3  y e a r s )  
and t h e  c o p i o u s  p r o d u c t i o n  o f  14 MeV n e u t r o n s  ( t h i s  is  a  d i r e c t  
r a d i a t i o n  h a z a r d  d u r i n g  r e a c t o r  o p e r a t i o n  and t h e  s o u r c e  o f  i n -  
duced r a d i o a c t i v i t y  i n  t h e  r e a c t o r  s t r u c t u r e ) .  

A d d i t i o n a l  f u s i o n  r e a c t i o n s  o f  d e u t e r i u m  w i t h  i t s e l f  and 
w i t h  He3 w i l l  p l a y  a  secondary  r o l e  i n  f i r s t - g e n e r a t i o n  f u s i o n  
r e a c t o r s ,  and p e r h a p s  a  p r imary  r o l e  i n  more advanced sys tems .  
These r e a c t i o n s  a r e :  



D + D + He3 (0 .82 MeV) + n  (2 .45  MeV) (22,000 kWh( th ) /g  
r e a c t a n t s )  

D + D - T  (1 .O1 MeV) + H (3 .02  MeV) (27,000 kwh ( t h ) / g  
r e a c t a n t s )  

D + He3 + H (14.67 MeV) + He4 (3 .67 MeV) (98,000 kWh(th) /g  
r e a c t a n t s )  

A c c o r d i n g l y ,  b u r n i n g  d e u t e r i u m  t o  c o m p l e t i o n  would g i v e :  

6D + 2He4 + 2H + 2n + 43.2 MeV (96,000 kWh(th) /g  D )  

The two D-D r e a c t i o n s  o c c u r  w i t h  r o u g h l y  e q u a l  p r o b a b i l i t y .  
The peak c r o s s - s e c t i o n s  f o r  t h e s e  and t h e  D-He3 r e a c t i o n  a r e  
c o n s i d e r a b l y  s m a l l e r  t h a n  t h o s e  f o r  D-T, and t h e  r e a c t a n t  e n e r g i e s  
c o r r e s p o n d i n g  t o  t h e  c r o s s - s e c t i o n  maxima a r e  much h i g h e r  t h a n  
f o r  D-T. Ach iev ing  a  n e t  e n e r g y  g a i n  from t h e  D-D r e a c t i o n  
c h a i n  t h e r e f o r e  w i l l  be  s i g n i f i c a n t l y  more d i f f i c u l t  t h a n  f o r  
D-T; t h e  r a t i o  o f  t h e  e n e r g y  o f  t h e  r e a c t i o n  p r o d u c t s  t o  t h e  
e n e r g y  s u p p l i e d  t o  t h e  r e a c t a n t s  i n  t h e  D-D c h a i n  i s  a b o u t  70,  
a  margin  a b o u t  25 t i m e s  s m a l l e r  t h a n  f o r  D-T. 

P l o t t e d  i n  F i g u r e  11-1 a r e  t h e  f u s i o n  r e a c t i o n - r a t e  p a r a -  
m e t e r  < o v > ,  and t h e  f i g u r e  o f  m e r i t  <ov>  Ef/Eo f o r  t h e  p r i n c i p a l  
f u s i o n  r e a c t i o n s .  Here o  i s  t h e  f u s i o n  c r o s s - s e c t i o n  f o r  p a r t i -  
c l e s  moving w i t h  r e l a t i v e  v e l o c i t y  v ;  < > d e n o t e s  an  a v e r a g e  
o v e r  Maxwel l ian v e l o c i t y  d i s t r i b u t i o n  f u n c t i o n s  f o r  t h e  r e a c t i n g  
s p e c i e s ;  E  (which i s  i d e n t i c a l  t o  kT f o r  a  Maxwellian v e l o c i t y  
d i s t r i b u t i o g )  i s  t h e  mean k i n e t i c  e n e r g y  o f  t h e  r e a c t a n t s ;  and 
E is  t h e  e n e r g y  y i e l d  p e r  f u s i o n  r e a c t i o n .  

f 

O t h e r  more e x o t i c  f u s i o n  r e a c t i o n s  e x i s t :  f o r  example ,  
H-Li6, H-Li7, and H-B11. These r e a c t i o n s  have h i g h e r  Coulomb 
b a r r i e r s  t h a n  t h e  o t h e r s  d i s c u s s e d  h e r e .  They t h e r e f o r e  r e q u i r e  
h i g h e r  mean r e a c t a n t  e n e r g i e s  f o r  i g n i t i o n ,  and t h e i r  e n e r g y  
g a i n s  a r e  s m a l l e r .  These r e a c t i o n s  a r e  p o t e n t i a l l y  a t t r a c t i v e  
i n  e n v i r o n m e n t a l  t e r m s  because  t h e y  p roduce  no n e u t r o n s .  But 
we d o  n o t  c o n s i d e r  them i n  d e t a i l  h e r e  because  t h e y  a p p e a r  s o  
d i f f i c u l t  t o  h a r n e s s ,  and because  l i t t l e  d e t a i l e d  i n f o r m a t i o n  
a b o u t  them i s  a v a i l a b l e .  

2. A REVIEW OF RESOURCES 

2 .1  Uranium and Thorium Resources  

Reviewing uranium r e s o u r c e s  i s  a  c o n s t a n t  and open-ended 
p r o c e s s .  More r e c e n t l y ,  t h e r e  have been t h r e e  s t u d i e s :  

( 1 )  The j o i n t  OECD/IAEA r e p o r t  i n  i t s  l a t e s t  v e r s i o n  o f  
December 1975. I t  t a k e s  i n t o  a c c o u n t  o n l y  uranium 
r e s o u r c e s  o f  t h e  p r i c e  c a t e g o r y  below $ 3 0 / l b  U 3 0 8  
[ I I - 3 1 .  



,.- , 

Maxwellion Ternpemture E, I In k eV ) 

F u s i o n  y i e l d s  ( E f )  are:  D-T = 17 .6  MeV, D-D = 3 .65  MeV, 
D-He3 = 1 8 . 3  MeV. 

No te :  D-He3 r e a c t i o n  c a n n o t  r e a l i s t i c a l l y  b e  c o n s i d e r e d  
s e p a r a t e l y  f rom D-D, b e c a u s e  n o  i n d e p e n d e n t  s o u r c e  o f  He3 
i s  known, and  b e c a u s e  it mus t  b e  p r o d u c e d  by  D-D r e a c t i o n s .  

F i g u r e  11-1:  R e a c t i o n - R a t e  P a r a m e t e r  and  Ene rgy  P r o d u c t i o n  
F i g u r e  o f  Merit f o r  P r i n c i p a l  F u s i o n  R e a c t i o n s  



( 2 )  The S u r v e y  o f  Energy  R e s o u r c e s  1 9 7 4  by the Ninth 
World Energy Conference, Detroit, 111-41. 

1 3 )  The R e p o r t  o f  t h e  L i q u i d  Me ta l  F a s t  B r e e d e r  R e a c t o r  
Program Rev iew  Group,  (ERDA-1 report of January 1975 
[11-51. This report incorporates results of the Pre- 
liminary National Uranium Resource Evaluation Program 
(PNURE), and uses a classification of resources of 
its own. 

For the present purposes it suffices to report on the re- 
sults of these studies in aggregate form. 

The OECD/IAEA study gives values not only for the US but 
also many other countries. One can obtain a total figure for the 
world with the exclusion of the Soviet block and China. The 
data published by the World Energy Conference are essentially 
consistent with those of the OECD/IAEA study. The ERDA-1 report 
employs much more recent data but is limited to the United 
States. By comparing the US data in this report with those of 
the OECD/IAEA study, one can get an idea of (non-communist) 
world figures. Similarly, such comparison also gives a clue as 
how to extrapolate from the $ 0-30/lb U308 range to uranium of 
much higher cost classes. Tables 11-1 and II-II are made for 
such comparisons and extrapolations. 

Besides uranium there is thorium. The World Energy Confer- 
ence of 1974 also identified thorium reserves. These are given 
in Table 11-111, which uses the same format as Tables 11-1 and 
II-II, and which also gives the uranium data for the purpose of 
comparison. The thorium data are by far more uncertain because 

Table 11-1: Uranium ~esources~ (OECD/IAEA, 111-31 ) 
(1000 t U) 

a Price range: $ 0-30/lb U308 in 1975 dollars; 

USA 

"worldnb 

World being the total of the following countries: Algeria, 
Argentina, Australia, Brazil, Canada, Central African Re- 
public, Denmark, Finland, France, Gabon, Federal Republic of 
Germany, India, Italy, Japan, Korea, Mexico, Niger, Portugal, 
South Africa, Spain, Sweden, Turkey, United Kingdom, United 
States, Yugoslavia, and Zaire. 

Total 

1266 

3490 

Reasonably 
Assured 

454 

1810 

Estimated 
Additional 

812 

1680 



T a b l e  11-11: US Uranium R e s o u r c e s  (ERDA, [11-51)  
(1000 t U) 

a 
C o s t s  g i v e n  h e r e  a r e  t h e  s o - c a l l e d  f o r w a r d  c o s t s ,  w h i c h  d o  
n o t  i n c l u d e  o p e r a t i n g  c o s t s  a n d  c a p i t a l  i n v e s t m e n t s  i n c u r r e d  
p r i o r  t o  t h e  t i m e  t h e  r e s o u r c e  e s t i m a t e  i s  made.  Thus  t h e y  
a r e  l o w e r  t h a n  t o t a l  e x t r a c t i o n  c o s t s  a n d  p r o b a b l y  much 
l o w e r  t h a n  t h e  p r i c e  a t  w h i c h  t h e  u r a n i u m  wou ld  b e  s o l d .  

T a b l e  11-111: Thor ium a n d  Uranium R e s o u r c e s  (Wor ld  E n e r g y  
C o n f e r e n c e  o f  1 9 7 4 ,  [ 11 -41 )  
(1000  t U) 

C o s t  ~ a n g e ~  
( $ / l b  U308) 

0-15 

15-30 

P o t e n t i a l  

1200 

930 

I d e n t i f i e d  

4  0  0  

140  

a  D a t a  f r o m  B u r e a u  o f  M i n e s ,  B u l l e t i n  6 5 0 ,  1 9 7 1 ;  

T o t a l  

1600 

1070 

T o t a l  o f  28 non-communis t  c o u n t r i e s  i n  t h e  c a s e  o f  U ,  a n d  
a  t o t a l  o f  14 non-communist  c o u n t r i e s  a n d  t h e  USSR i n  t h e  
c a s e  o f  Th,  i n c l u d i n g  t h e  US; 

4000 

6000 

a t  100  

a t  150 

T o t a l  

- 

2030 

2760 

4040 

~ h o r i u r n '  
U S A ~  

Uranium 

Thor ium d 

World  
Uranium 

c  On ly  up  t o  $ 1 0 / l b ;  

C h a t t a n o o g a  s h a l e s  
60-80 ppm 

C h a t t a n o o g a  s h a l e s  
25-60 ppm 

d C o s t  r a n g e  m o s t l y  unknown. 

I d e n t i f i e d  

320 

7  3  0  

800 

1960 

P o t e n t i a l  

? 

1300 

1960 

2080 



much exploration is still going on. The same is true for low- 
grade uranium; data for the Chattanooga shale are only re- 
presentative. The fission breeder does have the potential of 
using such low-grade uranium. Its use in LWRs recently has 
also been studied by J.P. Holdren [II-61. The World Power 
Conference of 1974 observes [11-71 : 

"A t  c o s t s  up  t o  $ 200 per  k i l o g r a m  o f  u ran ium,  t h e  amounts  
o f  u r a n i u m  a v a i l a b l e  a r e  i n  t e n s  t o  h u n d r e d s  o f  mega tonnes  
and a t  c o s t s  t o  $ 500 per  k i l o g r a m  i n  t h o u s a n d s  o f  mega- 
t o n n e s .  I n  t h e  p r e s e n t  p e r i o d ,  d u r i n g  w h i c h  o n l y  non-bree -  
d e r  r e a c t o r s  a r e  c o m m e r c i a l l y  a v a i l a b l e  and f o r  w h i c h  
r e l a t i v e l y  l o w - c o s t  n u c l e a r  f u e l  i s  r e q u i r e d ,  much f u r t h e r  
e x p l o r a t i o n  and d e v e l o p m e n t  o f  r e s o u r c e s  w i l l  b e  n e c e s s a r y .  
L a t e r  when b r e e d e r  r e a c t o r s  become p r e d o m i n a n t ,  e conomic  
u r a n i u m  (and  t h o r i u m )  r e s o u r c e s  w i l l  become n e a r - i n f i n i t e  
i n  e x t e n t .  " 

For reasons of completeness it must be mentioned that there 
is uranium in seawater (but no thorium.) The average concentra- 
tion is at 3.4 pg/liter. Using a seawater volume of 1.4 . 101'm3 
this gives almost 5 . lo9 t uranium. The related technology is 
still highly uncertain, however. This is reflected in the un- 
certain costs of such uranium. Estimates range from $ 35 to 
$ 300/lb U3O8. At the recent IIASA Conference on Energy Resources, 
A. Brin reported on these uranium resources [II-81. His con- 
clusion is as follows: 

"The i m p o r t a n c e  o f  t h e  r e s e r v e  b u i l t  by  t h e  u r a n i u m  i n  
s o l u t i o n  i n  t h e  o c e a n s ,  s h o u l d  n o t  b l i n d  one  t o  r e a l i t i e s .  
A c c o r d i n g  t o  one  o f  t h e  c l a s s i f i c a t i o n s  m e n t i o n e d  by  M .  Crenon,  
i t  can  b e  s a i d  t h a t :  

( 1 )  T h i s  r e s e r v e  i s  p r o v e d ;  
( 2 )  I t  i s  ' s u b m a r g i n a l ' . "  

2.2 Resources of Deuterium and Lithium 

One in 6700 atoms of hydrogen in seawater is deuterium. 
This amounts to 33 grams of D per m3, or a total resource of 
4.6 10"g in the oceans of the world. Burning this amount of 
deuterium to completion in the D-D reaction chain would produce 
4.4 10'' kwh of thermal energy, an amount equivalent to some 
60 . lo9 times the world energy use in 1975. At the market price 
of deuterium prevailing in the early 1970s, i.e. $ 0.30 to 0.40 
per gram, the contribution of the raw fuel to the cost of elec- 
tricity in a D-D fusion reactor would be on the order of 
0.01 mill/kwh (e) . 

For the D-T fuel cycle--in which the raw fuels are deuterium 
and lithium--it is the lithiu~ii supply that limits ultimate energy 
production. The amount of energy that will be obtained in 
practice from each gram of natural lithium (7.4% Li6, 92.6% Li7) 
depends on the details of the geometry and composition of the 
breeding region in each reactor, including the chemical form of 



lithium, the degree of enrichment in Li6 (if any), the presence 
of neutron-absorbing and neutron-multiplying materials, and the 
method of utilizing the excess tritium from the breeder reactors. 
It is shown in Appendix 11-A that there is no unique value for 
Li but a whole range exists depending on parameters as those 
listed above. However, the most reasonable value based on the 
present concept of utilizing liquid lithium to both cool the 
reactor and breed the tritium reveals an energy content of 
12,000 kWh(th)/g of natural lithium. This assumes a total breed- 
ing ratio of 1.3 after all neutron leakage, non-productive breed- 
ing zones, and toroidal neutronics are considered. Such an 
energy content may be too high as it presumes that all tritium 
can be instantaneously transferred between reactors (no delay), 
that all the tritium atoms that are bred can be burned (not used 
to fulfill the inventory requirements of new plants) and that 
the excess tritium is fed into plants utilizing depleted Li 
(which is pure Li7 essentially) for cooling and some further 
breeding of tritium (referred to hereafter as a "near-breeder"). 
If one were to simply use the excess tritium in "burner reactors" 
where no more tritium is bred, then the energy content would 
drop approximately to 9500 kWh(th)/g of natural Li. Finally, if 
one were to use solid breeders containing Li highly enriched in 
Li6, then the energy content would approximately drop to 
5700 kWh(th)/g for a breeding ratio of 1.15 and a breeder/burner 
economy. If a "breeder/near-breeder" combination were used with 
solid breeders, the energy content could be as high as 
6000 kWh(th)/g of natural Li. 

Lithium resources have been reviewed by a number of authors 
in the past several years [II-9 to 11-14]. Most attention has 
been given to the United States, where exploration for lithium 
has been somewhat more extensive than elsewhere. Specialists 
appear to agree, however, that exploration for lithium has not 
been exhaustive in the US nor elsewhere, because the existing 
reserves are very large compared to the conceivable non-nuclear 
requirements for many decades to come. In this situation, there 
is little incentive to conduct expensive exploration programs to 
find and classify additional reserves. Should the success of 
D-T based controlled fusion eventually generate very high 
demands for lithium, it is generally agreed that the resulting 
further exploration would yield large additional deposits. 

The present status of lithium supplies in various categories, 
as appraised by various reviewers, is summarized in Table 11-IV. 
Substantial uncertainty has been introduced into the picture for 
US reserves at present prices by a recent report [11-131 that, 
at these prices, less than a tenth the amount of Li previously 
estimated will actually be extractable from the Silver Peak 
Nevada brines. From the standpoint of fusion, however, the 
lithium price could increase two to three times with little 
effect on the price of electricity. At the recent market price 
of $ 0.02 per gram of Li metal, burn-up of Li at 12,000 kWh(th) 
per gram in a fusion reactor producing 0.4 kWh(e) /kWh(th) would 
correspond to 0.004 mills per kWh(e), excluding carrylng charges 
on lithium inventory. The highest Li inventory requirement of 



Table 11-IV: Lithium Resources 

any fusion-reactor design published to date is about 1.2 t/MW(e) 
[11-131, which contributes 23 US dollars/kW(e) at $ 0.02 per 
gram.* Clearly, a tripling in Li prices could easily be toler- 
ated, so it makes sense in the fusion context to look at more than 
the reserves at present prices. In Table 11-IV, the category 
labeled "to-three-times-present-prices" is synonymous with the 
classification "known plus inferred or conditional reservesn, 
used by many reviewers. The fraction of thase reserves that 

* The lowest inventory is approximately 0.2 t/MW(e) (see 
Chapter 1x1. 
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will actually be recoverable by a given date--say, the year 
2000--depends on details of technology and economics that cannot 
be accurately predicted [11-141 . 

US Li reserves to-three-times-present-prices would support 
the inventory for 2.7 to 5 million MW(e) of fusion generating 
capacity at 1200 k /MW(e), or a burn-up corresponding to 15 to 
30 quadrillion (log5) kWh(e) at 12,000 kWh(th) 14800 kWh(e) I 
per gram. The generating capacity stated is 7 to 13 times 
the total US electricity-generating capacity in 1975, or about 
three times that of the world in the same year. The interme- 
diate generation figure of 20 1015 kWh(e) corresponds to roughly 
10,000 times the electrical energy generated in the US in 1975. 

The consumption of lithium in the US in non-nuclear appli- 
cations stood at about 2.4 lo6 kg/yr in 1970 [11-91, corres- 
ponding to 0.004 of the US reserves at present prices (taking 
the lowest estimate for the Silver Peak brines) and ( 0.0005 of 
the US reserves at to-three-times-present-prices. Lithiun 
consumption for these non-nuclear uses has been increasing at 
eight to ten per cent per year, however, and applications in 
catalysis and advanced batteries suggest that this growth may 
continue for some time [11-151. Nevertheless, the present 
high ratio of reserves to consumption, and the good prospects 
for further discoveries upon additional exploration make it 
unlikely that an absolute shortage of lithium could constrain 
the prospects of D-T fusion in any time frame of practical 
interest. (Naturally, a total failure to carry out additional 
exploration and mine development could lead at some point in 
the future to temporary Li shortages, but such short-sighted- 
ness should be avoidable.) 

The resource picture in the very long term (perhaps beyond 
a hundred years from now) is somewhat obscured by two uncertain- 
ties. The first is whether the D-D fusion fuel cycle becomes 
successful; if it does, the need for lithium is eliminated 
and the encrmous and already economically accessible supply of 
D in seawater removes all fuel supply constraints for millions 
to billions of years. If D-D fusion does not work, the situation 
in the very long term depends on whether Li can be extracted 
economically from seawater. At 0.17 ppm by weight, Li in the 
ocean is about 200 times less concentrated than D, but some 
50 times more concentrated than uranium. Extraction of uranium 
from seawater is already being seriously considered, and very 
tentative cost figures mentioned fall in the range of $ 80 to 
$ 670 per kilogram U [11-81. Should Li be extractable at $ 100 to 
$ 200 per kilogram, which is certainly not inconceivable, the 
associated cost of burn-up in fusion reactors would still be 
negligible. The contribution of this expensive Li as inventory 
at 1200 kg/!4VJ(e) would be in the range of $ 100 to $ 200 per 
kW(e), providing some incentive to work out designs with smaller 
inventories (e.g., using Li only for breeding T but not as the 
coolant). This is even more important in solid-breeder designs 
when the initial lithium breeder compounds may not last for the 
lifetime of the reactor. (See Chapter 1x1. 



3. BUS BAR SENSITIVITY TO FUEL COSTS 

3.1 F i s s i o n  Breeder  R e a c t o r s  

Fus ion  b r e e d e r s  and f i s s i o n  b r e e d e r s  make u s e  o f  i s o t o p e s  
t h a t  a r e  abundan t  i n  n a t u r e ;  t h u s  a  s i t u a t i o n  a r i s e s  where t h e  
s u p p l y  o f  p r i m a r y  f u e l s  i s  no l o n g e r  a  d e t e r m i n i n g  p a r a m e t e r .  
I n  t h e  f o l l o w i n g  t h e  f u e l  c y c l e  c o s t s  o f  b r e e d e r s  a r e  d i s c u s s e d .  

I n  t h e  c a s e  o f  f u s i o n  b r e e d e r s ,  a t t e n t i o n  h a s  been g i v e n  
n o t  o n l y  t o  t h e  o r e  c o s t s  f o r  f i r s t  i n v e n t o r i e s  and o f  consump- 
t i o n  b u t  a l s o  t o  t h e  c o s t s  o f  p r o c e s s i n g  t h e  f u e l  t h r o u g h o u t  i t s  
c y c l e .  T h i s  h a s  been done b e c a u s e  t h e  development  o f  f u s i o n  
b r e e d e r  r e a c t o r s  is  s t i l l  i n  t h e  e a r l y  p h a s e s ,  when i n d i c a t o r s  
a s  t o  t h e  c o s t s  i n v o l v e d  a r e  n e c e s s a r y  i n f o r m a t i o n .  The f i s s i o n  
b r e e d e r  i s  a  d i f f e r e n t  m a t t e r ;  t h e r e  are n o t  o n l y  t h e  a s p e c t s  
o f  c o n c e i v i n g  a  f u e l  c y c l e  b u t  a l s o  an o p e r a t i o n a l  and t e c h n i c a l  
e x p e r i e n c e  a t  d i f f e r e n t  l e v e l s .  Such e x p e r i e n c e  i s  s i g n i f i c a n t  
i n  t h e  c a s e  where t h e  LWR f u e l  c y c l e  e x p e r i e n c e  c a n  b e  a p p l i e d ,  
f o r  t h e  LWR and  FBR f u e l  c y c l e s  a r e  b a s i c a l l y  t h e  same. F o r  
t h i s  v e r y  r e a s o n  we a r e  aware o f  t h e  d i f f e r e n c e s  between c o s t s  
and  p r i c e s ,  between a  c o n c e p t  and i t s  commercia l  r e a l i t y .  

So it makes s e n s e  t o  g i v e  a  break-down o f  e l e c t r i c i t y  
p r o d u c t i o n  c o s t s  a t  b u s  b a r  as shown i n  T a b l e  1 1 - V  [ I I - 1 6 1 .  

T a b l e  11-V: E l e c t r i c i t y  P r o d u c t i o n  C o s t s  f o r  V a r i o u s  F u e l s  
( U S  mil l /kWh(e)  f o r  new p l a n t s ,  a t  7000 h / y r  
l o a d  f a c t o r )  

Source :  Da ta  p u b l i s h e d  by German u t i l i t y  R \ E ,  J a n u a r y  1976. 

Oi l /Gas 

19.2  

1.2 

6.4 

26.8 

Hard C o a l  

23.2 

2 .8  

6.4 

32.4 

F u e l  I n c l u d -  
i n g  F u e l  Cycle  

O p e r a t i o n  and 
Main tenance  

C a p i t a l  C o s t  

T o t a l  

N u c l e a r  Power 
(LWR) 

5.5 t o  7.2 

2.4 

14.4 

22 .3  t o  24.0 

L i g n i t e  

6 . 8  

2.0 

9.6 

18.4 



It refers to the situation in the FRG as of February 1976. It 
is striking to see the high fraction of fuel costs for hard 
coal and oil/gas. In the case of the FRG, there are finite 
resources of 10' t of lignite that allow for a fraction of fuel 
costs that is significantly lower and compares with the low 
fraction of LWR fuel cycle costs. Such LWR fuel cycle costs 
are made up by ore costs, enrichment and processing costs, in- 
cluding final waste disposal. The value of 7.2 mill/kWh(e) 
in Table 11-V already reflects the recent sharp increases in 
cost for ore, enrichment, and processing. 

The fuel cycle costs of 5.5 mill/kWh(e) for LWRs of 
Figure 11-2 relate to present realistic costs for: 

LWR Fuel Cycle Cost Parameters 

natural uranium 30 $/lb U308 

Pu costs 

conversion to UF6 

enrichment (tails 
assay 0.25%) 

fuel element fabrication 120 $/kg fuel 

transport, reprocessing, 
waste disposal 360 $/kg fuel 

price escalation 5%, 

interest rate 9 % .  

Figure 11-2 also compares fuel cycle costs of fast breeders. 
It explains that there are essentially three almost equal con- 
tributions to the total fuel cycle costs of fast breeders: 

- fuel element fabrication; 

- interest costs for the plutonium inventory; 

- transport, reprocessing, and waste disposal costs. 

The cost break-down of Figure 11-2 relates to cost para- 
meters of the LMFBR fuel cycle which appear attainable under 
future commercial conditions, all other cost parameters being 
equal to LWR parameters: 

LMFBR Fuel Cycle Cost Parameters 

fuel element fabrication 1200 $/kg core fuel 

transport, reprocessing, 
waste disposal 1 100 $/kg core fuel 

breeding ratio 1.17 

The assumed breeding ratio of 1.17 is rather pessimistic. 
Values up to 1.35 for the LMFBR appear attainable. With such 
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Figure 11-2: Structure of Fuel Cycle Costs for LWR and LMFBR 

higher ratios the Pu gain would increase and the total fuel 
cycle costs decrease. 

It is not the purpose of this paper to go into the technical 
and commercial details of fuel cycle costs. Instead we refer to 
a survey publication [11-171. The point is rather that in the 
case of the fast breeder, ore requirements will go down by a 
factor of 60 to 100, and enrichment services will be eliminated. 
Therefore, a total of only 70 per cent of LWR fuel costs may, 
pessimistically, be expected. This would be equivalent to 
roughly 4 to 5 mill/kWh (e) . 

From one gram of natural uranium one can extract 0.95/ 
(1 + a) MW(th) -day, if a is the ratio between capture and fission 
cross-sections. Assuming a value of 0.15 for a one arrives at 
an equivalent of roughly 20 MWh(th), which is higher by 70 per 
cent than the figure for fusion, which is approximately 



12 MWh(th) per gram of natural Li mined. Let us continue to 
assume that $ 80/kg of natural uranium is a high but not un- 
reasonable price for uranium in the foreseeable future. Let 
us further assume that 80 per cent of this amount can be 
fissioned in a fast breeder reactor. Then 1 kg of U mined 
relates to 0.8 - 10 - 20 MWh (th) , or $ 1.6 10 (at 25 mill/ 
kWh(e)). This must be related to the cost of 1 kg of natural 
uranium mined of $ 80. The ratio is 2000; 

Besides the yearly requirements for burn-up, there are 
inventory requirements. A 1000 MW(e) fast breeder reactor 
may have an inventory of 50 t of natural uranium. At $ 80/kg U 
this relates to 0.6 lo6 $/yr at 15 per cent annuity. This 
compares to an income of 1.75 - 10' $/yr (25 mill/kWh(e) and 
7000 h/yr). This ratio is 300. Uranium inventory costs are, 
therefore, significantly higher than burn-up costs, but both 
costs are indeed n e g Z i g i b Z e .  

It is a deep-seated feature of breeders that they are 
essentially decoupled from the supply of fuel resources. The 
results of these considerations are summarized in Table 11-VI. 

Table 11-VI: Fast Breeder Fuel Cycle Costs 

at $ 80/kg natural uranium 

a at 7000 h/yr load factor and 15% annuity. 

Total Fuel 
Cycle Costs mill/kWh (e) 

Burn-up 
Ore Costs mill/kWh(e) 

Burn-up Ore 
Costs Relative 
to 25 mill/kWh(e) 

Inventory 
ore costsa mill/kWh(e) 

Inventory Ore 
Costs Relativeato 
25 mill/kWh (e) 

-- 5 

1.5 - lo-' 

0.6 . 
0.9 - 10-I 

0 .36 . lo-' 



3.2 Fusion Reactors 

It is commonly assumed that the fuel cycle costs of a D-T 
fusion reactor are negligible (usually less than 0.01 mill/kWh(e) 
[II-181. Such an assumption is true if the costs are only based 
on the amount of fuel consumed and if factors such as enrich- 
ment, fabrication, inventory, and reprocessing costs are not 
included. We have attempted to examine this subject in more 
detail than have previous reports, and to also examine the 
sensitivity of the electrical generation costs to changes in 
fuel prices. This analysis requires a great number of assumptions 
which we will carefully list so that as the picture becomes 
clearer one may update these numbers. 

The first step in this type of analysis is a listing of 
the burn-up rates of the various fuels* and an inventory of 
"fuel" materials. Such a compilation is given in Table 11-VII. 
We have chosen to use two types of fusion reactors as examples; 
the liquid-lithium-breeding scheme (UWMAK-I [11-191) and the 
solid-breeding scheme (UWMAK-I1 [II-201). The burn-up numbers 
are consistent with the reactor operating parameters listed 
below: 

Liquid-Breeder Solid-Breeder 

(UWMAK-I) (UWMAK- I I ) 

maximum breeding 
ratio 1.49 

energy per neutron, 
MeV 20.08 

kWh(e) per year 1.03 lolo 1.2 lolo 

The burn-up numbers for Be include the following reactions: 
(nt2n), (n,~) , (n,~), (n,T), and (n,a). 

The materials inventory is quoted in terms of MW(th) and 
again represents the natural elemental amounts, because enrich- 
ment factors tend to cloud the picture. For example, most 
solid-breeders for fusion reactors require that the lithium 
be enriched in Li6, and values of approximately 90 per cent 
enrichment are typical. This means that one gram containing 
90% of Li6 requires approximately 12 grams of natural Li 
(7.42% Li6) to be mined. We have also assumed that the 

* Here, fuels in fusion are interpreted loosely in order to in- 
clude Be, which generally is only present in a fusion reactor 
when there is a need to achieve breeding ratios greater than 1, 
with solid-lithium-breeding materials. 



Table  1 1 - V I I :  F u e l  Requirements  f o r  C u r r e n t  Nuc lea r  Reac to r  
Des igns  

a N a t u r a l  i s o t o p i c  abundance;  

UWMAK-I [ I I -191 ;  

U W M A K - I 1  [11-201; 

F rench  SUPERPHENIX c l a s s ;  

Fusion--Liquid b 

L i t h i u m  
Deuter ium 

F u s i o n - - s o l i d c  
L i t h i u m  
Deuter ium 
B e r y l l i u m  

F i s s i o n  (LMFBR) d 

Uranium 
Plu ton ium 

N a t u r a l  L i  e q u i v a l e n t ;  

N a t u r a l  L i  e q u i v a l e n t .  

s o l i d - b r e e d e r  and Be m u l t i p l i e r s  have l i f e t i m e s  a s  l o n g  a s  t h e  
r e a c t o r ,  and t h a t  no rep lacement  i s  r e q u i r e d .  T h i s  assumpt ion  
w i l l  be examined l a t e r .  F i n a l l y ,  t h e  d e u t e r i u m  i n v e n t o r y  was 
c a l c u l a t e d  on t h e  b a s i s  t h a t  t h e r e  would b e  one d a y ' s  th rough-  
p u t  i n  t h e  f u e l  c y c l e ,  and t h a t  one  would r e q u i r e  a  t e n  day  
s u p p l y  o f  D, i n  r e s e r v e .  T h i s  means t h a t  f o r  o u r  r e f e r e n c e  
UWMAK-I r e a c t o r  t h e  D 2  i n v e n t o r y  i s  61.6 k g ,  and i t  i s  94.3 kg 
f o r  UWMAK-11; t h e  d i f f e r e n c e  i n  i n v e n t o r i e s  comes main ly  from 
t h e  burn-up f r a c t i o n  p e r  p a s s .  

Burn-up 
mg/kWh (e la 

0 .53  
0 .013 

0 .55 
0.010 
0 .03 

0.125 

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  amount o f  L i  r e q u i r e d  
t o  b e  mined from o u t  o f  t h e  ground f o r  l i q u i d  s y s t e m s  i s  o n l y  
t w i c e  t h a t  r e q u i r e d  f o r  s o l i d - b r e e d e r s .  T h i s  is  due  t o  a  
complex b a l a n c e  between i n c r e a s e d  p a r a s i t i c  a b s o r p t i o n ,  n e u t r o n  
p r o d u c t i o n  by t h e  Be, s o f t e n e d  s p e c t r u m ,  and e s s e n t i a l l y  no 
t r i t i u m  from Li7  i n  t h e  s o l i d - b r e e d e r  c a s e .  I f  t h e  s o l i d -  
b r e e d e r  d o e s  n o t  l a s t  f o r  t h e  p l a n t  l i f e t i m e  (on a c c o u n t  o f  
burn-up,  s w e l l i n g ,  s i n t e r i n g ,  e t c . ) ,  t h e n  t h e  t o t a l  p l a n t  
demand on L i  r e s o u r c e s  c o u l d  a c t u a l l y  be  l a r g e r  i n  t h e  s o l i d -  
b r e e d e r  c a s e ,  even  i f  one chose  t o  r e p r o c e s s  t h e  b r e e d e r  m a t e r i a l .  

I n v e n t o r y  
kg/kW(th) 

0 . 2 3 ~  - 5  

1.2 10 

O . l l f  
1 . ~ .  lo- '  

0 .08  

1.5 • 



The next step in this analysis is to calculate the con- 
tribution of fuel burn-up alone to the overall electricity 
production costs. The following raw material costs are used: 

Lithium 

Deuterium 

Beryllium 

(90% Li6) LiA103 

The calculations (see Table 11-VIII) show that approxi- 
mately one half to two thirds of the fuel costs for burn-up 
lie with lithium, and only one third with the burn-up of deu- 
terium. The burn-up of Be contributes approximately 30 per 
cent to the cost of fuel in the solid-breeder system. 

A more realistic assessment of fuel cycle costs should 
include the inventory costs of the breeding material; i.e., 
liquid lithium or the solid-breeder/berylllium combination. 
It is straightforward to calculate the appropriate numbers for 
the solid breeder and neutron multiplier if one can assume a 
full reactor lifetime. After that time it is assumed that 
the "fuel" components can be stored until the activity that is 
due to contamination and impurities decays away. We will use 
a 15 per cent per year carrying charge for this calculation, 
which includes payment of the original material, enrichment, 
and fabrication costs as well as a reasonable return on capital 
Both the direct and indirect charges should be considered, and 
we will use 35 per cent for the indirect costs, although others 
might use higher numbers. 

The situation for liquid lithium is not so clear because 
it serves a dual role, being breeder and coolant. For example, 
the thickness of the Li zone in the UWMAK-I blanket is 55 cm 
(1159 t), and there is another 541 t in the piping and heat 
exchangers. For the purposes of these simple calculations we 
will attribute the Li inventory costs only to that lithium in 
the blanket, and the Li external to that will be charged to 
the reactor itself. The inclusion of this inventory cost for 
Li contributes another 0.46 mills per kwh(e) to the fuel cycle 
costs, while the inventory cost for D2 only contributes another 
0.0005 mills per kwh(e) to the burn-up costs of 0.0057 mill/kWh(e). 

The inventory costs for solid-breeder fusion reactors are 
about four times as high as for liquid systems mainly because 
of the cost of the neutron multiplier beryllium. This amounts 
to almost three-fourth of the fuel cycle costs and could in- 
crease if the low level of Be reserves are depleted by a large- 
scale fusion economy [11-211. 



Table 11-VIII: Summary of Fuel Cycle Costs 
(mill/kWh (e) a) 

a Using raw material costs stated in the text; 

Fusion: Liquid Lithium 
Lithium 
Deuterium 
Tritium extraction 

equipment 

Total 

Fusion: Solid Breeder 
Lithium (enriched 

L i ~ 1 0  3 )  

Deuterium 
Beryllium 
Tritium extraction 

equipment 

Total 

Includes direct and indirect (35%) raw material costs, fabri- 
cation, enrichment, burn-up, and a 15% carrying charge over 
the life of the plant; 

Includes all in-first-core loading, reprocessing or replacing 
of the solid-breeder and neutron multipliers every two years; 

Burn-up 
Only 

0.01 1 
0.0057 

- 

0.017 

0.011 
0.0044 
0.0066 

- 

0.022 

d 
Assume that costs are depreciated over the core lifetime 
(2 years) ; 

Same assumption as d, but the reprocessed and refabricated 
price is $ 150/kg including 4% loss during refabrication. 

First Core 
~ o a d i n ~ ~  

0.47 
0.0062 

- 

0.48 

0.36 
0.0051 
1.62 

- 

1.99 

"Total" Fuel 
Cycle for 

Finite Component 
Lifetime 

0.47 
0.0062 

0.14 

0.62 

1 .43d 
0.00~1 
4.77 

0.19 

6.4 

- 



The final way of estimating fuel cycle costs would be to 
include l a )  fuel extraction equipment (either from the breeder 
or the coolant. system), and Ibl any reprocessing costs associ- 
ated with a reduced lifetime of the fuel components. 

We have chosen to use a 35 per cent indirect cost factor 
for these studies, although more conservative estimators may 
argue for 50 per cent or higher. The results can be scaled 
accordingly if the reader wishes to use a new number. 

The fuel extraction costs involve items such as absorbers, 
regenerators, distillation columns, diffusion windows, fuel 
injectors, reprocessing of divertor-particle collection streams, 
etc. The estimates for these components can only be order of 
magnitude numbers at this time because of the uncertainty of 
the final reactor configuration, and because so many components 
in a fusion reactor play a dual role. For example, how much 
of the vacuum system should be charged to the fuel cycle, or 
how much of the divertor-particle collection system should be 
included? Both systems are necessary for a TOKAMAK to operate 
and yet must be a part of the overall fuel system. We have 
tried to extract appropriate numbers and realistic fractions 
of costs attributable to fusion from the UWMAK-I and UWMAK-I1 
cost studies [11-221, and have come up with the following 
approximate numbers for the fuel-extraction cycle only: 

Direct Capital Costs 

UWMAK- I 

UWMAK -I I 

$ 7 million 

$ 11 million 

The need for reprocessing of the breeder can cause a con- 
siderable increase in the fuel cycle costs of a fusion reactor. 
This does not apply to a liquid Li system, because the burn-up 
rate is so small that it hardly affects the neutronics of the 
plant over a 30 year lifetime. However, solid ceramic breeders 
can undergo a great deal of swelling due to helium gas generation, 
sintering, and restructuring over periods as short as a year 
or two [II-231. The same situation can occur in Be [II-241, so 
that it is probably safe to say that these two components of a 
fusion reactor blanket will have to be replaced after a year 
or two of operation (we have arbitrarily chosen two years in 
this calculation), which means one needs 14 "cores" in addition 
to the first loading. 

The next question to ask is whether one can afford to 
simply dispose of the old "fuel" and replace it with fresh fuel, 
or whether one would wish to reprocess the radioactive material, 
adjust the enrichment, and refabricate the elements. This is 
especially critical for beryllium because of the limited re- 
source picture. considering how expensive remote handling 
facilities are, we have assumed that one would simply replace 
the LiA103 with new material each time and one would reprocess 
the Be. Estimates of reprocessing costs are as high as 



$ 150/kg (versus $ 220/kg of new material) because of the desire 
to use powder metallurgy techniques to form a porous solid. We 
have also assumed that there would be a four per cent loss during 
each reprocessing operation. 

The "total" fuel cycle costs are now increased by 30 
per cent for liquid systems and by a factor of approximately 
three for solid-breeders. Obviously, the use of solid-breeders 
can significantly increase the fuel cycle costs and must be 
carefully considered, before it can be used to offset higher 
tritium blanket inventories. 

A summary of the fuel cycle costs, obtained by using the 
above reasoning, is given in Table 11-VIII. The first column 
represents the traditional method of estimating fuel costs, and 
the figures are approximately 0.02 mill/kwh(e). When one includes 
the fuel inventory, the fuel cycle costs increase by a factor 
of approximately 30 for liquid systems and a factor of 90 for 
solid systems. Finally, inclusion of the tritium-processing 
equipment and the replacement of cores raises the fuel cycle 
costs to 0.62 mill/kwh(e) for the liquid system and to over 
6 mill/kWh(e) for solid-breeders. This latter value represents 
a 300-fold increase over the traditional method of quoting fuel 
costs. 

The final area to consider is the sensitivity of the numbers 
in Table 11-VIII to fuel prices. We have chosen to quote this 
sensitivity in terms of the mill/kWh(e) increase per doubling 
of current fuel price values. The results are given in Table 11-IX. 

The burn-up costs in both types of systems and the first- 
core loading costs in the liquid-lithium system are directly 
proportional to the cost of the fuel. The first-core loading 
and the "total" fuel cycle costs for the solid-breeder include 
the enrichment costs, which presumably would be independent of 
the raw materials cost. Hence the increase in the cost of 
electricity is approximately 60 per cent of the fuel cost increase. 
Finally, one contribution of Be to the total costs is through 
the 4 per cent loss factor that is assumed during the reprocessing 
and refabrication stage. This only contributes approximately 
0.24 mill/kwh(e), and the rest of the increase (0.07) is due 
to the increased cost of two initial cores--one for loading and 
the other to be used when the first is reprocessed--spread out 
over the reactor lifetime. 

The important conclusion to be drawn from Table 11-IX is 
that the doubling of fuel costs in liquid lithium systems con- 
tributes less than 0.5 mill/kWh(e) to the cost of electricity, 
and this figure is dominated by the cost of Li. 

The second point is that solid breeders are more sensitive 
to fuel prices by a factor of two or more, depending on the 
lifetime of the breeder and neutron multiplier. 



Table 11-IX: Effect of Doubling Fuel Prices on the Cost of 
Electrical Power Generation in Fusion Reactors 

Increase in Costs over those in Table 11-VIII 
(mill/kWh (e) ) 

a Amortized over lifetime of plant except where noted; 

Average value over 30 years, cost of core repaid in two years 
from purchase; 

System 

Fusion: Liquid 
Lithium 
Deuterium 

Total 

Fusion: Solid 
Lithium 
Deuterium 
Beryllium 

Total 

Including 4% loss during reprocessing. 

Fjrst Core 
~ o a d i n ~ ~  

0 .47  
0 .0062  

0 . 4 8  

0 .21  
0 .0051  
0 .74  

0 .96  

Burn-up Only 

0 .011  
0 .0057  

0 .017  

0 .011  
0 .0044  
0 .0066  

0 . 0 2 2  

The calculations of a two-year lifetime show that a 1 . 2  mill/ 
kWh(e) increase in electricity costs might be expected per a 
doubling of fuel prices for solid-breeder systems. 

Total Fuel 
cycle costsa 

0 . 4 7  
0 .006  

0 . 4 8  

0 .  ~ 6 ~  
0 .0051  
0 . 3 1 b  

1 . 1 8  

While this analysis clearly favors liquid over solid-breeder 
systems from an economic argument, it shows that the resource 
demand is about equal for both systems, and the solid-breeders 
would be favored if tritium inventory in the blanket alone was 
a consideration (remember, less than ten per cent of the T in- 
ventory is normally in the blanket of a magnetically-confined 
fusion reactor). Nevertheless, one can now say that the con- 
tributions of the fuel cycle to the costs of liquid-metal, 
magnetically-confined fusion reactors are still small but not 
negligible. The fuel cycle costs of a solid-breeder system will 
be higher and could be as much as five per cent of the total costs 
of generating electricity. 



4 .  TOTAL NUCLEAR FUEL RESOURCES AND ORE REQUIREMENTS 

The amounts of energy available in various nuclear and non- 
nuclear energy sources are tabulated for comparison in Table 11-XI 
wherein present and hypothetical future energy consumption rates 
are also given. 

Table 11-X: Some Fuel Resources and Consumption Rates (in 
1012GJ = loz1 J = 0.948 lo1' BTU = 0.95 Q) 
[11-25, 11-26] 

a Reference [11-261 emphasizes the distinction between recover- 
able and geological resources; 

b Extrapolated from US on the basis of land area, see [II-271; 

Rate corresponds to Sweden, 1973. 

F u e l  Resources 

World uranium, to $ 33/kg, used in LWR 

World oil, ultimately recoverable, 1976 

World gas, oil, coal, ultimately re- 
coverable a 

US lithium , at BR = 1.25 

US uranium, to $ 250/kg, used in LMFBR 
b 

World lithium, to $ 60/kg, BR = 1.0 

World uranium, to $ 250/kg, used in LMFBR~ 

Uranium in oceans, used in LMFBR 

Uranium in continental crust, to 
500 m, used in LMFBR 

Lithium in oceans, 12,000 kwh (th) /g 

Deuterium in oceans 

Consumption Rates 

World energy use, 1975 

US energy used for electricity, 1975 

Total annual energy use, 8 . lo9 
people, at 6 kW/capc 

Energy Content 

2 

13 

8 0 

2 5 0 

7 0 0 

7,600 

9,000 

200,000 

10,000,000 

11,000,000 

16,000,000,000 

0.26 

0.02 

1.5 



In addition to amounts of contained energy, of course, it 
is also of interest to know how much material (ore) must be 
handled to make the energy available. Ore requirements for the 
various energy sources, normalized to the amount that would be 
required for each source, if it alone had to provide the 1975 
world electrical energy generation (about 600,000 MW(e).yr), 
are given in Table 11-XI. 

Table 11-XI: Ore Requirements to Produce 1975 World Electrical 
Energy by Various Processes 

(606,000 P1FJ (e) .yr per year at assumed efficiency 
of 40% = 1,500,090 MW(th) .yr per year) 

Process 

D-D Fusion 

D-T (Li) Fusion 

LMFBR Fission 

LWR Fission 

HTGR Fission 

Coal Fired Steam 

Ore (~uel ppm by weight) 

Seawater (32 ppm D) 

Pegmatite (6000 ppm Li) 

Silver peak brine 
(300 ppm Li) 

Seawater (0.17 ppm Li) 

Colorado sandstone 
(2000 ppm U) 

Chattanooga shale 
(60 ppm U) 

Seawater (0.003 ppm U) 

Colorado sandstone 
(2000 ppm U) 

Chattanooga shale 
(60 ppm U) 

Seawater (0.003 ppm U) 

Chattanooga shale 
(60 ppm U) 

Bituminous coal , 

Ore Required 
(lo6 t) 

4.2 

0.18 

3.7 

6,400 

0.51 

16.5 

330,000 

4 4 

1,400 

28,000,000 

700 

1,700 



Assumed energy contents for these tables are: 

Terrestrial and oceanic lithium 
Breeding ratio 1 . 3  

Uranium, LMFBR 
Fissions 60% of natural U 

Uranium, HTGR 
Fissions 1.4% of natural U 

Uranium, LWR 
Fissions 0.7% of natural U 

Assumed Specific Energy Content 

kWh(th)/g 

Coa 1 7.75 

5. ANOTHER APPROACH TO THE ASSESSMENT OF URANIUM RESOURCES AND 

FUTURE URANIUM-ORE REQUIREMENTS 

(A.M. Belostotsky) 

All the calculations for the whole world mentioned above are 
based on the national calculations of individual countries. The 
assessments given by these calculations are not satisfactory 
because of the following points: 

( 1 1  They do not take the whole world into account; 

( 2 1  The calculations for different countries are made with 
different degrees of reliability; 

( 3 1  A more or less careful assessment has been made only 
for resources that are commercially efficient. 

But during the energy crisis it became evident that the 
upper limits of what are considered commercially efficient 
(feasible) resources can be raised rapidly. Aspects of the 
energy crisis included the movement of nuclear fuel prices 
toward their maximum permissible levels, which also had an 
effect on coal-fired plants. Coal is cited here because coal 
resources are the only conventional resources which can provide 
for long-term energy development and thus--if corresponding 
environmental-protection measures are taken into account--can 
be treated as a possible substitute for nuclear energy. Another 
important aspect of the crisis was the marked stimulation of 
new discoveries of nuclear fuels. But for now it is too early 
to sum up both these aspects. Thus in order to assess uranium 
resources, we will use the latest data given hy national sources 
and international organizations (IAEA), and the methodology des- 
cribed by A. Alexandrov and N. Ponomarev-Stepnoy [11-27, 11-28]. 



For an assessment of the uranium resources in the world, the 
authors of the section above took the USA as a base, a country 
with a rather large, geologically-varied territory in which a 
rather good job of investigating uranium resources has been done. 

Let us assume for the USA that reasonably assured resources 
of U308 up to $ 30/lb are equal to 454 lo3 t of U, and that 
estimated additional resources within the same cost range equal 
812 lo3 t [11-31. This gives a total of 1266 lo3 t of 
uranium. 

Since the ratio between the growth of reserves and the cost 
of new discoveries has not tended to decrease in previous years, 
it is possible to consider these figures as the lowest estimation 
Next, generalizing these figures to all the earth's territory 
excluding Antarctica and the sea shelf, one gets a total of 
world uranium resources equaling 17.5 lo6 t. Surely there can 
be no final agreement as to whether this figure is an upper or 
lower estimation, but there are some good reasons to consider 
it a lower estimation: 

( 1 )  With regard to the world the uranium resource figure, 
the US basis is taken at random and has no peculiari- 
ties. Rather it seems that uranium resources are 
rather uniformly spread throughout the world; 

( 2 )  We took only those US resources which have already 
been discovered and, as mentioned, there are good 
prospects for further discoveries; 

(3) There is a good chance that the upper cost limit for 
available uranium resources will probably rise, be- 
cause the lirrit for conventional resources is also 
rising. 

Thus we feel that a value of 17.5 . lo6 t of U at present- 
day costs is not excessively optimistic, though it is five times 
higher than that given by the IAEA in its latest Report o n  
Uranium Resources [11-31. 

Taking into account the assessment of world uranium re- 
sources of 17.5 * lo6 t, it is possible to compare this figure 
with the demand. 

There are many projections of future uranium needs. For 
our calculations we have used the latest data issued by the 
IAEA [11-291. This organization predicts that the world's 
total nuclear power plant capacity will be at the levsls shown 
in Table 11-XII. 

Let us take the capacity of 2000 GW(e) predicted for the 
end of this century and assume that 200 t of natural uranium 
is required per year for 1 GW(e) in thermal reactors. This 
gives a consumption level of 400,000 t of uranium per year in 



T a b l e  1 1 - X I I :  F o r e c a s t  o f  T o t a l  World-wide N u c l e a r  Power P l a n t  
C a p a c i t y .  

t h e  y e a r  2000.  I n  t h e  c a s e  o f  u r a n i u m  r e s o u r c e s  t o t a l i n g  
17 .5  l o 6  t ,  it i s  c l e a r  t h a t  s u c h  a  n u c l e a r  o p t i o n  i n v o l v i n g  
u r a n i u m  ore would  b e  a v a i l a b l e  o n l y  f o r  s e v e r a l  d e c a d e s .  Thus  
t h e  d e v e l o p m e n t  o f  n u c l e a r  e n e r g y  b a s e d  s o l e l y  o n  t h e r m a l  
reactors w i l l  n o t  l e a d  t o  u n l i m i t e d  e n e r g y  r e s o u r c e s .  

t 

Year 

N u c l e a r  Power GW ( e )  

6. CONCLUSIONS 

N u c l e a r  f u e l s  f o r  f i s s i o n  and  f o r  f u s i o n  r e p r e s e n t  e n e r g y  
r e s o u r c e s  a l m o s t  i n c o m p a r a b l y  g r e a t e r  t h a n  t h e  f o s s i l  f u e l s  now 
r e l i e d  upon f o r  m o s t  o f  t h e  w o r l d ' s  e n e r g y  u s e .  F i s s i o n  b r e e d e r  
r e a c t o r s  ( b r e e d i n g  p l u t o n i u m  f r o m  u r a n i u m )  a n d  f u s i o n  b r e e d e r  
r e a c t o r s  ( b r e e d i n g  t r i t i u s  f r o m  l i t h i u m )  c a n  e x t r a c t  0 . 3  t o  
1 . 0  M W ( t h I m d a y  p e r  gram mined  o f  t h e i r  n a t u r a l  m e t a l  f u e l s ,  
u r a n i u m  a n d  l i t h i u m .  L i g h t  w a t e r  r e a c t o r s  e x t r a c t  r o u g h l y  100 
t i m e s  less a n d  f o s s i l - f u e l  b u r n e r s  a f ew  m i l l i o n  t i m e s  less  
e n e r g y  p e r  g r am o f  t h e  n a t u r a l l y  o c c u r r i n g  f u e l s .  

1975  

7  0  

U n c e r t a i n t y  o f  a t  l e a s t  a f a c t o r  o f  two t o  t h r e e  is  e v i d e n t  
i n  es t imates  b y  d i f f e r e n t  g r o u p s  ( I n t e r n a t i o n a l  A tomic  E n e r g y  
Agency,  World Ene rgy  C o n f e r e n c e ,  US E n e r g y  R e s e a r c h  and  Deve lopmen t  
A d m i n i s t r a t i o n )  o f  t h e  m a g n i t u d e  o f  US a n d  w o r l d  u r a n i u m  r e s o u r c e s  
a v a i l a b l e  a t  c o s t s  oT $ 66/kg U 3 0 8  o r  less. U n c e r t a i n t i e s  i n  t h e  
i n t e r m e d i a t e  c o s t  r a n g e  o f  $ 66 /kg  t o  p e r h a p s  $ 250/kg  are e v e n  
l a r g e r .  T h e s e  u n c e r t a i n t i e s  a r e  s i g n i f i c a n t  i n  t h e  c o n t e x t  o f  
e s t i m a t i n g  how l o n g  n a t i o n s  c o u l d  r e l y  o n  n o n - b r e e d e r  r e a c t o r s  
t o  s u p p l y  a s i g n i f i c a n t  p a r t  o f  t h e i r  e n e r g y  u s e ,  b u t  t h e  un- 
c e r t a i n t i e s  a r e  n o t  s i g n i f i c a n t  i n  t h e  c o n t e x t  o f  t h e  e n e r g y  
p o t e n t i a l  o f  f i s s i o n  b r e e d e r  reactors.  T h i s  i s  s o  b e c a u s e :  
i a l  t h e  b r e e d e r ' s  h i g h  e n e r g y  e x t r a c t i o n  p e r  g r am o f  f u e l  
s t r e t c h e s  e v e n  t h e  s m a l l e s t  e s t i m a t e d  q u a n t i t i e s  o f  l o w - c o s t  
u r a n i u m  o u t  t o  2000 TI11 . y r  o f  e l e c t r i c i t y  (1  TW = 1 0 "  W = 
1 , 0 0 0 , 0 0 0  M W ) ;  and  ( b l  t h e  i n s e n s i t i v i t y  o f  e l e c t r i c i t y  c o s t  
t o  f u e l  c o s t  i n  t h e  b r e e d e r  means t h a t  h i g h - c o s t ,  d i l u t e  u r a n i u m  
r e s o u r c e s ,  wh ich  e x i s t  i n  q u a n t i t i e s  f a r  l a r g e r  t h a n  t h e  low- 
c o s t  r e s o u r c e s ,  become e c o n o m i c a l l y  a c c e p t a b l e  as  b r e e d e r  f u e l  
( t h e  s u p p l y  i n  t h e  o c e a n s  a l o n e  r e p r e s e n t s  a q u a n t i t y  o n  t h e  
o r d e r  o f  2 , 0 0 0 , 0 0 0  TW-yr o f  e l e c t r i c i t y ) .  W i t h  f i s s i o n  b r e e d e r s ,  
t h e r e f o r e ,  n u c l e a r  f u e l  s u p p l y  c a n  b e  c o n s i d e r e d  i n e x h a u s t i b l e  
f a r  beyond  a n y  t i m e  scale o f  c o n c e i v a b l e  p l a n n i n g  i n t e r e s t .  

1985  

500 

2000 

2000 



The s i t u a t i o n  i s  s i m i l a r  f o r  l i t h i u m ,  t h e  l i m i t i n g  f u e l  
r e s o u r c e  f o r  D-T f u s i o n .  There  a r e  u n c e r t a i n t i e s  o f  a  f a c t o r  
o f  t h r e e  i n  U S  r e s o u r c e s  a v a i l a b l e  a t  low c o s t  ( $  60/kg o f  L i  
m e t a l  o r  l e s s ) ,  and s t i l l  l a r g e r  u n c e r t a i n t i e s  a b o u t  wor ld  
r e s o u r c e s ,  b u t  t h e s e  u n c e r t a i n t i e s  a r e  e s s e n t i a l l y  i r r e l e v a n t  
t o  t h e  o u t l o o k  f o r  D-T f u s i o n .  The smallest e s t i m a t e d  g l o b a l  
q u a n t i t y  o f  low-cost  l i t h i u m  r e p r e s e n t s  a t  l e a s t  2500 TW-yr o f  
e l e c t r i c i t y  i n  D-T f u s i o n  r e a c t o r s .  Much more e x p e n s i v e  l i t h i u m  
c o u l d  be  u s e d  e c o n o m i c a l l y ,  i n c l u d i n g  presumably t h a t  i n  s e a -  
w a t e r ,  which a l o n e  r e p r e s e n t s  a t  l e a s t  100 m i l l i o n  TW-yr o f  
e l e c t r i c i t y .  There  is  no r e a s o n  t o  suppose  t h e n  t h a t  l i t h i u m  
r e s o u r c e s  w i l l  l i m i t  D-T f u s i o n  on any i n t e r e s t i n g  t i m e  s c a l e .  
Deuter ium i n  s e a w a t e r  (by w e i g h t )  i s  200 t i m e s  more abundant  
t h a n  l i t h i u m ,  and i s  more economic t o  e x t r a c t .  

For  t h e  f i s s i o n  b r e e d e r ,  t h e  h i g h  u t i l i z a t i o n  o f  o r e s  i s  
r e f l e c t e d  i n  a  v e r y  low f r a c t i o n  t h a t  o r e  c o s t s  c o n t r i b u t e  t o  
t h e  t o t a l  b u s b a r  c o s t .  These f r a c t i o n s  a r e  a  few t e n t h s  o f  a  
p e r c e n t .  T h i s  n o t  o n l y  makes t h e  low g r a d e  o r e s  a c c e s s i b l e ,  
b u t  it a l s o  p r o v i d e s  f o r  a  d i f f e r e n t  c l a s s  o f  s e c u r i t y  f o r  o r e  
s u p p l y  b e c a u s e  such  low g r a d e  o r e s  c a n  be  found a l m o s t  e v e r y -  
where ,  and s t o r a g e  o f  o r e s  d o e s  n o t  impose a n  u n a c c e p t a b l e  
economica l  burden on t h e  owner o f  a  power p l a n t .  T h e r e f o r e ,  
o r e  s u p p l y  embargoes  a r e  e l i m i n a t e d  a n d ,  i n d e e d ,  t h e  o p e r a t i o n  
o f  power p l a n t s  i s  e s s e n t i a l l y  decoupled  from t h e  t r a d i t i o n a l  
p rob lems  of  f u e l  s u p p l y .  For  t h e  f u s i o n  b r e e d e r ,  t h e  s i t u a t i o n  
i s  f u n d a m e n t a l l y  t h e  same a s  f a r  a s  l i t h i u m  i n  i t s  f u n c t i o n  a s  
a  f u e l  is  concerned .  Indeed ,  t h e  burn-up o r e  c o s t s  f o r  b o t h  
b r e e d e r  t y p e s  a r e  on t h e  o r d e r  o f  mill/kWh. B u t ,  f o r  t h e  
c a s e  o f  t h e  f u s i o n  b r e e d e r ,  l i t h i u m  may have t h e  a d d i t i o n a l  
f u n c t i o n  of  s e r v i n g  a s  a  c o o l a n t ,  which would r a i s e  t h e  t o t a l  
i n v e n t o r y  o r e  c o s t s  t o  a  few t e n t h s  of  a  mill/kWh. I n  any e v e n t ,  
f o r  b o t h  b r e e d e r  t y p e s ,  t h e  o r e  c o s t s  a r e  s o  low t h a t  t h e  l a r g e  
e x i s t i n g  u n c e r t a i n t i e s  i n  o r e  p r i c e s  t h a t  r e f l e c t  g e o l o g i c a l  and 
p o l i t i c a l  c o n d i t i o n s  s imply  d o  n o t  m a t t e r .  
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APPENDIX TO CHAPTER I1 

1 1 - A  FACTORS EFFECTING THE ENERGY CONTENT OF NATURAL LITHIUll 

I N  D-T FUSION REACTORS 

( G . L .  K u l c i n s k i )  

The e n e r g y  c o n t e n t  o f  a  gram o f  n a t u r a l  l i t h i u m  u s e d  i n  
a  D-T f u s i o n  r e a c t o r  is  n o t  a  s i m p l e  q u a n t i t y  t o  a r r i v e  a t ;  
i t  d e p e n d s  on t h e  form o f  l i t h i u m ,  t h e  amount and  t y p e  o f  
s t r u c t u r a l  m a t e r i a l ,  and t h e  s t r a t e g y  t h a t  i s  u s e d  f o r  t h e  
management o f  t h i s  r e s o u r c e .  We c a n  make a n  a t t e m p t  t o  e s t i -  
ma te  what  t h e  e n e r g y  c o n t e n t  m i g h t  b e  by  e x a m i n i n g  t h e  v a r i o u s  
r e a c t o r  d e s i g n s  t h a t  have  been  p u b l i s h e d  i n  t h e  l i t e r a t u r e .  
However, one  mus t  a l w a y s  k e e p  i n  mind t h a t ,  g e n e r a l l y ,  t h e s e  
d e s i g n s  have  n o t  been o p t i m i z e d  t o  g e t  t h e  g r e a t e s t  e n e r g y  
r e l e a s e  p e r  gram o f  L i .  

F o r  t h e  p u r p o s e s  o f  d i s c u s s i o n  h e r e ,  w e  w i l l  assume t h a t  
t r i t i u m  h a s  a n  i n f i n i t e  h a l f - l i f e  ( t h i s  i s  t h e  same a s  s a y i n g  
t h a t  t r i t i u m  i s  r a p i d l y  t r a n s f e r r e d  between p l a n t s  s o  a s  t o  
make f u l l  u s e  o f  i t s  e n e r g y  c o n t e n t ) ,  and t h a t  n o  t r i t i u m  a toms  
e s c a p e  t h e  p l a n t .  These  a s s u m p t i o n s  w i l l  t e n d  t o  make t h e  
e n e r g y  c o n t e n t  v a l u e s  h i g h e r  t h a n  m i g h t  b e  r e a l i z e d  i n  p r a c t i c e .  
W e  w i l l  a l s o  assume t h a t  we h a v e  a  s t e a d y - s t a t e  f u s i o n  economy 
i n  o p e r a t i o n ,  t h a t  i s ,  no f u r t h e r  e x p a n s i o n  o f  t h e  e l e c t r i c a l  
g e n e r a t i n g  c a p a c i t y  i s  o c c u r r i n g .  T h i s  means t h a t  e v e r y  t r i t i u m  
a tom p r o c u c e d  c a n  b e  bu rned  and d o e s  n o t  h a v e  t o  b e  u s e d  f o r  
p l a n t  i n v e n t o r y  i n  new f a c i l i t i e s .  T h i s  a g a i n  w i l l  t e n d  t o  
make t h e  e n e r g y  c o n t e n t  v a l u e s  h i g h e r  t h a n  m i g h t  b e  r e a l i z e d  i n  
a  f u s i o n  economy which i s  e x p a n d i n g  a t  a  f i n i t e  r a t e .  

We w i l l  c o n s i d e r  t h e  g e n e r a l  c a s e  o f  t h e  p r i m a r y  b r e e d e r  
r e a c t o r ,  c o n t a i n i n g  b o t h  L i 6  and  L i 7  (where  t h e  BR > I ) ,  f e e d i n g  
one  o f  two s e c o n d a r y  t y p e s  o f  r e a c t o r s :  



- n e a r - b r e e d e r s  ( u t i l i z i n g  p r i m a r i l y  L i7  a s  a  b r e e d e r ,  
where  t h e  b r e e d i n g  r a t i o  is  l e s s  t h a n  1  b u t  more t h a n  
0 . 5 ) ;  

- b u r n e r - r e a c t o r s  ( c o n t a i n i n g  no L i ,  and  where  n o  f u r t h e r  
b r e e d i n g  of  t r i t i u m  i s  p e r f o r m e d ) .  

I n  r e a l i t y ,  one m i g h t  have a  m i x t u r e  o f  b o t h  t y p e s  o f  
s e c o n d a r y  r e a c t o r s ,  b e c a u s e  o f  e n v i r o n m e n t a l  c o n c e r n s  o v e r  
l a r g e  t r i t i u m  i n v e n t o r i e s  i n  t h e  c e n t e r  o f  c i t i e s  and t h e  
d e s i r e  t o  e x t e n d  t h e  f u e l  r e s o u r c e s .  

E x a m i n a t i o n  o f  t h i s  g e n e r a l  p rob lem r e v e a l s  t h a t  t h e  
e n e r g y  c o n t e n t  o f  a  gram of  n a t u r a l  L i  i s  a  f u n c t i o n  o f  f o u r  
p a r a m e t e r s :  

( 1 )  t h e  t o t a l  e n e r g y  r e l e a s e d  ( i n c l u d i n g  b l a n k e t  m u l t i -  
p l i c a t i o n  and  b r e e d i n g )  p e r  D-T p lasma  r e a c t i o n  i n  
t h e  i t h  t y p e  o f  r e a c t o r  ( i . e .  p r i m a r y  o r  s e c o n d a r y )  
(E;) : 

( 2 1  t h e  b r e e d i n g  r a t i o  (BR) ; 

( 3 1  t h e  r a t i o  o f  t r i t i u m  produced  f rom L i 6  t o  t h e  t o t a l  
t r i t i u m  produced  ( R )  ; 

( 4 1  t h e  number o f  t r i t i u m  a toms  t h a t  c a n  be  p roduced  p e r  
D-T n e u t r o n  by L i7  i n  a  b l a n k e t  c o n c e p t  ( P ) .  

The g e n e r a l  r e l a t i o n s h i p  be tween  t h e  e n e r g y  c o n t e n t  o f  L i  
a n d  t h e  r e a c t o r  p a r a m e t e r s  is  shown i n  F i g u r e  11-A-1. 

The g e n e r a l  e q u a t i o n  i s  t h e n :  

B r e e d e r  
R e a c t o r  

m 

+ (BR-1) - A  . ESec . 
+ C p n l  R ( 1 )  BR. R 

From 1 i r o m  Burn ing  
B u r n i n g  o f  T  Atoms i n  
E x c e s s  T  Secondary  
f rom B r e e d e r  R e a c t o r s  which 
i n  Secondary  were  Bred i n  
R e a c t o r  Secondary  R e a c t o r  



S i n c e  P < 1  i n  a l l  c a s e s ,  we c a n  r e w r i t e :  

Then e q u a t i o n  ( 1  ) becomes : 

where  : 

A =  ( 6  - 1  A t o m s  L i 6 / m o l e  0 . 0 7 4 2 - 6  g L i 6  

6  q L i 6 / m o l e  0 . 0 7 4 2 - 6  g L i b  + 0 . 9 2 5 8 0 7  g L i 7  

1 kFlh 1 . 6 - 1 0 - ' ~ w s e c .  _ _ ) = 2 8 6 L i 6 A t o m s . E .  

3 . 6 - 1 0 ' ~ s e c  q n a t . L i  MeV 

T y p i c a l  v a l u e s  f o r  t r i t i u m  b r e e d i n g  i n  v a r i o u s  s y s t e m s  a r e  
g i v e n  i n  T a b l e  11-A-I. 

From T a b l e  11-A-5 we c a n  see wha t  r a n g e  o f  v a l u e s  o n e  m i g h t  
u s e  f o r  ER,  BR, R, and  P .  F o r  f o u r  d i f f e r e n t  l i q u i d - L i - c o o l e d  
r e a c t o r s  r e p o r t e d  i n  t h e  l i t e r a t u r e  wh ich  u t i l i z e d  s t e e l ,  Nb, 
a n d  Mo a l l o y s  a s  s t r u c t u r e s ,  we f i n d  t h a t  t h e  t o t a l  e n e r g y  re- 
l e a s e d  p e r  0-T r e a c t i o n  i s  an  a v e r a g e  o f  a p p r o x i m a t e l y  20 MeV. 
T h i s  i n c r e a s e s  t o  a p p r o x i m a t e l y  21 M e V  when Be i s  u s e d  w i t h  
l i q u i d  l i t h i u m ,  b u t  some o f  t h a t  e n e r g y  i n c r e a s e  i s  d u e  t o  t h e  
Be. F i n a l l y ,  t h e  u s e  o f  s o l i d - l i t h i u m  b r e e d i n g  compounds and  
Be c a n  r a i s e  t h e  v a l u e  o f  ER t o  a p p r o x i m a t e l y  22 M e V  ( a g a i n  
a p p r o x i m a t e l y  t e n  p e r  c e n t  o f  t h a t  i n c r e a s e  i s  d u e  t o  t h e  B e ) .  
T h e r e f o r e ,  it a p p e a r s  t h a t  a  r e a s o n a b l e  v a l u e  f o r  most  f u s i o n  
r e a c t o r s  is  20 MeV p e r  0-T r e a c t i o n .  T h i s  v a l u e  i s  n o t  e x p e c t e d  
t o  c h a n g e  much i f  t h e  L i 6  is  r e p l a c e d  w i t h  a n  a b s o r b e r  l i k e  
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T a b l e  1 1 - A - I :  Summary o f  S e l e c t e d  N e u t r o n i c  C h a r a c t e r i s t i c s  
o f  V a r i o u s  F u s i o n  R e a c t o r  D e s i g n s  

a 
Breeding on outside of torus only; ' 
T atoms produced per D-T neutron in L i 7 .  

Design 

UWMAK-I 

UWMAK-I11 

ORNL 

LLL 

PPPL 

LASL 

UWMAK-I1 

BNL 

b o r o n  1 0 ,  b e c a u s e  a l t h o u g h  t h e  e x o t h e r m i c  L i 6  ( n , T )  r e a c t i o n  i s  
n o  l o n g e r  p r e s e n t ,  t h e  e x o t h e r m i c  B10 ( n , n )  and  t h e  ( n , y )  r e -  
a c t i o n s  i n  t h e  s t r u c t u r e  w i l l  compensa t e  f o r  . t h i s  l o s s .  A 
f i r s t  a p p r o x i m a t i o n  t o  EE b u r n e r  m i g h t  a l s o  b e  a p p r o x i m a t e l y  
20 MeV p e r  D-T r e a c t i o n .  A s i m i l a r  a rgumen t  m i g h t  be  made f o r  
a  n e a r - b r e e d e r  r e a c t o r ,  whe re  t h e  e n d o t h e r m i c  L i 7  ( n , n T )  r e a c t i o n  
w i l l  b e  p a r t i a l l y  o f f s e t  by  i n c r e a s e d  e x o t h e r m i c  r e a c t i o n s  i n  
t h e  s t r u c t u r e .  Aga in  f o r  s i m p l i c i t y ,  ~ F e a r - B r e e d e r  = 20 MeV 
p e r  D-T r e a c t i o n  i s  a  r e a s o n a b l e  a p p r o x i m a t i o n .  

N e x t ,  o n e  n o t e s  t h a t ,  R, t h e  r a t i o  o f  t r i t i u m  p r o d u c e d  f rom 
L i 6  t o  t h e  t o t a l  T  p r o d u c t i o n ,  i s  r e m a r k a b l y  c o n s t a n t  a t  0 . 6  
f o r  t h e  v a r i o u s  l i q u i d - l i t h i u m  s y s t e m s  c o n s i d e r e d .  T h i s  v a l u e  
jumps t o  1  i n  t h e  e n r i c h e d  s y s t e m ,  where  e s s e n t i a l l y  a l l  o f  
the, t r- i t 1 an1 conlrs from Lj 6 .  

Breeder Fraction 
Li6 

p b  BR 

Liquid ii (? lo  m r o n  Multiplier) 

Structure R 

T6'TTota~ 

Li 0 . 0 7 4 2  

Li 0 . 0 7 4 2  Nb 

L i 0 . 0 4  0 . 6 3  0 . 5 0  SS 

E R  (MeV) 

2 0 . 1  

21 .1  

19  

1 9 . 2  

Liquid Li + Be 
-- 
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L i 6  compounds 



The b r e e d i n g  r a t j o  is  n o r m a l l y  q u i t e  h i g h  i n  l i q u i d - l i t h i u m  
s y s t e m s ,  r a n g i n g  from 1.36 t o  1 .49 i n  e a r l y  d e s i g n s ,  which have 
been s t u d i e d  w i t h  un i fo rm i s o t r o p i c  n e u t r o n  s o u r c e s  c o m p l e t e l y  
e n c l o s e d  by s l a b  o r  c y l i n d f i c a l  geomet ry .  When t o r o i d a l  
n e u t r o n i c  e f f e c t s  a r e  i n c l u d e d  a l o n g  w i t h  t h e  l o s s  o f  n e u t r o n s  
i n  t h e  d i v e r t o r  s l o t s ,  beam t u b e s ,  and p a r t s  o f  t h e  r e a c t o r ,  
t h a t  a r e  g e n e r a l l y  i n a c c e s s i b l e ,  b r e e d i n g  r a t i o s  o f  1.2 t o  1 .3  
a r e  more l i k e l y  i n  l i q u i d - l i t h i u m  s y s t e m s .  I t  i s  e x p e c t e d  t h a t  
t h e  p r o p e r  t r e a t m e n t  of n e u t r o n  l o s s e s  and peaked n e u t r o n  f l u x e s  
t y p i c a l  of n o n - c i r c u l a r ,  non-uniform,  and t o r o i d a l  n e u t r o n  
s o u r c e s  w i l l  p roduce  much lower  b r e e d i n g  r a t i o s  t h a n  p r e v i o u s l y  
c a l c u l a t e d  i n  l i q u i d - l i t h i u m  sys tems .  

The BR v a l u e s  f o r  s o l i d  L i  compound b r e e d e r s  a r e  g e n e r a l l y  
q u i t e  low ( a p p r o x i m a t e l y  one i n  most  c a s e s ) ,  and one i s  f o r c e d  
t o  u s e  a  n e u t r o n  m u l t i p l i e r  t o  g e t  a  b r e e d i n g  r a t i o  g r e a t e r  t h a n  
one .  T h i s  may even  be t r u e  w i t h  m a t e r i a l s  o f  h i g h  l i t h i u m  den- 
s i t y ,  s u c h  a s  L i20  and L i 7 P b 2 ,  when one i n c l u d e s  t h e  10 t o  20 
p e r  c e n t  l o s s e s  due t o  p e n e t r a t i o n s  and i n a c c e s s i b l e  p a r t s  of 
t h e  b l a n k e t  a s  w e l l  a s  s a t i s f y i n g  low n e u t r o n  l e a k a g e  t o  magnets .  
The e f f e c t s  o f  s t r u c t u r a l  m a t e r i a l  a r e  a l s o  p a r t i c u l a r l y  i m -  
p o r t a n t  w i t h  s o l i d  b r e e d e r s ,  and t h e y  must be p r o p e r l y  i n c l u d e d  
i n  t h e  c a l c u l a t i o n  o f  o v e r a l l  b r e e d i n g  r a t i o s .  I t  i s  n o t  s a t i s -  
f a c t o r y  t o  s i m p l y  c a l c u l a t e  what BR one can  g e t  w i t h  comple te  
e n c l o s u r e  o f  t h e  n e u t r o n  s o u r c e  and no s i g n i f i c a n t  p a r a s i t i c  
c a p t u r e  i n  t h e  s t r u c t u r a l  m a t e r i a l  t h a t  i s  r e q u i r e d  t o  c o n t a i n  
t h e  h i g h  p r e s s u r e  g a s  u s u a l l y  used t o  c o o l  s o l i d - b r e e d e r  sys tems .  

The e f f e c t  o f  a d d i n g  non-breed ing  e l e m e n t s  (oxygen,  s i l i c o n ,  
Pb) i s  t o  s o f t e n  t h e  spec t rum s u c h  t h a t  Li7  r e a c t i o n s  a r e  r e -  
duced and t h e  v a l u e  o f  P  i s  lowered ,  f u r t h e r  r e d u c i n g  t h e  BR. 

F i n a l l y ,  t h e  v a l u e  o f  P  i s  q u i t e  i m p o r t a n t  i n  t h e  o v e r a l l  
f u e l  management s t r a t e g y .  I f  one were a b l e  t o  burn o n l y  t h e  
Li6 i n  L i  t h e n ,  a s  we w i l l  s e e  l a t e r ,  t h e  maximum e n e r g y  con- 
t e n t  o f  one  gram o f  n a t u r a l  l i t h i u m  i s  a p p r o x i m a t e l y  6000 kwh 
( t h ) / g  L i .  U t i l i z i n g  t h e  Li7 r e a c t i o n s  t h a t  would o c c u r  s imul -  
t a n e o u s l y  i n  a  l i q u i d - L i  sys tem would r a i s e  t h i s  v a l u e  t o  a p p r o x i  
m a t e l y  10,000 kWh( th ) /g .  However, t h i s  would l e a v e  r o u g h l y  0 .9  
gram of  Li7 l e f t  o v e r  f o r  e v e r y  gram of  n a t u r a l  L i  o r i g i n a l l y  i n  
t h e  r e a c t o r .  One c o u l d  s t i l l  g e t  some e n e r g y  o u t  o f  t h i s  e x c e s s  
Li7 i f  it was bombarded w i t h  D-T n e u t r o n s  from t h e  e x c e s s  T  
produced i n  t h e  f u s i o n  b r e e d e r  r e a c t o r .  I n  t h i s  c a s e ,  one 
would want t o  keep  t h e  n e u t r o n  spec t rum a s  h a r d  a s  p o s s i b l e  i n  
o r d e r  t o  maximize t h e  T7 p r o d u c t i o n .  C a l c u l a t i o n s  show t h a t  i n  
l i q u i d - L i 7  s y s t e m s ,  t h e  number o f  T  atoms produced p e r  i n c i d e n t  
D-T n e u t r o n  i s  a p p r o x i m a t e l y  0 .50 t o  0.6 ( T a b l e  1 1 - A - I ) .  Ob- 
v i o u s l y ,  one c o u l d  do worse  i f  t h e  L i7  were i n  a  s o l i d  compound 
w i t h  o t h e r  n o n - f u e l  e l e m e n t s ,  o r  i f  a  l a r g e  f r a c t i o n  of n e u t r o n s  
e s c a p e d  down p e n e t r a t i o n s  i n  t h e  b l a n k e t .  I t  seems r e a s o n a b l e  
t h a t  when t h e  t o r o i d a l  n e u t r o n i c s  and r e a s o n a b l e  l e a k a g e  i s  
i n c l u d e d ,  P i s  a p p r o x i m a t e l y  0 .5  f o r  l i q u i d - L i 7  s y s t e m s  ( i . e . ,  
U W M A K - I 1 1  i n  T a b l e  1 1 - A - I ) .  I t  i s  obv ious  t h a t  t o  use  a  s o l i d  
b r e e d e r  would lower  P  s i g n i f i c a n t l y  and t h u s  r e d u c e  t h e  e n e r g y  
c o n t e n t  o f  o u r  l i t h i u m  r e s e r v e s .  



Going back  t o  e q u a t i o n  ( 2 )  and as suming  t h a t  a s  a  f i r s t  
a p p r o x i m a t i o n ,  

Breed _ Secondary , Primary 
R R R , 

we f i n d  

kWh(th)  - A E ~  - -  1 [ I  + ( B R - I ) * ( - ) ] ;  
g  n a t .  L i  BR. R  1  -P 

w i t h  o u r  a s s u m p t i o n s  a b o u t  

ER = 20 MeV/D-T R e a c t i o n  

and 

we f i n d  

I f  we a l l o w  t h e  b r e e d i n g  r a t i o  t o  b e  g r e a t e r  t h a n  o n e ,  t h e n  
t h e  e n e r g y  c o n t e n t  o f  t h e  l i t h i u m  i n  t h e  p r i m a r y  b r e e d e r  r e a c t o r  
i s  r e d u c e d ,  b u t  t h i s  i s  a c t u a l l y  more t h a n  compensa ted  f o r  i f  
we b u r n  t h e  e x c e s s  t r i t i u m  i n  r e a c t o r s  c o n t a i n i n g  t h e  d e p l e t e d  
L i  f rom t h e  b r e e d e r  r e a c t o r s .  A t  a  v a l u e  o f  P = 0 . 5  we f i n d  
t h a t  t o t a l  e n e r g y  c o n t e n t  i n c r e a s e s  f rom 9533 k W h ( t h ) / g  n a t .  L i  
a t  BR = 1 t o  = 12,000 kWh( th ) /g  n a t .  L i  a t  a n  i n i t i a l  BR = 1.3  
and 13 ,620  k W h ( t h ) / g  n a t .  L i  a t  a n  i n i t i a l  BR = 1.75 (see 
F i g u r e  11-A-2). S i n c e ,  a s  we p r e v i o u s l y  s a i d ,  b r e e d i n g  r a t i o s  
o f  a p p r o x i m a t e l y  1 . 3  a r e  p r o b a b l y  t h e  most  l i k e l y  maximum v a l u e  
f o r  o p e r a t i n g  CTRs u s i n g  l i q u i d  L i ,  a  r e a s o n a b l e  v a l u e  o f  t h e  
e n e r g y  c o n t e n t  i s  a p p r o x i m a t e l y  9500 k W h ( t h ) / g  o f  n a t u r a l  L i  
i f  u s e d  i n  a  b r e e d e r - b u r n e r  c o m b i n a t i o n ,  a n d  it is approxima-  
t e l y  12 ,000  k W h ( t h ) / g  o f  n a t u r a l  L i  i f  u s e d  i n  a  b r e e d e r / n e a r -  
b r e e d e r  c o m b i n a t i o n .  T h i s  l a t t e r  scheme r e p r e s e n t s  a  20 p e r  



BREEDING RATIO IN PRIMARY REACTOR 
' i g u r e  1 1 - A - 1 1 :  Energy C o n t e n t  o f  N a t u r a l  L i t h i u m  i n  V a r i o u s  

F u e l  Management Schemes F o r  F u s i o n  

25 

24 

22 

20 

I 1 1 1  1 1 1 1 1 1 1 1 1 1 1  

- - 

- - 

- - 

- - 

- - 

- - 

18 - - 

- - 
LIQUID R 205 

l6 - OPTlMlSTC / 0 ~ t ' ? ~ ~ ~ ' = 2 ~  A 

N€%. - 
LIQUID 
SYSTEM ' 

. 
/ 

12 BURNER R = 0 . 5  

P =  0 - 

BURNER R . 0 . 6  - 

* - -  
BURNER R =  1.0 

P =  0 

4 SOLID BREEDERS 



cent increase in fuel reserves compared to the breeder/burner 
combination. Future generations will have to decide whether 
this expansion of fuel reserves is worthwhile versus having 
some reactors which have lower tritium inventories than the 
near-breeder reactors. 

Other comments might be made about Figure 11-A-2. For 
example, using lithium in solid-breeders (and discounting the 
energy contribution of Be which could be obtained in all 
configurations) we find that in the most probably BR range 
(1.0 to 1.1) the energy content of one gram of Li varies from 
5700 to 6300 kWh(th)/g nat. Li if it is coupled with liquid- 
Li7-cooled near-breeders. However, it is not certain whether 
such a combination makes sense when the object of solid-bree- 
ders in the first place is to remove the difficulties associ- 
ated with a liquid-metal system and to reduce the large tritium 
inventories associated with liquid-Li systems. If one used 
Li7 in solid form in the near-breeders very little benefit 
would be derived, and such a scheme hardly seems worth the 
effort. 

Finally, if one could find a way of increasing the T7 
fraction and still maintaining high BR in breeder reactors, 
then the energy content could also be extended. This can 
only be done by reducing the energy degradation of the D-T 
neutrons by non-fuel atoms (i.e., structure, coolant, or 
alloying elements). It is unlikely that this number can be 
increased much above 0.7 in a realistic system, and it could 
easily drop as low as 0.4. We have included a curve for 
R = 0.5 and P = 0.6, which shows that at a BR of 1.3 the 
energy content could be improved approximately 60 per cent 
over the most likely case of R = 0.6 and P = 0.5. 

In summary, if one has to specify the energy content of 
natural Li used in fusion reactors, it is most likely to be 
in the 12,000 kWh(th)/g range in a breeder/near-breeder 
scenario. If a breeder/burner scenario is used, then the 
energy content is approximately 9500 kWh(th)/g and in a solid- 
breeder/burner scenario a value of 6000 kWh(th)/g of natural 
lithium is most likely. 



111. PRESENT STATUS OF FISSION AND FUSION REACTORS 

G .  K e s s l e r ,  G . L .  K u l c i n s k i  

1 .  FISSION REACTORS* 

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

The p r i n c i p l e  o f  b r e e d i n g  h a s  been  r e c o g n i z e d  f r o m  t h e  v e r y  
b e g i n n i n g  o f  n u c l e a r  r e a c t o r  d e v e l o p m e n t .  R e a l i z i n g  t h a t  t h e  
n va lue - -wh ich  c h a r a c t e r i z e s  t h e  a v e r a g e  number o f  n e u t r o n s  
p r o d u c e d  by f i s s i o n  p e r  a b s o r b e d  n e u t r o n  [ ( n ,  y) + ( n , f )  I --is 
h i g h  f o r  f a s t  n e u t r o n s  i n d u c i n g  t h e  f i s s i o n  p r o c e s s ,  E .  Fermi  
a n d  W . H .  Z inn began  t o  d e s i g n  a  f a s t  b r e e d e r  r e a c t o r  a s  e a r l y  
a s  i n  1944 [111-21.  T h i s  s t a r t e d  t h e  f i r s t  round  o f  f a s t  
b r e e d e r  d e v e l o p m e n t ,  l a s t i n g  f rom 1944 u n t i l  r o u g h l y  1960 ,  l e a d i n g  
t o  r e a c t o r s  t h a t  a r e  o f t e n  r e f e r r e d  t o  a s  f a s t  b r e e d e r s  o f  t h e  
f i r s t  g e n e r a t i o n .  The US r e a c t o r s  EBR-I, EBR-11, and  EFFBR, t h e  
B r i t i s h  DFR, a n d  t h e  R u s s i a n  BR-5 a r e  t h e  more p r o m i n e n t  o n e s  
among them (see T a b l e  111-1) [111-3 t o  111-81.  

C o n s i s t e n t  w i t h  t h e  g e n e r a l  a p p r o a c h  t o  r e a c t o r  t e c h n o l o g y  
o f  t h e s e  e a r l y  y e a r s ,  t h e  p r i n c i p a l  f u e l  was m e t a l ,  more 
s p e c i f i c a l l y  U m e t a l  [ I I I - 9 1  ; i n t e r c o n n e c t e d  t o  t h a t  was t h e  
c h o i c e  o f  Na a s  t h e  p r i n c i p a l  c o o l a n t .  The c o r e s  were  s m a l l ,  
t h e  Na t e m p e r a t u r e s  m o d e s t ,  a n d  t h e  b r e e d i n g  t o o k  p l a c e  i n  t h e  
r e f l e c t i n g  b l a n k e t  a n d  n o t  s o  much i n  t h e  c o r e  i t s e l f .  With  
r e s p e c t  t o  l o n g - t e r m  r e a c t o r  s t r a t e g i e s  mos t  a t t e n t i o n  was g i v e n  
t o  t h e  d o u b l i n g  t i m e  [ I I I - 9 ,  111-101; t h e  c o r e  i n v e n t o r y  and  
f u e l  c y c l e  c o s t s  were  n o t  s o  much i n  t h e  f o c u s  o f  i n t e r e s t .  
A l l  o f  t h e s e  f a c t o r s  had c e r t a i n  c o n s e q u e n c e s  upon t h e  way i n  
which  t h e  p r o b l e m s  were  a t t a c k e d .  

Around 1960 ,  w i t h  t h e  background  o f  a  m a t u r i n g  t h e r m a l  
r e a c t o r  t e c h n o l o g y ,  economic  c o n s i d e r a t i o n s  d e v e l o p e d  which  
c a u s e d  a t t e n t i o n  t o  s h i f t  t o  t h e  n u c l e a r  f u e l  c y c l e  a s  a  whole  
[111-111.  I n  p a r t i c u l a r ,  it became c l e a r  t h a t  t h e  bu rn -up  o f  
t h e  f u e l  must  b e  i n c r e a s e d  i n  o r d e r  t o  a c h i e v e  economic  f e a s i b i l i t y  
o f  f a s t  b r e e d e r  r e a c t o r s .  A  l i g h t  w a t e r  r e a c t o r ,  f o r  i n s t a n c e ,  

* The f o l l o w i n g  two s u b s e c t i o n s  a r e  a  s h o r t e n e d  and u p d a t e d  
p r e s e n t a t i o n  o f  an  a r t i c l e  on F a s t  B r e e d e r  R e a c t o r s  p u b l i s h e d  
i n  t h e  Annual  Reuiew of N u c l e a r  S c i e n c e  i n  1970 [ I I f - 1 1 .  
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r e q u i r e s  a  burn-up o f  o n l y  25,000 t o  35,000 MW(th) - d a y / t  i n  o r d e r  
t o  b u r n  e f f e c t i v e l y  a l l  o r i g i n a l  f i s s i o n a b l e  a toms.  F a s t  r e a c t o r s  
i n h e r e n t l y  r e q u i r e  h i g h  e n r i c h m e n t ,  and burn-ups  o f  =100,000 
MW(th).day/t  a r e  r e q u i r e d  i n  o r d e r  t o  keep  t h e  number o f  p a s s e s  
o f  an i n d i v i d u a l  f i s s i l e  atom t h r o u g h  t h e  f u l l  f u e l  c y c l e  t o  a  
t o l e r a b l e  l e v e l .  To a c h i e v e  t h e s e  r e q u i r e d  h i g h  burn-ups ,  it was 
main ly  U02/Pu0, which o f f e r e d  t h e  b e s t  chance  (see C h a p t e r  I X ) .  

T h i s  l e d  t o  t h e  s o - c a l l e d  second  g e n e r a t i o n  o f  f a s t  b r e e d e r s .  
The p a p e r  by J.B. Sampson and E.A. Luebke [111-121 was t h e  f i r s t  
s t e p .  A f t e r  t h e  IAEA seminar  on t h e  P h y s i c s  o f  F a s t  and I n t e r -  
m e d i a t e  R e a c t o r s  i n  Vienna i n  1961 1111-131, t h i s  c e r a m i c  f a s t -  
r e a c t o r  scheme r e c e i v e d  worldwide a t t e n t i o n  t o g e t h e r  w i t h  t h e  
s h i f t  o f  emphasis  from b r e e d i n g  t o  economy [111-14 t o  111-161. 

I t  became a p p a r e n t  t h a t  t h e  r e a c t o r  d e s i g n  would d i f f e r  
somewhat from t h a t  o f  t h e  f i r s t  g e n e r a t i o n ,  b e c a u s e  o f  n e u t r o n  
modera t ion  by t h e  oxygen atoms i n  t h e  U02/Pu02 f u e l .  A t  f i r s t ,  
t h e n ,  most e f f o r t  c o n c e n t r a t e d  on c a l c u l a t i n g  t h e  Doppler  
c o e f f i c i e n t  1111-17, 111-181. Major  u n d e r t a k i n g s  such  a s  t h e  
SEFOR r e a c t o r  r e s u l t e d  [111-19, 111-201: it was s p e c i f i c a l l y  
d e s i g n e d  t o  measure  and d e m o n s t r a t e  t h e  Doppler  c o e f f i c i e n t  f o r  
a  v a r i e t y  o f  f a s t - r e a c t o r  t r a n s i e n t s .  The p o s s i b i l i t i e s  o f  
measur ing  t h e  Doppler  c o e f f i c i e n t  i n  a  c r i t i c a l  zero-power f a c i l i t y  
w e r e  a l s o  e x p l o r e d ,  and f i n a l l y  u n d e r s t o o d  i n  t h e  e a r l y  s i x t i e s .  

A f t e r  it had been r e a l i z e d  t h a t  t h e  Doppler  c o e f f i c i e n t  
would b e  o f  s u f f i c i e n t  n e g a t i v e  magni tude ,  i n t e r e s t  t u r n e d  t o  
t h e  sodium-void e f f e c t  1111-211--the r e a c t i v i t y  change t h a t  
o c c u r s  a f t e r  t h e  c o r e  h a s  been f u l l y  o r  p a r t l y  vo ided  o f  sodium. 
I t  was found t o  b e  p o s i t i v e  f o r  s u f f i c i e n t l y  l a r g e  f a s t  c o r e s  
[ I I I - 1 8 1 ,  which caused  major  concern  i n  t h e  f a s t - r e a c t o r  community 
a s  o f  1964. The f o u r  l a r g e  1000 M W ( e )  d e s i g n  s t u d i e s  of G e n e r a l  
E l e c t r i c ,  West inghouse,  Combustion E n g i n e e r i n g ,  and Babcock and 
Wilcox g r e a t l y  c o n c e n t r a t e d  on t h i s  problem 1111-221. Among o t h e r  
t h i n g s ,  t h e s e  s t u d i e s  r e v e a l e d  t h a t  it was t o o  r e s t r i c t i v e  t o  
demand t h a t  a l l  power c o e f f i c i e n t s  b e  n e g a t i v e .  

R e l a t e d  t o  t h e s e  problems is  t h e  q u e s t i o n  o f  t h e  t a r g e t  
s i z e  o f  a  r e f e r e n c e  f a s t  r e a c t o r .  I n  t h e  f i r s t  f a s t - r e a c t o r  
g e n e r a t i o n  t h e  c o n s i d e r e d  s i z e s  were  v e r y  s m a l l ,  up t o  66 bIW(e) 
(EFFBR) , b u t  it became c l e a r  i n  t h e  e a r l y  s i x t i e s  t h a t  much 
l a r g e r  r e a c t o r  s t a t i o n s  had t o  b e  e n v i s a g e d .  Between 1959 and 
1963, 500 M W ( e )  was o f t e n  c o n s i d e r e d  a  good t a r g e t  s i z e  1111-231 , 
b u t  a f t e r  t h e  above-mentioned f o u r  d e s i g n  s t u d i e s  i n  t h e  US 
and o t h e r  s t u d i e s  1111-241, 1000 MW(e) was g e n e r a l l y  a c c e p t e d  
a s  a  t a r g e t  v a l u e  f o r  r e a l i s t i c  f a s t  r e a c t o r  d e s i g n s .  

With t h e  power c o e f f i c i e n t s  t h e s e  q u e s t i o n s  a r e  i n t e r r e l a t e d  
t o  i n h e r e n t  f a s t - r e a c t o r  s a f e t y .  A t  t h e  Argonne Confe rence  of 
1965,  t h e  v a r i o u s  t h e n  e x i s t i n g  f a s t - r e a c t o r  r e f e r e n c e  d e s i g n s  
[ I I I - 2 5 1  were  a n a l y z e d  w i t h  r e s p e c t  t o  p o s s i b l e  c h a i n s  o f  e v e n t s  
t h a t  c o u l d  l e a d  t o  a  major  a c c i d e n t .  I t  became a p p a r e n t  t h a t  
t h e  Na-void e f f e c t  becomes i m p o r t a n t  o n l y  i f  a  ve ry  u n l i k e l y  



t y p e  o f  m a j o r  a c c i d e n t  t a k e s  p l a c e ,  f o r  i n s t a n c e  t h e  m a l f u n c t i o n  
o f  t h e  s h u t - o f f  s y s t e m s  f o l l o w e d  by N a - b o i l i n g  e f f e c t s .  Along 
t h e  same l i n e s  it was  r e c o g n i z e d  t h a t  a  series o f  o t h e r  phenomena 
r e q u i r e  t h e  same a t t e n t i o n  a s  t h e  Na-void e f f e c t ,  f o r  i n s t a n c e  
N a - b o i l i n g  and  s u p e r h e a t i n g ,  a s  t h i s  may b e  r e s p o n s i b l e  f o r  t h e  
t i m e  s c a l e  o f  Na-voiding [111-26 t o  111-281.  T h e s e  c o n s i d e r a t i o n s  
were  t h e  s t a r t i n g  p o i n t  o f  o u t - o f - p i l e  and  i n - p i l e  s a f e t y  r e s e a r c h  
p r o g r a m s  c a r r i e d  o u t  be tween  1968 a n d  1976 ,  wh ich  l a i d  t h e  b a s i s  
f o r  l i c e n s i n g  p r o t o t y p e  power r e a c t o r s  o f  t h e  300 M W ( e )  c l a s s .  

I n  1966/1967 t h e  f i r s t  r e s u l t s  o f  h i g h  bu rn -up  p i n  i r r a d i a t i o n s  
o f  = 7 0 , 0 0 0  t o  80 ,000 M W ( t h ) - d a y / t  w e r e  o b t a i n e d  i n  t h e r m a l  r e a c t o r s  
s u c h  a s  GETR a t  V a l l e c i t o s  and o t h e r s ,  and p i n s  f o l l o w e d  which  
h a d  b e e n  i r r a d i a t e d  u n d e r  f a s t - r e a c t o r  c o n d i t i o n s ,  p a r t i c u l a r l y  
a t  DFR and  EBR-11. They a l l  i n d i c a t e d  good r e s u l t s .  From t h a t  
it was  g e n e r a l l y  c o n c l u d e d  t h a t  50 ,000  ~ ~ ( t h )  . d a y / t  would b e  a  
good S t a r t i n g  v a l u e  f o r  t h e  p e r f o r m a n c e  o f  a  f i r s t  f a s t  c o r e  o f  
a  p r o t o t y p e .  So mos t  f a s t - r e a c t o r  g r o u p s  o f  t h e  w o r l d  d e c i d e d  a s  
a  f i r s t  s t e p  t o  b u i l d  300 M\J(e) Na-cooled  p r o t o t y p e s .  However, 
l o n g - r a n g e  s t r a t e g i c  c o n s i d e r a t i o n s  had r e v e a l e d  t h e  d e s i r a b i l i t y  
o f  h a v i n g  1000 M W ( e )  f a s t  b r e e d e r  power s t a t i o n s  by  1980 t o  1985 
[ I I I - 2 9 ,  111-301 . 

A n o t h e r  f a i r l y  s t r o n g  a rgumen t  was f o r w a r d e d  by K.P. Cohen 
[ I I I - 3 1 1  a n d  o t h e r s :  The u n e x p e c t e d  l a r g e - s c a l e  i n s t a l l a t i o n  

o f  l i g h t - w a t e r  r e a c t o r s  (LWR) l e a d s  t o  a  l a r g e  p r o d u c t i o n  o f  Pu.  
I f  Pu is  b e i n g  r e c y c l e d  i n t o  t h e s e  LWRs, i t s  v a l u e  a s  compared 
t o  t h a t  o f  U235 i s  o n l y  s o m e t h i n g  l i k e  8 0 % ,  w h i l e  i f  i n t r o d u c e d  
i n t o  a  f a s t  r e a c t o r  t h e  Pu v a l u e  i s  o f  r o u g h l y  140% [111-321.  
I n  o t h e r  w o r d s ,  f a s t  r e a c t o r s  c a n  s t a n d  a  h i g h  Pu p r i c e  a n d ,  
t h e r e f o r e ,  t h e r e  i s  a  n a t u r a l  p a r t n e r s h i p  be tween  LWR a n d  f a s t  
b r e e d e r .  

Along t h e s e  two l i n e s  o f  a r g u m e n t ,  t h e  UK was  t h e  f i r s t  i n  
t h e  W e s t  t o  g o  a h e a d  w i t h  t h e  250 M W ( e )  p l u t o n i u m - f u e l e d  f a s t  
r e a c t o r  PFR a t  Dounreay [111-331 , F r a n c e  p u s h e d  t h e  d e s i g n  and 
c o n s t r u c t i o n  o f  t h e  250 MW(e) PHENIX p r o t o t y p e  [111-341,  and 
t h e  FRG t o g e t h e r  w i t h  Belgium and  t h e  N e t h e r l a n d s  s t a r t e d  work 
f o r  t h e i r  300 M W ( e )  SNR r e a c t o r  [111-351.  I n  t h e  USSR, t h e  
d e s i g n  and  c o n s t r u c t i o n  o f  t h e  BN 350 [111-361 was  g o i n g  on  a n d ,  
a t  l e a s t  t i m e w i s e ,  t h i s  R u s s i a n  g r o u p  was i n  t h e  l e a d  f o r  t h i s  
c l a s s  o f  p r o t o t y p e  r e a c t o r s .  The US and  J a p a n  w i l l  f o l l o w  w i t h  
t h e  c o n s t r u c t i o n  o f  CRBR [111-371 and MONJU [111-381 a r o u n d  1977 
a n d  1978 ,  r e s p e c t i v e l y .  I n  T a b l e  111-11 more d e t a i l s  a r e  g i v e n  
f o r  t h e s e  p r o t o t y p e  r e a c t o r s ,  o r ,  a s  t h e y  a r e  c a l l e d  i n  t h e  US, 
d e m o n s t r a t i o n  r e a c t o r s .  

Sodium t e c h n o l o g y  mus t  b e  d u l y  m a s t e r e d  a n d  c h e a p  enough 
i f  t h e  u t i l i t i e s  a l l  o v e r  t h e  w o r l d  a r e  t o  r e l y  on i t .  The 
q u e s t i o n  o f  r e l i a b i l i t y ,  a v a i l a b i l i t y ,  and c a p i t a l  c o s t  o f  t h e s e  
Na components  i s ,  t h e r e f o r e ,  u n d e r  c o n s t a n t  d i s c u s s i o n  and  
i n v e s t i g a t i o n .  P rob lems  o f  i r r a d i a t i o n  damages u n d e r  h i g h  
n e u t r o n  f l u e n c e s  ( > 1 0 ~ ~ n / c m ~ )  l e d  t o  t h e  US d e c i s i o n  t o  p r e s s  
more f o r  t h e  l a r g e - s c a l e  f a s t - n e u t r o n  t e s t - r e a c t o r  FFTF i n  o r d e r  
t o  have  an  o r d e r l y  p r o c e d u r e  i n  t h e  d e s i g n  a n d  deve lopmen t  o f  
l a r g e  f a s t  b r e e d e r s ,  e v e n  i f  t h i s  l e a d s  t o  some t i m e  d e l a y  
[111-39,  111-401 . 



Table 111-11: F a s t  Breeder P ro to type  and Demonstrat ion Reac tors  

a o r  1 5 0  Mwlel + 1 2 0 , 0 0 0  m ' /day  f r e s h  u a t e r  

l n c l u d i n q  o n e  a s  reserve 

p r e l l r n l n a r y  v a l u e s ,  may be l o v e r  

initial loading p d r t l y  v r t h  LIO: 

a t  first LlO; 

w i t h  SNR Consortium 

H L . ~ + c  1 III  &3i?Wi,r 
T h c r m a l  MW(th1 
t : l r i c t r i c d l  

YWle i  

& ' r l m a r y  C i r c u l  t  

Number of  L o o p s  

D ~ d r n e t f r  U €  Reac-  
t o r  V c s s e l  m  

C o o l a n t  

C o o l a n t  T r m p e r a -  
t u r e  at  
Core l n l c t  'L' 
C a r e  o u t l ~ , t  "C 

C o r e  D i m e n s i o n s  
H e l q h t  crn 

2 9 0  1 3 9  - 3 6 6  1 7 8  2 0 5  178  
95  

1 5 8  
7 5  

1 0 8  
9  0  

F u e  1  

C l a d d i n g  SS SS SS S S ( 1 . 4 9 7 0 1  SS SS SS 3  16 SS 
2 0 %  c .w .  

P i n  D l a m e t e r  mm 5 .84  6 . 6  8 . 6 5  6 .0  6 . 1  6 . 9  5 . 8 4  6 ,  j 

Number o f  
F u e l  P l n s  p e r  
F u e l  E l e m e n t  3 2 5  27 1  271 1 6 9  1 6 9  1 2 7  271  169 

f l a x l m u m  Rod 
Power  i.'/cm 4 5 0  450  4 3 0  U50 460  470  5 1 0  475  U57 

Maxlmum C l a d  
T e m p e r a t u r e  
( h o t  s p o t )  C 7 0 0  700" 700 7 0 0  6 7 0  6 6 0  700  6 4 0  700  

Haximum F l u e n c e  
a t  C l a d  n/cm2 3 .10"  4 .6 .10"  2  t o  3 .10 '  3 .10"  

UK 

B u r n - u p  
M W l t h l . d a y / t  

B r e e d i n g  R a t i o  - 
S t a t u s  

S l t e  

supplier 

o p e r a t o r  
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6 0 0  
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P o o l  

c S A  
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950  
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0 o r  4 )  

6 . 2  

Na 

387  
540  

91 

FRG 
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736  

3 1 2 ( 2 8 2 1  

LOOP 
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6.7 

Na 
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LOOP 

( 6 1 b  
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Na 
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1 0 6  
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7 . 1  
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RN 6 0 0  

1 4 8 0  

6 0 0  

r o o i  

1 2 . 8  
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380  
55il 
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5 6 3  

2 5 0  

p o o l  

1 1 . 8  

Na 

4 0 9  
560 

8 5  

7 0 , 0 0 0  

1 . 2  

2910  

1 2 0 0  

p o o l  

2  1  

Na 

3?5 
5 3 5  

1 0 0  

2 2 . 5  

5 0 , 0 0 0  

1 . 1 6  

~ 7 0 , 0 0 0  

- 1 . 2  

4 0 0  
5 6 2  

4 0 0  
562' 

70,ODO 

1 . 1 7  

I n  o p e r -  
a t r o n  
since 

1 9 7 5  

D o u n r e a y  
( S c o t l a n d )  

TNPG 

UKAEA 

U n d e r  con- 
s t r u c t l o n ,  
s t a r t  o f  
o p e r a t i o n  

1 9 7 7  

B ? e l o j a r s k  
( U r a l )  

M l n l s t r y  
€or 

E l e c t r i c  
E n e r g y  

5 5 , 0 0 0  

1 . 0 - 1 . 2  

P l a n n e d ,  
s t a r t  o f  
c o n s t r u c -  
t ~ o n  1 9 7 8  

TNPG' 

CEGB 

P l a n n e d ,  
s t a r t  o f  
c o n s t r u r -  
t r o n  l q 7 7  

J o h n  
S e v l e r  
l T e n n . 1  

TVA 
Cornmon- 

w e a l t h  
E d l s o n  

5 0 , 0 0 0  

1 . 0 - 1 . 4  

P l a n n e d ,  
s t a r t  of 
c o n s t r u c -  
t l o n  1 9 7 8  

PNC 

I n  o p e r -  
a t r o n  
s i n c e  

1 9 7 3  

M a r c o u l e  
( F r a n c e )  

CEA 

CEA/EdF 

9 0 . 0 0 0  

0 . 9 - 1 . 1  

P l a n n e d ,  
s t a r t  of 
c o n s t r u c -  
t r o n  1 9 7 6  

C r e y s -  
M a l v i l l e  

EdF/ENEL/ 
SBK 

1 . 2 3  

S t a r t  o f  
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t l o n  1 9 7 3  
S t a r t  o f  
o p e r a t i o n  
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, K a l k a r  
IFRG) 

SNR Con- 
5 0 r t l U m  

SBK 

8 0 , 0 0 0  

1 . 2  
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a t r o n  
s i n c e  

1 9 7 3  

Shev-  
s h e n k o  

( C a s p l a n  
S e a l  

S t a t e  
Commit t e e  
f o r  
A t o m i c  
E n e r q y  



Large  f a s t - b r e e d e r  r e a c t o r s  o f  1000 MW(e) u s i n g  a  c e r a m i c  
f u e l  i n s t e a d  o f  a  m e t a l l i c  f u e l  a l s o  a l l o w  f o r  c o o l a n t s  o t h e r  
t h a n  Na. The l a r g e  s i z e  o f  1000 MW(e) b r i n g s  t h e  f r a c t i o n  o f  
f i s s i l e  atoms down t o  a p p r o x i m a t e l y  1 5 % ,  a s  compared t o  35% o r  
more i n  t h e  f i r s t  g e n e r a t i o n  o f  f a s t  b r e e d e r s ;  t h i s  i s  o n e  
f a c t o r  of two. The d e n s i t y  o f  UO,/PuO, f a s t - r e a c t o r  f u e l  i s  
s m a l l  a s  compared t o  t h e  d e n s i t y  o f  m e t a l l i c  f u e l  i n  t h e  f i r s t  
g e n e r a t i o n ;  it g i v e s  a n o t h e r  f a c t o r  o f  two. T h e r e f o r e ,  t h e  
power d e n s i t y  i n  such  a  l a r g e  f a s t  ce ramic  r e a c t o r  i s  lower  by 
a t  l e a s t  a  f a c t o r  o f  f o u r  a s  compared t o  t h e  e a r l y  c o n c e p t  o f  
t h e  f i r s t  g e n e r a t i o n .  T h i s  e x p l a i n s  i n  p r i n c i p l e  t h e  a d d i t i o n a l  
d e g r e e  o f  f reedom o n e  o b t a i n s  w i t h  r e s p e c t  t o  t h e  c o o l a n t .  A 
number o f  g r o u p s  t h u s  c o n s i d e r e d  H e  a s  a  f a s t - r e a c t o r  c o o l a n t  
[111-41, 111-421. But hel ium-cooled f a s t - b r e e d e r  r e a c t o r s  a l s o  
r e q u i r e  e x c e s s i v e  f u e l - p i n  t e s t i n g  i n  a  p r o p e r  env i ronment  and 
t h e r e f o r e  a  p r o p e r  tes t  bed. T h i s  l e a d s  t o  t h e  problem of  a  
t e s t  r e a c t o r  w i t h  H e  a s  a  c o o l a n t ,  and i n t r o d u c e s  t i m e  d e l a y s  
a s  compared w i t h  t h e  Na [111-431. But it seems t o  b e  c l e a r  t h a t  
such  a  He-cooled f a s t  r e a c t o r  h a s  a  long- range  p o t e n t i a l  i f  t h e  
HTGR o r  t h o r i u m - c o n v e r t e r  l i n e  r e a c h e s  i t s  commercia l  a p p l i c a t i o n  
[ I I I - Q Q ,  111-451. 

The o v e r a l l  p i c t u r e  i n  most c a s e s  shows a  l i n e  o f  development  
t h a t  l e a d s  t o  p r o t o t y p e  r e a c t o r s  o f  t h e  300 MW(e) c l a s s ,  a l l  
s c h e d u l e d  around 1970 t o  1978 f o r  t h e  s t a r t  o f  c o n s t r u c t i o n ,  and 
around 1973 t o  1984 f o r  c o m p l e t i o n .  The U K ,  F r a n c e ,  t h e  USSR and 
t h e  FRG t o g e t h e r  w i t h  Belgium and t h e  N e t h e r l a n d s  a r e  a l r e a d y  
p r e p a r i n g  f o r  t h e  n e x t  s t e p  w i t h  f a s t  b r e e d e r s  o f  1200 t o  1500 M W ( e )  
[ I I I - 4 6  t o  111-Q9] .  Complementary t o  t h a t  i s  t h e  US l i n e  o f  
development  w i t h  t h e  FFTF b e i n g  a n o t h e r  major  m i l e s t o n e  o f  f a s t  
b r e e d e r  development .  To c o m p l e t e  t h e  p i c t u r e  it s h o u l d  be  
ment ioned t h a t  I t a l y  h a s  d e c i d e d  t o  b u i l d  PEC, a f a i r l y  s m a l l  
b u t  v e r s a t i l e  t e s t  r e a c t o r  t h a t  s h o u l d  s e r v e  a s  a  s t a r t i n g  p o i n t  
f o r  a  p o s s i b l e  f u t u r e  e v o l u t i o n  [111-501; i n  I n d i a  an e x p e r i m e n t a l  
f a s t  r e a c t o r  i s  under  c o n s t r u c t i o n .  J a p a n ,  on t h e  o t h e r  hand,  
h a s  d e c i d e d  t o  make t h e  development  o f  a  Na-cooled f a s t - b r e e d e r  
r e a c t o r  a  major  n a t i o n a l  p r o j e c t .  T h e i r  development  is a  few 
y e a r s  b e h i n d  t h e  European deve lopments ,  b u t  it is  a  v e r y  w e l l  
c o o r d i n a t e d  and f u l l y  s e l f - c o n s i s t e n t  e f f o r t  [111-51, 111-521. 

The major  d a t a  o f  t h e  second  g e n e r a t i o n  e x p e r i m e n t a l  f a s t  
r e a c t o r s  a r e  g i v e n  i n  T a b l e  111-111. T h i s  t a b l e ,  a s  w e l l  a s  
t a b l e s  111-1 and 111-11, i l l u s t r a t e s  t h e  above b r o a d  p i c t u r e .  

I t  s h o u l d  be  ment ioned h e r e  t h a t  an a l t e r n a t i v e  approach  t o  
b r e e d i n g  i n  a  t h e r m a l  r e a c t o r  i s  b e i n g  pursued  a t  Oak Ridge ,  
where t h e  mol ten  s a l t  b r e e d e r  r e a c t o r  c o n c e p t  is  under  development  
u s i n g  t h e  thorium-U233 f u e l  c y c l e .  The s u c c e s s f u l  o p e r a t i o n  o f  
an e x p e r i m e n t a l  r e a c t o r ,  t h e  MSRE (Molten S a l t  R e a c t o r  Exper iment )  
[ I I I - 5 3 1 ,  which f i r s t  became c r i t i c a l  i n  1965, d e m o n s t r a t e d  t h a t  
t h e  c o n c e p t  o f  a  f u e l  d i s s o l v e d  i n  mol ten  f l u o r i d e  s a l t s  is 
f e a s i b l e .  The f u e l  i s  c i r c u l a t e d  d u r i n g  o p e r a t i o n ,  and r e p r o c e s s i n g  
is  per fo rmed  i n  a  s m a l l  o n - s i t e  p l a n t .  I n  O c t o b e r  1969 t h e  MSRE 
became t h e  w o r l d ' s  f i r s t  r e a c t o r  t o  o p e r a t e  on U233. T h i s  c o n c e p t  
i s  s t i l l  i n  an e a r l y  s t a g e  o f  development ;  it i s  judged t h a t  it 
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m i g h t  become e c o n o m i c a l l y  a t t r a c t i v e  by  t h e  e n d  o f  t h e  c e n t u r y .  

R e t u r n i n g  t o  t h e  main  l i n e  o f  f a s t  b r e e d e r s ,  w e  now w i l l  
r e v i e w  t h e  p h y s i c s  a r e a  o f  f a s t  b r e e d e r  deve lopmen t  i n  more 
d e t a i l .  

1 .2  F a s t  R e a c t o r  P h y s i c s - - S c i e n t i f i c  F e a s i b i l i t y  

Among t h e  main  r e a s o n s  f o r  d i s t i n g u i s h i n g  be tween  f i r s t -  
a n d  s e c o n d - g e n e r a t i o n  f a s t  b r e e d e r s  a r e  t h e i r  n e u t r o n  s p e c t r a ,  
a n d  D o p p l e r  c o e f f i c i e n t s ,  and  Na-void c o e f f i c i e n t s .  

A s  m e n t i o n e d  i n  1 . 1 ,  t h e  c o r e s  o f  t h e  r e a c t o r s  o f  t h e  f i r s t  
g e n e r a t i o n  w e r e  s m a l l  and  f u e l e d  w i t h  m e t a l ,  a n d  t h e i r  s p e c t r a  
w e r e  a c c o r d i n g l y  h a r d .  The c o r e s  o f  t h e  s e c o n d  g e n e r a t i o n  a r e  
l a r g e  and  d i l u t e d  a n d  f u e l e d  w i t h  mixed  o x i d e s ;  t h u s  t h e i r  
s p e c t r a  a r e  c o m p a r a t i v e l y  s o f t .  T h i s  a f f e c t s  t h e  f l u x  i n t e n s i t y  
i n  t h e  r e s o n a n c e  r e g i o n  o f  t h e  c r o s s  s e c t i o n s  i n v o l v e d ,  and t h e  
d e s i g n  o f  t h e  s e c o n d  g e n e r a t i o n  o f  f a s t  b r e e d e r s  mus t  a c c o u n t  
f o r  t h e s e  r e s o n a n c e  phenomena i n  d e t a i l .  I n  F i g u r e  111-1 f o u r  
s p e c t r a  a r e  p l o t t e d  t o  e x e m p l i f y  t h i s  b e h a v i o r :  t h e  e f f e c t i v e  
f i s s i o n  c r o s s  s e c t i o n  o f  o f  Pu239 i n d i c a t e s  t h e  s o f t n e s s  o f  t h e  
v a r i o u s  s p e c t r a .  I n  a d d i t i o n ,  t h e  p e r c e n t a g e s  o f  f i s s i o n  a r e  
compared i n  ? ' a b l e  1 1 1 - I V .  

T a b l e  1 1 1 - I V :  Compar ison o f  t h e  R e l a t i v e  F r a c t i o n s  
o f  F i s s i o n  f o r  F a s t  B r e e d e r  R e a c t o r s  

A s  t h e s e  c e r a m i c - f u e l e d  b r e e d e r  r e a c t o r s  c a n n o t  r e l y  o n  
t h e r m a l  f u e l  e x p a n s i o n  a s  t h e i r  main i n h e r e n t  s t a b i l i t y  f e a t u r e ,  
t h e  D o p p l e r  c o e f f i c i e n t  must  p r o v i d e  t h i s  s t a b i l i t y .  The 
f i s s i o n a b l e  i s o t o p e s  g i v e  a  p o s i t i v e  c o n t r i b u t i o n  w i t h  t e m p e r a t u r e -  
r e s o n a n c e  b r o a d e n i n g ,  w h e r e a s  t h e  f e r t i l e  i s o t o p e s  h a v e  a  n e g a t i v e  
e f f e c t ,  s o  t h a t  o n e  mus t  make s u r e  o f  t h e  s i g n  a n d  s i z e  o f  t h e  
D o p p l e r  c o e f f i c i e n t  o f  a  g i v e n  c o r e  c o m p o s i t i o n .  G .  G o e r t z e l  
[111-541 was t h e  f i r s t  t o  c a l c u l a t e  t h e  D o p p l e r  c o e f f i c i e n t ,  
b u t  h e  c o n c e n t r a t e d  on t h e  100 keV r e g i o n  a n d  n e g l e c t e d  t h e  

R e f e r e n c e  F a s t  B r e e d e r  
R e a c t o r  o f  t h e  

Second  G e n e r a t i o n  

9 . 6 %  

2 5 . 2 %  

35 .5% 

N e u t r o n  Energy  

Below 9 . 1  keV 

Below 40.7  keV 

Below 67 .0  keV 

EFFBR ( F i r s t  G e n e r a t i o n  
F a s t  B r e e d e r  R e a c t o r )  

0 . 5 %  

6.395 

11 .8% 



+ LETHARGY u 

S p e c t r a l  a v e r a g e d  
o o f  P u 2 3 9  ' ( b a r n )  

- EFFBR 1 . 6 1  

-- 1 0 0 0  M W ( e )  B r e e d e r  M e t a l  F u e l  1 . 6 1  

---.- 1 0 0 0  MW ( e )  B r e e d e r  C a r b i d e  F u e l  1 . 7 1  

---- 1 0 0 0  M W ( e )  B r e e d e r  O x i d e  F u e l  1 . 7 8  

F i g u r e  1 1 1 - 1 :  N e u t r o n - F l u x  S p e c t r a  o f  F a s t  R e a c t o r s  



r e g i o n  o f  s t r o n g e r  and more i s o l a t e d  r e s o n a n c e s .  L a t e r ,  
R.B. Nicho l son  [111-551 c a l c u l a t e d  t h i s  c o e f f i c i e n t  by a  group-  
w i s e  p r o c e d u r e  c o v e r i n g  t h e  e n t i r e  e n e r g y  spec t rum.  Then t h e  
g r o u p s  o f  Argonne, K a r l s r u h e ,  G e n e r a l  E l e c t r i c  [ I I I - 5 6  t o  111-581, 
and  o t h e r s  e x t e n d e d  and r e f i n e d  t h e  c a l c u l a t i o n s .  E s p e c i a l l y  t h e  
t r e a t m e n t  o f  o v e r l a p  between r e s o n a n c e s  r e c e i v e d  much a t t e n t i o n .  
Now t h e  development  of t h e  t h e o r y  i s  p r a c t i c a l l y  comple te ;  s u r v e y  
p a p e r s  on Doppler  c o e f f i c i e n t  c a l c u l a t i o n s  were  p u b l i s h e d  by 
L.W. Nordheim [111-591 and by R.B. Nicho l son  and E.A.  F i s c h e r  
[111-60 I . B e s i d e s  t h e  s t a n d a r d  method o f  c a l c u l a t i n g  e f f e c t i v e  
c r o s s  s e c t i o n s ,  p u r e l y  n u m e r i c a l  methods were d e v e l o p e d ,  which 
r e q u i r e  h igh-speed  d i g i t a l  compute r s .  

F o r  l a r g e  c e r a m i c  r e a c t o r s  t h e  Doppler  c o e f f i c i e n t  is  
a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  1/T. T y p i c a l  f o r  t h e  s o - c a l l e d  
Doppler  c o n s t a n t  T.dk/dT (T is  t h e  t e m p e r a t u r e  i n  O K ,  k  t h e  
c r i t i c a l i t y  f a c t o r )  f o r  t y p i c a l  power r e a c t o r  d e s i g n s  a r e :  

300 MW(e) Na-cooled p r o t o t y p e  r e a c t o r :  -0.0055 
[111-611 

1250 MW ( e )  Na-cooled r e a c t o r :  -0.008 
[111-621. 

The f i r s t  measurements o f  t h e  Doppler  c o e f f i c i e n t  were  c a r r i e d  
o u t  by W . Y .  Kato and D . K .  B u t l e r  [111-631 i n  a  f a c i l i t y  
s i m u l a t i n g  t h e  h a r d  s p e c t r u m  o f  EBR-I u s i n g  c y c l i c  h e a t i n g  o f  
t h e  samples .  I n  t h e  meantime qu i . t e  a  number o f  e x p e r i m e n t s  
have been per fo rmed  w i t h  g r a d u a l l y  i n c r e a s i n g  a c c u r a c y  [111-64 
t o  111-671. F o r  t h a t  it was n e c e s s a r y  t o  r e l a t e  t h e  r e s u l t s  o f  
t h e  measurements  t o  r e a c t o r  t h e o r y .  T h i s  was f i r s t  done by 
F. S t o r r e r  [111-681 and l a t e r  by E.A.  F i s c h e r  [111-691. For  U238 
i n  Na-cooled a s s e m b l i e s ,  t h e  a n a l y s i s  o f  an e x p e r i m e n t  i n  ZPR-VI,5 
w i t h  ENDF/B d a t a  gave  c a l c u l a t e d  v a l u e s  t h a t  a r e  a b o u t  25% t o o  
low i n  magni tude [111-661. S i m i l a r  r e s u l t s  were o b t a i n e d  i n  a  
r e c e n t  a n a l y s i s  o f  t h e  ZEBRA Dopple r - loop  measurements  [111-701. 

A c o m p l e t e l y  d i f f e r e n t  approach  f o r  measur ing  t h e  Doppler  
c o e f f i c i e n t  is t o  u s e  power e x c u r s i o n s  o f  a  p r o p e r l y  d e s i g n e d  
f a s t  t e s t  r e a c t o r .  The GODIVA assembly o f  Los Alamos [111-711 
and i t s  e x p e r i m e n t s  f o r  d e t e r m i n i n g  t h e  m e t a l  f u e l  e x p a n s i o n  
c o e f f i c i e n t  i n f l u e n c e d  t h e  c o n c e p t i o n  o f  t h i s  approach .  The 
g r o u p s  o f  K a r l s r u h e  and G e n e r a l  E l e c t r i c  i n d e p e n d e n t l y  deve loped  
t h i s  p l a n  and l a t e r  combined t h e i r  r e s o u r c e s  t o  b u i l d  up t h e  
SEFOR p r o j e c t  [111-201. SEFOR was a  r e a c t o r  w i t h  a  500 l i t e r  
sodium-cooled c o r e ,  20% e n r i c h e d  UO,/PuO, r o d s  w i t h  a  n e u t r o n  
s p e c t r u m  and f u e l  t e m p e r a t u r e s  o f  f u t u r e  l a r g e  LMFBRs [111-721. 
C o n t r o l  was e f f e c t e d  by a  movable N i  r e f l e c t o r  i n  o r d e r  t o  have 
a  c l e a n  c o r e  geomet ry .  A f a s t - r e a c t o r  e x c u r s i o n  d e v i c e  a l l o w e d  
f o r  t h e  r a p i d  e x p u l s i o n  o f  a  c e n t r a l  a b s o r b e r ,  and t h e r e b y  t h e  
i n t r o d u c t i o n  o f  r e a c t i v i t y  ramp r a t e s  o f  up t o  200 $ / s e c  (1  $ i s  
t h e  r e a c t i v i t y  where t h e  r e a c t o r  becomes prompt c r i t i c a l )  w i t h  
v a r i o u s  r e a c t i v i t y  v a l u e s  [111-73, 111-741. 

The SEFOR e x p e r i m e n t a l  program began i n  A p r i l  1969,  and 
was s u c c e s s f u l l y  completed i n  J a n u a r y  1972. The program c o n s i s t e d  
o f  a  s e r i e s  o f  s t a t i c ,  o s c i l l a t i o n ,  and t r a n s i e n t  t e s t s  ( b o t h  



subprompt  and  super -p rompt  c r i t i c a l )  [111-75 t o  111-781. The 
c e n t r a l  o b j e c t i v e  o f  t h e  e x p e r i m e n t a l  p rogram was t o  v e r i f y  t h a t  
t h e  LMFBR h a s  a  prompt n e g a t i v e  D o p p l e r  c o e f f i c i e n t  o f  s u f f i c i e n t  
magn i tude  t o  make it a n  e x t r e m e l y  s t a b l e  and i n h e r e n t l y  s a f e  
r e a c t o r  s y s t e m ,  and t o  o b t a i n  a n  a c c u r a t e  measurement  o f  t h e  
c o e f f i c i e n t .  The supe r -p rompt  c r i t i c a l  t r a n s i e n t  t e s t s ,  i n  
p a r t i c u l a r ,  i n v o l v i n g  r e a c t i v i t y  i n s e r t i o n s  o f  up t o  1 . 3  $ i n  
0 .1  s e c ,  p r o v i d e d  a  most  c o n v i n c i n g  d e m o n s t r a t i o n  o f  t h e  
e f f e c t i v e n e s s  o f  t h e  Dopp le r  c o e f f i c i e n t  i n  l i m i t i n g  t h e  e n e r g y  
r e l e a s e  i n  a  f a s t  r e a c t o r  power e x c u r s i o n  ( s e e  F i g u r e  1 1 1 - 2 ) .  

I n  t h e  supe r -p rompt  c r i t i c a l  t r a n s i e n t s ,  minimum p e r i o d s  o f  
a b o u t  2  msec and peak powers  o f  10 ,000  MW(th) w e r e  a c h i e v e d .  
As a  r e s u l t  o f  known u n c e r t a i n t i e s  i n  t h e  b a s i c  r e a c t o r  measure-  
men t s  (power  and  r e a c t i v i t y )  and  t h e  good a g r e e m e n t  between a l l  
t e s t s ,  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  on t h e  measured  Tadk/dT was 
e s t i m a t e d  t o  be  + 12% [111-791. Measured and e x t r a p o l a t e d  v a l u e s  
and u n c e r t a i n t i e s  o f  Dopp le r  power c o e f f i c i e n t s  CD and  Dopp le r  
e n e r g y  c o e f f i c i e n t s  yD a r e  g i v e n  i n  T a b l e  111-V. 

T a b l e  111 -V:  Measured a n d  E s t i m a t e d  U n c e r t a i n t i e s  f o r  
Fas t -Reac to r -Core  D o p p l e r  C o e f f i c i e n t s  [111-791 

E x c u r s i o n  t e s t s  t o  measure  t h e  Dopp le r  c o e f f i c i e n t  were  a l s o  
p u r s u e d  on VIPER i n  t h e  UK [111-80,  111-811. 

The n e x t  b i g  c h a l l e n g e  t o  f a s t - r e a c t o r  p h y s i c s  a f t e r  t h e  
Dopp le r  c o e f f i c i e n t  was t h e  u n d e r s t a n d i n g  and t h e  c a l c u l a t i o n  
o f  t h e  Na-void c o e f f i c i e n t .  Both  t h e  t h e o r e t i c a l  and  t h e  
e x p e r i m e n t a l  t r e a t m e n t  t u r n e d  o u t  t o  b e  d i f f i c u l t ,  a s  t h e  e f f e c t  
i s  governed  by d i f f e r e n c e s  o f  m a j o r  e f f e c t s .  Removal o f  Na f rom 
a  f a s t - r e a c t o r  c o r e  a f f e c t s  t h e  r e a c t i v i t y  i n  t h r e e  ways:  

E x t r a p o l a t e d  f o r  
1 0 0 0  M W ( e )  LMFBR 

+ 12% 

t 15% 

? 14% 

D o p p l e r  Tempera tu re  
C o e f f i c i e n t  

dk 
T-aT 

D o p p l e r  Power 
C o e f f i c i e n t  CD 

Dopp le r  Energy  
C o e f f i c i e n t  yD 

Measured i n  SEFOR 

* 14% 

t 8 %  

t 10% 
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F i g u r e  111-2: SEFOR Core I Super-prompt T r a n s i e n t  



( 1 )  no more n e u t r o n s  c a p t u r e d  i n  Na ( s m a l l  
p o s i t i v e  e f f e c t ) ;  

( 2 )  h a r d e n i n g  o f  t h e  spec t rum;  b e c a u s e  o f  
t h r e s h o l d  f i s s i o n  i n  U238 and b e c a u s e  
n i n c r e a s e s  w i t h  e n e r g y ,  t h i s  is  a  p o s i t i v e  
e f f e c t  i n  low-leakage r e a c t o r s ;  

( 3 )  i n c r e a s e  o f  l e a k a g e  ( n e g a t i v e  e f f e c t ,  
domina tes  n e a r  c o r e  b o u n d a r i e s ) .  

The Na-void c o e f f i c i e n t  i s  n e g a t i v e  i n  b r e e d e r  r e a c t o r s  o f  t h e  
f i r s t  g e n e r a t i o n .  I t  was f i r s t  p o i n t e d  o u t  by J . B .  N i m s  and 
P.F. Zwei fe l  [111-211 i n  1959 t h a t  t h e  v o i d  e f f e c t  migh t  b e  
p o s i t i v e  i n  l a r g e  c e r a m i c  r e a c t o r s .  The Na-void c o e f f i c i e n t ,  a s  
w e l l  a s  t h e  m u l t i p l i c a t i o n  f a c t o r  k ,  i s  m o s t l y  c a l c u l a t e d  i n  
d i f f u s i o n  t h e o r y  by t h e  m u l t i g r o u p  method, where t h e  range  o f  
e n e r g i e s  o f  t h e  n e u t r o n s  p r e s e n t  i n  t h e  r e a c t o r  is  d i v i d e d  i n t o  
a  s u i t a b l e  number o f  i n t e r v a l s ,  o r  e n e r g y  g r o u p s .  

The p r i n c i p a l  t o o l  o f  i n v e s t i g a t i n g  t h e  Na-void e f f e c t  
e x p e r i m e n t a l l y  i s  t h e  f a s t  c r i t i c a l  f a c i l i t y .  A s u r v e y  o f  
e x i s t i n g  f a c i l i t i e s  i s  g i v e n  i n  T a b l e  1 1 1 - V I .  Measurements have 
been made a t  ZPR-111, ZPR-VI, ZEBRA, SNEAK, and e l s e w h e r e .  

As a l r e a d y  ment ioned ,  t h e  more complex p h y s i c s  o f  second-  
g e n e r a t i o n  f a s t  b r e e d e r s  r e q u i r e s  a  much improved c a l c u l a t i o n a l  
t e c h n i q u e .  S i n c e  t h e  spec t rum o f  t h e  f i r s t - g e n e r a t i o n  b r e e d e r s  
was h a r d  enough n o t  t o  c o v e r  t h e  r e s o n a n c e  a r e a ,  it was a d e q u a t e  
s imply  t o  s u p e r p o s e  t h e  c r o s s - s e c t i o n  c o n t r i b u t i o n s  o f  t h e  v a r i o u s  
i s o t o p e s  p r e s e n t  i n  t h e  c o r e .  T h e r e f o r e ,  it was p o s s i b l e  t o  
e s t a b l i s h  u n i v e r s a l  s e t s  o f  g roup  c o n s t a n t s .  The mode o f  a v e r a g i n g  
t h e s e  u n i v e r s a l  g r o u p  c o n s t a n t s  w i t h i n  one e n e r g y  g r o u p  was f a i r l y  
u n s o p h i s t i c a t e d  and s i m p l e  [ I I I - 8 2 1 .  But w i t h  improved c a l c u l a -  
t i o n a l  t e c h n i q u e s  and t h e  i n v e s t i g a t i o n  o f  t h e  Doppler  c o e f f i c i e n t  
it became c l e a r  t h a t  t h e  e n e r g y  s e l f - s h i e l d i n g  must b e  t a k e n  i n t o  
a c c o u n t .  T h i s  i m p l i e d  t h a t  it was no l o n g e r  p o s s i b l e  t o  e s t a b l i s h  
u n i v e r s a l  s e t s  o f  g r o u p  c o n s t a n t s .  I t  was n e c e s s a r y  t o  have 
programs t o  p r e p a r e  g r o u p  c o n s t a n t s  f o r  each  p a r t i c u l a r  r e a c t o r  
c o m p o s i t i o n  i n  q u e s t i o n  a s  an i n p u t  f o r  an e x t e n d e d  m u l t i g r o u p  
c a l c u l a t i o n ,  e . g .  t h e  MC' program o f  Argonne [111-831, t h e  
GALAXY program o f  UKAEA [111-841, o r  t h e  MIGROS program o f  
K a r l s r u h e  [111-851. Now, v e r y  o f t e n  a  ze ro-d imens iona l  o r  one- 
d i m e n s i o n a l  many-group c a l c u l a t i o n  i s  r u n  f i r s t  ( e . g .  60 
g r o u p s  o r  even  more) and t h e  r e s u l t i n g  energy  specizrum i s  used  
t o  p r e p a r e  f o r  e a c h  i n d i v i d u a l  c o r e  o r  b l a n k e t  c o m p o s i t i o n  a  
condensed i n d i v i d u a l  s e t  o f  ( c o a r s e )  g roup  c o n s t a n t s  which a r e  
f i n a l l y  used i n  a  m u l t i - d i m e n s i o n a l  c a l c u l a t i o n  [ I I I - 8 6  t o  111-901. 

The e x t r e m e l y  r e f i n e d  c a l c u l a t i o n a l  t e c h n i q u e  i s ,  o f  c o u r s e ,  
v e r y  s e n s i t i v e  t o  t h e  m i c r o s c o p i c  d a t a  i n p u t ,  w h i l e  a  t remendous 
i n p u t  o f  m i c r o s c o p i c  c r o s s - s e c t i o n  d a t a  i s  needed t o  r u n  t h e  
above-desc r ibed  s o p h i s t i c a t e d  c a l c u l a t i o n s .  I n  o r d e r  t o  g e t  
t h e s e  m i c r o s c o p i c  i n p u t  d a t a ,  t h e  European American Nuc lea r  Data  
Committee (EANDC) compiled t h e  v a r i o u s  r e q u e s t s  [111-9 1  I a n d ,  
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f o r  example ,  t h e  Cross  S e c t i o n  E v a l u a t i o n  Working Group a t  
Brookhaven h a s  compiled an E v a l u a t e d  N u c l e a r  D a t a  F i l e  f o r  
R e a c t o r  A p p l i c a t i o n s  (ENDF/B) [111-92, 111-931. The I n t e r n a t i o n a l  
Atomic Energy Agency h a s  been making e v a l u a t i o n s  and c o o r d i n a t i n g  
on a  worldwide b a s i s  f o r  some t i m e  [111-941. 

More g e n e r a l  e v a l u a t i o n s  have been made t o  a s s e s s  t h e  i n f l u e n c e  
o f  u n c e r t a i n t i e s  i n  m i c r o s c o p i c  d a t a  on r e a c t o r  v a r i a b l e s .  To 
be ment ioned h e r e  i s  t h e  p a p e r  o f  P.  G r e e b l e r  [111-951. 

T h i s  c o n s i d e r a t i o n  can  p e r h a p s  b e  b r o u g h t  t o  an  e n d  b e s t  
by s t a t i n g  t h a t  t h e  p r e d i c t i o n  o f  k e f f  is  w i t h i n  3% t o  4 %  ( c r i t i c a l  
mass: 15% t o  2 0 % ) ,  i f  a  p a r t i c u l a r  c a s e  i s  c a l c u l a t e d  and t h e  
g r o u p - c o n s t a n t  s e t  i s  chosen  w i t h o u t  c a r e  among t h e  s e t s  i n  u s e .  
I f  one  i n s t e a d  c h o o s e s  o r  p r e p a r e s  t h e  g r o u p - c o n s t a n t  s e t  w i t h  
c a r e ,  b u t  w i t h o u t  s p e c i a l  e x p e r i m e n t a l  a s s i s t a n c e ,  t h e  p r e d i c t i o n  
o f  k e f f  i s  w i t h i n  1 .5% t o  2% ( c r i t i c a l  mass:  8% t o  1 0 % ) .  I f  i n  
a d d i t l o n  t o  t h e  l a t t e r  c a s e  t h e  r e s u l t s  o f  a  s i m i l a r  c r i t i c a l  
e x p e r i m e n t  a r e  a v a i l a b l e ,  it s h o u l d  b e  p o s s i b l e  t o  p r e d i c t  k e f f  
w i t h i n  0 .5% t o  1 %  ( c r i t i c a l  mass:  < 5 % )  [111-96, 111-971. 

1 .3  S t a t e  o f  Development o f  F a s t  R e a c t o r s -  
-Eng ineer ing  F e a s i b i l i t y  

F a s t  r e a c t o r  c o r e s  c a n  be c o o l e d  by l i q u i d  m e t a l s  (Na, NaK 
o r  Hg) o r  h i g h  p r e s s u r e  g a s e s  (He, s t eam,  e t c . )  [ I I I - 3 ,  111-981. 
I n  a l l  c a s e s  t h e  n e u t r o n  spec t rum remains  r e l a t i v e l y  h a r d ,  which 
i s  i m p o r t a n t  f o r  b r e e d i n g .  Sodium a s  a  c o o l a n t  i s  c l e a r l y  
domina t ing  t h e  f a s t - r e a c t o r  development  s c e n e .  Between 1960 and 
1970, H20-steam c o o l e d  and  D20-steam c o o l e d  f a s t  r e a c t o r  c o n c e p t s  
were  s t u d i e d  i n  t h e  USA and t h e  FRG [111-99, 111-1001. These 
d e s i g n  c o n c e p t s ,  however,  were  abandoned f o r  t e c h n i c a l  r e a s o n s  
a round  1970. 

Helium-cooled f a s t  r e a c t o r  d e s i g n  c o n c e p t s  and  c o n s t r u c t i o n  
p l a n s  a r e  s t i l l  b e i n g  f o l l o w e d  a s  t h e  a l t e r n a t i v e  c o o l a n t  c o n c e p t  
t o  l i q u i d - m e t a l - c o o l e d  f a s t - b r e e d e r  r e a c t o r s  [ I I I - 4 5 1 .  I n  t h e  
f o l l o w i n g  c h a p t e r  w e  f i r s t  d e a l  w i t h  t h e  t e c h n i c a l  a s p e c t s  o f  
sodium a s  a  c o o l a n t .  

1 .3 .1  T e c h n i c a l  A s p e c t s  o f  Sodium-Cooled F a s t  B r e e d e r  R e a c t o r s  

The LMFBR d e s i g n  c o n c e p t  is  m a i n l y  d e t e r m i n e d  by t h e  c h o i c e  
o f  sodium a s  a  c o o l a n t .  Sodium 

- h a s  a  h i g h  m e l t i n g  p o i n t  ( 1 0 0 ~ ~ )  and  a  h i g h  
b o i l i n g  p o i n t  ( 9 0 0 - 1 0 0 0 ~ ~ )  ; 

- h a s  h i g h  s p e c i f i c  h e a t  and v e r y  good t h e r m a l  
c o n d u c t i v i t y  ; 

- i s  opaque and becomes r a d i o a c t i v e  under  
n e u t r o n  i r r a d i a t i o n  w i t h i n  t h e  c o r e ;  

- r e a c t s  c h e m i c a l l y  w i t h  w a t e r  and  a i r .  



The h i q h  m e l t i n q  ~ o i n t  o f  sodium r e q u i r e s  p r e h e a t i n g  s y s t e m s  
o f  p i p e s  and components o f  t h e  c o o l i n g  c i r c u i t s  b e f o r e  o p e r a t i o n a l  
c o n d i t i o n s  a r e  r e a c h e d  a t  s t a r t - u p .  The h i g h  b o i l i n g  p o i n t  
a l l o w s  f o r  h i g h  c o o l a n t - t e m p e r a t u r e  c o n d i t i o n s  under  v e r y  low 
s y s t e m  p r e s s u r e s  ( 6  t o  10 a t m ) .  T h i s  r e s u l t s  i n  h i g h  t h e r m a l  
e f f i c i e n c i e s  f o r  t h e  o v e r a l l  LMFBR p l a n t  i n  t h e  r a n g e  o f  40%. 
The r e l a t i v e l y  h i g h  s p e c i f i c  h e a t  p e r m i t s  modera te  c o o l a n t  
v e l o c i t i e s  o f  2 t o  5  m/sec w i t h i n  t h e  f u e l  e l e m e n t s  and low 
pumping power,  whereas  t h e  good t h e r m a l  c o n d u c t i v i t y  t o g e t h e r  
w i t h  o t h e r  t h e r m a l  p r o p e r t i e s  l e a d  t o  e x t r e m e l y  good n a t u r a l  
c o n v e c t i o n  c o n d i t i o n s  i n  t h e  c o r e  and c o o l a n t  s y s t e m  d u r i n g  s h u t -  
down and  emergency c o r e - c o o l i n g  c o n d i t i o n s .  However, t h e s e  
e x c e l l e n t  t h e r m a l  p r o p e r t i e s  a l s o  g i v e  r i s e  t o  s p e c i a l  d e s i g n  
and  o p e r a t i o n a l  consequences .  Thermo-shock p rob lems  w i t h i n  t h e  
r e a c t o r  v e s s e l  a t  p i p e  n o z z l e s  and v a l v e s  must b e  a v o i d e d  d u r i n g  
s h o r t - t e r m  power r e d u c t i o n s  o r  r e a c t o r  scram c o n d i t i o n s .  

Al though sodium i s  n o t  v e r y  c o r r o s i v e  a g a i n s t  s t a i n l e s s  
s t e e l ,  i t s  i m p u r i t i e s ,  ma in ly  oxygen and c a r b o n ,  must b e  h e l d  
a t  v e r y  low c o n t e n t s  by s p e c i a l  c o l d  t r a p s  i n  t h e  b y p a s s  o f  t h e  
c o o l a n t  c i r c u i t s  ( 5  t o  10 ppm f o r  O,, <50 ppm f o r  c a r b o n )  [ I I I - 1 0 1 1 .  
At h i g h  i m p u r i t y  c o n t e n t s ,  r a d i o a c t i v e  c o r r o s i o n  p r o d u c t s  d i s s o l v e  
from t h e  s u r f a c e  o f  t h e  f u e l  c l a d d i n g .  They a r e  t h e n  t r a n s p o r t e d  
t o  low- tempera tu re  p a r t s  o f  t h e  p r i m a r y  c o o l a n t  c i r c u i t  ( h e a t  
e x c h a n g e r s ) .  T h i s  must be  a v o i d e d  b e c a u s e  o f  main tenance  and 
r e p a i r  d i f f i c u l t i e s  which c o u l d  a r i s e  a f t e r  s e v e r a l  y e a r s  o f  
p l a n t  o p e r a t i o n .  

The o p a c i t y  o f  sodium a f f e c t s  t h e  d e s i g n  o f  t h e  r e f u e l i n g  
s y s t e m s  and  r e q u i r e s  u l t r a s o n i c  d e v i c e s  f o r  t h e  s u p e r v i s i o n  o f  
r e h e l i n g  and r e p a i r  p r o c e s s e s .  

Major d e s i g n  consequences  a r i s e  from t h e  p o t e n t i a l  t o  
c h e m i c a l  r e a c t i o n s  o f  sodium w i t h  w a t e r  and  a i r .  T h i s  p r o p e r t y  
t o g e t h e r  w i t h  t h e  f a c t  t h a t  sodium becomes r a d i o a c t i v e  under  
n e u t r o n  i r r a d i a t i o n  i n  t h e  c o r e  l e a d s  t o  a  p l a n t  d e s i g n  w i t h  

- a  p r i m a r y  c o o l a n t  c i r c u i t  which c o n t a i n s  t h e  
r a d i o a c t i v e  sodium h e a t e d  up i n  t h e  c o r e ;  

- a  s e c o n d a r y  c o o l a n t  c i r c u i t  c o u p l e d  w i t h  t h e  
p r i m a r y  one by i n t e r m e d i a t e  h e a t  e x c h a n g e r s ;  

- a  t e r t i a r y  w a t e r  c i r c u i t  p r o d u c i n g  s team f o r  
e l e c t r i c i t y  g e n e r a t i o n  by means o f  t h e  t u r b i n e -  
g e n e r a t o r  sys tem.  

Wi th in  t h e  p r i m a r y  c o o l a n t  c i r c u i t  r a d i o a c t i v e  sodium is  
p r o t e c t e d  a g a i n s t  a i r  by s t e e l  b a r r i e r s  and  a rgon-  o r  n i t r o g e n -  
f i l l e d  c e l l s .  R a d i o a c t i v e  sodium o f  t h e  p r i m a r y  c o o l a n t  c i r c u i t  
i s  s e p a r a t e d  from t h e  n o n - r a d i o a c t i v e  sodium of  t h e  s e c o n d a r y  
one  by s t e e l  t u b e s  o f  t h e  i n t e r m e d i a t e  h e a t  e x c h a n g e r s .  

So f a r  two p r i n c i p a l  d e s i g n  c o n c e p t s  have been used f o r  
LMFBRs, t h e  p o o l  and t h e  l o o p  c o n c e p t s  ( F i g u r e  1 1 1 - 3 ) .  With t h e  
p o o l  c o n c e p t  t h e  e n t i r e  p r imary  c i r c u i t  components w i t h  c o r e ,  
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pr imary  pumps and i n t e r m e d i a t e  h e a t  e x c h a n g e r s  a r e  b u i l t  i n t o  
t h e  sodium f i l l e d  p o o l  t a n k .  T h i s  c o n c e p t  was used f o r  PFR, 
CFR-1, PHENIX, SUPERPHENIX and BN 600 (see T a b l e  111-11) . 
F i g u r e  111-4 shows t h e  poo l  r e a c t o r  sys tem of t h e  French  250 MW(e) 
r e a c t o r  PHENIX. With t h e  l o o p  c o n c e p t ,  i n  c o n t r a s t ,  o n l y  t h e  
r e a c t o r  c o r e  i s  b u i l t  i n t o  t h e  r e a c t o r  v e s s e l ,  and t h e  p r imary  
sodium i s  pumped t o  t h e  i n t e r m e d i a t e  h e a t  e x c h a n g e r s  v i a  a  p i p i n g  
sys tem.  T h i s  d e s i g n  c o n c e p t  was chosen f o r  BN 350, SNR 300, 
CRBR and M O N J U  ( s e e  T a b l e  111-11). F i g u r e  111-5 shows t h e  l o o p  
r e a c t o r  s y s t e m  of t h e  US d e m o n s t r a t i o n  p l a n t  CRBR. Both d e s i g n  
c o n c e p t s  have a  number o f  a d v a n t a g e s  and d i s a d v a n t a g e s  which 
r o u g h l y  b a l a n c e  e a c h  o t h e r  [ I I I - 1 0 2 ,  111-1031. Only f u t u r e  
e x p e r i e n c e  w i t h  o p e r a t i o n  and l i c e n s i n g  of l a r g e  LMFBRs can  
p e r h a p s  show t h e  more f a v o r a b l e  d e s i g n  c o n c e p t .  

The r e a c t o r  c o r e  i s  a r r a n g e d  on a  g r i d  p l a t e  t h a t  s u p p o r t s  
c o r e  f u e l  and r a d i a l  b l a n k e t  e l e m e n t s .  The r a d i a l  b l a n k e t  
e l e m e n t s  a r e  s u r r o u n d e d  by r e f l e c t o r  and s h i e l d i n g  e l e m e n t s  
which s e r v e  t o  p r o t e c t  t h e  w a l l  o f  t h e  r e a c t o r  v e s s e l  a g a i n s t  
h i g h  n e u t r o n  i r r a d i a t i o n .  

The r e a c t o r  c o r e  ( s e e  F i g u r e  111-6) c o n t a i n s  a  number of 
hexagona l  f u e l  and a  few a b s o r b e r  e l e m e n t s ,  b o t h  a r r a n g e d  i n  two 
r a d i a l  c o r e  - o n e s  of d i f f e r e n t  f u e l  e n r i c h m e n t .  D i f f e r e n t  r a d i a l  
c o r e  e n r i c h m e n t  i s  u s u a l l y  a p p l i e d  i n  o r d e r  t o  f l a t t e n  t h e  r a d i a l  
p r o f i l e .  Hexagonal f u e l  e l e m e n t s  c o n t a i n  b e t v e e n  169 and 271 
f u e l  p i n s ,  w i t h  c o r e  f u e l  (Pu02/U02)  i n  t h e  midd le  and f e r t i l e  
f u e l  (U238) a t  b o t h  e n d s  ( s e e  F i g u r e  111-7) .  

The f i s s i o n  g a s e s  produced w i t h i n  t h e  f u e l  d u r i n g  i r r a d i a t i o n  
a r e  c o l l e c t e d  i n  a  f i s s i o n  g a s  plenum a t  t h e  end o f  e a c h  p i n .  
The f i s s i o n  g a s  plenum c a n  be a r r a n g e d  below t h e  lower  a x i a l  
b l a n k e t  zone o r  above t h e  upper  b l a n k e t  zone.  The a b s o r b e r  
e l e m e n t s  c o n t a i n  a  s i m i l a r  a r rangement  o f  B 4 C  ( b o r o n - c a r b i d e )  r o d s  
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Boron c a r b i d e  a b s o r b s  t h e  n e u t r o n s  and t h u s  a l l o w s  t o  c o n t r o l  
t h e  r e a c t o r  power by moving t h e s e  a b s o r b e r  e l e m e n t s  a x i a l l y  i n t o  
o r  o u t  o f  t h e  c o r e .  

The p r imary  sodium i s  pumped upwards t h r o u g h  t h e  f u e l  
e l e m e n t s  and h e a t e d  from 380 t o  5 5 0 ' ~ .  

The l o a d i n g  and u n l o a d i n g  o f  f u e l ,  r a d i a l  b l a n k e t  and 
a b s o r b e r  e l e m e n t s  i s  done w i t h  s p e c i a l  r e f u e l i n g  machines  f rom 
t h e  t o p  o f  t h e  r e a c t o r  v e s s e l .  A l l  LMFBR, t h e r e f o r e ,  have a  
r o t a t i n g  p l u g  s y s t e m  a t  t h e  t o p  o f  t h e  r e a c t o r  v e s s e l .  T h i s  
r o t a t i n g  s h i e l d  p l u g  s y s t e m  c o n s i s t s  o f  a n  e c c e n t r i c  a r rangement  
o f  up t o  t h r e e  s m a l l e r  r o t a t i n g  p l u g s  which c a n  be  moved a g a i n s t  
e a c h  o t h e r .  By means of t h e  r o t a t i n g  p l u g  s y s t e m  a l l  p o s i t i o n s  
o f  t h e  d i f f e r e n t  f u e l  e l e m e n t s  o f  t h e  honeycomb s t r u c t u r e  c o r e  
can b e  r e a c h e d  ( s e e  F i g u r e  111-8) .  The sodium l e v e l  w i t h i n  t h e  
r e a c t o r  v e s s e l  can b e  lowered  o r  i n c r e a s e d  by chang ing  t h e  
p r e s s u r e  o f  t h e  c o v e r g a s  a r g o n  which s e p a r a t e s  t h e  upper  h o t  
sodium s u r f a c e  f rom t h e  c o l d e r  s t r u c t u r e s  o f  t h e  r o t a t i n g  s h i e l d  
p l u g  - 

F i g u r e  111-8: F u e l  Element Handl ing  Systems 
f o r  F a s t - B r e e d e r  R e a c t o r s  



S i m i l a r l y  a s  w i t h  t h e  f a s t  r e a c t o r  c o r e ,  much c a r e  i s  
r e q u i r e d  f o r  t h e  d e s i g n  and c o n s t r u c t i o n  of  sodium-water s t eam 
g e n e r a t o r s .  LMFBR s t e a m  g e n e r a t o r s  c o n t a i n  n o n - r a d i o a c t i v e  
s e c o n d a r y - c i r c u i t  sodium and w a t e r ,  b o t h  s e p a r a t e d  f rom e a c h  
o t h e r  o n l y  by t h e  t u b e  w a l l s .  Because o f  t h e i r  d i f f e r e n t  p h y s i c a l  
and chemica l  p r o p e r t i e s ,  sodium and w a t e r  l e a d  t o  a  c o n s i d e r a b l e  
c h e m i c a l  r e a c t i o n  i f  t h e y  g e t  i n t o  c o n t a c t .  Many d e s i g n  a s p e c t s  
have  t o  b e  t a k e n  i n t o  a c c o u n t ,  s u c h  a s  f a b r i c a t i o n ,  s a f e t y ,  
o p e r a t i o n a l  a v a i l a b i l i t y ,  l e a k  d e t e c t i o n ,  i n s p e c t a b i l i t y ,  
c o r r o s i o n  e f f e c t s ,  r e p a i r ,  e t c .  T h e r e f o r e ,  much r e s e a r c h  w i t h i n  
t h e  LMFBR programs h a s  been d e v o t e d  t o  s t e a m - g e n e r a t o r  development  
and t e s t i n g  i n  1 : l  s c a l e  t e s t  f a c i l i t i e s .  F i g u r e  111-9 e x e m p l i f i e s  
two d i f f e r e n t  c o n c e p t s  of  s t eam g e n e r a t o r s ,  a  s t r a i g h t  t u b e  s t eam 
g e n e r a t o r  and a  h e l i c a l  t u b e  s t eam g e n e r a t o r  of  t h e  SNR 300 p l a n t .  
A number o f  o t h e r  d e s i g n  c o n c e p t s  a r e  used by o t h e r  f a s t  r e a c t o r  
p r o j e c t s  [111-1041 . Sodium-water r e a c t i o n s  o c c u r  i f  one o f  t h e  
w a t e r - f i l l e d  t u b e s  i n  a  s t e a m  g e n e r a t o r  f a i l s .  Water o r  s t eam 
i s  t h e n  r e l e a s e d  under  h i g h  p r e s s u r e  i n t o  t h e  sodium. Sodium- 
w a t e r  r e a c t i o n ,  hydrogen p r o d u c t i o n  and p r e s s u r e  g e n e r a t i o n  
r e s u l t .  A s p e c i a l  p r e s s u r e  r e l i e f  sys tem u s i n g  r u p t u r e  d i s c s  
t h e n  r e l e a s e s  hydrogen t o  t h e  a tmosphere  [111-1051. S i n c e  t h e  
s e c o n d a r y - c i r c u i t  sodium does  n o t  become r a d i o a c t i v e ,  no r a d i o -  
a c t i v i t y  i s  r e l e a s e d  t o  t h e  a tmosphere  d u r i n g  a  sodium-water 
r e a c t i o n  i n  a  s t e a m  g e n e r a t o r .  

STRAIGHT TLlBE HELICAL TUBE 

F i g u r e  111-9: Steam G e n e r a t o r s  o f  SNR 300 Fas t -Breeder  
P r o t o t y p e  Power P l a n t  



Much r e s e a r c h  h a s  been c a r r i e d  o u t  i n  t h e  p a s t  t e n  y e a r s  
i n v e s t i g a t i n g  t h e s e  sodium-water  r e a c t i o n s  and t h e  d e s i g n  o p t i -  
m i z a t i o n  of p r e s s u r e  r e l i e f  s y s t e m s .  T h e r e  is  no doub t  t h a t  
l a r g e  LMFBR s t e a m  g e n e r a t o r s  can  b e  b u i l t  upon a  sound and s a f e  
t e c h n o l o g i c a l  c o n c e p t .  The a n a l y s i s  o f  t h e  d i f f i c u l t i e s  w i t h  
s t e a m  g e n e r a t o r s  i n  t h e  e a r l y  o p e r a t i o n  p h a s e  o f  BN 350 and PFR 
showed t h a t  t h e r e  would b e  no m a j o r  t e c h n o l o g i c a l  problems w i t h  
LMFBR s t e a m  g e n e r a t o r s .  However, much c a r e  must b e  d e v o t e d  t o  
t h e  r i g h t  c h o i c e  o f  t u b e  s t e e l  ( i n t e r c r y s t a l l i n e  c o r r o s i o n ,  
w e l d a b i l i t y ,  e t c . )  and t o  q u a l i t y  a s s u r a n c e  d u r i n g  f a b r i c a t i o n ,  
i f  t h e  e x p e c t e d  h i g h  p l a n t  a v a i l a b i l i t y  o f  f u t u r e  l a r g e  commercia l  
s i z e  LMFBR i s  t o  b e  reached .  

1 .3 .2  S t a t e  o f  Development o f  Sodium-Cooled 
F a s t  Breeder  R e a c t o r s  

With t h e  c o n s t r u c t i o n  and o p e r a t i o n  o f  t h e  e x p e r i m e n t a l  
r e a c t o r s  EBR-I1 i n  t h e  USA, DFR i n  t h e  U K ,  RAPSODIE i n  F r a n c e ,  
a n d  BOR 60 i n  t h e  USSR, i t  was a l r e a d y  p roven  t h a t  i t  i s  p o s s i b l e  
t o  s a t i s f a c t o r i l y  o p e r a t e  f a s t  r e a c t o r s  w i t h  sodium a s  c o o l a n t  
o v e r  l o n g  p e r i o d s  o f  t i m e .  T h e i r  o p e r a t i o n ,  i n c l u d i n g  main tenance  
and h a n d l i n g  o f  f u e l  and c o o l a n t ,  h a s  become a  m a t t e r  o f  r o u t i n e  
now [111-106 t o  111-1091. 

I n  a d d i t i o n ,  one  must c o n s i d e r  t h e  b r o a d  e x p e r i e n c e  which 
was o b t a i n e d  from numerous l a r g e  s c a l e  o u t - o f - p i l e  sodium 
component tes t  f a c i l i t i e s .  Such o u t - o f - p i l e  test  f a c i l i t i e s  
have been  b u i l t  and o p e r a t e d  i n  t h e  USA, U K ,  F r a n c e ,  The Nether -  
l a n d s ,  FRG, and J a p a n .  These  sodium component tes t  f a c i l i t i e s  
a l l o w e d  t o  g a i n  e x p e r i e n c e  w i t h  b i g  components (pumps, h e a t  
e x c h a n g e r s ,  steam g e n e r a t o r s )  i n  advance t o  t h e i r  l a t e r  u s e  i n  
t h e  f a s t  r e a c t o r s  o f  t h e  300 M W ( e )  c l a s s .  

Design and  c o n s t r u c t i o n  o f  f a s t  b r e e d e r  r e a c t o r s  o f  t h e  
300 M W ( e )  c l a s s  began between 1965 and 1970. A t  t h a t  t i m e  t h e  
s i z e  o f  300 M W ( e )  w a s  c o n s i d e r e d  a f i r s t  s t e p  t o w a r d s  t h e  con- 
s t r u c t i o n  o f  l a r g e  commerc ia l - s i ze  b r e e d e r s  o f  t h e  1000 t o  1500 
MW ( e )  c l a s s .  Some o f  t h e  300 MW(e) c l a s s  LMFBR a r e  a l r e a d y  i n  
o p e r a t i o n  1111-1 10 t o  1 1 1 - 1  131,  a s  can  b e  s e e n  f rom T a b l e  111-11 
and F i g u r e  111-10. 

The BN 350 b u i l t  a t  Shevshenko on t h e  Casp ian  Sea  i n  t h e  
USSR became c r i t i c a l  i n  November 1972. A f t e r  some d i f f i c u l t i e s  
w i t h  s t e a m  g e n e r a t o r s  it  now o p e r a t e s  a t  60% f u l l  power. 
B e s i d e s  e l e c t r i c i t y  g e n e r a t i o n ,  it i s  a l s o  used  f o r  s e a - w a t e r  
d e s a l i n a t i o n .  The second  R u s s i a n  p r o t o t y p e  f a s t  b r e e d e r  r e a c t o r  
BN 600 w i t h  600 MW(e) o u t p u t  i s  s t i l l  under  c o n s t r u c t i o n  a t  
B j e l o j a r s k ;  i t s  s t a r t  o f  o p e r a t i o n  i s  s c h e d u l e d  f o r  1977 
[111- 1 1  4 1 .  

The French  p r o t o t y p e  f a s t - b r e e d e r  r e a c t o r ,  PHENIX, r e a c h e d  
i t s  f i r s t  c r i t i c a l i t y  i n  August 1973, and s i n c e  August 1974 h a s  
been o p e r a t i n g  p e r f e c t l y  a t  f u l l  power w i t h  a n  o v e r a l l  a v a i l a b i l i t y  
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F i g u r e  111-10: Time S c h e d u l e s  f o r  D i f f e r e n t  I n t e r n a t i o n a l  
F a s t  Breeder  P r o j e c t s  

o f  84$.* The mixed o x i d e  f u e l  e l e m e n t s  o f  PHENIX r e a c h e d  t h e i r  
maximum d e s i g n  burn-up o f  70,000 MW(th) -day / t  e a r l y  i n  1976 
w i t h o u t  any f u e l  p i n  f a i l u r e s  [111-1151. 

The B r i t i s h  p r o t o t y p e  f a s t - b r e e d e r  r e a c t o r  PFR o f  250 MW(e) 
became c r i t i c a l  i n  March 1974. During power a s c e n s i o n  l e a k s  were 
d e t e c t e d  i n  two of  t h e  t h r e e  s t eam g e n e r a t o r s .  Due t o  t h e s e  
d i f f i c u l t i e s  it was o p e r a t i n g  a t  o n l y  30% f u l l  power d u r i n g  1975. 
S i n c e  t h e  f a l l  o f  1976 PFR h a s  been  o p e r a t i n g  a t  82% f u l l  power. 

The 300 MW(e) G e r m a n / ~ e l g i a n / D u t c h  p r o t o t y p e  r e a c t o r  SNR 300 
a t  K a l k a r ,  FRG, is  s t i l l  under  c o n s t r u c t i o n  [111-1161. C r i t i c a l i t y  
i s  p l a n n e d  f o r  1980. The s t a r t  o f  c o n s t r u c t i o n  o f  two o t h e r  
p r o t o t y p e  f a s t  r e a c t o r s ,  t h e  350 MW(e) US d e m o n s t r a t i o n  p l a n t  
CRBR a t  C l i n c h  R i v e r  i n  Tennessee ,  USA [111-371, and t h e  300 MW(e) 
J a p a n e s e  p r o t o t y p e  f a s t  r e a c t o r  MONJU [111-381, is  s c h e d u l e d  
f o r  1977 and 1978, r e s p e c t i v e l y .  I n  t h e  US a  v e r y  b r o a d  f a s t  
r e a c t o r  r e s e a r c h  and development  program i s  p u r s u e d ;  w i t h i n  t h i s  
program it was d e c i d e d  t o  conduc t  t h e  f a s t  f l u x  t e s t  f a c i l i t y  FFTF 

* PHENIX was s h u t  down a t  t h e  b e g i n n i n g  o f  Oc tober  1976 due  t o  
a  sodium l e a k  i n  a n  i n t e r m e d i a t e  h e a t  e x c h a n g e r ,  which i s  
c u r r e n t l y  b e i n g  r e p a i r e d .  



f o r  m a t e r i a l s  r e s e a r c h  b e f o r e  t h e  f a s t  power r e a c t o r  d e m o n s t r a t i o n  
p l a n t  CRBR. FFTF i s  s c h e d u l e d  t o  g o  i n t o  o p e r a t i o n  i n  1978 [111-1171. 

I t  i s  q u i t e  n a t u r a l  t h a t  d u r i n g  t h e  c o n s t r u c t i o n  and  e a r l y  
o p e r a t i o n  p h a s e s . o f  t h e s e  p r o t o t y p e  r e a c t o r s  c e r t a i n  t e c h n i c a l  
d i f f i c u l t i e s  ( e . g .  s t e a m  g e n e r a t o r  l e a k s )  h a v e  t o  b e  overcome i n  
some k i n d  o f  l e a r n i n g  p r o c e s s .  So f a r  t h e r e  have  b e e n  no  b a s i c  
p r o b l e m s  w i t h  t h e  c o n s t r u c t i o n  o f  s u c h  LMFBR p l a n t s .  The f u r t h e r  
s u c c e s s f u l  o p e r a t i o n a l  a v a i l a b i l i t y  o f  t h i s  new t e c h n o l o g y  w i l l ,  
however ,  depend  upon t h e  c a r e f u l  p l a n t  d e s i g n  wh ich  i n  some c a s e s  
mus t  b e  p r e p a r e d  by p r e c e d i n g  R&D work a n d  w i t h  good q u a l i t y  
a s s u r a n c e  d u r i n g  c o n s t r u c t i o n .  

1 . 4  Commercia l  F e a s i b i l i t y  

The n e x t  s t e p  t o w a r d s  commerc ia l  f e a s i b i l i t y  w i l l  b e  t h e  
c o n s t r u c t i o n  o f  l a r g e  c o m m e r c i a l - s i z e  f a s t - b r e e d e r  r e a c t o r s  o f  
a n  e l e c t r i c a l  o u t p u t  i n  t h e  r a n g e  o f  1200 t o  1500 MW(e). The 
R u s s i a n  BN 600 i s  a  f i r s t  s t e p  i n  t h i s  d i r e c t i o n .  I n  F r a n c e  t h e  
s t a r t  o f  c o n s t r u c t i o n  o f  t h e  1200 MW(e) p l a n t  SUPERPHENIX is 
s c h e d u l e d  f o r  1976.  P r e p a r a t i o n s  on  i t s  f u t u r e  s i t e  a t  Creys -  
M a l v i l l e  by t h e  Rhone R i v e r  h a v e  s t a r t e d  [ I I I - 1 1 8 1 .  The p l a n t  
w i l l  b e  o p e r a t e d  by t h e  F r a n c o - G e r m a n - I t a l i a n  u t i l i t y  g r o u p  NERSA. 
Two a d d i t i o n a l  l a r g e - s i z e  (1  600 t o  1800 MW (e )  ) LMFBR p l a n t s  i n  
F r a n c e  a r e  a l r e a d y  b e i n g  d i s c u s s e d  by EdF; t h e y  w i l l  f o l l o w  
SUPERPHENIX a f t e r  1980.  I n  t h e  UK t h e  CFR-1, a  1300 MW(e) LMFBR 
p l a n t ,  h a s  been  u n d e r  a c t i v e  d e s i g n  f o r  a  few y e a r s  [111-461.  
Having been  p o s t p o n e d  s e v e r a l  t i m e s ,  it i s  now p l a n n e d  f o r  
a r o u n d  1978.  

D e s i g n  work f o r  s i m i l a r  l a r g e - s i z e  p l a n t s  i n  t h e  r a n g e  o f  
1200 t o  1600 M W ( e )  i s  a l s o  done by t h e  German/Belgian/Dutch  
p r o j e c t  [ I I I - 1 1 9 1  and  i n  t h e  USSR [111-481.  I f  a l l  t h e s e  p r o j e c t s  
a r e  r e a l i z e d  i n  t i m e ,  t h e  f i r s t  c o m m e r c i a l - s i z e  LMFBRs, SUPERPHENIX 
a n d  CFR-1, w i l l  g o  i n t o  o p e r a t i o n  a r o u n d  1982 t o  1985.  

The f u t u r e  LMFBR deve lopmen t  w i l l  show w h e t h e r  t h e s e  
a m b i t i o u s  p l a n s  and  c o n s t r u c t i o n  s c h e d u l e s  a r e  f e a s i b l e .  The 
s u c c e s s  a n d  t h e  e a r l y  c o m m e r c i a l i z a t i o n  o f  t h e  LMFBR w i l l  depend  
v e r y  much upon t h e  d e s i g n  and  t h e  c o n s t r u c t i o n  q u a l i t y  o f  b i g  
sod ium components  (pumps,  h e a t  e x c h a n g e r s ,  s t e a m  g e n e r a t o r s ) ,  
improved  c o r e  s t r u c t u r a l  m a t e r i a l  t o  overcome i r r a d i a t i o n  damages 
a t  h i g h  f u e l  bu rn -up ,  no  f u t u r e  d e l a y s  i n  l i c e n s i n g  s u c h  t e c h -  
n i c a l l y  new l a r g e  s i z e  p l a n t s ,  a n d  t h e i r  f u t u r e  good a v a i l a b i l i t y  
d u r i n g  o p e r a t i o n .  Commercia l  f e a s i b i l i t y  o f  LMFBR a l s o  i n c l u d e s  
t h e  r e m a i n i n g  p a r t  o f  t h e  f u e l  c y c l e :  f u e l  f a b r i c a t i o n  p l a n t s  
mus t  p e r f o r m  u n d e r  commerc ia l  c o n d i t i o n s ;  f u e l  r e p r o c e s s i n g  
p l a n t s  a n d  t h e i r  w a s t e  d i s p o s a l  mus t  b e  f u l l y  d e v e l o p e d .  
F o r t u n a t e l y ,  t h e  LMFBR s y s t e m  may a g a i n  p r o f i t  f r o m  LWR t e c h n o l o g y ,  
wh ich  i s  a b o u t  t o  e n t e r  a  commerc ia l  f u e l  c y c l e  w i t h i n  t h e  n e x t  
10 t o  1 5  y e a r s .  



2. FUSION REACTORS 

2.1 Scientific Feasibility 

The prospects for demonstrating the scientific feasibility 
of man-made fusion power by the early 1980s are considered 
quite good. However, we must be careful as to how scientific 
feasibility is defined because it is a considerable step from 
that point to engineering feasibility. The criterion for this 
milestone depends on the method by which the thermonuclear 
burn is achieved, either by magnetic confinement of a low den- 
sity hot plasma, or by the inertial confinement of a high den- 
sity hot plasma inside an imploded pellet. 

In the case of maqnetic confinement, we can use the Lawson 
criterion [111-1201. The appropriate energy balance is-given 
below for the D-T reaction, although it could be applied to 
other fuel cycles with proper modifications: 

Electrical Energy Out = Electrical Energy In 

where : 

n ,nT are the deuterium and tritium fuel-ion densities, D respectively ; 

<ov> is the special averaged reaction cross- 
section for D and T at a fuel-ion temperature Ti ; 

T is the energy-confinement time ; 

WDT is the energy released per D-T reaction ; 

n is the efficiency with which the thermal energy is 
converted to electrical energy ; 

k is the Boltzmann constant. 

If we assume a 50:50 mixture of D and T, a 40 per cent 
conversion efficiency, 22.2 MeV<£ energy released per reaction, 

<' v> , we find that the product and operation at the maximum - 
T. 

of the fuel-ion density and confinement time must be approximately 



1014 sec/cm3 at approximately 10keV. The corresponding num- 
bers for the D-D reaction are roughly 5 . loi4 sec/cm3 at roughly 
100 keV, and roughly 10'' sec/cm3 for the D-He3 reaction at 
roughly 100 keV. 

The major thrust of research in the thermonuclear field 
has been to achieve the appropriate nT values and ion tempera- 
tures simultaneously. A measure of the progress and state-of- 
the-art in this respect is shown in Figure 111-11, where the 
achieved and anticipated values of nT vs. Ti are given for the 
three basic magnetic confinement approaches: TOKAMAK [III-1211, 
Mirror [111-1221, and Theta Pinch [111-1231. Each approach 
has its advantages and disadvantages; e.g. Mirrors (2X, ZXIIB, 
and MX) can readily attain high temperatures but have a 
rather short confinement time because of high particle-leakage 
rates; Theta Pinches can increase the nT value by operating 
at high fuel-ion densities but have achieved only lower tem- 
peratures up to now; and TOKAMAKs have achieved the highest 
nT products but have difficulty in doing so at high plasma 
temperatures. However, the scaling laws seem to be fairly well 
understood for TOKAMAKs (T3, ST, ORMAK, TFR, and ALCATOR); 
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several larger experiments are planned in Europe, the Soviet 
Union, Japan, and the United States to demonstrate a scientific 
break-even with that concept. Two such experiments began 
operation in 1975 (T-10 1111-12U], and PLT [;II-125]), to 
produce plasmas in excess of n-r = 10" sec/cm with Ti being 
approximately equal to 1 to 3 keV. Table 111-VII summarizes 
the rate of progress from 1955 to the present; it gives an 
idea as to how these achievements measure up to what will be 
needed for a commercial reactor. 

Table 111-VII: Plasma Parameters in Toroidal ~ e v i c e s ~  

a B. Pease, Culham Laboratory, UK. 

Year 

1955 

1960 

1965 

1970 

1976 

Needed 
for a 
Reactor 

Beyond the present machines, five large TOKAMAKs are being 
designed, all of which should come close to, if not exceed, 
the Lawson criterion. Two of these devices will use hydrogen 
plasmas (JT-60 [III-1261, and DOUBLET-I11 [III-1271 ) , while the 
other three will be the first D-T burning systems (T-20 [III- 
1281, JET [111-1291, and TFTR [111-1301). All of these machines 
should be in operation by the late 1970s or early 1980s. It 
should be noted that the object of the TFTR is to demonstrate a 
limited form of energy break-even by injecting high energy 
D and T into a plasma to induce fusion reactions in addition to 
those from the ion-ion thermal reactions. This concept is 
called a two-component plasma and is explained elsewhere [III- 
1301. The effective break-even conditions for n-r in this 
concept are lower than those for an ignited system, but it is 
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questionable whether such a system could be a commercial reactor. 

In summary, the prospects for achieving a meaningful 
scientific demonstration of D-T fusion within the next five to 
seven years are quite good for TOKAMAK reactors. The situation 
is not so clear for the Mirror and Theta Pinch concepts, al- 
though work will still continue in those areas. Because of the 
optimism in the TOKAMAK area and since most of the advanced 
reactor design studies have been done in that area, we will 
narrow our scope of consideration to that concept for the rest 
of this report. This is only done because of the limited extent 
of this subsection; future breakthroughs in the other systems 
may make them more desirable than the TOKAMAK. 

A similar treatment of scientific feasibility for laser 
fusion must take a slightly different approach. It is presently 
envisioned that pellets containing D-T would be imploded to 
high densities approaching pR 3 g/cm2, where R is the radius 
of the imploded fuel, and p its density. For reference purposes 
the density of solid D-T at one atmosphere is approximately 
0.2 g/cm3. The burning process is initiated when a small 
central portion of the fuel pellet is compressed to roughly 
0.3 g/cm3 raising the temperature to approximately 5 keV, thus 
igniting the fuel. The alpha particles deposit their heat in 
this region, and the burn front will propagate outward, causing 
about 30 per cent of the fuel to be "burned" before disassembly. 
This would give a yield of 10" J/g. Such a reaction yields the 
following energy balance [III-1311: 

Electrical Energy Out = Electrical Energy In 

where : 

Go = gain of the fuel 

- - thermonuclear reaction energy released . 
internal energy of all the fuel if 

heated to ignition 

EL = efficiency of laser 

- - laser energy out 

electrical energy in 

fR = fraction of electrical energy used to pump the 
laser 



n = conversion efficiency from thermal to electrical 
energy; 

fH = 
internal energy of imploded pellet 

energy required to heat imploded 
pellet to a uniform temperature 

of 5 keV 

E I  = efficiency of implosion 

internal energy 
- - of imploded fuel 

laser energy in 

Scientific feasibility could be defined as when the gain 
of the pellet 

- - thermonuclear yield from pellet 
input energy from the laser 

reaches a value of one. However, a more meaningful definition 
of scientific feasibility might be the point where all of the 
output energy is fed back into the lasers (fR = I), and a ther- 
mal conversion efficiency of approximately 4U per cent is 
assumed. The relationship between G p  and EL is then given in 
Figure 111-12 [III-1311, along with an estimate of the effi- 
ciencies of glass and gas lasers. In the most optimistic 
case of a laser efficiency of ten per cent we see that a 
minimum value of G p  required would be 25. The required pellet 
gain would rise to 500 to 1000 if glass lasers were developed 
to their estimated maximum-efficiency range. From these con- 
siderations it is clear why gas lasers have potential reactor 
applications, while glass lasers probably do not. However, 
there is a problem with the coupling of COz laser light 
(10.6 micron) to pellets, and it is possible that inordinately 
high powered lasers will be required. 

No simple picture can be given as to the state-of-the-art 
for laser fusion, but several recent reviews should be helpful 
to the reader [111-131 to 111-1351. Laser-induced implosions 
have already been demonstrated [111-134, and 111-1351 with lo3 J 
lasers; the next step is to increase the laser energy to lo4 J 
to achieve pellet gains of approximately 0.1. Workers at the 
Lawrence Livermore Laboratory in the US project that this may 
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Figure 111-12: Laser Efficiency and Yield Ratio Requirements 

for Inertially Confined Fusion Reactors 

occur in the 1975 to 1930 period through the construction of 
several progressively larger lasers, as shown in Figure 111-13. 
The details of the plan can be found elsewhere [111-1361. Pellet 
gains of approximately 25 requiring 100 kJ laser systems are 
not anticipated to be achieved until 1981 to 1983. 

In summary, the laser fusion program is clearly limited at 
this time by high-energy (100 kJ), short-pulsed (<I nsec), 
high-efficiency (5% to 10%) lasers. The rate of progress is 
significant, and projections are that scientific feasibility 
demonstrations should take place at about the same time as 
those for magnetic confinement, i.e., in the early 1980s. 

2.2 Engineering Feasibility 

In order to progress from scientific to engineering feasi- 
bility one must demonstrate that the release of fusion energy 
can generate net power on a reasonably reliable basis over long 
periods of time. This step will be a large one, perhaps as 
large as the demonstration of scientific feasibility itself. 
It is beyond the scope of this discussion to outline all of the 



F i g u r e  111-13: L a s e r  Fus ion  Energy Y i e l d  P r o j e c t i o n s  
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s t e p s  and t e c h n o l o g i e s  t h a t  must be m a s t e r e d  f o r  e a c h  c o n f i n e -  
ment approach .  T h a t  h a s  been t h e  s u b j e c t  o f  many c o n f e r e n c e s  
[111-137 t o  111-1401, workshops 1111-141, and 111-1421, and 
documents  [111-143 t o  111-1461. However, we c a n  b r i e f l y  
summarize which major  t e c h n o l o g i e s  a r e  r e q u i r e d ,  and g i v e  a n  
i n d i c a t i o n  o f  how s u c h  problems may be s o l v e d  i n  t h e  U S  f u s i o n  
program. 

lo2 
101 

F i r s t  o f  a l l ,  t h e r e  a r e  some problems which a r e  common t o  
a l l  t y p e s  o f  D-T f u s i o n  r e a c t o r s ,  s u c h  a s  r a d i a t i o n  damage t o  
t h e  s o l i d  members o f  t h e  r e a c t o r  f i r s t  w a l l ,  t h e  a t t a i n m e n t  
o f  b r e e d i n g  r a t i o s  g r e a t e r  t h a n  one u s i n g  v a r i o u s  t y p e s  o f  
l i t h i u m  c o n t a i n i n g  m a t e r i a l s ,  and t h e  h a n d l i n g  o f  l a r g e  amounts 
o f  h i g h l y  v o l a t i l e  t r i t i u m .  A l l  o f  t h e s e  a r e a s  a r e  r e c e i v i n g  
m a j o r  a t t e n t i o n  i n  t h e  c o u n t r i e s  w i t h  f u s i o n  p rograms ,  and it 
a p p e a r s  t h a t  a t  l e a s t  t e n  t o  twen ty  y e a r s  may be r e q u i r e d  be- 
f o r e  t h e s e  problems c a n  be c o m p l e t e l y  s o l v e d .  Moving t o  t h e  
D-D c y c l e  o n l y  p a r t i a l l y  a l l e v i a t e s  t h e  r a d i a t i o n  damage problem 
a s  we w i l l  s e e  l a t e r ,  b u t  it would e l i m i n a t e  t h e  b r e e d i n g  
problem and s i g n i f i c a n t l y  reduce  t h e  t r i t i u m  h a n d l i n g  problems.  
Secondly ,  t h e r e  a r e  some problems which a r e  u n i q u e  t o  p a r t i c u l a r  
r e a c t o r  c o n c e p t s ,  such  a s  t h e  development  of l a r g e - b o r e  s u p e r -  
c o n d u c t i n g  magnets  f o r  t h e  TOKAMAK and M i r r o r  r e a c t o r s .  
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Other examples include fast energy switching for Theta 
Pinches; repetitive fast and efficient lasers for laser fusion; 
heating and fueling devices for TOKAMAKs; direct convertors for 
Mirrors; windows 'and mirrors for laser fusion; load-leveling 
schemes to deliver power during the periods between burns of 
TOKAMAK; fatigue-resistant structural materials for laser and 
Theta Pinch reactors; and so forth. The solution to these 
problems will only come after extensive testing in specially 
designed facilities that will themselves require great ingenuity 
to design and build. 

A detailed program plan to overcome both the plasma-physics 
and technology problems for the TOKAMAK has been recently des- 
cribed [111-147, 111-1481. Although the majority of the planning 
has been done for the TOKAMAK scheme, other plans are available 
for the laser, Mirror and Theta Pinch approaches. We will 
only describe the TOKAMAK plan here. 

The US approach has been formulated in terms of the level 
of effort that the governmental organizations are willing to 
find and that the scientific community is willing to support. 
These fall into five general categories as listed below (labeled 
as logics for this discussion): 

L o g i c  I :  L e v e l  o f  r e s e a r c h  e f f o r t  
Research and development are supported at an arbitrary 
level in order to develop basic understanding. (If this 
pace were continued, a practical fusion power system might 
never be built. ) 

L o g i c  1 1 :  M o d e r n t e l y  e x p a n d i n g ,  s e q u e n t i a l  
Funds are expanding but technical progress is limited by 
the availability of funds. Established commitments are 
given funding priority but new projects are not started 
until funds are available. In spite of limited funding 
a number of problems are addressed concurrently. (At this 
rate, a fusion demonstration reactor might operate in the 
early 2 1 st century. ) 

L o g i c  1 1 1 :  Aggresn i11e  
The levels of effort in physics and engineering are ex- 
panded according to programmatic need, assuming that 
adequate progress is evident. New projects are undertaken 
when they are scientifically justified. Many problems are 
addressed concurrently. Funding is ample but reasonably 
limited. (This program would be aimed at an operating 
demonstration reactor in the late 1990s.) 

L o g i c  IV : A c c ~  / ,eratc,( f  
A great many problems are addressed in parallel, and new 
projects are started when their need is defined. Fabri- 
cation and construction are carried out on a normal basis 
with enough priority to minimize delays. The availability 
of funds is still limited but a secondary factor in program 



planning and implementation. (This approach would be aimed 
at demonstration reactor operation in the early to mid- 
1990s.) 

L o g i c  V :  Masirnurn effective e f f o r t  
Manpower, facilities and funds are made available on a 
priority basis; all reasonable requests are honored 
immediately. Fabrication and construction are expedited 
on a priority basis so that completion times for major 
facilities are reduced to a practical minimum. (An oper- 
ating demonstration plant around 1990 would be the program 
goal. ) 

While the major difference betweeen the logic sequences 
above may appear to be associated with costs and goal dates, 
the reader should recognize that the degree of risk varies 
greatly from one sequence to another. That is, there is no 
assurance that with an infinite amount of money the physics 
problem can be overcome soon. Nevertheless, such an exercise 
can be useful in establishing the most o p t i m i s t i c  dates for 
certain achievements. 

The final results of such an exercise are shown in Figure 
111-14 where the estimated yearly operational (not capital) 
budgets are plotted versus time. A locus of points for the 
projected operation of the demonstration reactor is given, 
although it is highly unlikely that the Z o g i c  s e q u e n c e  V could 
ever be met (or even L o g i c  IV). In the author's opinion 
L o g i c  111 is probably the most optimistic sequence that could 
be achieved, and we will pursue that in more detail below. 
Before we leave the general logic structure it should be noted 
that US ERDA estimates on the total cost (capital and operating) 
to the sucessful operation of a demonstration plant are as 
listed below: 

L o g i c  $ 10' (1 "8 equivalent dollars) 

I 

TI 

111 

I v 
v 

undetermined 

16.2 

15.5 

14.8 

20.1 

Specifically addressing the L o g i c  111 sequence, we have 
depicted in Figure 111-15 the timing of the plasma-physics and 
technology devices required for the demonstration power plant 
(DPR). It should be recognized that L o g i c  111 a-ssumes that the 
currently planned plasma-physics devices, i.e. PLT, PDX, and 
D-111, will satisfy their design goals and feed into future 
systems. The TFTR device, which will be the first D-T burning 
device in the US, should continue to test current scaling lavs 
with alpha-particle heating, demonstrate auxiliary heating 
techniques, and provide some information on fueling methods and 
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Figure 111-14: Summary of US ERDA Projected Costs to a Fusion 
Demonstration Power Reactor via Different Logic 
Sequences 

FERF/ TETR 

TRITIUM FAC. 

.BEGIN TITLE I 

ABEGIN CONCEPTUAL 

Figure 111-15: Proposed US ERDA Program to Develop a TOKAMAK 
Demonstration Reactor 



impurity control. Results from the TFTR will be coupled with 
the JET, T-20, and JT-60 reactors. 

At the same time as the TFTR is being constructed, several 
auxiliary technology facilities are being designed for operation 
in the 1980 to 85 period. For example, construction of a large 
superconducting-magnet test assembly (TTA) will begin in fiscal 
year 1977, followed shortly be construction of a high-flux 
neutron facility (HFNS). A tritium handling facility is also 
currently being designed. All of these facilities are expected 
to assist in the design and construction of the EPR (experimental 
power reactor) of the 1991 time period. 

Before the EPR, several other facilities have been postu- 
lated. There will be a need for one more step between the TFTR 
and the EPR in terms of plasma scaling and ignition physics, 
along with the development of associated plasma-physics techno- 
logies. Such devices are now labeled PEPR (prototype experi- 
mental power reactor) or ITR (ignition test reactor). The 
PEPR/ITR would be the first large-scale facility to make use 
of superconducting magnets. There is also a great need (as we 
shall see in Chapter IX) for a large-volume materials test 
facility. Two such proposals are currently being considered; 
a FERF (fusion engineering reactor facility, [111-149]), and 
TETR (TOKAMAK engineering test reactor, [111-1501). These 
devices would provide one to two m3 of high flux ( ~1 MW/~') 
test volume to screen and qualify materials for the DPR 
(demonstration power reactor), and to a limited degree act as a 
verification of materials already chosen for the EPR. 

The EPR, anticipated to operate in 1991, will produce 
electricity in the several hundred MW(e) range thereby demon- 
strating an integrated power cycle, and should also demonstrate 
an integrated tritium breeding system, at least in a few modules. 
This will be the first power reactor which experiences signifi- 
cant radiation damage, and as such will provide valuable re- 
liability experience for the DPR. 

The DPR, as envisioned today, would be the first fusion 
device to provide significant net (but not necessarily economic) 
electrical power and its own tritium (i.e. BRz1). Operating 
plant factors of approximately 70 per cent will be a prime 
goal of this reactor. All the components necessary for 
commercialization will be present in this device, and future 
commercial reactors will be more optimized designs of this 
reactor, but not radically different. 

As was noted earlier, L o g i c  111 may be unattainable if 
even small physics and technology difficulties arise. Others 
[III-151 to 111-1531 have proposed a more extended and diverse 
program which would produce a DPR in the year 2005 to 2010. 
(The recent L o g i c  IT is close to this plan.) 



F i n a l l y ,  it i s  wor thwhi le  t o  n o t e  t h e  f u n d i n g  l e v e l  o f  
US m a g n e t i c  and i n e r t i a l  conf inement  programs.  D e t a i l e d  v a l u e s  
a r e  l i s t e d  i n  Tab le  1 1 1 - V I I I  and g r a p h i c a l l y  d e p i c t e d  i n  F i g u r e  
111-16. The t o t a l  US f u s i o n  program from 1951 t o  1977 amounts 
t o  1 .8307 b i l l i o n  ( a c t u a l )  d o l l a r s ,  o r  r o u g h l y  2.2 b i l l i o n  
d o l l a r s  a d j u s t e d  t o  1975 e q u i v a l e n t .  To t h e  US ERDA f i g u r e s  
one s h o u l d  add a p p r o x i m a t e l y  20 m i l l i o n  d o l l a r s  from u t i l i t i e s ,  
50 m i l l i o n  d o l l a r s  from i n d u s t r y ,  and a n o t h e r  30 m i l l i o n  from 
u n i v e r s i t i e s ,  s t a t e ,  and o t h e r  f e d e r a l  a g e n c i e s .  These f i g u r e s  
r e v e a l  t h a t  i n  t h e  US a l o n e ,  1 . 9  b i l l i o n  d o l l a r s  w i l l  have been 
s p e n t  on f u s i o n  t h r o u g h  f i s c a l  y e a r  1978. Of t h i s  amount,  r o u g h l y  
75 p e r  c e n t  ( r o u g h l y  1 .4  b i l l i o n  d o l l a r s )  h a s  been s p e n t  f o r  t h e  
m a g n e t i c  a p p r o a c h ,  and 25 p e r  c e n t  ( r o u g h l y  500 m i l l i o n  d o l l a r s )  
f o r  t h e  i n e r t i a l - c o n f i n e m e n t  scheme. F u t u r e  c o s t s  o f  t h e  US 
program a p p e a r  t o  be on t h e  15 t o  20 b i l l i o n  d o l l a r  l e v e l  f o r  
t h e  f a c i l i t i e s  o u t l i n e d  i n  F i g u r e  111-15. S i n c e  t h e  US e f f o r t  
was o n l y  r o u g h l y  o n e - s i x t h  o f  t h e  world  e f f o r t  i n  1973 ( s e e  
T a b l e  1 1 1 - I X )  and p r o b a b l y  w i l l  be  r o u g h l y  o n e - t h i r d  i n  1977,  
one m i g h t  e x p e c t  t h a t  r o u g h l y  50 b i l l i o n  d o l l a r s  c o u l d  b e  re- 
q u i r e d ,  world  wide ,  t o  b r i n g  f u s i o n  t o  t h e  p o i n t  of e n g i n e e r i n g  
f e a s i b i l i t y  by t h e  y e a r  2000. 

2 .3  Commercial F e a s i b i l i t y  

The u l t i m a t e  o b j e c t i v e  o f  f u s i o n  r e s e a r c h  today  must b e  
aimed a t  commercia l  f e a s i b i l i t y ,  o t h e r w i s e  t h e  wor ld  would n o t  
i n v e s t  t h e  p r e v i o u s l y  e s t i m a t e d  l a r g e  amount o f  r e s o u r c e s  f o r  
CTR deve lopment .  Commercial f e a s i b i l i t y  can  b e  d e f i n e d  a s  t h e  
p o i n t  a t  which p u b l i c  o r  p r i v a t e  u t i l i t y  o r g a n i z a t i o n s  would 
p u r c h a s e  a  f u s i o n  r e a c t o r  on t h e  open marke t  i n  f r e e  c o m p e t i t i o n  
w i t h  hydro- ,  f o s s i l  and f i s s i o n  power s t a t i o n s .  I t  i s  e n t i r e l y  
p o s s i b l e  t o  d e m o n s t r a t e  t h a t  f u s i o n  r e a c t o r s  a r e  f e a s i b l e  f rom 
a n  e n g i n e e r i n g  s t a n d p o i n t  b u t  t h e n  t o  d i s c o v e r  t h a t  t h e y  
c a n n o t  compete on t h e  open m a r k e t  on a c c o u n t  o f  i n h e r e n t l y  h i g h  
c o s t s  b e c a u s e  o f  t h e i r  low power d e n s i t i e s .  T h i s  means t h a t  
t h e  c a p i t a l  c o s t s  o f  f u s i o n  power p l a n t s  a r e  l i k e l y  t o  be  a s  
h i g h  o r  h i g h e r  t h a n  f o r  c u r r e n t  f i s s i o n  o r  f o s s i l - f u e l e d  power 
p l a n t s .  However, a s  f u e l  c o s t s  r i s e  f o r  t h e  compet ing s o u r c e s  
o f  e n e r g y  o r  a s  problems d e v e l o p  w i t h  t h e  e n v i r o n m e n t a l  a s p e c t s  
o f  t h e  o t h e r  e n e r g y  s o u r c e s ,  i t  is  p o s s i b l e  t h a t  t h e  commercia l  
f e a s i b i l i t y  o f  f u s i o n  power c o u l d  o c c u r  e a r l y  i n  t h e  2 1 s t  cen- 
t u r y .  Once commercia l  f e a s i b i l i t y  is  a c h i e v e d ,  it is  q u i t e  
l i k e l y  t h a t  it w i l l  t a k e  a n o t h e r  t w e n t y  t o  t h i r t y  y e a r s  b e f o r e  
f u s i o n  c o u l d  p r o v i d e  a  s i g n i f i c a n t  amount (more t h a n  20 p e r  c e n t )  
o f  t h e  w o r l d ' s  e l e c t r i c a l  e n e r g y  n e e d s  [111-1551. 



Table 111-VIII: Historical Funding Level for the US Fusion Program 
(million dollars) 

a T r a n s i t i o n  

P r o j e c t i o n  

F i s c a l  
Year 

1 9 5 1 - 5 3  

Magnetic Confinerrent 

1 . 1  

I n e r t i a l  

1 . 8  

35 .C 1 3 8 . 9  5 9 . 5  

1 2 3 . 5  2 3 0 . 2  6 9 . 3  

7 5 . 8  2 7 2 . 4  ? 

T o t a l  1 1  1 1 . 4  2 1 7 . 3  1 3 2 8 . 7  2 8 4 . 6  
+ ( I 9 7 8 1  

Confinerrent 

0 . "  

3 . 5  

1 1 . 1  

1 0 . 0  

2 0 . 3  

2 0 . 0  

2 . 4  

2 9 . 6  

? 

9 7 . 3  
+ 1 1 4 7 R I  

0 . 2  

1 . 1  

1 . 3  

1 . 2  

1 . 4  

1 . 3  

2 . 1  

3 . 2  

9 . 4  

1 9 . 4  

3 4 . 5  

4 4 . 3  

6 3 . 7  

7 9 . 5  

2 0 . 4  

9 8 . 9  

1 2 0 . 1  

5 0 2 . 0  

Construction 
and Capi ta l  

1 . 8  

6 . 1  

7 . 2  

1 1 . 6  

2 9 . 2  

2 8 . 9  

3 3 . 7  

3 0 . 0  

2 4 . 8  

2 5 . 7  

2 3 . 7  

2 4 . 4  

2 4 . 3  

2 5 . 3  

2 7 . 0  

3 1 . 8  

3 7 . 5  

4 1 . 6  

5 2 . 7  

7 3 . 6  

1 0 0 . 5  

1 5 9 . 0  

2 1 8 . 4  

6 8 . 0  

3 2 9 . 1  

3 9 2 . 5  

1 8 3 0 . 7  

Total 

1 . 1  

Grand 
Tota l  

Operating Construction I X1 
and Capital 

Tota l  Fusion 

1 . 1  
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F i g u r e  111-16: F u s i o n  Funding i n  t h e  U n i t e d  S t a t e s  
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Table 111-IX: Summary of World Efforts in Fusion Research, 
1973 [111-1541 

2.4 Scientific ~easibility of Laser Fusion 

Country 

USSR 

USA 

FRG 

Japan 

France 

UK 

Others 

Total 

(R.R. Grigoriants) 

X of World Effort 

37.1 

15.8 

13.0 

9.3 

7.2 

4.5 

13.1 

100.0 

The idea of using lasers to heat up a plasma to temperatures 
that allow for fusion was first conceived in the early sixties 
(111-1561. 

Scientific feasibility of laser fusion is mainly a question 
of heating and compressing the thermonuclear fuel in the pellet. 

Similarly to the way in which the Lawson criterion is de- 
duced, one may deduce the minimal laser energy Elas (111-1571 
to get a certain value K B R t  (Elas is measured in MJ) : 

where 

t 
K B R  

= ratio of energy released by fusion and that of 
laser radiation supplied to the pellet; 

rl = part of laser radiation energy transformed 
into heat energy of the plasma; 



s = density of particles of solid hydrogen; 

0 
= density of particles of deuterium and tritium 
during compression of target. 

Equation (3) takes into account that the temperature of 
the plasma is raised owing to the release of fusion energy; 
however, on account of a number of other assumptions it is 
only an approximation. From this equation it can easily be 
seen that in order to get KBRt = 100 at Elas = lo5 J it is 
necessary to reach a high density (about lo3 n,), which, in 
turn, requires a high pressure up to 1011 atm at fusion temper- 
atures of more than lo7 K. 

The fundamental solution to this question consists in the 
use of the reactive pulse that is generated when the absorption 
of the laser radiation causes the outer layer of the target 
to burst. 

The entire process of initiating laser fusion and burning 
of the pellet can be divided into three stages: 

- The outer part of the pellet evaporates and moves 
towards laser radiation, thus forming a corona; 

- There is a movement of matter towards the center of the 
pellet-target; the inner part of the target is heated 
up to fusion temperatures and is compressed up to a 
density of loz1 to 1oa6/crn3; 

- Fusion starts in the center of the target, resulting in 
a release.of energy. Part of this energy is used for 
heating the pellet, which speeds up the further release 
of energy. So the pellet is heated even more and 
finally explodes. I 

I 
The entire process takes about lo-' sec; intensive 

burning lasts for approximately lo-" sec. 

For an optimum burning of the target it is necessary to 
control the timing of the heating of the individual layers of 
the pellet. This can be done either by profiling the laser 
pulse or via the building of the target shell. The first 
method complicates the laser system, the second calls for a 
technology which would make it possible to have individual 
pellet layers of a thickness of a few or dozens of microns. 

Numerous present experiments on the heating of fusion 
Pellets show that it is possible to obtain energy ratios 
(KeRt) of as high as 100 to 1000. 

The basic problems of physics connected with the creation 
of a laser fusion reactor (LFR) are the following: 

- the problem of creating radiation in big and sufficiently 
efficient laser systems; 



- the problem of reciprocal action between laser radiation 
and target; 

- the creation of methods to diagnose the processes taking 
place in the plasma. 

The requirements for the capacity of laser systems are 
illustrated in Table 111-X. 

Table 111-X: Results of Calculations of Microexplosions of 
Laser Fusion Targets [III-158 to 111-1631 

The energy balance of a LFR plant clearly illustrates the 
necessity for a sufficiently high laser efficiency. 

Laser 
Energy 
Elas 

(J) 

l o '  

1  0  

l o 6  

The energy-block efficiency with laser but without laser 
heat is: 

where : 

Target Mass 

(g) 

6 . 
6 . 

1 . 5  l o - 2  

qcs  = conversion system efficiency (determined, for 
example, by the specific heat consumption of 
a turbine); 

KBR = ratio of fusion energy and of laser radiation 
energy supplied to the pellet; KBR also allows 
for energy breeding in the blanket (for example, 
in the nuclear reaction Li6 + n + T + He, or 
in the fusion blanket of a hybrid reactor); 

Breeding 
Coefficient 

Ef/E las 

8 0  

1 1 0  

1 0 0 0  

Energy of 
Microexplo- 

sion E f  

(J) 

8 l o 5  

1 . 1  . l o 7  

1  o 9  

Total Number 
of Neutrons 

2.8 . l 0 l 7  

3.9 1018 

3.5 l o z 0  



'las 
= ratio of laser radiation supplied to the pellet 
and of energy supplied to the laser system; 
the latter includes the energy supplied to 
auxiliary units (for example, to the compressor 
pumping the N2 + C02 mixture, or to the electro- 
lyzer in the HF-laser). 

The difference between the conversion system efficiency 
and the efficiency of the laser driver block may be expressed by: 

It is obvious that if 

the conversion system efficiency affects the (qc,- n8) 
value only slightly. 

For the full or partial utilization of laser energy one 
obtains the following expression [111-1621 

where v is that part of energy which is supplied to a laser 
but not converted into light energy. 

For an experiment for demonstration purposes in which 
energy is not released into the outer network, with 

KBR = 100 

and 

q CS = 0.45 

it is sufficient to have with full utilization of laser heat 



and without utilization of laser heat 

Although the calculations according to (6) are rough 
approximations (e.g. they do not take into account heat loss 
in pipes, etc.), they do allow one to estimate the correlation 
between KBR and 11 la,, and the influence of laser heat utili- 
zation. 

For laser fusion, several types of lasers have been 
suggested: 

- neodym glass laser; 

- Co2 laser of high pressure; 

- iodine laser; 

- chemical hydrogen fluorine laser. 

It can be expected that the efficiency of the neodym 
laser amounts to 1 to 25, and that of the COs laser to 5 to 10%. 
The efficiency of the chemical laser will essentially be deter- 
mined by the efficiency of the electrolyte. 

The neodym laser is the laser most thoroughly developed 
today. Especially designed for spherically symmetrical target- 
irradiation, the nine-duct neodym laser was introduced in the 
USSR in 1970. Radiation energy changed from 200 to 1300 J, 
and pulse duration from 1 to 16 nsec [III-1631 . Similar plants 
have been created in the US. The success in developing lasers 
and the realization of symmetrical irradiation of pellets made 
it possible to proceed from numerical to practical experience 
(see Table III-XI) . 

At present a unanimous explanation of the reasons for 
neutron emergence is not available. 

The construction of big new laser plants will lead to the 
next step in experimental research of laser plasma. The USSR 
is developing a neodym glass laser with an energy of approxima- 
tely 15 kJ, a pulse duration of 1 to 20 sec, and nl,, equaling 
0.01 to 0.02 [III-1681. The development program of laser fusion 
engineering in the US is described in section 111.2.2. 

In the opinion of leading Soviet scientists [III-157, and 
111-1581 experimental and theoretical research has shown that 
it is possible to solve many basic problems of fusion physics. 
One may, with sufficient conviction, speak of the existence of 
an efficient absorption of laser radiation, and of a considerable 
compression of targets. 



Table 111-XI: Results of Experiments in Laser Heating and Com- 
pression of Deuterium and Deuterium/Tritium 
Targets. 

Since the time when the idea of laser fusion was first 
conceived hardly more than a decade has passed, and the results 
of the research work carried out in that period have been really 
impressive. 

Laser Energy J 

Pulse Duration nsec 

Maximum Radiation 
F ~ U X  w/cm2 

Amount of Absorbed 
Energy 96 

State and Size of 
Target !J 

Registration Method 
of Compression 

Compression, Achieved 
Density g/cm 

Temperature of 
Thermonuclear 
Fuel keV 

Neutron Output 

3. CONCLUSIONS 

The development and evolution of new major technologies 
seem to follow a pattern that distinguishes three thresholds of 
feasibility: 

[III-1641 

200 

6 

3 1 014 

70-80 

solid 03 2 
R = 25-100 

for neutrons 
D-T reaction 

30; 30 

0.5 
rn 

5 lo6 

( a )  scientific feasibility; 

( b l  engineering feasibility; 

( c l  commercial feasibility. 

This pattern is important for judgments or assessments. 

[111-165, 
111-1661 

30-60 

0.3 

5 10l5 

5-1 0 

totally 
glass with 

D + T 
camera 
obscura 

125; 0.5 

0.7 

I O ~ - I O ~  

[111-1671 

2 0 

0.1 

- 

6 0 

fully 
spherical 
R x 100 

camera 
obscura 

- 

0.1-2.3 
- 



The development  o f  f a s t  b r e e d e r  r e a c t o r s  f i r s t  fo l lowed  
t h e  l i n e  o f  m e t a l l i c  f u e l  e l e m e n t s  and p o w e r - r e a c t o r  s i z e s  o f  
o n l y  few hundred megawat ts .  I t  i s  r e p r e s e n t e d  by e a r l y  c o n c e p t s  
such  a s  t h a t  o f  t h e  E n r i c o  Fermi  F a s t  Breeder  R e a c t o r  (EFFBR). 
The second l i n e  o f  f a s t  b r e e d e r  r e a c t o r  development  i s  d i s t i n c t l y  
d i f f e r e n t  i n  t e r m s  of f u e l  t e c h n o l o g y ,  r e a c t o r  p h y s i c s ,  s a f e t y ,  
a s  w e l l  a s  power p l a n t  c h a r a c t e r i s t i c s ;  i t  u s e s  mixed p lu ton ium/  
uranium o x i d e  a s  r e a c t o r  f u e l .  A f t e r  t h e  BN 350 became c r i t i c a l  
i n  November 1972, it  was t h e  French  PHENIX r e a c t o r  which was t h e  
f i r s t  r e a c t o r  o f  t h e  300 PIW(e) c l a s s  t h a t  came t o  d e s i g n e d  power 
( 1 9 7 4 ) .  I t  h a s  been i n  f u l l  o p e r a t i o n  on t h e  g r i d ,  w i t h  l o a d  
f a c t o r s  i n  t h e  neighborhood o f  8 5 % . *  The B r i t i s h  PFR and t h e  
S o v i e t  BN 350 a r e  a l s o  i n  o p e r a t i o n  now a f t e r  i n i t i a l  e n g i n e e r i n g  
d i f f i c u l t i e s ,  m o s t l y  on t h e  s team g e n e r a t o r  s i d e ,  have been 
overcome. The German/Belgian/Dutch f a s t  b r e e d e r  p r o t o t y p e  
r e a c t o r  SNR 300 i s  i n  t h e  midd le  o f  i t s  c o n s t r u c t i o n  p e r i o d ;  
s o  i s  t h e  S o v i e t  BN 600, w h i l e  c o n s t r u c t i o n  o f  t h e  US C l i n c h  
River  Breeder  R e a c t o r  (CRBR) and t h e  J a p a n e s e  M O N J U  r e a c t o r  i s  
e x p e c t e d  t o  s t a r t  soon.  

The v a r i o u s  f a s t  r e a c t o r  g r o u p s  of t h e  world  now have 
a v a i l a b l e  a  l a r g e  s e t  o f  p h y s i c s  and e n g i n e e r i n g  t es t  f a c i l i t i e s  
whose bu i ld -up  was a  major  p a r t  o f  t h e  o v e r a l l  e f f o r t ,  i n  terms 
o f  c a p i t a l  i n v e s t m e n t ,  manpower and t i m e .  The t e c h n o l o g i e s  
f o r  l i q u i d  sodium a s  a  c o o l a n t  and f o r  mixed o x i d e s  a s  f u e l s  
a r e  e s s e n t i a l l y  i n  hand. A major  s h a r e  o f  o u t - o f - p i l e  and i n -  
p i l e  t e s t s  i s  d e v o t e d  t o  p r o o f i n g  tes ts  a s  r e q u i r e d  i n  t h e  
l i c e n s i n g  p r o c e s s  f o r  l a r g e  power r e a c t o r s  o f  t h e  1200 M W ( e )  
c l a s s .  

P r e p a r a t i o n s  f o r  t h e  semi-commercial  c l a s s  o f  1200 M W ( e )  
a r e  w e l l  under  way i n  F r a n c e ,  t h e  U K ,  t h e  FRG,and t h e  US. 

I t  c a n ,  t h e r e f o r e ,  be  conc luded  t h a t  t h e  t h r e s h o l d s  o f  
s c i e n t i f i c  and e n g i n e e r i n g  f e a s i b i l i t y  o f  f a s t  b r e e d e r  r e a c t o r s  
have been p a s s e d ;  t h e  t h r e s h o l d  o f  commercial  f e a s i b i l i t y ,  
however,  h a s  n o t  y e t  been p a s s e d .  P r e s e n t  p r o j e c t i o n s  i n  t h e  
FRG and i n  France  a n t i c i p a t e  t h i s  t h r e s h o l d  f o r  a b o u t  1990. 

For  f u s i o n  power,  d e m o n s t r a t i o n  o f  s c i e n t i f i c  f e a s i b i l i t y  
means c r e a t i n g  i n  an e x p e r i m e n t a l  d e v i c e  a  combina t ion  o f  f u e l  
d e n s i t y ,  t e m p e r a t u r e ,  and conf inement  t i m e  which would l e a d  t o  
a  n e t  o u t p u t  o f  e n e r g y  i n  a  r e a c t o r .  No such  s c i e n t i f i c  
f e a s i b i l i t y  d e m o n s t r a t i o n  h a s  y e t  t a k e n  p l a c e  a s  o f  l a t e  1976. 
Of t h e  two main a p p r o a c h e s  t o  t h e  problem--magnetic conf inement  
and i n e r t i a l  conf inement--magnet ic  conf inement  h a s  t h e  l o n g e r  
h i s t o r y  (it o r i g i n a t e d  i n  t h e  e a r l y  1950s)  and t h e  g r e a t e r  
number o f  v a r i a t i o n s  (TOKAMAK, M i r r o r  machines ,  and h i g h - d e n s i t y  

* PHENIX was s h u t  down a t  t h e  b e g i n n i n g  o f  Oc tober  1976, due t o  
sodium l e a k  i n  a n  i n t e r m e d i a t e  h e a t  exchanger  which i s  c u r r e n t l y  
b e i n g  r e p a i r e d .  



p i n c h e s  a r e  t h e  m o s t  i m p o r t a n t  a t  p r e s e n t ) .  The i d e a  o f  i n -  
e r t i a l  c o n f i n e m e n t  f o r  a  f u s i o n  r e a c t o r  d a t e s  f rom t h e  e a r l y  
1 9 6 0 ~ ~  and t h e  two  main  v a r i a t i o n s  a r e  t o  u s e  l a s e r s  o r  e l e c t r o n  
beams t o  i n i t i a t e  t h e  r e q u i r e d  i m p l o s i o n s .  Many p r o p o n e n t s  o f  
m a g n e t i c  c o n f i n e m e n t  b e l i e v e  t h a t  l a r g e  TOKAMAK d e v i c e s ,  now i n  
t h e  l a t e  s t a g e s  o f  d e s i g n  o r  e a r l y  s t a g e s  o f  c o n s t r u c t i o n ,  w i l l  
a c h i e v e  s c i e n t i f i c  b reak -even  ( i . e .  t h e  Lawson c r i t e r i o n )  i n  t h e  
e a r l y  1 9 8 0 s .  (DOUBLET-I11 and TFTR, f o r  e x a m p l e ) .  Some a d v o c a t e s  
o f  l a s e r  f u s i o n  b e l i e v e  t h a t  s u c h  s y s t e m s  c a n  a l s o  a c h i e v e  
s c i e n t i f i c  b reak -even  by t h e  e a r l y  1 9 8 0 ~ ~  a l t h o u g h  t h i s  v i e w  i s  
more c o n t r o v e r s i a l  and  i s  c l o u d e d  by c l a s s i f i c a t i o n  o f  r e l e v a n t  
r e s u l t s .  Once s c i e n t i f i c  f e a s i b i l i t y  i s  a c h i e v e d  w i t h  e i t h e r  
m a g n e t i c  o r  i n e r t i a l  c o n f i n e m e n t ,  f o r m i d a b l e  p r o b l e m s  o f  m a t e r i a l s  
and  e n g i n e e r i n g  w i l l  h a v e  t o  b e  s o l v e d  b e f o r e  t e c h n o l o g i c a l  
f e a s i b i l i t y  c a n  b e  d e m o n s t r a t e d  i n  t h e  fo rm o f  a  w o r k i n g  r e a c t o r .  
T h i s  i s  u n l i k e l y  t o  b e  a c h i e v e d  b e f o r e  t h e  y e a r  2000.  Commer- 
c i a l  f e a s i b i l i t y  w i l l  n o t  b e  a s s u r e d  e v e n  when s u c h  a  r e a c t o r  
e x i s t s ;  it i s  p o s s i b l e  t h a t  f u s i o n  w i l l  work b u t  t h a t  it w i l l  
s i m p l y  b e  t o o  e x p e n s i v e .  Even i f  it d o e s  p r o v e  c o m m e r c i a l l y  
f e a s i b l e  by  t h e  e a r l y  t w e n t y - f i r s t  c e n t u r y ,  a  c o n t r i b u t i o n  o f  
a s  much a s  t e n  p e r  c e n t  o f  t h e  e l e c t r i c i t y  u s e d  i n  i n d u s t r i a l  
n a t i o n s  s t i l l  seems u n l i k e l y  b e f o r e  t h e  y e a r s  2020 t o  2030.  
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IV. REFERENCE REACTOR SYSTEMS 

G. Kessler, G.L. Kulcinski 

1. FISSION REACTORS 

1.1 The Fast Breeder Prototype Reactor SNR 300 

1.1.1 General Characteristics of the Plant 

SNR 300 is a loop-type,liquid-metal-cooled fast-breeder 
reactor under construction by INB* at Kalkar, on the lower 
Rhine, FRG. The thermal power capacity of the plant will be 
736 MW, its electrical power 312 MW. In the reactor core 
sodium is heated up from 377' to 546'~. This heat is transferred 
to intermediate heat exchangers, located outside the reactor 
vessel, via three parallel primary loops. From the intermediate 
heat exchangers, three secondary (intermediate) sodium circuits 
transfer the heat to three steam generator systems, each of 
which is housed in a separate building. The steam conditions 
at the turbine inlet are 500'~/160 bar. 

1 .1 .2 The Reactor Core 

The reactor core consists of cylindrical fuel zones con- 
taining U02 and PUQ, which are surrounded by radial and axial 
blankets consisting of U02 with depleted U. The fresh core 
contains 1.3 t of plutonium. The Pu enrichment is approximately 
25 and 35% in the inner and outer fuel zones, respectively. 

Accordingly, the mean power density of nearly 300 kW/liter 
in the SNR 300 core is much higher than that in a light-water 
reactor. The diameter of the core is 1.78 m, its height is 
0.95 m. The fast neutron flux ( >  0.1 MeV) is up to 4.10'~ n/cmZ-sec, 

* INB (Internationale Natrium-Brutreaktor-Bau GmbH), is a 
joint subsidiary of the companies INTERATOM, BELGONUCLEAIRE, 
and NERATOOM. The plant will be operated by SBK (Schnell- 
Bruter-Kernkraftwerks GmbH), a joint subsidiary of the utilities 
RWE (FRG) , SYNATOM (Belgium) , and SEP (Netherlands) . 



t h e  f a s t  n e u t r o n  f l u e n c e  up t o  1 .4  1 0 ~ ~ n / c m ~  a t  t h e  end of  
t h e  l i f e t i m e .  During r e a c t o r  o p e r a t i o n  p a r t  o f  t h e  uranium 
i n  t h e  f u e l  zones  and b l a n k e t s  i s  t r a n s f o r m e d  i n t o  p lu ton ium.  

The c o r e  c o n f i g u r a t i o n  o f  t h e  SNR 300 i s  made up o f  
hexagonal  s u b a s s e m b l i e s  (see F i g u r e  I V - 1 ) :  205 f u e l  and 96 
b l a n k e t  e l e m e n t s ,  9  a b s o r b e r  e l e m e n t s  i n  t h e  c o n t r o l  and f i r s t  
shut-down system,  and 3  a b s o r b e r  e l e m e n t s  i n  an independent  
second shut-down system.  Each e l e m e n t  h a s  a  w i d t h  o f  110 mm. 

Each f u e l  e lement  (see F i g u r e  IV-2) o f  t h e  f i r s t  c o r e  
(Mark I a )  i s  made up o f  169 r o d s  spaced by g r i d s .  The o u t e r  
d i a m e t e r  o f  such  a  f u e l  r o d  i s  6 nun. Each r o d  c o n s i s t s  o f  a  
t h i n - w a l l e d  (0 .38 nun) s t a i n l e s s - s t e e l  c a n n i n g  t u b e  w i t h  f u e l  
p e l l e t s  and U 0 2  p e l l e t s ,  making up t h e  f u e l  zone and t h e  upper  
and lower  a x i a l  b l a n k e t s .  A  f i s s i o n  g a s  plenum i s  a t  t h e  lower  
end o f  each  r o d .  The mean and maximum d e s i g n  f u e l  burn-ups a r e  
55,000 and 87,000 MW(th) .day/ t ,  r e s p e c t i v e l y .  For  a  commercial 
b r e e d e r - r e a c t o r  power s t a t i o n ,  even h i g h e r  burn-ups a r e  e n v i s a g e d .  

Each r a d i a l  b l a n k e t  e lement  c o n t a i n s  61 r o d s  o f  11.7 mm d i a -  
meter. For economic r e a s o n s ,  t h e  t o t a l  t h i c k n e s s  o f  t h e  r a d i a l  
b l a n k e t  h a s  been chosen t o  c o r r e s p o n d  t o  o n l y  two rows o f  e l e m e n t s .  
The r e s u l t i n g  b r e e d i n g  r a t i o  o f  t h e  Mark I a  c o r e  i s  o n l y  around 
1 .0 .  With a  d i f f e r e n t  c o r e  c o n f i g u r a t i o n ,  a  b r e e d i n g  r a t i o  o f  
a b o u t  1 .2  c o u l d  be ach ieved .  

F u e l  r e l o a d i n g  w i l l  t a k e  p l a c e  once a  y e a r  and f o r  t h i s  
purpose ,  t h e  r e a c t o r  must be  s h u t  down. By means o f  a  l i f t i n g  
d e v i c e  on t h e  innermos t  o f  t h e  t r i p l e - r o t a t i n g  s h i e l d  p l u g s ,  
f u e l  e l e m e n t s  may be removed t o  a  s t o r a g e  o u t s i d e  t h e  c o r e .  
From t h e r e  t h e y  a r e  e x t r a c t e d  w i t h i n  a  s o d i u m - f i l l e d  can  and 
t r a n s p o r t e d  t o  a  sodium-cooled s t o r a g e  t a n k  i n  t h e  r e a c t o r  
b u i l d i n g .  Another gas -coo led  s t o r a g e  t a n k  s e r v e s  t o  s t o r e  f u e l  
e l e m e n t s  a f t e r  a  cooling-down p e r i o d ,  and b l a n k e t  e l e m e n t s .  
Both t a n k s  combined c a n  h o l d  a b o u t  1  1/2 c o r e s ,  i n c l u d i n g  b l a n k e t  
e l e m e n t s .  

During r e f u e l i n g  t h e  c o n t r o l - r o d  d r i v e s  must b e  d i s c o n n e c t e d  
from t h e  i n s e r t e d  a b s o r b e r s .  

The a b s o r b e r  m a t e r i a l  o f  t h e  c o n t r o l  and shut-down sys tems  
i s  boron c a r b i d e  (B4C). The f i r s t  shut-down sys tem o p e r a t e s  w i t h  
a b s o r b e r  r o d s  a c t u a t e d  by d e - e n e r g i z a t i o n  o f  c o n t r o l - r o d  scram 
magnets ,  t h e  r o d s  b e i n g  r a p i d l y  i n s e r t e d  by g r a v i t y .  The second 
shut-down sys tem makes u s e  o f  a r t i c u l a t e d  a b s o r b e r  modules t h a t  
form f l e x i b l e  c h a i n s  below t h e  c o r e  r e g i o n .  They a r e  d e s i g n e d  
t o  be p u l l e d  up i n  an emergency. T h i s  d e s i g n  makes f o r  redund- 
ancy and d i v e r s i t y  o f  t h e  shut-down system.  

The mechanica l  s t r u c t u r e  o f  t h e  c o r e  p r o v i d e s  f o r  a  r e s t r a i n e d  
c o r e .  
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1 . 1 . 3  The Pr imarv  Heat T r a n s f e r  Svstem 

The r e a c t o r  c o r e  i s  e n c l o s e d  by a  double -wal l  v e s s e l  (see 
F i g u r e  IV-3) o f  6.7 m d i a m e t e r  and 14.8 m h e i g h t ,  p r o t e c t e d  by 
a  t h e r m a l  s h i e l d  from h e a t  and r a d i a t i o n  o f  t h e  c o r e .  The v e s s e l  
and i t s  s h i e l d  p l u g  a r e  suspended from t h e  upper  p a r t  o f  t h e  
c o n c r e t e  s t r u c t u r e  o f  t h e  r e a c t o r  c e l l  v i a  b o l t s  and a  s t e e l -  
s u p p o r t  g i r d e r .  The c o n c r e t e  and s t e e l  s t r u c t u r e s  a r e  d e s i g n e d  
t o  w i t h s t a n d  up t o  12,000 t o f  dynamic l o a d s  t h a t  may r e s u l t  
i n  t h e  u n l i k e l y  e v e n t  of a c o r e  d i s r u p t i v e  a c c i d e n t .  

Under normal o p e r a t i n g  c o n d i t i o n s ,  t h e  r e a c t o r  v e s s e l  i s  
supposed t o  w i t h s t a n d  low p r e s s u r e  o n l y  because  t h e  sodium t o  
b e  used f o r  h e a t  t r a n s f e r  is l i q u i d ,  i t s  s a t u r a t i o n  p o i n t  b e i n g  
c l o s e  t o  900°c ,  which is v e r y  h i g h  above t h e  mean o u t l e t  tem e r -  

c o r e  a t  a  v e l o c i t y  o f  a b o u t  7  m/sec. The t o t a l  c o o l a n t  f low 
K a t u r e  o f  5 4 6 ' ~ .  The sodium i s  made t o  f low upward t h r o u g h  t e  

i s  3 .5  t / s e c .  

a REACTOR VESSEL e CORE-SUPPORT STRUCTURE 
b REAC'IOR CORE f DOUBLE-WALL VESSEL 
c SHUT.OOWN ROO g OlVlNG COOLER OF EMERGENCY 
d ROTATINE PLUG CORE-COOLING SYSTEM 

SYSTEM h CORE-RETENTION SYSTEM 

F i g u r e  IV-3: V e r t i c a l  S e c t i o n  o f  SNR 300 Reac tor  



The sodium o u t l e t  and i n l e t  o p e n i n g s  o f  t h e  v e s s e l  a r e  
l o c a t e d  h i g h  enough s o  t h a t  t h e  r e a c t o r  c o r e  r e m a i n s  immersed 
i n  sodium even i n  t h e  c a s e  o f  a  r u p t u r e  i n  t h e  p i p e s  o f  t h e  
p r i m a r y  system.  These p i p e s  a r e  o f  a  d i a m e t e r  o f  a b o u t  0.60 m. 
They a r e  embedded i n  s teel  c a v i t i e s  shaped such  t h a t  t h e  sodium 
l e a k  i s  a s  s m a l l  a s  p o s s i b l e .  

A p r imary  sodium pump (see F i g u r e  IV-4) i s  p o s i t i o n e d  i n  t h e  
h o t  l e g  o f  e a c h  o f  t h e  t h r e e  p r imary  l o o p s .  Each p r imary  pump 
is  d e s i g n e d  f o r  a  c a p a c i t y  of  5000 m3/h. A l l  t h e  sodium pumps 
o f  t h e  SNR 300 a r e  o f  t h e  c e n t r i f u g a l  ( a s  opposed t o  t h e  e l e c t r o -  
m a g n e t i c )  t y p e .  

Having l e f t  one  o f  t h e  t h r e e  p r imary  pumps, t h e  h o t  sodium 
i s  p a s s e d  on t o  a n  i n t e r m e d i a t e  h e a t  exchanger  ( s e e  F i g u r e  IV-5) .  
I t  i s  o f  modular d e s i g n ;  e a c h  l o o p  c o n t a i n s  t h r e e  s u c h  h e a t  
e x c h a n g e r  modules w i t h  f l o a t i n g  lower  h e a d s .  The p r i m a r y  sodium 
p a s s e s  downward t h r o u g h  t h e  module,  h e a t i n g  up t h e  secondary  
sodium which,  i n  a  c o u n t e r f l o w ,  i s  f l o w i n g  t h r o u g h  a  s t r a i g h t  
t u b e  bund le .  S p e c i a l  p r e c a u t i o n s  a r e  t a k e n  t o  p r o t e c t  t h e  
i n t e r m e d i a t e  h e a t  e x c h a n g e r s  and o t h e r  sodium components f rom 
thermo-shock e f f e c t s ,  which a r e  due  t o  sudden t e m p e r a t u r e  changes  
o f  t h e  sodium (whose h e a t  c o n d u c t i v i t y  is  e x c e l l e n t ) .  

Wi th in  t h e  components of  t h e  p r imary  sys tem,  f r e e  sodium 
s u r f a c e s  a r e  p r o t e c t e d  from c h e m i c a l  r e a c t i o n s  by means of  a r g o n  
a s  a  c o v e r  g a s .  Argon a l s o  s e r v e s  t o  b u f f e r  t h e  v e s s e l  head 
and pump s e a l s  f rom sodium p r e c i p i t a t i o n .  A gas -bubble  s e p a r a t o r  
p r e v e n t s  g a s  b u b b l e s  from b e i n g  c a r r i e d  i n t o  t h e  c o r e  by t h e  
r e e n t e r i n g  sodium c o o l a n t .  The e n t i r e  p r imary  c e l l  i s  i n e r t i z e d  
by n i t r o g e n  g a s .  A l l  of  t h e  p r i m a r y  h e a t - t r a n s p o r t  sys tem 1s 
e n c a s e d  by t h e  i n n e r  c o n t a i n m e n t  t h a t  s h i e l d s  t h e  s e r v i c e  f l o o r  
and o t h e r  a c c e s s i b l e  p a r t s  of  t h e  r e a c t o r  b u i l d i n g  from t h e  
r a d i o a c t i v i t y  o f  t h e  p r imary  system.  

1 .1 .4  Steam G e n e r a t i o n  

Steam i s  g e n e r a t e d  by t h e  s e c o n d a r y  sodium i n  two s t e p s .  
I n  t h e  e v a p o r a t o r s  t h e  f e e d  w a t e r ,  a f t e r  p r e h e a t i n g  up t o  2 5 2 ' ~ ~  
i s  e v a p o r a t e d .  I n  a  second s t e p ,  t h e  s a t u r a t e d  s t eam i s  s u p e r -  
h e a t e d  up  t o  a p p r o x i m a t e l y  5 0 0 ' ~ .  The e v a p o r a t o r s  have t h e  same 
p r i n c i p a l  d e s i g n  (once- th rough  e v a p o r a t o r ,  s e e  F i g u r e  IV-6) a s  
t h e  s u p e r h e a t e r s .  For  two o f  t h e  t r e e  l o o p s ,  a  s t r a i g h t - t u b e  
d e s i g n  i s  e n v i s a g e d ;  f o r  t h e  t h i r d  l o o p ,  a  h e l i c a l - t u b e  d e s i g n  
w i l l  p r o b a b l y  be used s o  t h a t  a  w i d e r  r a n g e  o f  e x p e r i e n c e  c a n  
be  g a i n e d .  The s t r a i g h t - t u b e  d e s i g n  makes it e a s i e r  t o  l o c a l i z e  
t u b e  l e a k s ,  b u t  r a i s e s  a d d i t i o n a l  we ld ing  problems.  Each module 
i s  d e s i g n e d  f o r  85  MW(th) . 

P o s s i b l e  sodium-water r e a c t i o n s  a r e  a  c h i e f  c o n c e r n  a b o u t  
t h e  u s e  o f  s t eam g e n e r a t o r s  i n  a  sodium-cooled r e a c t o r .  The 
p r e c a u t i o n s  t a k e n  a g a i n s t  them i n c l u d e  a  l e a k - d e t e c t i o n  sys tem 
( b a s e d  on hydrogen d e t e c t i o n ) ,  r u p t u r e  d i s c s  i n  c o n n e c t i o n  w i t h  
a  p r e s s u r e  r e l i e f  sys tem,  and c y c l o n e s  f o r  e x t e r n a l  combust ion 
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Figure IV-6: SNR 300 Steam Generators 

of reaction products. Three separate steam-generator buildings 
provide for 'Spatial redundancyt1 

The single shaft 3000 rpm turbine (for high, medium and 
low pressure steam) and the generator are conventional techno- 
logy. As in conventional power stations, steam is condensed 
after passing the turbine, and then used as feed-water in a 
closed water cycle. The steam-cooling system includes a cooling 
tower. 

1 .1 .5  Materials Selection 

The canning material for the thin tubes of the fuel rods is 
one of the most important materials to be selected in fast- 
reactor design. Canning must withstand high temperatures (700'2 
hot spot temperature) and high neutron flux and fluence, which 
lead to embrittlement, swelling,and creep of the material. Creep 



phenomena are also induced by fission-gas pressure and fuel 
swelling from inside the rod. With increasing burn-up, 
chemical interactions between fuel and canning come to have an 
important effect on the material. For this reason, the oxygen/ 
metal ratio of the fuel must be kept low. On the outside, the 
canning tubes are subject to corrosion from impurities of the 
sodium coolant. All these phenomena had to be taken into account 
in the specifications of the SNR 300 for fuel, canning, sub- 
assemblies and the sodium cleaning circuit design. 

For the canning of SNR 300 fuel rods, "Werkstoff-Nr. 1.4970" 
(XI0 CrNiMoTiB 15 15) has been selected, a high temperature 
austenitic steel stabilized by titanium. A special pretreat- 
ment (solution treating and cold working) is to render additional 
advantages with respect to swelling under irradiation. The 
Ti-stabilization is to diminish carburization of the grain 
boundaries by C-impurities which is due to mass transport in 
sodium. 

For the reactor vessel and the components of the primary 
and intermediate heat transport systems, the German austenitic 
steel "Werkstoff-~r. 1.4948" has been selected. It corresponds 
to AISI SS 304. This material is being tested for its strength 
under hypothetical accident conditions, including strains be- 
yond the elastic range. 

For the steam generators, the Nb-stabilized ferritic steel 
"Werkstoff=Nr. 1.6770" (2 1/4 Cr - 1 MoNb) is to be used as tube 
material for the evaporators and superheaters. 

For the inner shielding of the reactor vessel stainless 
steel is used, whereas serpentine concrete is used as outer 
shielding material. Steel and concrete are the containment 
materials. 

1.1.6 Engineered Safety Features 

Three levels of design for safety in the SNR 300 can be 
differentiated: 

(a) Conservative inherent-safety design for high relia- 
bility under operating conditions; 

(b) Protection systems to assure that non-routine events 
be prevented, stalled or accommodated safely; and 

(c) Additional assurance of public safety even for extremely 
unlikely and unforeseen circumstances. 

Item (a) was briefly covered in the preceding sections. 
It includes design features providing, for example, fuel pin 
integrity, coolant capability for core-heat removal, and reactivity 
control. 



Item (b) includes a number of active and passive engineered 
safeguards. The two independent and diverse shut-down systems 
were described briefly. Their actuation is designed to effect 
a de-energization of the coolant pump main drives, free coast-down, 
and the start-up of pony motors with 5% of the nominal speed. 
In this way strong thermo-shocks are to be avoided. 

The reactor-power control program is based on load following; 
the coolant flow control program is based on constant AT (con- 
stant outlet temperature of the coolant). 

A Diesel-powered emergency supply system assures an addi- 
tional power supply of the pumps. 

The decay heat of the fuel after shut-down is removed through 
the three main coolant loops. A separate emergency cooling 
system serves as back-up. It is based on six coolers immersed 
in the reactor vessel and on natural sodium convection in the 
vessel. Special design features (elevated piping-guard vessel 
concept to limit the effect of pipe rupture; cf. preceding 
sections) permit that in all cases a minimum sodium level is 
maintained in the vessel. 

A system of in-core instrumentation including automatic 
signal evaluation is designed for the early detection of dis- 
turbances such as coolant blockages. Each fuel subassembly 
has several thermo-couples to measure its sodium outlet tempera- 
ture, so that the damage can be localized. Integral detection 
procedures include delayed neutron monitors in the primary 
sodium and fission product detection in the cover-gas. 

Another surveillance system serves to detect leaks along 
the primary and intermediate coolant circuits. Sections of 
these loops can be shut off by valves. In the case of tube 
leakage individual tubes of the steam generators can be blocked 
so that the plant need not be completely shut down because of 
a single leak. Provisions for controlling sodium-water reactions 
have already been mentioned. 

For item (c) the barrier concept is particularly important. 
A release of radioactivity is prevented by a series of contain- 
ments. Under normal operating conditions, containment functions 
are fulfilled by the fuel which retains a large part of the 
fission products, canning, the reactor vessel, the primary 
coolant circuit piping and its components, and the primary 
sodium. 

The inner and outer containments of the reactor building 
provide additional safety (see Figure IV-7). 

The inner containment that encases the primary cells is 
filled with nitrogen. Its walls are completely clad with 
steel. It withstands a differential pressure of 0.3 bar at a 
leakage rate of about four per cent per day (per volume). In 
a pump-failure accident, heat is by natural convection trans- 



F i g u r e  IV-7: SNR 300 Containment  System 

p o r t e d  o u t  o f  t h e  r e a c t o r  and p r i m a r y  c e l l s  t o  a  p r e s s u r e -  
r e l i e f  room, i n  which c o n c r e t e  b l o c k s  s e r v e  a s  a  h e a t  s i n k .  

The o u t e r  c o n t a i n m e n t  i s  f i l l e d  w i t h  a i r  ( t h e  s e r v i c e  
f l o o r  b e i n g  a c c e s s i b l e  d u r i n g  o p e r a t i o n ) ,  and it i s  d e s i g n e d  
t o  w i t h s t a n d  a  d i f f e r e n t i a l  p r e s s u r e  o f  0 .25 b a r .  I t  i s  com- 
p l e t e l y  s u r r o u n d e d  by a  s t e e l  l i n e r .  The g a p  between t h e  con- 
c r e t e  w a l l s  and t h e  l i n e r  c a n  be  r e v e n t e d  i n t o  t h e  c o n t a i n m e n t  
f o r  some d a y s  a f t e r  a n  a c c i d e n t .  

The r e a c t o r  b u i l d i n g  i s  o f  r e c t a n g u l a r  s h a p e ,  98 m i n  
l e n g t h ,  58 m i n  w i d t h ,  and 57 m i n  h e i g h t .  I t  i s  d e s i g n e d  t o  
w i t h s t a n d  e x t e r n a l  h a z a r d s  such  a s  a i r p l a n e  c r a s h e s  ( a  phantom 
f i g h t e r  p l a n e ) ,  e a r t h q u a k e s ,  and e x p l o s i o n  o f  g a s  c l o u d s  ( a f t e r  
a  b o a t  c o l l i s i o n  on t h e  Rhine r i v e r ) .  T h e r e f o r e ,  t h e  h e a v i l y  
armed o u t e r  w a l l s  a r e  o f  a  t h i c k n e s s  o f  up t o  1 .2  m. The 
emergency power-supply b u i l d i n g  i s  s i m i l a r l y  p r o t e c t e d .  

The SNR 300 w i l l  a l s o  be equ ipped  w i t h  a  c o r e - c a t c h e r  ( s e e  
F i g u r e  IV-8) t o  c o n t r o l  t h e  consequences  o f  a  s e r i o u s  melt-down 
a c c i d e n t .  T h i s  c o r e - c a t c h e r  i s  t o  c o l l e c t  and c o o l  t h e  f u e l  
d e b r i s  t h a t  migh t  p e n e t r a t e  t h e  r e a c t o r  v e s s e l  a f t e r  f u e l  m e l t i n g  
i n  a n  a c c i d e n t  i n v o l v i n g  t h e  e n t i r e  c o r e ,  when a l l  i n t e r n a l  
c o o l a n t  s y s t e m s  f a i l .  The c o r e - c a t c h e r  i s  made up o f  a  s t e e l  
c a v i t y  o f  a l m o s t  12 m i n  d i a m e t e r  t h a t  s e r v e s  t o  c o l l e c t  t h e  
sodium c o n t a i n e d  i n  t h e  v e s s e l ;  t h e  d e b r i s  i s  c a u g h t  by a  l a y e r  
o f  uranium o x i d e  o r  t h o r i u m  o x i d e  b r i c k s ;  t h e  NaK c o o l i n g  
s y s t e m  u n d e r n e a t h  t h i s  l a y e r  s e r v e s  t o  t h e r m a l l y  i n s u l a t e  t h e  
c o n c r e t e  o f  t h e  f o u n d a t i o n  p l a t e .  

The c o n t a i n m e n t s  and t h e  c o r e - c a t c h e r  s h o u l d  be  viewed 
e s p e c i a l l y  i n  c o n n e c t i o n  w i t h  a--hypothetical--Bethe-Tait 
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Figu re  IV-8:  SNR 300 Core Catcher  

a c c i d e n t ,  where mechanical  energy  of  up t o  370 MWsec is  r e -  
l e a s e d .  The v e s s e l  ha s  been l a i d  o u t  t o  w i t h s t a n d  t h i s  mechani- 
c a l  p r e s s u r e .  I f - - a f t e r  a l l  h e a t  removal systems and emergency 
h e a t  removal systems have f a i l e d - - t h e  f u e l  m e l t s  down through  
t h e  v e s s e l  i n t o  t h e  co r e - ca t che r ,  p r e s s u r e  and t empe ra tu r e  
w i t h i n  t h e  i n n e r  containment  w i l l  g r a d u a l l y  be r i s i n g .  S i n c e  
t h e  conta inment  i s  n o t  comple te ly  l e a k - t i g h t ,  a  c e r t a i n  amount o f  
a e r o s o l s  and g a s e s  and o f  en tha lpy  may be t r a n s f e r r e d  t o  t h e  
space  i n  t h e  o u t e r  containment .  Th i s  extreme c a s e  would r e q u i r e  
r e v e n t i n g ,  and,  p o s s i b l y ,  a  c o n t r o l l e d  r e l e a s e  of  t h e  con t a in -  
ment a tmosphere t o  t h e  s t a c k  a  few days  l a t e r .  

1 .2  F a s t  Breeder  P ro to type  Reac to r s  BN 350 and BN 600 

(A.M. Be lo s to t sky )  

1 .2 .1  General  C h a r a c t e r i s t i c s  of t h e  P l a n t s  

The BN 350 n u c l e a r  power p l a n t  has  been b u i l t  i n  Shevchenko 
on t h e  s h o r e  of t h e  Caspian Sea.  The thermal  power o u t p u t  o f  
t h i s  p l a n t  i s  1000 MW(th). The bu lk  of t h i s  o u t p u t  i s  used t o  
d e s a l i n a t e  wa t e r  from t h e  Caspian Sea ,  w i t h  t h e  remainder  t o  
g e n e r a t e  e l e c t r i c  energy .  

During nominal o p e r a t i o n  t h e  p l a n t  w i l l  s u p p o r t  t h r e e  
t u r b o g e n e r a t o r s  o f  50 MW e ach ,  and a  d e s a l i n a t i o n  complex w i t h  
a  t o t a l  o u t p u t  o f  120,000 t / day  of  wa t e r .  



C o n s t r u c t i o n  o f  t h e  Shevchenko n u c l e a r  p l a n t  was completed 
toward t h e  end o f  1972. I n  November 1972 t h e  r e a c t o r  became 
c r i t i c a l ;  on May 16 ,  1973 it began t o  produce e l e c t r i c i t y ,  and 
s t e a m  was r e l e a s e d  i n t o  t h e  d e s a l i n a t i o n  complex. T h i s  e x p e r i e n c e  
i n  b u i l d i n g  t h e  w o r l d ' s  l a r g e s t  e x p e r i m e n t a l - i n d u s t r i a l  n u c l e a r  
power p l a n t  w i t h  a  f a s t - b r e e d e r  r e a c t o r ,  t h e  BN 350, p e r m i i t e d  
t o  p roceed  t o  t h e  t h i r d  b lock  o f  t h e  "Kurchatov ~ j e l o j a r s k  
n u c l e a r  power p l a n t :  i n  1968 i n  t h e  U r a l s  c o n s t r u c t i o n  o f  t h e  
BN 600 was s t a r t e d ,  an  i n d u s t r i a l  n u c l e a r  power p l a n t  w i t h  a  
c a p a c i t y  o f  600 MW(e) , [IV-11. 

1 .2 .2  B a s i c  T e c h n i c a l  C o n s i d e r a t i o n s  f o r  BN 350 and BN 600 

A t  b o t h  p l a n t s ,  r e a c t o r  h e a t  i s  removed by means o f  a  
t h r e e - c i r c u i t  scheme: l i q u i d  sodium i n  t h e  f i r s t  and second 
l o o p s ,  w a t e r  and s team i n  t h e  t h i r d .  The b a s i c  s p e c i f i c a t i o n s  
f o r  t h e s e  p l a n t s  a r e  g i v e n  i n  T a b l e  I V - I .  

I n  o r d e r  t o  t r a n s f e r  h e a t  t o  t h e  s team g e n e r a t o r s ,  t h e  BN 350 
i s  equ ipped  w i t h  s i x  p a r a l l e l  l o o p s  f o r  t h e  f i r s t  c i r c u i t  and 
s i x  independent  l o o p s  f o r  t h e  second c i r c u i t ;  o f  t h e s e ,  one 
l o o p  o f  e a c h  c i r c u i t  i s  a  r e s e r v e  loop .  

Having p a s s e d  t h e  t u r b i n e s  t h e  s team e n t e r s  t h e  d e s a l i n a t i o n  
complex a t  a  p r e s s u r e  o f  6  kp/cm2. Then a t  a  t e m p e r a t u r e  o f  
a p p r o x i m a t e l y  1 0 0 ~ ~  it f lows  a s  a  c o n d e n s a t e  i n t o  a  h i g h - p r e s s u r e  
p r e - h e a t e r  and d e a e r a t o r ,  and t h e n  by means o f  feed-wate r  pumps 
back t o  t h e  s team g e n e r a t o r s .  T h i s  BN 350 h e a t - t r a n s f e r  sys tem 
i s  s c h e m a t i c a l l y  d e p i c t e d  i n  F i g u r e  IV-9. 

The equipment o f  t h e  BN 350 r e a c t o r  i n s t a l l a t i o n  is  s p a t i a l l y  
s e p a r a t e d :  it h a s  f i v e  o p e r a t i n g  l o o p s  i n  t h e  f i r s t  c i r c u i t ;  
each  l o o p  o f  t h e  f i r s t  c i r c u i t  i s  l o c a t e d  i n  i t s  own c o n c r e t e  
box,  which i s  a g a i n  i s o l a t e d  from t h e  r e a c t o r  p i t  and n e i g h b o r i n g  
c o n t a i n m e n t s  o f  o t h e r  l o o p s ,  by heavy,  p r o t e c t i v e  c o n c r e t e  w a l l s .  
I t  i s  t h e  main c o n d i t i o n  f o r  t h e  a r rangement  o f  t h e  f i r s t  c i r -  
c u i t  t o  lower  t h e  n e u t r o n  a c t i v a t i o n  o f  t h e  c o o l a n t  by s e g r e -  
g a t i o n  i n  t h e  i n t e r m e d i a t e  h e a t  exchangers  s o  t h a t  t h e  sodium 
i n  t h e  second c i r c u i t  i s  n o t  a c t i v a t e d .  

e T h i s  a r rangement  i n v o l v i n g  s e g r e g a t i o n  o f  f i r s t  c i r c u i t  
s u b a s s e m b l i e s  s i m p l i f i e s  rep lacement  o r  r e p a i r  o f  equipment which 
h a s  been exposed t o  h i g h  l e v e l s  o f  r a d i a t i o n ;  it a l l o w s  one  t o  
s h u t  o f f  any l o o p  by means o f  v a l v e s  l o c a t e d  on i n l e t  and  o u t l e t  
p i p e s ,  and t o  c a r r y  o u t  r e p a i r s  a f t e r  it h a s  been d r i e d  o f  
r a d i o a c t i v e  w a t e r .  

Sodium c i r c u l a t i o n  o f  t h e  f i r s t  and second c i r c u i t s  is  
r e a l i z e d  by means o f  c e n t r i f u g a l  pumps o f  t h e  c o n s o l e  t y p e .  
The p r e s s u r e  of  a r g o n  i n  t h e  g a s  c a v i t i e s  o f  t h e  r e a c t o r  and 
t h e  p r e s s u r e  i n  t h e  pumps o f  t h e  f i r s t  c i r c u i t  i s  1.9  kp/cm! 
Each l o o p  o f  t h e  f i r s t  c i r c u i t  i s  equipped w i t h  two g a t e  v a l v e s  
mounted on  t h e  o u t l e t  and i n l e t  p i p e s .  



Table IV-I: Basic Specifications of BN 3 5 0  and BN 6 0 0  Fast 
Breeder Power Plants 

* or 1 5 0  MW(e) and 120 ,000  t/day desalinated water. 

Fuel assemblies of the core and blankets are installed in 
a pressurized collector mounted in the pressurized chamber of the 
reactor tank. The core consists of 2 0 0  fuel assemblies filled 
with fuel elements that contain uranium oxide and breeding 
material. Within the core are located two automatic control 
rods, six rods for burn-up compensation, three safety rods, and 
one rod for temperature-effect compensation. The core along its 
axial surfaces and perimeter is surrounded by a blanket zone of 
depleted uranium. The blanket at the ends is part of the core 
assemblies, the radial part is formed by the fuel assemblies 
containing the fuel elements of the blanket. 

BN 600  

1 4 8 0  

6  0  0  

9 0 , 0 0 0  

Na 

9 3 0 0  

3 8 0  
5 5 0  

51  0  

1 4 0  

1 5 0  

7 5  
205  

2  7 

- 

Thermal Power MW (th) 

Electric Power MW(e) 

Burn-up MW (th) -day/t 

Coolant 

Coolant Flow Rate for One 
Loop of the First Circuit m3/h 

Coolant Temperature 
Core inlet O c 
Core outlet c 

Steam Temperature at Turbine 
Inlet 0 c 

Steam Pressure at Turbine 
Inlet kg/cm2 

Operational Time Between 
Reloading of Fuel days 

Core Dimensions 
Height cm 
Outside Diameter cm 

Number of Control and Safety Rods 

BN 3 5 0  

1 0 0 0  

3 5 0 *  

5 0 , 0 0 0  

Na 

3 2 0 0  

300  
500  

4 4 0  

5  0  

5  0  

1 0 6  
1 5 0  

1 2  



Figure IV-9: BN 3 5 0  Heat Transfer System 

The reactor tank, the most crucial part of the entire 
BN 3 5 0  assembly, is a vessel of varying diameter (its largest 
diameter is 6 0 0 0  mm) of stainless austenitic steel. It is 
cooled by sodium passing through the gap between the walls of 
the reactor tank itself and the heat shield. Cooling provides 
for an operating temperature that does not exceed 4 5 0 ' ~ .  

The tank temperature in the area of the output pipes, at 
nominal operating capacity, is 3 7 5 ' ~ .  The maximum temperature 
of the reactor tank at its highest part is 4 2 0 ' ~ .  

The lower part of the tank forms a pressure chamber, into 
which sodium enters through pipes from the pumps. While 
flowing from the bottom up through the core and the blanket 
region into a repository, the sodium is heated; then it flows 
through the upper mixing chamber of the tank, and via pipes 
passes into the heat exchangers. To avoid leakage of the 
sodium in the case of depressurization of the main tank, the 
latter is enclosed in a containment. 

The internal surfaces of the tank and output pipes have 
shields which lower temperature stresses in the case of a sudden 
coolant temperature change. Cooling of the tank, as was already 
said, is provided for by Ucoldn sodium. As material for biological 
shielding outside the reactor, iron-ore concentrate, graphite, 
steel, and concrete are used. 

The upper part of the tank serves as support for two rotat- 
ing plugs which provide the reloading mechanism for fuel and 
blanket assemblies. The rotating plugs also serve as an upper 
biological shield; for sealing them, hydraulic seals with an 
eutectic alloy are employed. 



Loading and u n l o a d i n g  o f  f u e l  a s s e m b l i e s  i s  c a r r i e d  o u t  
by means o f  a  l o a d i n g  mechanism which is  i n s t a l l e d  on t h e  s m a l l  
r o t a t i n g  p l u g ,  and which t r a n s f e r s  f u e l  a s s e m b l i e s  w i t h i n  t h e  
r e a c t o r .  

T r a n s p o r t  o f  f u e l  e l e m e n t s  from t h e  c o r e  t a k e s  p l a c e  v i a  
a  c l o s e d  d u c t  from t h e  r e a c t o r  t o  a n  e x t e r n a l  s t o r a g e  a r e a .  Re- 
l o a d i n g  i s  c a r r i e d  o u t  a f t e r  a  maximum f u e l  burn-up of 
50,000 MW(th) .day/ t  h a s  been a c h i e v e d .  By means o f  t h e  t r a n s f e r  
mechanism a  f u e l  e lement  i s  removed from t h e  c o r e  t o  a  compartment 
o f  t h e  u n l o a d i n g  e l e v a t o r .  The t r a n s p o r t  e l e v a t o r  i s  a  s l o p i n g  
l i f t  w i t h  a  cage  c o n t a i n i n g  a  compartment f o r  f u e l  e l e m e n t s .  I n  
t h i s  c a g e ,  t h e  f u e l  e lement  i s  moved upwards t o  t h e  n e x t  f u e l -  
e l e m e n t - t r a n s f e r  mechanism. The mechanism c l a s p s  t h e  e l e m e n t ,  
l i f t s  and moves it t o  a  t r a n s f e r  box. Then it i s  t r a n s p o r t e d  t o  
a  c y l i n d e r  f o r  s p e n t  f u e l  e l e m e n t s .  

Spen t  f u e l  e l e m e n t s  from t h e  c y l i n d e r  e n t e r  washing compart -  
ments ,  and a f t e r  washing,  p a s s  i n t o  a  b a s i n  f o r  f u e l  e lement  un- 
l o a d i n g .  The t r a n s p o r t a t i o n  o f  t h e  f u e l  e l e m e n t s  i n  boxes  t a k e s  
p l a c e  i n  a n  a r g o n  env i ronment .  C o n t r o l  o f  t h e  f u e l  e lement  
t r a n s f e r  mechanism i s  c o m p l e t e l y  a u t o m a t i c .  The c y c l e  f o r  t r a n s -  
f e r r i n g  a  f u e l  e lement  from t h e  c o r e  t o  t h e  c y l i n d e r  i s  f o r t y  
m i n u t e s .  

F i g u r e  IV-10 shows a  v e r t i c a l  s e c t i o n  o f  t h e  BN 350 r e a c t o r  
c o n f i g u r a t i o n .  

Compared t o  t h e  BN 350, t h e  BN 600 h a s  a  h i g h e r  t h e r m a l  and ,  
c o r r e s p o n d i n g l y ,  e l e c t r i c  power. Burn-up h a s  a l s o  been i n c r e a s e d  
(100,000 MtJ(th) - d a y / t  i n s t e a d  o f  50,000 f o r  t h e  BN 3 5 0 ) .  The 
o p e r a t i o n a l  t i m e  between f u e l - e l e m e n t  r e p l a c e m e n t s  h a s  been 
g r e a t l y  i n c r e a s e d  (150 d a y s  i n s t e a d  o f  501,  and t h e  t e m p e r a t u r e  
o f  t h e  sodium l e a v i n g  t h e  r e a c t o r  h a s  been r a i s e d  ( 5 5 0 ' ~  i n s t e a d  
o f  5 0 0 ' ~ ) .  A l l  o f  t h i s  h a s  l e d  t o  o p t i m a l  s t e a m  p a r a m e t e r s ;  
s t eam t e m p e r a t u r e  and p r e s s u r e  a t  t u r b i n e  i n t a k e  a r e  5 4 0 ' ~  ( i n -  
s t e a d  o f  4 4 0 ' ~ )  and 140 kp/cm2 ( i n s t e a d  of 50 k p / c m 2 ) ,  r e s p e c -  
t i v e l y .  Such h i g h  s team p a r a m e t e r s  have p e r m i t t e d  t h e  u s e  o f  
t u r b i n e s  o f  c o n v e n t i o n a l  d e s i g n .  A t  t h e  BN 600 p l a n t  t h r e e  
t u r b o - g e n e r a t o r s  w i l l  be  i n s t a l l e d ,  e a c h  w i t h  an  e l e c t r i c a l  
power o f  200 MW. 

For  t h e  BN 600 a  more economical  a n d ,  from a n  e n g i n e e r i n g  
p o i n t  o f  v iew,  s u c c e s s f u l  s o l u t i o n  h a s  been a c h i e v e d  by a r r a n g i n g  
t h e  f i r s t  c i r c u i t  i n  a  p o o l .  Core ,  pumps and i n t e r m e d i a t e  h e a t  
e x c h a n g e r s  a r e  l o c a t e d  i n  a  s i n g l e  c o n t a i n e r .  T h i s  i n t e g r a l  
a r rangement  was f i r s t  r e a l i z e d  i n  t h e  USSR w i t h  t h e  c o n s t r u c t i o n  
o f  l a r g e  n u c l e a r  power p l a n t s  w i t h  f a s t  b r e e d e r  r e a c t o r s .  F i g u r e  
IV-11 shows a  comparison o f  t h e  BN 350 loop- type  sys tem and t h e  
BN 600 poo l - type  system.  

Cool ing  i s  c a r r i e d  o u t  i n  a  t h r e e - c i r c u i t  scheme: i n  t h e  
f i r s t  and second c i r c u i t s  by means o f  l i q u i d  sodium, i n  t h e  
t h i r d  by means o f  w a t e r  and s team.  Sodium of  t h e  f i r s t  c i r c u i t  
i s  c o o l e d  i n  i n t e r m e d i a t e  h e a t - e x c h a n g e r s  by t h e  sodium 
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Figu re  I V - 1 0 :  BN 350  Reactor  Conf igu ra t i on  
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F i g u r e  I V - 1 1 :  BN 350 Loop Type System v s .  BN 600  Pool  Type System 

o f  t h e  second c i r c u i t .  Heat  from t h e  i n t e r m e d i a t e  h e a t  e x c h a n g e r s  
i s  conduc ted  t o  s t eam g e n e r a t o r s  v i a  t h r e e  independen t  l o o p s  of 
t h e  second c i r c u i t .  

Core ,  pumps, i n t e r m e d i a t e  h e a t - e x c h a n g e r s ,  and b i o l o g i c a l  
s h i e l d i n g  a r e  l o c a t e d  i n  t h e  r e a c t o r  t a n k .  The c o o l a n t  o f  t h e  
f i r s t  c i r c u i t  moves t h r o u g h  t h r e e  p a r a l l e l  l o o p s ,  e a c h  o f  which 
i n c l u d e s  two hea t -exchangers  and a  c e n t r i f u g a l  c i r c u l a t i o n  pump. 

The c o r e  and b l a n k e t s  a r e  mounted o n  a  s u p p o r t  g r i d  where 
c o o l a n t  is  d i s t r i b u t e d  w i t h i n  t h e  f u e l  a s s e m b l i e s  a l o n g  t h e i r  
r e s p e c t i v e  f u e l  e l e m e n t s .  The c o r e  c o n s i s t s  o f  370  f u e l  assem- 
b l i e s  c o n t a i n i n g  n u c l e a r  fue l - -u ran ium o x i d e  and b r e e d i n g  m a t e r i -  
a l - -and 27  c o n t r o l  and s ~ f e t y  r o d s .  The c o n t r o l  and s a f e t y  s y s t e m  
c o n s i s t s  o f  two a u t o m a t i c  c o n t r o l  r o d s ,  1 9  burn-up and tempera- 
t u r e - e f f e c t  compensa to rs ,  and s i x  emergency s a f e t y  . rods .  Along 
i t s  p e r i m e t e r  and a x i a l  s u r f a c e s ,  t h e  c o r e  i s  sur rounded  by a  
b l a n k e t  zone c o n s i s t i n g  o f  f u e l  e l e m e n t s  f i l l e d  w i t h  d e p l e t e d  
uranium d i o x i d e .  

The r e a c t o r  t a n k  i s  a  c y l i n d r i c a l  c o n t a i n e r ;  it h a s  a n  
e l i p t i c a l  b a s e  and a  c o n i c a l  upper  p a r t  i n  which t h e  r o t a t i n g  
p l u g s  a r e  i n s t a l l e d .  The main equipment  o f  t h e  f i r s t  c i r c u i t  
i s  mounted i n  t h e  t a n k :  t h e  r e a c t o r  s u p p o r t  g r i d  w i t h  t h e  
f u e l  e l e m e n t s  o f  t h e  c o r e ,  b l a n k e t  zone ,  r a d i a l  n e u t r o n  s h i e l d ,  
i n t e r m e d i a t e  h e a t - e x c h a n g e r s ,  and c i r c u l a t i o n  pumps o f  t h e  f i r s t  
c i r c u i t .  The r e a c t o r ' s  w e i g h t  is t r a n s f e r r e d  v i a  i t s  s u p p o r t  
r i n g  t o  s u p p o r t s  anchored  on a  f o u n d a t i o n  p l a t e .  

B i o l o g i c a l  s h i e l d i n g  c o n s i s t s  o f  c y l i n d r i c a l  s t e e l  p l a t e s ,  
s t e e l  b i l l e t s  and p i p e s  w i t h  g r a p h i t e  f i l l e r .  The r e a c t o r  con- 
t a i n e r  i s  e n c a s e d  i n  a  p r o t e c t i v e  s h i e l d .  



The upper  p a r t  o f  t h e  t a n k  s e r v e s  a s  s u p p o r t  f o r  t h e  r o t a t -  
i n g  p l u g  and r o t a t i n g  column which p r o v i d e  f o r  f u e l  e lement  
l o a d i n g .  The r o t a t i n g  p l u g  and  column a l s o  f u n c t i o n  a s  a  b i o -  
l o g i c a l  s h i e l d .  

Loading and u n l o a d i n g  o f  f u e l  a s s e m b l i e s  i s  c a r r i e d  o u t  by 
a  complex o f  mechanisms; it c o n s i s t s  o f  two l o a d i n g  mechanisms 
mounted i n  t h e  r o t a t i n g  column, two e l e v a t o r s  f o r  l o a d i n g  and 
u n l o a d i n g ,  and a  r e v o l v i n g - t y p e  t r a n s f e r  mechanism l o c a t e d  i n  a  
h e r m e t i c  box. F i g u r e  IV-12 shows t h e  BN 600 r e a c t o r  c o n f i g u r -  
a t i o n .  

D e s p i t e  major  changes ,  t h e r e  w e r e  many s i m i l a r  a s p e c t s  i n  
t h e  c o n s t r u c t i o n  o f  t h e  BN 350 and BN 600 r e a c t o r s .  The s e a l s  
f o r  t h e  r o t a t i n g  p l u g s ,  l o a d i n g  and h o i s t i n g  mechanisms, t h e  
b a s i c  a s s e m b l i e s  f o r  f u e l  e l e m e n t  t r a n s f e r ,  f u e l  e l ement  d e s i g n ,  
e t c . ,  remained e s s e n t i a l l y  unchanged. Thus e x p e r i e n c e  g a i n e d  
i n  b u i l d i n g  t h e  BN 350 was f u l l y  u t i l i z e d  i n  t h e  c o n s t r u c t i o n  
o f  t h e  BN 600. 

One o f  t h e  i m p o r t a n t  c o n d i t i o n s  f o r  s u c c e s s f u l  and s a f e  
r e a c t o r  o p e r a t i o n  i s  t h e  r e l i a b i l i t y  o f  i t s  c o r e  from a  t h e r m a l  
e n g i n e e r i n g  s t a n d p o i n t .  Moni to r ing  o f  b a s i c  t h e r m a l  p a r a m e t e r s  
and p h y s i c a l  c o n d i t i o n s  i n  t h e  r e a c t o r  c o r e  p l a y s  a  c r u c i a l  r o l e .  
Any d e v i a t i o n  f rom normal o p e r a t i o n  must be d e t e c t e d .  I n  t h e  
BN 600, b e s i d e s  m o n i t o r i n g  o f  n e u t r o n  p r o d u c t i o n  r a t e ,  i t s  
change  and r e a c t i v i t y ,  t h e r e  i s  a l s o  s u r v e i l l a n c e  f o r :  

- d e l a y e d  n e u t r o n s  p e n e t r a t i n g  i n t o  t h e  c o o l a n t ;  

- t h e  p r e s e n c e  o f  f i s s i o n  p r o d u c t s  i n  t h e  r e a c t o r  c o v e r -  
g a s  ( r e s u l t i n g  f rom t h e i r  e s c a p e  f rom damaged f u e l  
e l e m e n t s  ) ; 

- f low r a t e  v a r i a t i o n s  o f  c o o l a n t  f low t h r o u g h  t h e  r e a c t o r  
a r e  measured by e l e c t r o - m a g n e t i c  f lowmete rs ;  and 

- v a r i a t i o n s  i n  c o o l a n t  t e m p e r a t u r e  upon e x i t  f rom t h e  
r e a c t o r .  

I f  any d e v i a t i o n  from normal o p e r a t i n g  c o n d i t i o n s  i s  de-  
t e c t e d  t h e  r e a c t o r  power i s  r e d u c e d ,  o r  t h e  r e a c t o r  i s  c o m p l e t e l y  
s h u t  down. 

I f ,  a f t e r  r e a c t o r  shut-down, a  d e f e c t i v e  f u e l  e l e m e n t  i s  
d e t e c t e d  i t s  removal i s  a n t i c i p a t e d  by means o f  t h e  s o - c a l l e d  
d e f e c t i v e  f u e l  e l e m e n t  d e t e c t i o n  system.  T h i s  sys tem c o n s i s t s  
o f  a  mechanism i n s t a l l e d  i n  t h e  r o t a t i n g  p l u g s  which c a n  r e a c h  
any  e lement  i n  t h e  c o r e  which migh t  c o n t a i n  a  l e a k y  f u e l  p i n  i n  
o r d e r  t o  remove t h e  e l e m e n t  f rom t h e  r e a c t o r .  

With t h e  a c c u m u l a t i o n  o f  o p e r a t i o n a l  e x p e r i e n c e  w i t h  t h e  
l a r g e  e x p e r i m e n t a l - i n d u s t r i a l  r e a c t o r s  BN 350 and BN 600 t h r o u g h  
n u c l e a r  p l a n t s  o f  t h i s  t y p e ,  a  wide r o a d  w i l l  be  opened toward 
t h e  development  o f  a  l a r g e - s c a l e  S o v i e t  n u c l e a r  power i n d u s t r y .  
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1.3 Other Fission Breeder Reactor Systems 

1.3.1 The Gas-Cooled Fast Breeder Reactor (GCFR) 

Similar to the case of thermal reactors, with several dif- 
ferent types being on the threshold of commercial availability, 
there are technological and industrial reasons to develop an 
alternative fast breeder system. Particularly, if one considers 
that fast breeders will be the most important energy system be- 
yond the year 2000. It is hard to believe that utilities would 
then rely on one fast breeder system only. 

When the development of fast reactors was started, the only 
feasible coolant appeared to be a liquid metal which is capable 
of cooling small cores of very high power densities. The in- 
crease in size of the envisaged nuclear power plants and the 
change from metallic to oxide fuels have made the requirements 
on the heat transfer capabilities of the coolant less stringent. 
Furthermore, in the meantime, the technological development of 
gas-cooled thermal reactors (MAGNOX, AGR, HTGR) has considerably 
improved the obtainable thermal performance of gas coolant. The 
technological progress that could be of advantage here is the 
development and successful operation of very large gas blowers, 
of prestressed-concrete pressure vessels capable of containing 
high pressure gas, and of the so-called "artifical roughness" 
for a better heat transfer at the surface of the fuel element 
pins. 

To date two private companies in the United States and in 
the FRG (General Atomic and Kraftwerk Union) have had teams 
work on the GCFR, with the active assistance of the govern- 
mentally supported nuclear centers in each country [IV-2, IV-31. 
Although the GCFR can use the technology developed for thermal 
gas-cooled reactors (concrete pressure vessel, blowers, heat 
exchangers, valves, etc.) and for the LMFBR (fuel elements, 
neutron physics), the costs of developing this new reactor type 
would still be very high. Therefore, the development programs 
of this alternative fast breeder system are progressing more 
slowly than those of the presently favored LMFBR system. 

Table IV-I1 shows major performance data of the 1000 MW(e) 
GCFR design of Kraftwerk Union. The very good breeding ratio 
(1.45) and the relatively high fissile plutonium inventory 
(3.4 kg/MW(e)) can yield a fissile plutonium doubling time in 
the range of 1 1  to 12 years. 

Contrary to liquid-metal-cooled fast breeder reactors, gas- 
cooled fast reactors are designed to operate under a helium qas 
pressure of 80 to 120 atm. Helium gas is pumped downwards by 
blowers through the core fuel elements and increases its tem- 
perature from 270 to 550'~. The fuel rods will have an arti- 
fical roughness on the surface in order to improve the heat 
transfer. The core, the gas blowers, and the heat exchangers 
are located within a prestressed-concrete vessel (see Figure IV-13). 



Table IV-11: Major Performance Data of a 1000 MW(e) Gas-Cooled 
Fast Reactor (Design Kraftwerk Union, FRG) 

Safety problems of a GCFR are of a different nature than 
those pertinent to an LPIFBR; they are essentially connected 
with a fast loss of coolant pressure or a failure of the cooling 
blowers [IV-41 . 

Reactor thermal power MW(th) 

Net electrical power MW(e) 

Plant efficiency % 

Maximum fuel burn-up MW(th) -day/t 

Breeding ratio 

Average enrichment 96 

Fissile plutonium inventory kg 

Power rating, core MW (th) /kg 

Fuel lifetime Yr 

Doppler constant dk 
' m  

Reactivity swing between refueling $ 

Helium reactivity worth $ 

Core volume m 

Reactor-coolant pressure atm 

Clad hot-spot temperature c 
Pin diameter mm 

Helium, reactor inlet temperature OC 

Helium, reactor outlet temperature OC 

Main turbine steam conditions Oc/atm 

1.3.2 Thermal Breeder Reactors 
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The principle of breeding is not restricted to the use of 
fast neutrons. The fundamental condition for the feasibility of 
breeding is 0 > 2, if 0 is the number of neutrons released per 



Figure IV-13: Nuclear Steam Supply System of the 300 MW(e) 
Gas-Cooled Fast Reactor Demonstration Plant 
(General Atomic, San Diego) 



neu t ron  absorbed  [ ( n ,  y )  and ( n , f )  1 i n  t h e  f i s s i o n a b l e  atom. 
r- > 2, on t h e  one hand, p o i n t s  t o  t h e  u s e  of  Pu239 and Pu241 i n  
a  f a s t  spectrum. It must be a  hard  spec t rum because  r- f a l l s  o f f  
q u i c k l y  w i t h  d e c r e a s i n g  energy  o f  t h e  f i s s i o n i n g  neu t rons .  And 
i n  t e r m s  o f  p h y s i c s ,  t h e  problem of  t h e  f a s t  b r eede r  i s  t o  keep 
t h e  energy  of  t h e  f i s s i o n i n g  n e u t r o n s  s u f f i c i e n t l y  h igh .  On t h e  
o t h e r  hand, q > 2  p o i n t s  t o  U233 i n  a  t he rma l  spec t rum and,  
a c c o r d i n g l y ,  it is  t h e  U233-Th f u e l  c y c l e  which i s  t h e  prime 
c a n d i d a t e  f o r  a  t he rma l  b r eede r .  A s  f a r  a s  U233 i s  concerned ,  
it t h e r e f o r e  is t h e  problem of  t he rma l  b r e e d e r s  t o  have t h e  
energy  of t h e  f i s s i o n i n g  n e u t r o n s  s u f f i c i e n t l y  t he rma l i zed .  I t  
must be  no t ed ,  however, t h a t  a l l  forms of  mixed f u e l  c y c l e s  c an  
be  and have been cons ide r ed .  For i n s t a n c e ,  U233 i s  f e a s i b l e  f o r  
t h e  u s e  i n  f a s t  b r e e d e r s ,  and Pu h a s  been c o n s i d e r e d  f o r  t h e  
u se  i n  t he rma l  b r eede r s .  The s imp le  r e a c t o r  p h y s i c s  r e a son ing  
a s  g iven  above t h e n  becomes much more complex. 

B a s i c a l l y  t h e r e  w e r e  two r e a s o n s  t h a t  l e d  t o  t h e  p r e f e r e n c e  
o f  f a s t  b r e e d e r s :  

( a )  The e a s e  of  meet ing t h e  c o n d i t i o n  r- > 2 ,  even i n  t h e  
p r e sence  of  e n g i n e e r i n g  c o n s t r a i n t s ;  

( b )  The c o m p a t i b i l i t y  o f  t h e  (U,Pu) f a s t  b r e e d e r  f u e l  
c y c l e  w i t h  t h o s e  of  e x i s t i n g  t he rma l  n u c l e a r  power 
r e a c t o r  s t a t i o n s ,  p r i n c i p a l l y  t h e  LWR. 

One shou ld ,  n e v e r t h e l e s s ,  n o t e  t h a t  t h e r e  c o n t i n u e s  t o  be  
a  p o t e n t i a l  f o r  thermal  b r eede r  r e a c t o r s * .  The two key i s s u e s  
d e r i v i n g  from t h e  c o n d i t i o n  r- > 2  a r e  f i s s i o n  p roduc t  removal 
and Pa233 po i son ing .  Enhanced f i s s i o n - p r o d u c t  removal n e c e s s i -  
t a t e s  e i t h e r  f r e q u e n t  r e f u e l i n g  and ,  consequen t l y ,  h igh  f u e l -  
c y c l e  c o s t s ,  o r  t h e  i n t r o d u c t i o n  o f  t h e  homogeneous-reactor con- 
c e p t  w i t h  ( i n h e r e n t )  con t i nuous  f i s s i o n - p r o d u c t  removal.  Pa233 
po i son ing  i s  a  p o i n t  because  of  t h e  r e l a t i v e  l o n g  h a l f - l i f e  o f  
27.4 days  o f  Pa233; t h e  h a l f - l i f e  of Np239 on t h e  o t h e r  hand, 
t h e  l o g i c a l  ana logue  f o r  t h e  U-Pu c y c l e ,  i s  much s h o r t e r  (2 .33  
d a y s ) .  Such po i son ing  i n  p r i n c i p l e  r e q u i r e s  t h e  s p a t i a l  p a r t i -  
t i o n  of  U233 a s  f u e l  from t h e  f e r t i l e  m a t e r i a l  Th232, t h a t  i s ,  
t h e  d i s t i n c t i o n  between c o r e  and b l a n k e t .  The o t h e r  p r i n c i p a l  
means t o  meet t h e  problem o f  Pa233 po i son ing  i s  a  low neu t ron  
f l u x ,  and t h a t  i s  a  low s p e c i f i c  power. I t  obv ious ly  h u r t  t h e  
f u e l  c y c l e  economy, t oo .  

I n  a  l a r g e  number o f  r e a c t o r - d e s i g n  s t u d i e s  an  a t t e m p t  ha s  
been made t o  c i rcumvent  t h e  problems and f o s t e r  t h e  p o s i t i v e  
f e a t u r e s  o f  thermal  b r eede r s .  

* The c h i e f  p i o n e e r s  f o r  t h e  t h e r m a L b r e e d e r  concep t  have been 
E. Wigner and A. Weinberg i n  t h e  US; i n  p a r t i c u l a r ,  exper iments  
and d e s i g n  work w e r e  c a r r i e d  o u t  by t h e  Oak Ridge N a t i o n a l  Labo- 
r a t o r y  (OWL). 



There have been four approaches to a homogenous-reactor 
design: 

( 1 )  Heavy-water/uranium-aqueous-solution reactor; 

( 2 )  Liquid-bismuth reactor; 

( 3 )  Heavy-water-slurry reactor; 

( 4 )  Molten-salt reactor. 

( 1 )  and ( 2 )  led to significant technological problems and 
problems of chemical stability at higher temperatures; they 
were no longer pursued. 

The slurry concept (3) avoids these difficulties by using 
small and chemically inert ceramic particles. It was mostly 
pursued by F.F. Went at the KEMA laboratories, Netherlands. A 
1 MW(th) experimental reactor has been in successful operation 
for a number of years, demonstrating the principal feasibility 
of this concept and, particularly, its remarkable operational 
stability. 

The molten-salt-reactor concept ( 4 )  has mostly been pur- 
sued by the Oak Ridge National Laboratory (ORNL). Very signif- 
icant was the successful operation of their 8 MW(th) Molten 
Salt Reactor Experiment (MSRE). Using a variety of molten salts 
it permits significantly higher temperatures than ( 1 )  through 
( 3 ) .  It requires the integration of continuous on-line re- 
processing, which makes it very similar to the fission concept 
with on-line tritium reprocessing. 

The three most important lines for a heterogenous thermal 
breeder are the following: 

( 5 )  U233-Th/heavy water reactor; 

( 6 )  High-temperature gas-cooled reactor (HTGR); 

( 7 )  Light-water breeder reactor (LWBR) . 
In all cases, the fundamental idea is to use existing lines 

of thermal-power reactor stations with already partly or fully 
developed engineering. It is a consistent and painful experience 
that it is not so much the difficulties of a principal kind which 
a new reactor development line runs into but rather numerous 
engineering difficulties; and it is not that they are unsur- 
mountable, but they are expensive to overcome in terms of both 
money and time. In view of this experience it is indeed a basic 
advantage if already existing engineering developments can be 
employed. The price to be paid is in terms of reactor physics: 
The breeding ratio is always hurt, and is often reduced to one 
or even below one. Consequently, the reactor lines (5) through 
( 7 1  are often referred to as near-breeders. 

To obtain a near-breeder with the heavy-water/natural 
uranium reactor concept it is necessary to ~ntroduce the U233-Th 
fuel cycle and frequent refueling. Both are an economic burden. 



To e x p l o r e  t h e  h i g h - t e m p e r a t u r e  l i n e ,  t h e  c o a t e d - p a r t i c l e  
g a s - c o o l e d  r e a c t o r  was i n v e s t i g a t e d  i n  g r e a t e r  d e p t h .  The 
( n , 2 n )  e f f e c t  o f  Be9 was o f t e n  c o n s i d e r e d  w i t h  r e s p e c t  t o  
enhanced n e u t r o n  p r o d u c t i o n .  A s  a  s u b s e q u e n t  r e a c t i o n  o f  
n e u t r o n  a c t i v a t i o n  ( n , a ) ,  however,  ~ i 6  i s  produced ,  which i s  
a  s t r o n g  n e u t r o n  a b s o r b e r .  A t  t h e  same t i m e  e m b r i t t l e m e n t  o f  
Be t a k e s  p l a c e  on a c c o u n t  o f  he l ium f o r m a t i o n .  T h e r e f o r e ,  t h e  
i d e a  o f  e n g a g i n g  such  n e u t r o n  e n h a n c e r s  h a s  e s s e n t i a l l y  been 
d ropped .  The a t t a i n a b l e  b r e e d i n g  r a t i o  ( c o n v e r s i o n  r a t i o )  i s  a  
f u n c t i o n  o f  t h e  a c c e p t a b l e  f u e l - c y c l e  p e n a l t i e s .  Under some- 
what r e a l i s t i c  c o n d i t i o n s  (which a r e  h a r d  t o  s p e c i f y  i n  t h e  
a b s e n c e  o f  a  r e l a t i n g  and t e c h n i c a l l y  e x i s t i n g  f u e l  c y c l e )  one  
may e x p e c t  a  " b r e e d i n g  r a t i o "  o f  0 . 8  o n l y .  

The o t h e r  p o s s i b l i l i t y  i s  t o  engage t h e  e n g i n e e r i n g  o f  t h e  
P r e s s u r i z e d  Water R e a c t o r  (PWR), which h a s  been e x t r a o r d i n a r i l y  
s u c c e s s f u l .  T h i s  h a s  m a i n l y  been pursued  i n  t h e  US by B e t t i s  
Atomic Power L a b o r a t o r y .  The i d e a  is  o n l y  t o  change t h e  c o r e  
a r r a n g e m e n t ,  f o l l o w i n g  t h e  s e e d  a n d  b l a n k e t  approach .  I t  pro-  
v i d e s  f o r  f u e l  e l e m e n t s  o f  main ly  f i s s i o n a b l e  m a t e r i a l  ( s e e d )  
i n  a n  a n n u l u s  o f  f e r t i l e  m a t e r i a l  ( b l a n k e t ) .  The s e e d  p a r t  o f  
t h e  f u e l  e l e m e n t  i s  e x p e c t e d  t o  b e  movable upward and downward, 
t h u s  a l l o w i n g  f o r  r e a c t i v i t y  c o n t r o l  w i t h o u t  p a r a s i t i c  a b s o r p t i o n  
i n  c o n t r o l  r o d s .  The c l u s t e r i n g  o f  f u e l  i n  t h e  s e e d  and b l a n k e t  
a r rangement  i s  meant t o  enhance  e p i t h e r m a l  and  f a s t  f i s s i o n s  by 
p r o v i d i n g  an  e x t r e m e l y  s m a l l  c o o l a n t - w a t e r  f r a c t i o n  i n  t h e  f u e l  
e l e m e n t .  D e s i g n e r s  e x p e c t  a  b r e e d i n g  r a t i o  o f  o n e  under  o p e r a t -  
i n g  c o n d i t i o n s .  

A s  ment ioned b e f o r e ,  t h e  n u c l e a r  f i s s i o n  r e a c t o r  community 
h a s  c o n c e n t r a t e d  on t h e  f a s t  b r e e d e r ,  b e c a u s e  t h e r e  t h e  c h o i c e  
between sound e n g i n e e r i n g  and good r e a c t o r  p h y s i c s  i s  less p a i n -  
f u l .  But one  must r e a l i z e  t h a t  t h e  p o t e n t i a l  f o r  t h e r m a l  b r e e d i n g  
c o n t i n u e s  t o  e x i s t .  I f  t h e r m a l  f i s s i o n  b r e e d e r s  t u r n e d  o u t  t o  
b e  a  n e c e s s i t y  o r  o f  s u f f i c i e n t  commercia l  i n t e r e s t ,  t h e  most 
p r o m i s i n g  c a n d i d a t e  would p r o b a b l y  b e  t h e  m o l t e n - s a l t  r e a c t o r .  
The r e a c t o r  t y p e  i s  n o t  pursued  a n y  more b e c a u s e  o f  l a c k  o f  
f u n d s ,  t h e  a b s e n c e  o f  a n  i n d u s t r y  t h a t  i d e n t i f i e s  i t s e l f  w i t h  
it, and t h e  l a c k  o f  a  b e n e f i t  t h a t  c o u l d  o t h e r w i s e  n o t  b e  a c h i e v e d .  
For  more d e t a i l s  and r e f e r e n c e s  w e  draw t h e  r e a d e r ' s  a t t e n t i o n  
t o  a  s u r v e y  a r t i c l e  by A.M. P e r r y  and A.M. Weinberg [IV-51. 



2. FUSION REACTORS 

2.1 Fus ion  Reac tor  Designs 

S i n c e  t h e  beg inn ing  of  l a r g e - s c a l e  r e a c t o r  d e s i g n s  i n  
t h e  e a r l y  1970s t h e r e  have been a t  l e a s t  23 i n d i v i d u a l  s t u d i e s .  
The l a r g e s t  number o f  s t u d i e s ,  13 ,  have been conducted on 
TOKAMAKs, wh i l e  s i x  have been on l a s e r  and e lec t ron-beam r e a c t o r s ,  
t h r e e  on M i r r o r s ,  and one on The ta  P inches .  A l i s t  o f  t h e i r  
d e s i g n s  and o r i g i n s  i s  g iven  i n  Table  I V - 1 1 1 ;  Tab le  I V - I V  
summarizes t h e i r  most s a l i e n t  f e a t u r e s .  A r t i s t s '  c oncep t i ons  
o f  t h e  TOKAMAK r e a c t o r s  such  a s  UIVMAK-I [IV-71, UWMAK-I1 [IV-81, 
and UWMAK-I11 [ IV-91 , PPPL [ IV-101 , Culham [ IV-111 , and JAERI 
[IV-131 a r e  shown i n  F i g u r e s  IV-14 t o  IV-20, r e s p e c t i v e l y .  
F i g u r e  IV-21 shows a twelve-module laser  system from LASL 
[IV-191; F igu re  IV-22 shows a  p o s s i b l e  r e a c t o r  d e s i g n  f o r  t h e  

Mi r ro r  [IV-241; and F igu re  IV-23 i s  t h e  o v e r a l l  p l a n t  d e s i g n  
f o r  t h e  r e f e r e n c e  The ta  Pinch r e a c t o r  [IV-271. 

Tab l e  I V - 1 1 1 :  Summary of L a b o r a t o r i e s  Which Have P re sen t ed  
Complete o r  Semi-complete Demonstrat ion Power 
Reac tor  Designs Based on a  Pure  D-T Fue l  Cycle* 

* Excludes h y b r i d s ,  f i s s i o n - p r o d u c t  b u r n e r s ,  o r  n o n - e l e c t r i c a l  
power produc ing  d e s i g n s .  

Reac tor  Type 

TOKAMAK 

Lase r  

Mi r ro r  

The ta  Pinch 

E-Beam 

Labora tory  

ORNL 
Univ. o f  Wisconsin 
PPPL 
Culham 
JAERI 
BNL 
I s p r a  (EURATOM) 
Khurchatov 

LASL 
LLL 
J i i l i c h  
ORNL 

LLL 

LASL-ANL 

Sandia  

Reference  

[IV- 61 
[ I V -  7  t o  IV-91 
[IV-lo] 
[IV-11 , IV-121 
[IV-13, IV-141 
[IV-15, IV-161 
[IV-171 
[IV-181 

[IV-19, IV-201 
[IV-211 
[ IV-22 1 
[IV-231 

[IV-2 4  t o  IV-261 

[IV-271 

[IV-281 
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We have chosen the TOWlAK reactors as a reference for this 
study hecause they have been studied in greatest detail; they 
also seem to be the lead reactor concept in most national pro- 
grams. The great number of TOKAMAK reactor designs helps to 
insure that the appropriate diversity will be achieved with 
respect to coolants, tritium inventory, radioactive materials 
inventory, and materials resource demands. We will attempt 
to develop an envelope of characteristics for all the reactors 
now under consideration as we assess the requirements of fusion 
power. 

It is worthwhile to point out how the reactor designs 
have changed since the first full-scale reactor designs by 
A.P. Fraas [IV-61, and the Culham group [IV-111, The first 
thing of note is the trend toward austenitic steels and, 
consequently, lower operating temperatures. This tends to 
give a different picture with respect to long-lived radio- 
isotopes than previous articles, and it also lowers the effi- 
ciency of the reactors to that currently typical of present 
fission or future breeder reactors. 

Another change since those early reactors is the inclusion 
of helium as a coolant and the potential for lower tritium 
inventories in the blanket by the use of solid lithium breeding 
coumpunds [IV-8, IV-14 to IV-161. While this does not eliminate 
the problems of tritium accidents, it does tend to reduce them 
in the area of the blanket. 

A third change is the attention paid to the balance of 
plant design and the inclusion of that part of the system in 
the materials resource demands, cost estimates, and safety 
hazards. This area still needs more attention, but recent 
studies of balance of plant designs have revealed a few sur- 
prises which were not considered in the earlier work. These 
are, for example, the need for load leveling systems, attention 
to external piping cost of high temperature systems, and the 
effect of magnetic field leakage [IV-7 to IV-91 . 

The final point is that power levels have been increased 
in order to find an optimum size from the standpoint of costs. 
Several TOKAMAK studies have fixed on the 5000 M\J(th) size, 
while the reference Theta Pinch reactor is up to 12,000 MW(th). 

Considering that fusion reactor designs are still very 
preliminary, it is not worthwhile to describe them in the de- 
tail given in Section IV.l of this chapter. Certainly there 
is more detail than given here, and the reader is referred to 
a recent publication [IV-301, which includes more of the 
plasma-physics, thermal, and mechanical design details. 
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3. CONCLUSIONS 

A u s e f u l  comparison of f u s i o n  and f i s s i o n  b r e e d e r s  r e q u i r e s  
t h a t  t h e  a n a l y s i s  be under taken  a t  a  l e v e l  o f  d e t a i l  t h a t  can  
o n l y  be prov ided  by r e f e r e n c e  t o  s p e c i f i c  r e a c t o r  d e s i g n s .  

The b a s i s  f o r  o u r  cho i ce  i n  f i s s i o n  i s  t h a t  t h e  Liqu id  
Metal  F a s t  Breeder  Reactor  (LMFBR) c l e a r l y  dominates  r e s e a r c h  
and development programs on b r eede r  r e a c t o r s  around t h e  wor ld ,  
making t h e  LMFBR by f a r  t h e  most l i k e l y  b r e e d e r  f o r  commercial- 
i z a t i o n .  H i s t o r i c a l l y ,  f a s t  r e a c t o r s  have been p r e f e r r e d  t o  
t he rma l  b r e e d e r s  because of  t h e i r  h i g h e r  b r eed ing  r a t i o s ,  which 
p rov ide  optimum f u e l  u t i l i z a t i o n  and t h e  p o s s i b i l i t y  o f  a  
r e l a t i v e l y  r a p i d  expans ion  of t h e  number o f  r e a c t o r s .  Among 
f a s t  r e a c t o r s ,  l iqu id-meta l -cooled  r e a c t o r s  have r e c e i v e d  much 
more a t t e n t i o n  t h a n  gas-cooled r e a c t o r s  f o r  p a r t l y  t e c h n i c a l  
and p a r t l y  h i s t o r i c a l  r e a sons .  I n  any c a s e ,  no p r o t o t y p e  gas-  
coo led  f a s t  r e a c t o r s  a r e  under c o n s t r u c t i o n  a t  p r e s e n t .  Among 
v a r i o u s  e x i s t i n g  LMFBR d e s i g n s  w e  chose t h e  German/Belgian/ 
Dutch f a s t  b r e e d e r  p r o t o t y p e  r e a c t o r  SNR 300 because we had 
f u l l  a c c e s s  t o  a l l  t h e  d e t a i l s  o f  t h e  program. 

On t h e  f u s i o n  s i d e ,  it is  imposs ib l e  t o  s t a t e  w i t h  any 
c e r t a i n t y  which c o n f i g u r a t i o n  w i l l  a c t u a l l y  l e a d  t o  a  working 
r e a c t o r .  A t  t h e  p r e s e n t  t ime ,  t h e  TOKAMAK concept  seems t o  
p rov ide  t h e  g r e a t e s t  promise of  s u c c e s s  from a s c i e n t i f i c  
s t a n d p o i n t  and,  t h e r e f o r e ,  ha s  been t h e  o b j e c t  of most con- 
c e p t u a l  r e a c t o r  d e s i g n s .  However, i t s  t o r o i d a l  geometry and 
complex magnet c o n f i g u r a t i o n  make t h e  TOKAMAK a v e r y  d i f f i c u l t  
system t o  d e s i g n  f o r  e l e c t r i c i t y  p roduc t i on ;  t h e  c o n s t r u c t i o n  
o f  such  l a r g e - s c a l e  power p l a n t s  w i l l  undoubtedly be more 
d i f f i c u l t  t han  t h a t  o f  s i m i l a r - s i z e d  f i s s i o n  b r e e d e r  r e a c t o r s .  
Perhaps  some o t h e r  approach t o  f u s i o n  (Mi r ro r s ,  l a s e r  f u s i o n ,  
e t c . )  w i l l  l e a d  more e a s i l y  t o  a  r e a c t o r  t han  t h e  TOKAMAK 
concep t ,  b u t  it i s  t o o  e a r l y  t o  s ay .  W e  have chosen t o  d i s c u s s  
h e r e  t h e  l i q u i d - l i t h i u m  cooled  TOKAMAK because  more e x t e n s i v e  
and d e t a i l e d  i n fo rma t ion  h a s  been a c c e s s i b l e  f o r  t h i s  concep t  
t h a n  seems t o  be a v a i l a b l e  f o r  o t h e r  approaches .  
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APPENDIX T O  CHAPTER I V  

A MORE DETAILED ANALYSIS OF 

FUTURISTIC FUSION REACTOR CONCEPTS 

IV-A A TOKAMAK REACTOR AND AN WID ENERGY CONVERSION SYSTEM 

(THE TVE-2500 PROJECT) 

(D.K. Kurbatov, G.E. Shatalov, N.N. ~asiliev) 

In cooperation with the Kurchatov Atomic Power ~nstitute, 
the Institute of High Temperature of the Academy of Sciences of 
the USSR is carrying out design studies for a fusion power plant 
equipped with a TOKAMAK reactor [IV-A-1 ] . 

The main characteristic features of the project under con- 
sideration are gas cooling at coolant temperatures up to 1800 
to 2100 K, and incorporation of the solid-graphite ceramic 
blanket. With such high working-medium temperatures MHD genera- 
tors can be used; these generators have high thermodynamic 
efficiencies and are costly compared to traditional power plants. 
Besides, the realization of the high-temperature gas-cooling 
process suggests using the plant as a high-temperature heat 
source in industry (in metallurgy, chemical hydrogen production, 
etc.). 

The principal technological scheme of the fusion power plant 
is shown in Figure IV-A-1. Neon was chosen as a gas coolant in 
the solid ceramic blanket, and is used as a working medium in 
the heat power cycle of the plant. After power production in 
the MHD generator, where about one third of the initial enthalpy 
is converted into electricity, the working medium successively 
passes through the following thermo-mechanical components: 
steam generator, recuperative heat exchanger, cooler, compressor, 
and again heat exchanger; then the neon is forced back to the 
reactor. The compressor is driven by the turbine supplied with 
steam from the steam generator. 

The basic parameters of the fusion power plant are given 
in Table IV-A-I. At an outlet temperature of Ne of 2100 K a 
plant efficiency of roughly 50 per cent may be reached. 

The parameters for the major components of the energy con- 
version system were carefully selected; the calculation results 
were examined in detail with regard to fission [IV-A-21 as well 
as fusion reactor systems [IV-A-3, IV-A-41. 



F i g u r e  IV-A-1: P r i n c i p a l  Diagram o f  t h e  Fus ion  Power P l a n t  w i t h  
MHD Energy Convers ion  System 

I t  is ,  t h e r e f o r e ,  r e a s o n a b l e  t o  a n a l y z e  a t  t h i s  p o i n t  t h e  
p r i n c i p a l  t e c h n i c a l  and economic p a r a m e t e r s  o f  t h e  r e a c t o r  u n i t ;  
t h e  way i n  which t h e y  w e r e  o b t a i n e d  is  d i s c u s s e d  i n  Appendix 
C - 1 1 1 .  There  t h e  b a s i c  t e c h n i c a l  d e c i s i o n s  a r e  d e s c r i b e d  
t h a t  were t a k e n  when t h e  TVE-2500 p r o j e c t  was b e i n g  worked o u t .  

The TOKAMAK-type r e a c t o r  o p e r a t i n g  on D-T f u e l  h a s  been 
c o n s i d e r e d .  The u n i t  energy  l o a d  was a c c e p t e d  t o  be 2  w/m2;  
t h e  i n d u c t i o n  o f  t h e  t o r o i d a l  magne t ic  f i e l d  o f  t h e  chamber 
a x i s  was e s t a b l i s h e d  t o  be 5  T. Before  t h e  i g n i t i o n  of  t h e  
r e a c t i o n  i s  i n i t i a t e d  t h e  plasma i s  h e a t e d  by i n j e c t i o n  o f  
n e u t r a l  d e u t e r i u m  atoms. 



Table IV-A-I: Basic Parameters of Fusion Power Plants with a 
TOKAMAK Reactor and an MHD Energy Conversion 
System (TVE-2500) 

The reactor-plasma parameters were determined via a system 
of one-dimensional non-steady state equations which describe 
the balance of energy and particles [IV-A-51. In the calcula- 
tions, neoclassical expressions were used for ion heat con- 
ductivity and diffusion, and pseudoclassical expressions for 
the electronic component. In addition, a number of corrections 
concerning the anomaly of electronic-heat conductivity and 
plasma conductivity were inserted. 

Plant Capacity MW(e) 

Efficiency 5 

Equipment Consisting of 

TOKAMAK fusion reactor 

MHD generator 

Compressor with drive 
(steam turbine plant) 

Thermomechanical block 

Maximum Cycle Temperature K 

Minimum Cycle Temperature K 

Maximum Pressure in Loop atm 

Magnetic Systems of Reactor 
and MHD Generators 

Parameters of Magnetic Systems 

Induction of toroidal magnetic field 
at magnetic axis of reactor chamber T 

Maximum induction value of magnetic 
field at windings of reactor magnet T 

Induction value of magnetic field 
in the channel of the MHD generator T 

Material of superconducting busbar 

Total weight of magnetic windings 
including weight of stabilizing and 
reinforcing materials t 

Tritium Inventory kg 

TVE-2500 

2570 

5 1 

1 

2 

2 

2 

2100 

320 

7.5 

Supercon- 
ducting 

5 

12 

8 

Nb 3Sn+Cu 

1200 

2 



In accordance with plasma-physics calculations, the required 
outlet power for the injectors proved to be 100 MW, the time for 
reaching nominal reactor power being 10 to 15 sec. The princi- 
pal criteria for the blanket design were to obtain a high-temper- 
ature working medium and acceptable tritium-breeding ratios. 

The first requirement simply stipulates the usage of a 
solid ceramic blanket. Today the best heat-proof material con- 
taining lithium is known to be lithium aluminate: Li20(Al203) 
- Li20 (A1203) 2. The melting temperature of this composition 
depends upon the quantity of the poor lithium content phase 
Li20(A1203)2, and in no case exceeds 2000 K. The working temp- 
erature of lithium aluminate will not exceed 1600 to 1800 K. 
This means that the blanket should be designed in a way as to 
provide maximum heat release, not in the lithium containing 
zones, but in the regions made of more heat-resistant materials 
such as graphite. 

The neutron-physics calculations of the reactor blanket 
were carried out on a BESM-6 computer with the one-dimensional 
BLANK program using the Monte Carlo method in an energy field 
of 0.01 MeV to 14.2 MeV, and the PI-approach for energy of 
0 to 0.01 MeV [IV-A-61. The calculations were carried out for 
plane geometry, which means that one is not confined to specific 
system dimensions. The statistical precision of the calculation 
of basic parameters was two to three per cent. 

According to preliminary results, it has become clear that 
in order to obtain a tritium-breeding ratio exceeding one, it 
is necessary to use neutron multiplying material and to have 
lithium enrichment with Li6 isotopes. Analoguous results were 
received in studies [IV-A-7, IV-A-81 where lithium enrichment 
with Li6 was accepted to be 90 per cent, and the blanket in- 
cluded beryllium zones. 

However, the use of beryllium, or its compounds such as 
beryllium oxide, or the intermetallide BeqZr leads to a con- 
siderable rise in costs of the blanket and the plant as a 
whole. In addition, the low radiation resistance of Be will 
make frequent replacement of the respective blanket zones 
necessary, which substantially increases the variable cal- 
culated cost component. The shortage of natural beryllium 
resources may also turn out to be a decisive factor. 

Another possibility is to use a heavy-element (n,2n) 
reaction. Zirconium probably offers the most favorable com- 
bination of nuclear and thermal properties, and it was accepted 
as multiplying material for reactor blankets of TVE-2500 plants. 

It was decided that in the Project an Nb-Zr alloy be used 
as first-wall construction material. In order to reduce the 
influence of a wall sputtering on the reactor plasma parameters, 
covers consisting of silicon or titanium carbides were used. 



Tritium production is carried out in the zones which, from 
a construction point of view, were made according to the prin- 
ciple of the "ventilated fuel element'': hardened or freely 
dissipated microsheres of lithium aluminate (Li20'(A1203)) are 
locked up in tightly closed ampules made of Nb-Zr alloy or 
Mo alloy. Within the ampule, a weak flow of the inert gas-carrier 
is produced (for TVE-2500 helium was chosen), which carried 
the tritium diffusing from the microelements right to the 
catching system. An analoguous system of tritium extraction 
is suggested in studies [IV-A-81 . 

The zones in which the multiplication and moderation of 
neutrons occur can be seen as a form of a free spherical 
accumulation. 

Zirconium may be used either as a metal, or as a compound 
with a high melting point, for example, in the form of the 
oxide Zr02 (with a melting point of 2 8 0 0 ~ ~ ) ~  nitride ZrN 
(31 00'~) , or carbide ZrC (3400~~) ; however, the absorption and 
moderation of neutrons in oxygen, nitrogen, or carbon atoms 
leads to a reduction of the tritium-breeding ratio as compared 
to the case when metallic zirconium is used, which has a melting 
point of 1 8 0 0 ~ ~ .  

In the TVE-2500 project zirconium carbide, ZrC, is used for 
the zones in which neutrons are multiplied. 

The calculation scheme of the blanket is shown in Fiqure 
IV-A-1. Neutron-physical calculations showed that with metallic 
zirconium the tritium breeding ratio is BR = 1.09. If zirco- 
nium carbide is used, BRt is reduced to 0.b6 to 1.01. 

Thus, for a TOKAMAK reactor with a high-temperature blanket, 
an outside tritium generator may prove necessary. Such a gen- 
erator may, for example, be a fission reactor, a fission-hybrid 
reactor, or a "clean" reactor with a tritium-breeding ratio 
that considerably exceeds one. One generating reactor may 
provide a group of 5 to 10 power reactors with tritium [IV-A-41 
This will not be necessary if metallic zirconium is used; 
but then the maximum temperature of the heat carrier will 
not be more than approximately 1800 K for the cooling system 
examined here. 

The toroidal magnetic system of the TVE-2500 reactor con- 
sists of 36 D-form coils locked in cryostats and fixed to a 
supporting steel cylinder, a protection system, electrical 
engineering equipment, and cryogenic equipment. 

The toroidal magnetic field at the chamber axis is accepted 
to be 5 T. In this case, the maximum induction of the field at 
the windings is 12 T. This led to the choice of copper-stabi- 
lized Nb3Sn as superconducting busbars. At the present time, 
technology for manufacturing superconducting busbars on the 
basis of NbsSn is less developed than that of busbars or wires 
on the basis of Ti-Nb or Nb-Zr alloys. But this may change 
before long. 



Figure IV-A-2: Calculation Scheme of the Hexazone Blanket 

At the same time, the application of strong magnetic fields 
makes it possible to increase the specific output of the plant 
( - E j 4 ! ,  SO that, on a long-term basis, niobium stanide will be 
used in the ~£uture. In plants of the TVE-2500 type, the use of 
niobium stanide is also justified because strong magnetic fields 
are required for MHD-generators. 

The working medium was chosen with a view to simple plant 
operation, efficient blanket cooling, and achievement of accept- 
able electrophysical properties of the plasma in the channel of 
the MHD-generator. These requirements are best met by neon, to 
which, for an efficient operation of MHD-generators, a minor 
quantitiy of an easily ionizing seed must be added (0.05 per cent 
per volume of cesium). 



The conversion of thermal energy into electrical energy 
of the heat carrier takes place in the MHD-generator channel. 
The temperature and pressure levels at the entrance to the 
MHD-generator (2100 K, 6 atm) are such that the equilibrium 
thermal ionization of cesium does not suffice to creare an 
acceptable electric conductivity of the working fluid plasma. 
Therefore, the parameters of the working process in the channel 
were chosen to guarantee a sufficiently high non-equilibrium 
ionization. In carrying out the plasma-dynamic calculations 
of the MHD-generator channel, the critical (efficient) Hall 
number was accepted to be B, = 1. 

With due regard for the results of these calculations and 
numerous experimental data collected in model plants, a linear 
MHD-generator of the Faraday type with sectional electrode walls 
was chosen. It was proposed to use as electrode material pyro- 
graphite, or high-temperature compositions on the basis of 
zirconium oxides and rare earth elements. The magnetic field 
in the MHD-generator channel was accepted to be 8 T with a 
maximum induction at the windings of 1 1  T. 

Analyses of different compressor drives (electro-motors, 
steam or gas turbines) have shown that the most economical 
and simplest method is to use a steam turbine drive. In this 
case, standard equipment with an extraordinarily big capacity 
per aggregate may be used. In the TVE-2500 project, two stan- 
dard steam-turbine plants with supercritical steam parameters 
(565", 240 atm) are used with a capacity of 500 MW(e) each. 
The plants also include water preparation systems, water systems, 
condensers, heat exchangers, etc. The steam for the turbines is 
generated in the steam generator (see Figure IV-A-11. 

The heat exchange equipment of the working-fluid loop 
(steam generators, heat exchangers, etc.) is planned according 
to "traditional schemes", where the parameters of the thermal 
cycle were selected in such a way as to guarantee the operation 
at temperatures permitting the use of heat resistant and stain- 
less steels. 

The above mentioned features of the most important aggre- 
gates of the plant--reactor, MHD-generators, and thermomechani- 
cal block--led to the selection of a specific scheme presented 
in Figure IV-A-3. 

After estimating the optimal unit power rates of the major 
scheme components, it was concluded that the fusion power plant 
with a 5000 MW(th) reactor should consist of two self-contained 
MHD units, each rated at 1250 MW of installed electric capacity. 
In principle, only one power unit may be used, but this would 
require complex auxiliary systems. 

The reactor unit, MHD-generators and heat-transfer and 
mechanical equipment, including a compressor, are situated in 
the main power plant building. The latter also contains special 
boxes (hot cells) for separate reactor module repair. The 
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d r i v e s  f o r  t h e  compress ive  s t eam t u r b i n e s  a r e  s i t u a t e d  i n  a  
s e p a r a t e  b u i l d i n g .  The r e a c t o r  b u i l d i n g  is made o f  c o n c r e t e  
and i s  p a r t l y  deepened under  t h e  g round .  

The e l e c t r i c a l  c u r r e n t  network a s  w e l l  a s  h o t  and c o l d  
p i p i n g  of t h e  c o o l a n t  sys tem a r e  a r r a n g e d  i n  t h e  MHD-generator 
boxes .  These boxes  and t h e  h e a t - t r a n s f e r - e q u i p m e n t  p i t s  a r e  
e n c l o s e d  i n  a  h e r m e t i c  con ta inment  t o  a v o i d  t h e  consequences  
o f  p o s s i b l e  d e s t r u c t i o n  o f  t h e  MHD-structures and /or  b reak-  
down o f  t h e  g a s  p i p e l i n e s .  The compressor  and s team t u r b i n e  
have  a  s i n g l e  r i g i d  s h a f t ;  t h e  p e n e t r a t i o n  o f  t h e  s h a f t  t h r o u g h  
t h e  w a l l  i s  s p e c i a l l y  s e a l e d .  

A l l  t h e  boxes  o f  t h e  main power p l a n t  b u i l d i n g  a r e  h e r m e t i c  
and c o n n e c t e d  by way o f  blow-up v a l v e s  t o  t h e  g a s h o l d e r s ,  h a v i n g  
a  volume l a r g e  enough t o  r e c e i v e  t h e  t o t a l  mass o f  t h e  working 
medium i n  c a s e  o f  i t s  blow-down from t h e  gasdynamic l o o p .  

A  few words s h o u l d  be  s a i d  a b o u t  t h e  n u c l e a r  s a f e t y  o f  t h e  
f u s i o n  power p l a n t .  The t h e o r e t i c a l  c a l c u l a t i o n s  o f  t h e  r a d i o -  
a c t i v i t y  o r i g i n a t i n g  from induced n u c l e a r  r e a c t i o n s  i n  t h e  re- 
a c t o r  m a t e r i a l s ,  q u a l i t a t i v e l y  a g r e e  w i t h  t h e  r e s u l t s  o f  t h e  
UWMAK p r o j e c t .  But t h e  u s e  o f  z i rconium-based a l l o y s  a s  
s t r u c t u r e  m a t e r i a l s  r e s u l t s  i n  a  lower  i n i t i a l  r a d i o a c t i v i t y ,  
0.1 C i / W ( t h ) ,  and l e a d s  t o  a  d e c a y  o f  a c t i v i t y  t h a t  i s  f a s t e r  
compared t o  t h e  c a s e  where niobium o r  s t a i n l e s s  s t e e l  i s  u s e d .  

The t o t a l  s t o c k  o f  t r i t i u m  a t  t h e  p l a n t  i s  n o t  l a r g e  and 
e q u a l  t o  2 kg ,  w i t h  t h e  major  p o r t i o n  o f  t r i t i u m  b e i n g  k e p t  i n  
t h e  f u e l  s t o r a g e  and n o t  i n  t h e  b l a n k e t .  

The most c o m p l i c a t e d  problem i s  t h a t  o f  r e t a i n i n g  t h e  
r a d i o a c t i v e  g a s e o u s  p r o d u c t s .  Though t h e  c o o l a n t  (neon)  p r a c t i -  
c a l l y  i s  a  n o n - a c t i v a t e d  g a s ,  one s h o u l d  b e a r  i n  mind t h a t  a  
c e r t a i n  amount o f  ces ium (0 .05% p e r  volume) must be  i n j e c t e d  
i n t o  t h e  l o o p ,  i n  o r d e r  t o  p r o v i d e  e f f e c t i v e  o p e r a t i o n  o f  t h e  
IlHD-generator. 

As a  r e s u l t  o f  t h e  n u c l e a r  r e a c t i o n s  Cs133 ( n , y )  Cs134 
and Cs133 ( n , 2 n )  Cs132, two r a d i o a c t i v e  i s o t o p e s  Cs134 and 
Cs132 a r e  produced;  t h e y  have h a l f - l i v e s  o f  2.1 y e a r s  and 
6 .58 d a y s ,  r e s p e c t i v e l y .  The c o o l a n t - s p e c i f i c  a c t i v i t y  con- 
c e n t r a t i o n  d e f i n e d  by t h e  r a d i o a c t i v e  decay  o f  t h e s e  i s o t o p e s  
e q u a l s  0 .03 c i / cm3.  Thus,  it w i l l  be  more p r o b a b l e  t h a t  
d e p r e s s u r i z a t i o n  o f  t h e  l o o p  i s  m a i n t a i n e d .  However, on t h e  
o t h e r  hand,  t h e  p r e s e n c e  o f  ces ium i n  t h e  working medium r e s u l t s  
i n  a  r e a c t i o n  o f  ces ium w i t h  t r i t i u m  l e a k e d  i n t o  t h e  gasdynamic 
l o o p .  As a  r e s u l t ,  ces ium t r i t i d e  (CsT) i s  b e i n g  formed and 
t h e n  e x t r a c t e d  f rom t h e  l o o p ,  t o g e t h e r  w i t h  t h e  remain ing  
ces ium a t  t h e  s e e d - c a p t u r i n g  and r e c o v e r y  sys tem.  

I n  a d d i t i o n ,  t h e  s a f e t y  problem d u r i n g  power p l a n t  
a c c i d e n t s  must  a l s o  be  s t u d i e d .  



IV-B THE LASER FUSION REACTOR DESIGN LTB-500 

(I?. R. G r i g o r i a n t s )  

The e n e r g y  b l o c k  p r o j e c t  w i t h  t h e  l a s e r  f u s i o n  r e a c t o r  
LTB-500 was c a r r i e d  o u t  t o g e t h e r  w i t h  t h e  I n s t i t u t e  o f  High 
Temperature  o f  t h e  Academy of  S c i e n c e  o f  t h e  USSR and t h e  
PN Lebedev P h y s i c s  I n s t i t u t e ,  Academy of  S c i e n c e  o f  t h e  USSR. 

The b a s i c  r e s u l t s  o f  t h e  s t u d i e s  were announced a t  a  
s e s s i o n  o f  a  working g roup  o f  s p e c i a l i s t s  from t h e  USSR, t h e  
US, t h e  FRG, and IIASA [IV-B-91 . T h i s  s e s s i o n  was h e l d  i n  
Moscow i n  May 1976. 

The aim o f  t h e  LTB-500 p r o j e c t  is  t o  d e t e r m i n e  t h e  p r e -  
l i m i n a r y  t e c h n i c a l  and economic i n d i c e s  o f  a  f u s i o n  power 
s t a t i o n  w i t h  l a s e r  i n i t i a t i o n .  F u r t h e r m o r e ,  t h i s  p r o j e c t  
made it p o s s i b l e  t o  f o r m u l a t e  more c l e a r l y  t h e  b a s i c  r e q u i r e -  
ments  o f  c o n s t r u c t i o n  and sys tem e l e m e n t s .  

T a b l e  IV-B-11 p u t s  t o g e t h e r  some b a s i c  p a r a m e t e r s  o f  t h e  
LTB-500 l a s e r  e n e r g y  b l o c k .  

T a b l e  IV-B-11: B a s i c  P a r a m e t e r s  o f  t h e  L a s e r  Energy Block 
LTB-500 

B a s i c  Equipment - Thermonuclear  r e a c t o r  
w i t h  l a s e r  i n i t i a t i o n ,  
w e t t e d  w a l l ,  condens ing  
t u r b i n e  K-300-240, 
e l e c t r i c  d i s c h a r g e  
C 0 2  l a s e r  

L a s e r  R a d i a t i o n  Energy 
Supply ing  t h e  T a r g e t  J 

C o e f f i c i e n t  o f  T r i t i u m  Reproduc t ion  

E f f i c i e n c y  o f  L a s e r  System 

C o e f f i c i e n t  o f  L a s e r  Heat U t i l i z a t i o n  

P u l s e  Frequency 

Heat Outpu t  o f  t h e  R e a c t o r  WcI(th) 

E l e c t r i c  Output  FlW ( e )  

C o e f f i c i e n t  o f  E f f i c i e n c y  o f  Energy 
Block 

S p e c i f i c  C a p i t a l  I n v e s t m e n t s  Rub/kW (e)  

C o s t  o f  E l e c t r i c  Energy kopeck/kWh ( e )  

LTB-500 

5  l o 5  

1 .25 

0 .05 

1  . O  

10 

522 

170 

0 .33 

370 

0 .75  



1 .  HEATING SCHEME 

The e n e r g y  b l o c k  LTB-500 i n c l u d e s  t h e  f o l l o w i n g  main 
a g g r e g a t e s :  

- a  " c l e a n "  f u s i o n  r e a c t o r  w i t h  l a s e r  i n i t i a t i o n ;  

- t h e  condens ing  t u r b i n e  K-300-240; 

- e l e c t r i c - d i s c h a r g e  C 0 2 1 a s e r .  

The h e a t i n g  scheme o f  t h e  p l a n t  i s  b a s e d ' o n  t h e  s e r i a l l y  
produced K-300-240 t u r b i n e .  When e n t e r i n g  t h e  t u r b i n e  t h e  
s t eam h a s  a  t e m p e r a t u r e  o f  5 6 5 ' ~ ,  and a  p r e s s u r e  o f  240 atm. 
The t u r b i n e  c a p a c i t y  o f  t h e  g e n e r a t o r  b u s b a r s  i s  300 MW(e). 
The t u r b o g e n e r a t o r  r e q u i r e s  i n t e r m e d i a t e  s u p e r h e a t i n g  of  t h e  
s t eam a t  a  p r e s s u r e  o f  a b o u t  40 atm. The o p e r a t i o n  o f  t h e  
t u r b i n e  i s  g u a r a n t e e d  by a  sys tem o f  r e g e n e r a t i v e  h e a t e r s ,  a  
d e a e r a t o r ,  c o n d e n s e r ,  c o n d e n s a t e ,  f e e d w a t e r  pumps, and o t h e r  
a u x i l i a r y  equipment .  I n  o r d e r  t o  p r o v i d e  f o r  r e g e n e r a t i v e  
h e a t i n g  and s team i n t a k e  i n  t h e  t u r b i n e  d e a e r a t o r ,  a  number of  
s t eam o u t l e t s  a r e  e n v i s a g e d .  Through one o f  them t h e  t u r b o -  
d r i v e  o f  t h e  f e e d w a t e r  pump i s  p r o v i d e d  w i t h  s t eam.  The t o t a l  
h e a t  consumption p e r  t u r b i n e ,  i n c l u d i n g  t h e  t u r b o d r i v e  f o r  t h e  
f e e d w a t e r  pump, amounts t o  1850 k c a l  f o r  1  kWh(e) .  

The h e a t  produced i n  t h e  r e a c t o r  i s  removed by l i t h i u m ,  
and r e a c h e s  t h e  w a t e r  c i r c u l a t i o n  t h r o u g h  a  sys tem of  h e a t  
e x c h a n g e r s  ( w a t e r  h e a t e r s  and s team g e n e r a t o r s ) .  

The l a s e r - f u s i o n  r e a c t o r ,  which s e r v e s  a s  a  h e a t  s o u r c e ,  h a s  
a  chamber w a l l  t h a t  i s  p r o t e c t e d  by a  l i t h i u m  l a y e r  r e a c h i n g  
t o  t h e  s u r f a c e  o f  t h e  chamber ( r e a c t o r  w i t h  " w e t t e d "  o r  
" s w e a t i n g "  w a l l ) ,  and a  l i t h i u m  b l a n k e t .  

L i th ium was s e l e c t e d  a s  t h e  h e a t  c a r r i e r  f i r s t  of  a l l  be- 
c a u s e  o f  t r i t i u m  r e p r o d u c t i o n .  The t e m p e r a t u r e  of  l i t h i u m ,  
which i s  7 0 0 ' ~  when l e a v i n g  t h e  r e a c t o r ,  g u a r a n t e e s  t h e  long  
s t a b i l i t y  of  t h e  n i c k e l - f r e e  s teel  i n  a  l i t h i u m  env i ronment .  

Taking i n t o  a c c o u n t  t h a t  t h e r e  i s  a  l o s s  of  h e a t  i n  t h e  
p i p e s ,  t h e  t e m p e r a t u r e  o f  s t eam when l e a v i n g  t h e  s t eam g e n e r a t o r  
must b e  5 8 0 ' ~ .  The e x c e l l e n t  t h e r m a l  p r o p e r t i e s  of  l i q u i d  m e t a l s ,  
even  w i t h  a  c o m p a r a t i v e l y  s m a l l  d e c r e a s e  of  t h e  maximum tempera-  
t u r e s  of  l i t h i u m  and s team,  made it p o s s i b l e  t o  i n t r o d u c e  
a n  a d d i t i o n a l  i n t e r m e d i a t e  l o o p  between t h e  f i r s t ,  i . e .  l i t h i u m ,  
and w a t e r  l o o p s .  The h e a t  c a r r i e r  of  t h i s  l o o p  i s  t h e  e u t e c t i c  
a l l o y  Na-K, which h a s  a  low m e l t i n g  t e m p e r a t u r e  of  - 1 2 ' ~ ,  s o  
t h a t  no c o m p l i c a t i o n s  a r i s e  i n  c o n n e c t i o n  w i t h  t h e  h e a t i n g  o f  
p i p e s  o f  t h e  i n t e r m e d i a t e  l o o p .  The i n t r o d u c t i o n  of  t h i s  l o o p  
e l i m i n a t e s  t h e  p e n e t r a t i o n  of  t r i t i u m  i n t o  t h e  s t eam c i r c u i t .  
F u r t h e r m o r e ,  t h i s  makes it p o s s i b l e  t o  a v o i d  h e a t  exchang ing  
s u r f a c e s  " l i t h i u m - w a t e r " .  The t e c h n o l o g y  of  t h e  h e a t  e x c h a n g e r s  
"(Na-K)-water" i s ,  however,  t h r o r o u g h l y  s t u d i e d  and m a s t e r e d .  



The f i r s t  ( i . e .  l i t h i u m )  loop  of  t h e  e n e r g y  b lock  h a s  two 
branches :  one f o r  t h e  l i t h i u m  which e v a p o r a t e s  and which i s  
h e a t e d  w i t h i n  t h e  r e a c t o r ,  and one f o r  t h e  l i t h i u m  g o i n g  t h r o u g h  
t h e  b l a n k e t .  The r e a s o n  why t h i s  s o l u t i o n  was a c c e p t e d  i s  t h e  
d i f f e r e n t  t r i t i u m  c o n c e n t r a t i o n s  i n  t h e s e  b ranches .  A t  t h e  
bypass  o f  t h e s e  b r a n c h e s  t h e r e  a r e  sys tems  o f  t r i t i u m  s e p a r -  
a t i o n  which work by t h e  p r i n c i p l e  o f  t r i t i u m  d i f f u s i o n  t h r o u g h  
s e p a r a t i n g  niobium w a l l s .  

The COzlase r ,  based  on a  m i x t u r e  o f  N2-COZ g a s e s ,  was 
c o n s i d e r e d  i n  t h e  p r o j e c t  because  it i s  one o f  t h e  p r o s p e c t i v e  
t y p e s  o f  l a s e r s  f o r  LTB. I t  i s  assumed t h a t  t h e  e f f i c i e n c y  o f  
t h i s  l a s e r  w i l l  be  from f i v e  t o  t e n  p e r  c e n t .  For  t h e  p r o j e c t  
f i v e  p e r  c e n t  w e r e  a c c e p t e d .  With t h e  e l e c t i c - d i s c h a r g e  CO2 
l a s e r  t h e r e  i s  a  good p o s s i b i l i t y  o f  u s i n g  p a r t  o f  t h e  e n e r g y  
which i s  n o t  c o n v e r t e d  i n t o  l i g h t  i n  t h e  l a s e r .  T h i s  p a r t  o f  
e n e r g y ,  which can  be c a l l e d  l a s e r  h e a t ,  i s  p a s s e d  on i n  t h e  
h e a t  exchanger  t o  t h e  f e e d w a t e r  a f t e r  it h a s  gone th rough  t h e  
r e g e n e r a t i v e  h e a t e r s .  The i n c l u s i o n  o f  t h e  h e a t  e x c h a n g e r ,  
which c o n t a i n s  a  N2-C02 m i x t u r e  and w a t e r ,  w i l l  r e d u c e  t h e  
h e a t  exchange s u r f a c e  i n  t h e  low-temperature  r a n g e ,  o r  s l i g h t l y  
s i m p l i f y  t h e  work o f  t h e  l a s e r  system.  

However, on t h e  o t h e r  hand,  it w i l l  u n f o r t u n a t e l y  o u s t  
h e a t  r e g e n e r a t i o n  and r e q u i r e  t h a t  t h e  s team e x t r a c t i o n  i n  t h e  
a c c e p t e d  s t a n d a r d  t u r b i n e  be newly computed. 

The N2-C02 m i x t u r e  i s  pumped t h r o u g h  by means o f  a  com- 
p r e s s o r  of  2 0  11W power. 

2 .  FUSION REACTOR 

I n  c a r r y i n g  o u t  t h e  p r o j e c t ,  f o u r  v a r i a n t s  o f  r e a c t o r  
chambers were examined. They d i f f e r  w i t h  r e g a r d  t o  t h e  p r o -  
t e c t i o n  of  t h e  f i r s t  w a l l :  

- w e t t e d  and s w e a t i n g  w a l l s ,  r e s p e c t i v e l y ;  

- p r o t e c t i o n  o f  t h e  r e a c t o r  w a l l s  f rom t h e  f l o w  o f  charged  
p a r t i c l e s  by means o f  a  magne t ic  f i e l d ;  

- u s e  of  an a b l a t i o n  l a y e r ;  

- u s e  o f  a  r o t a t i n g  l i t h i u m  f u n n e l .  

Each of  t h e s e  p o s s i b i l i t i e s  h a s  i t s  a d v a n t a g e s  and d i f f i -  
c u l t i e s  and r e q u i r e s  a  more d e t a i l e d  a n a l y s i s  of  a l l  p rob lems ,  
s u c h  a s :  a  s o l u t i o n  t o  t h e  q u e s t i o n  how t h e  t a r g e t  i s  t o  b e  
r e a c h e d  by l a s e r  r a d i a t i o n ;  r e q u i r e m e n t s  o f  t a r g e t  i n p u t ;  
n e c e s s a r y  f requency  o f  m i c r o e x p l o s i o n s  i n  t h e  chamber; r e a c t i o n  
o f  t h e  r e a c t o r  chamber t o  shock l o a d s ;  r a d i a t i o n  and c o r r o s i o n  
s t a b i l i t y  o f  t h e  chamber c o n s t r u c t i o n ;  etc. 



The wetted wall forms a protective layer of lithium 
along the entire inner spherical surface of the chamber. The 
spherical form of the first wall is advantageous from the 
viewpoint of an even distribution of the neutron fluence on 
the first-wall construction, but also with regard to the re- 
action to shock loads caused by microexplosions. The reactor 
includes the chamber, the blanket, and the technological pro- 
tection system. 

The first wall of the reactor chamber consists of a net- 
work. The lithium passes through the network and comes from 
the collector which is situated behind the first wall. The 
blanket is to be found behind the collector and consists of a 
spherical layer of lithium with a thickness of roughly 60 cm 
and a graphite reflector. Laser radiation is supplied to the 
target through 12 ducts placed at the apices of a dodecahedron. 
The construction material of the chamber and the blanket, 
which comes into contact with lithium, is nickel-free steel. 

The project paid special attention to the determination of 
the chamber radius. Calculations were carried out which de- 
termined the mass of evaporable lithium in the chamber, the 
pressure and temperature of lithium in the reactor chamber, 
the energy of the explosion wave caused by the interaction of 
the "combustion" products of the pellet and the lithium layer 
on the chamber wall, and the pressure to be passed on to the 
blanket. One also calculated the time necessary for the 
"combustion" products of the pellet and the evaporable lithium to 
be blown down from the chamber. The latter quantity is extremely 
important, for the frequency of microexplosions of the targets 
depends on this quantity. The heat output of an LTB is 

where : 

Elas = energy supplied to target with laser radiation ; 

KBR = coefficient of energy breeding (is chosen to 
equal 100) ; 

f = frequency of microexplosions . 

The calculation of the heating scheme makes clear that the 
heat output of the reactor must be about 500 MW. Thus, with 

E l a s  = 5 10' to lo6 J, which is an acceptable quantity for 
long-term laser systems, f must be within the limits of 10 to 5. 



The calculation of all quantities enumerated above depended 
on the chamber radius. 

The interaction between charged particles and the lithium 
layer was calculated according to well-known formulae for the 
energy losses due to the ion movement in matter. The calcu- 
lated estimates of parameters were determined by two methods: 

- assuming a partial-phase equilibrium between the volumes 
of evaporated and liquid lithium; 

- having due regard to the heat radiation from the 
chamber. 

The basic decisions on the reactor construction were made 
carefully and in accordance with the rather unfavorable results 
of one or the other calculation. The radius of the first wall 
is accepted to be five m. This radius makes it possible to 
distribute the outlets for the combustion products of the tar- 
get and the evaporated lithium over an area of about four 
per cent of the entire area of the first wall. The time ne- 
cessary for clearing the chamber will be 0.1 sec., which 
guarantees a frequency of 10 cycles/sec. 

With the accepted radius, the shock loads acting on the 
chamber construction are comparable with those loads for which 
present day constructions are calculated. 

The integral neutron fluence for the first wall of such a 
reactor will be 2.5 lo2' n/cm2 in two years of operation. 

The reactor size as well as the cheap materials used 
make it possible to apply a simple and linear method in solving 
the problem of replacement after the useful life of the reactor 
or major accidents. After remote cutting of the pipes, the 
reactor is removed from the box and transported to the hot 
chamber. Minor damage is removed with the help of manipulators 
or robots. 

3 .  ARRANGEPlENT OF A POWER PLANT WITH A FUSION LASER REACTOR 

The basic arrangement of the main building of the power 
station is the block scheme. Widely used in the USSR, this 
scheme, which allows for expansion by means of additions of 
new blocks, is based on the transversal arrangement of turbo- 
aggregates in the machine hall. The building is planned in 
accordance with fire and sanitary regulations in force in the 
USSR. 

The reactor block is located below zero elevation, which 
makes it possible to arrange it comfortably with the laser- 
system room and reduce the quantity of concrete needed. Of 
course, when actually selecting the area, the question of a 



p o s s i b l e  d e e p e r  p lacement  o f  t h e  r e a c t o r  box must be s p e c i f i e d ,  
e . g .  i n  c o n n e c t i o n  w i t h  t h e  h y d r o g e o l o g i c a l  c h a r a c t e r i s t i c s  o f  
t h e  ground.  

The l a s e r  sys tem i s  p l a c e d  i n  t h e  a c c e p t a b l e  v i c i n i t y  o f  
t h e  r e a c t o r  box. The l i g h t  g u i d e s  have a  number o f  bends f o r  
t h e  r e d u c t i o n  t o  p e r m i s s i b l e  v a l u e s  o f  r a d i a t i o n  p e n e t r a t i n g  
i n t o  t h e  l a s e r - s y s t e m  room. T h i s  i s  a  room w i t h  r e s t r i c t e d  
a c c e s s  i n  p e r i o d s  o f  r e a c t o r  s t o p ,  w i t h  a  p r o t e c t i v e  s l i d e  
c o v e r i n g  t h e  l i g h t  g u i d e s .  

The b l o c k  s w i t c h b o a r d ,  d e a e r a t e r  room, e t c . ,  a r e  p l a c e d  
between t h e  r e a c t o r  room and t h e  machine h a l l .  The t r i t i u m  
s y s t e m s  a r e  i n  t h e  i n s u l a t e d  p a r t  o f  t h e  b u i l d i n g .  

The h o t  chamber i s  a t  t h e  end  o f  t h e  b u i l d i n g ,  i t s  p r o d u c t  
i n t a k e  i s  c a r r i e d  o u t  t h r o u g h  t h e  t r a n s p o r t  c o r r i d o r .  The h o t  
chamber i s  t h e  p l a c e  where i r r a d i a t e d  c o n s t r u c t i o n  and aggre -  
g a t e s  a r e  c u t  and p r e s s e d .  

The c r y o g e n i c  s y s t e m s  which e n s u r e  c o o l i n g  of t h e  t a r g e t  
p r e p a r a t i o n  s y s t e m s ,  vacuum s y s t e m s  f o r  pumping o u t  t h e  h e a t -  
c a r r i e r  t r a c t s ,  a s  w e l l  a s  a rgon  and n i t r o g e n  s e r v i c e  s y s t e m s ,  
and t h e  f i r e f i g h t i n g  sys tem may b e  l o c a t e d  b o t h  between b l o c k s  
and a t  t h e  end o f  t h e  b u i l d i n g ,  depend ing  on t h e  number o f  
b l o c k s  i n  t h e  power p l a n t .  

E l e c t r i c  d i s t r i b u t i o n  equ ipment ,  w a t e r  s u p p l y  s y s t e m s ,  
a d m i n i s t r a t i o n  b u i l d i n g s ,  t h e  i n e r t  g a s  r e s e r v o i r  and t h e  
b u i l d i n g  f o r  t h e  d e s t r u c t i o n  o f  l i q u i d  m e t a l  r e s i d u e s  a r e  
l o c a t e d  s e p a r a t e l y  f rom t h e  main b u i l d i n g .  

F i g u r e  IV-B-4 shows v iews  o f  a  power s t a t i o n  w i t h  an 
LTB-500 f u s i o n  r e a c t o r .  

4. SOXE INDICES OF THE LASER ENERGY BLOCK LTB-500 

A s  c a n  be  s e e n  from t h e  d e s c r i p t i o n ,  t h e  v a l u e s  used  i n  
t h e  p r o j e c t  f o r  a  number o f  q u a n t i t i e s  were e x t r e m e l y  m o d e r a t e ,  
e . g .  t h e  e f f i c i e n c y  o f  t h e  l a s e r  sys tem n and t h e  f requency  

las ' o f  m i c r o e x p l o s i o n s  f .  

The s e l e c t i o n  o f  t h e  e n e r g y  c o n v e r s i o n  sys tem was based  
on well-known t e c h n o l o g i e s ,  a l t h o u g h  f o r  l a s e r - f u s i o n  power 
s t a t i o n s  new e n e r g y  c o n v e r s i o n  schemes w i t h  h i g h e r  v a l u e s  o f  
e f f i c i e n c y  [ IV-B-101 and [ IV-B-111 a r e  s u g g e s t e d .  

I n  t h e  a u t h o r ' s  o p i n i o n  [IV-B-91, t h e  c h o i c e  of such  modera te  
p a r a m e t e r s ,  a  f a i r l y  s i m p l e  and unassuming t h e r m a l  d i a g r a m ,  
a s  w e l l  a s  t h e  s i m p l e s t  d e c i s i o n s  c o n c e r n i n g  t h e  e l e c t r i c  power 
p l a n t  a s  a  whole ,  must p roduce  t h e  n e c e s s a r y  v a l u e s  o f  s p e c i f i c  
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capital investments, and an electrical energy generation cost 
price as near to real values as posssible. In this connection, 
recently started designs of laser-driven fusion reactors, D-T 
pellets manufacturing systems, and tritium removal systems are 
taken into account. 

However, in spite of the moderate parameters, technical 
and economic indices for the block were received which, on the 
whole, are satisfactory. They allow conclusions with regard 
to the competitive value of these power stations. 
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V. RADIOACTIVE INVENTORIES OF REACTOR ECONOMIES 

G. Kessler, G.L. Kulcinski 

1. INTRODUCTION 

The comparison of radioactivity in various nuclear systems 
has not always been performed consistently, and has almost 
always been controversial. For any comparison to be perfectly 
correct, one would have to consider: 

( a )  total number of radioisotopes produced; 

( b l  relative toxicity of the radioisotopes; 

( e l  half-life of the radioisotopes; 

( d l  probable pathways for the release of radioisotopes 
into the environment; 

( e l  pick-up radioisotopes by humans. 

This situation is graphically depicted in Figure V-I. 

A compilation of the inventories of radioisotopes (in 
curies) for both the fission and fusion reference reactors will 
be given in this Chapter. This information, coupled with the 
maximum permissible concentrstion (MPC), will be used to cal- 
culate the maximum biological hazard potential (BHP) in 
both reference reactors. The reader should not draw quantita- 
tive comparisons from these numbers because not all of the 
radioactive inventory can be released. Chapters VI, VII, and 
VIII will use the information generated in this Chapter to 
calculate more meaningful numbers. Unfortunately, the point of 
ultimate importance, the amount of radioactivity actually 
absorbed by humans in a contaminated environment, cannot be 
readily calculated for all the radioisotopes in fission and 
fusion. Such a calculation requires a complete knowledge 
of residency time in the contaminated area, chemical uptake 
in the various food chains, intake of contaminated air, food, 
and water, etc. Some of this work has already been done for 
isotopes such as tritium, iodine, and cesium, but it has not 
been done for all metallic isotopes nor for all the actinides. 



C = Total Inventory of Radio- 
isotopes in Reactor (Ci) 

(Chapter V) 

Relative Toxicity 
(Maximum Permissible 
Concentration, MPC) 

BHP = C/MPC, Total Biological (Chapter V) 
Hazard Potential in Reactor 

I Pathways to Release to Environment 

BHP in Environment 

I Absorption of Radio- isotopes by Humans 

Injury to Humans 

(Chapters VI, VII, 
and VIII) 

(Chapters VI, VII, 
and VIII) 

Figure V-1: Factors to Consider in the Assessment of Radio- 
active Inventories 

The decay of the radioisotopes is important with respect 
to three distinct time-frames: 

( 1 )  short term, up to a few weeks, corresponding to 
accidental releases; 

( 2 )  intermediate term, up to a year, because of various 
maintenance and accessibility problems; 

( 3 )  long term, over 100 years, because of waste-storage 
problems. 

A safety analysis corresponding to an accidental release 
of radioisotopes can only be performed if the pathways (Chapters 
VII and VIII) are clearly defined, and the probability of re- 
lease by those pathways is given. This is possible in d e t a i 2  
only with systems which are fully designed down to the last 
"nut and bolt", or after such a system has been operating. 
Obviously, the LMFBR has just entered this stage, while the 
fusion systems are still in the conceptual stage. 



Much the same could be said about the maintenance aspects 
of nuclear systems, but the chemical form and transport of 
isotopes within the reactor during normal operation are now of 
much greater importance. 

The situation with respect to long-term waste storage 
also depends on the release mechanism, but in a much different 
context. The pathway to release is no longer connected to the 
normal or abnormal operation of the reactor. More "conventional" 
release modes can be envisioned, such as corrosion of metallic 
or ceramic encasements, and the subsequent leaching of radio- 
isotopes from the solidified wastes by ground or surface water. 
While such a calculation is in theory not difficult to make, we 
have not attempted it in the scope of this report. 

To summarize, it is the object of this Chapter to calculate 
the inventory of radioisotopes in curies, and to convert that 
into a BHP index for both the fission and fusion reference 
reactor designs. Chapters VII and VIII will use this infor- 
mation to establish the potential BHP outside the reactor, 
and comparisons between fission and fusion will be made on this 
basis. 

2. RADIOACTIVE INVENTORIES OF SODIUM-COOLED FAST BREEDERS 

The consideration of radioactivity in LMFBRs is complicated 
by the fact that a large amount of activity is actually removed 
from the reactor, and is in various stages of circulation at 
any given time. This is in contrast to the case of fusion where, 
theoretically, there need be no external circulation of radio- 
active substances*. A simplified schematic representation of the 
case for fission is shown in Figure V-2, where it can be seen that, 
excluding the short transportation time of radioisotopes from one 
facility to another, there are four major distinct locations 
which have to be considered: 

( a )  fuel fabrication facility; 

( b l  reactor plant; 

( c l  reprocessing facility; 

( d l  waste storage. 

Since we have not developed the scenario for deployment of 
LMFBRs, we will not consider the details of the waste-storage 
facilities but only normalize the input to such a facility per 

* However, since the blankets are not expected to last for the 
lifetime of the reactor, there will be radioactive structural 
material exterior to the reactor which must be processed and 
stored. 
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GW(e)-yr. The major thrust of this Chapter will be associated 
with the radioactive inventory in the reactor itself, and a 
more cursory treatment will be given to the fuel-fabrication 
and reprocessing facilities. 

2.1 Radioactive Inventories of the Reference Breeder Reactor 

Plant 

sJ& b 

There are basically five classes of radioactivity to 
consider in LMFBRs: 

FAST BREEDER REACTOR COOLING OF TRANSPORT OF 
SPENT FUEL SPENT FUEL 

* 

l a )  structural components such as cladding, core con- 
straints, etc.; the present calculations use 
stainless steel 316 (SS 316) ; 

l b )  reactor coolant, which is sodium; corrosion products 
are ignored in these calculations as they are pre- 
sumably included in l a ) ;  



(el actinides that are discharged with the fuel and which 
pass through the separation processes to be included 
in the waste; 

i d )  fission products discharged with the wastes; 

( e )  the activities of the covergas above the sodium pool 
(argon in this case). 

Before addressing each of the above areas individually, 
it is worthwhile noting the following assumptions of our re- 
ference case: 

( 1 )  The fuel is processed 200 days after discharge; 

1 2 1  The specific power is 94 MW(th)/t of heavy metal; 

( 3 1  The burn-up is 77,500 MW(th) -day/t; 

( 4 )  The neutron flux is 4. 5 - 10" n/cm2 -set; 

1 5 )  The fuel inserted in the reactor consists of: 

( 6 )  The amount of sodium coolant was estimated to be 
1.28 rn3/~w (th) for a pool-type LMFBR. 

2.1.1 Radioactivity Associated With the Steel Structure 

A detailed calculation of the radioactive inventories in 
LMFBRs and their development over time after reactor shut- 
down has been performed in [V-11. A recent recalculation for 
a 1300 MW (e) plant [V-21 used a more detailed neutron-flux 
mapping of the various parts of the LMFBR core and primary- 
vessel system, as shown in Figure V-3 and Table V-I. 

In general, the saturation activities are given; however, 
the activation time used for co6O and Mn54 is 20 years. The 
overall activity of the structural material amounts to 
2 lo8 Ci per GW(e). The decay-heat production of structural 
steel after reactor shut-down is 2.5 MW(th), which is 
about 180 kW(th) per GW(e) after 180 days. 

The activities of each of the isotopes in the steel of the 
primary vessel system are shown in Table V-11. The decay-heat 
production after 20 years of reactor operation is presented in 
the same fashion in Table V-111. 



T a b l e  V - I :  S t r u c t u r a l  M a t e r i a l  a n d  N e u t r o n  F l u x  i n  a n  LMFBR 
P r i m a r y  V e s s e l  S y s t e m  

a 1 . 4 9 7 0  S S  3 1 6  ( 1 5 %  C r ,  1 . 5 %  Mn, 1 5 %  N i ,  0 . 0 5 %  C o ,  1 . 2 %  M o ,  
0 . 0 2 %  T a ,  0 . 1 %  W, b a l a n c e  F e ) ;  

b 1 . 4 9 4 8 2  S S  3 0 4  ( 1 7 . 5 %  C r ,  1 . 5 %  Mn, 1 0 . 5 %  N i ,  0 . 0 5 %  C o ,  
0 . 9 %  Mo, 0 . 0 2 %  T a ,  0 . 1  % W ,  h a l a n c e  F e )  . 

REACTOR VESSEL ( G )  

S H I E L D  TANK ( F )  

CORE FUEL ( A ) ,  BLANKET ( B )  , AND 
-'\ REFLECTOR ( C 8 D )  ELEMENTS 

G R I D  PLATE ( E )  

M a s s  
( t )  

3 0  

3  0  

1 9 5  

2  7  0  

1 9 0  

1 0 7 0  

F i g u r e  V-3:  LMFBR C o r e  a n d  P r i m a r y  V e s s e l  S y s t e m  

C a t e g o r y  

A  

B  

C  + D  

E  

F 

G  

S t e e l  

1 .  4 9 7 0 a  

1 . 4 9 7 0  

1 . 4 9 7 0  

1 .  494Elb 

1 . 4 9 4 8  

1 . 4 9 4 8  

C o m p o n e n t  

F u e l  e l e m e n t s  

B l a n k e t  e l e m e n t s  

R e f l e c t o r  e le-  
m e n t s ,  p a r t s  of 
f u e l  e l e m e n t s  

G r i d  p l a t e  

S h i e l d  t a n k  

R e a c t o r  vessel 

N e u t r o n  F l u x  
( n / c m 2  s e c )  

4 . 5  . l 0 l 5  

7 . 5  l 0 l 4  

5  . l o i 3  

3  . 1O1O 

5 . 1011 

7 . 5  . l o 8  
to 1  1 0 '  



Table V-11: Activities of Structural Material of the Primary 
Vessel System of a 1300 MW(e) LMFBR 
(Ci) 

Table V-111: Decay-heat of Structural Material of the Primary 
Vessel System of a 1300 MW(e) LMFBR at the End 
of 20 Years of Operation 
(kW(th) 

i s o t o p e  

C r 5  1  

Mn54 

Mn56 

C 0 5 7  

C o 5 8  

F e 5 9  ( f r o m  
C 0 5 9 )  

C o 6 0  ( f r o m  
N 1 6 0 )  

C o 6 0  

Mo99 

T a 1 8 1  

W187 

l ' o t a l  

C  

1 . 7 . 1 0 h  

2 . 0 . 1 0 "  

1 . 6 . 1 0 '  

8 . 0 . 1 0 "  

9 . 3 . 1 0 '  

2 . 0 . 1 0 '  

4 . 7 . 1 0 '  

2 . 8 . 1 0 '  

1 . 3 . 1 0 "  

1 . 5 . 1 0 '  

1 . 7 . 1 0 '  

2 . 3 . 1 0  

Z o n e  
A 

1 . 0 . 1 0 '  

1 . 2 . 1 0 . '  

5 . 7 . 1 0 '  

1 . 2 . 1 0 '  

5 . 4 . 1 0 '  

7 . 8 . 1 0 '  

2 . 6 . 1 0 '  

1 . 9 . 1 0 '  

1 . 0 . 1 0 '  

2 . 5 . 1 O L  

1 . 0 . 1 0 ,  

1 . 5 - l o *  

Isotope 

Cr5 1 

Mn5 4 

Mn56 

C05 8 

Fe59 (from 
C059) 

Co60 (from 
Ni60) 

C06O 

M09 9 

Ta181 

W187 

Total 

B 

2 . 8 . 1 0 .  

1 . 2 . 1 0 '  

2 . 7 . 1 0  

5 . 0 . 1 0 ~  

3 . 2 . 1 0 '  

5 . 0 . 1 0 '  

2 . 5 . 1 0 '  

4 . 0 . 1 0 '  

9 . 7 . 1 0 '  

7 . 8 . 1 0 '  

4 . 2 . 1 0 '  

F 

- 

- 
7.7 
- 

0.1 

1.5 
- 
0.1 

0.9 

0.5 

10.8 

D 

2 . 7 . 1 0 E  

4 . 1 . 1 0 h  

2 . 6 . 1 0 '  

1 . 4 - 1 0 ~ '  

3 . 2 . 1 0 5  

3 . 8 . 1 0 '  

- 
2 . 3 . 1 0 '  

2 . 4 . 1 0 '  

2 . 7 . 1 0 '  

4 . 0 . 1 0  

Zone 
A 

1.7 

59.4 

817.6 

361.7 

6.1 

4.0 

2.9 

31.8 

19.6 

3.9 

1308.7 

F 

1 . 7 . 1 0 '  

1 . 3  

5 . 4 . 1 0 '  

2 . 0 . 1 0  

4 . 1  

7 . 0 . 1 0 '  

1 . 0 . 1 0  

1 . 5 . 1 0 '  

1 . 2 . 1 0 '  

1 . 1 . 1 0 '  

1 . 2 . 1 0 '  

E 

5 . 1 . 1 0 *  

5 . 7  

2 . 5 . 1 0  

1 . 5 . 1 0  

1 . 7 . 1 0 .  

3 . 2 . 1 0 '  

4 . 3 . 1 0 '  

1 . 3 . 1 0 '  

u . 1 . 1 0 '  

4 . 6 . 1 0 "  

4 . 4 . 1 0  

G 

- 

- 
- 
- 

- 

- 
- 
- 
- 

- 

G 

1 . 4 . 1 0 '  

2 . 5 . 1 0 '  

3 . 0 . 1 0 '  

3 . 2 . 1 0 '  

5 . 4 . 1 0 '  

7 . 0 . 1 0 '  

6 . 2 . 1 0  

5 . 5 - 1 0 '  

Total 

3.0 

65.6 

1818.8 

396.8 

12.7 

79.7 

3.3 

56.0 

60.5 

23.3 

B 

0.5 

5.9 

387.3 

33.5 

2.5 

7.7 

0.4 

12.7 

7.6 

1.5 

459.6 

X - 
0.1 

2.6 

72.3 

15.8 

0.5 

3.1 

0.1 

2.2 

2.4 

0.9 

- 2519.7 I 

D 

0.5 

0.2 

373.0 

0.9 

2.5 

58.6 
- 
7.3 

20.3 

10.6 

473.9 

C 

0.3 

0.1 

228.5 

0.6 

1.6 

7.2 
- 
4.1 

11.8 

6.7 

261.9 

T o t a l  

1 . 7 - 1 0 . '  

1 . 3 . 1 0 '  

1 . 3 . 1 0 '  

2 . 2 . 1 0  

5 . 9 . 1 0 '  

1 . 6 . 1 0 ' '  

5 . 2 . 1 0 '  

2 . 2 . 1 0 '  

1 . 8 - 1 0  

7 . 5 . 1 0 '  

6 . 0 . 1 0 '  

2 . 6 . 1 0 '  

100 
a 

E 

- 
- 
3.6 
- 

- 

0.7 
- 

- 

0.3 

0.2 

4.8 

X 

6 . 6  

5 . 1  

5 0 . 5  

0 . 0  

2 2 . 9  

0 . 6  

2 . 0  

0 . 0  

7 . 0  

2 . 9  

2 . 3  

1 0 0  



The radioactivity in the metallic components stems mainly 
from the cladding on the fuel elements in the core (approxima- 
tely 60 per cent), whereas roughly 40 per cent of the activity 
comes from the blanket and reflector elements. About 0.5 per 
cent comes form the shield tank, and around 0.2 per cent from 
the grid plate. It is significant to note that the activity of 
the reactor vessel is only about 2 lo-' of the total activity. 

The density of radioactivity is given in Table V-IV at 
reactor shut-down; it reveals that, aside from the expected 
high values for the fuel-element cladding, the density drops 
off drastically as one moves away from the core. The density 
of activity of the pressure vessel is actually of the same 
order as that of natural uranium metal. 

Finally, the activity of the steel components is dominated 
by two isotopes: Mn56 (whose half-life is 2.9 hours), and 
Co58 (whose half-life is 71.3 days). These two isotopes com- 
prise about 75 per cent of the total shut-down activity. 

Table V-IV: Density of Radioactivity of Structural Material of 
the Primary Vessel System of a 1300 MW(e) LMFBR 

2.1.2 Radioactivity ~ssociated With the Fuel 

Component 

Fuel elements 

Blanket elements 

Reflector elements 

Grid plate 

Shield tank 

Reactor vessel 

Natural Uranium Metal 

Table V-V gives the activity of the actinides in the fuel 
elements at the time of discharge and after 30 days of decay. 
It is important to note that approximately 94 per cent of the 
total activity in the actinides is due to two radioisotopes: 
U239 (with a half-life of 23 minutes), and Np239 (with a half- 
life of 2.4 days) . 

In practice, discharge of the reactor core will be per- 
formed once a year, and at each discharge either one-third or 
one-half of the core fuel elements will be replaced. In case 
of a refueling fraction of one-half, for instance, the reactor 
will on an average contain 50 per cent ot rue1 that has ex- 
perienced one-fourth of its target burn-up, and 50 per cent 
that has experienced three-fourths. 

Specific Radioactivity 
(Ci/g) 

5 

1.4 

3.2-lo-' 

1.6.10-~ 

6.3-10-~ 

5.5.10-= 

3.2.10-~ 

(ci/cm3) 

3 9 

1 1  

2.5 - 2 
1.3'10 

4.9*10-~ - 5 
4 -10 - 6 
6 .lo 



Table V-V: LMFBR Fuel Ac5ivity at the Time of Discharge and 
30 Days Later 

a Burn-up: 77.5 MW(th) -day/kg; specific power 94 MW (th) /tHM; 
a 1 GW(e) core has a Pu02/U02 mass content of 30 t, and a 
heavy-metal content of about 26.7 t (HM refers to heavy 
metal); irradiation time is two to three years; 

Fresh fuel contains 1 per cent Pu238 in plutonium; 

Metastable state; 

This includes nuclides not shown in the table. 

u235 

U236 

U2 3 7 

U2 3 8 

U2 3 9 

Np239 

~ ~ 2 3 8 ~  

Pu239 

Pu240 

Pu2 4 1 

Pu242 

Pu2 4 3 

Am24 1 

~ m 2 4 2 m ~  

Am242 

Am243 

Cm2 4 2 

Cm2 4 4 

Total 

Heavy Metal 

Activity d 

Half-life 

7.0*10~yr 

2.3.107yr 

6.8 day 

4.5-1o9yr 

2 3 min 

2.4 day 

8 8 Yr 

2.4-10"yr 

6.5.103yr 

15 Yr 

3.9.10~yr 

5 h 

4.3.10~yr 

1 . 5 * 1 0 ~ ~ r  

16 h 

7.4-10~yr 

1.6-10~yr 

18 Yr 

Activity 

t = 0 

2.0.10-~ 

1.4.10-~ 

3.8*105 

2.5.10-' 

6.6010' 

6.6*107 

1 .9.104 

6.1.10~ 

9.6.10~ 

1 .2.106 

2.9-10' 

7.4*105 

4.6010~ 

3 . 0 ~ 1 0 ~  

3.2010~ 

1.3.10~ 

2.0-lo5 

4.0*103 

1.4*108 

(Ci/tH") 
t = 30 days 

2.0-10-~ 

1.4.10-~ 

1.8.10' 

2.5010-' 

0 

9.7.10~ 

1 .9*104 

6.1.10~ 

9.6.103 

1 .2.106 

2.9.10' 

0 

4.7-lo3 

3.0*102 

3.0*102 

1 .3-lo2 

1 .8.105 

4.0*103 

1.4.10~ 



Thi s  means, t h a t  f o r  a l l  n u c l i d e s  t h a t  expe r i ence  a  
r e a sonab ly  l i n e a r  bui ld-up,  t h e  a c t i v i t y  w i l l  i n  ave r age  be 
h a l f  o f  t h a t  shown i n  t h e  Table .  But t h i s  does  n o t  app ly  
t o  U239 and Np239. U239 w i l l  r e ach  i t s  s a t u r a t i o n  a c t i v i t y  
w i t h i n  t h e  f i r s t  day of  i r r a d i a t i o n ,  and Np239 w i t h i n  t h e  f i r s t  
one o r  two months. The re fo r e ,  t h e  a c t i v i t i e s  g iven  i n  Table  
V-V may a l s o  be t aken  a s  v a l i d  f o r  a  r e a c t o r  o f  ave r age  oper -  
a t i o n  f u e l  burn-up. That  means t h a t  t h e  f u e l  a c t i v i t y  f o r  a  
t y p i c a l  f a s t - b r e e d e r  r e a c t o r  i n  o p e r a t i o n  amounts t o  abou t  
1 . 4 - 1 0 ~ C i / t ~ ~  o r  3 . 7 - 1 0 ~ C i / ~ w ( e )  i f  30 t of  Pu02/U02 f u e l  o r  
26.7 t of  heavy me ta l  a r e  used.  

I t  i s  worth n o t i n g  t h a t  t h e  r a d i o a c t i v i t y  o f  f r e s h  f u e l  
i s  a lmos t  n e g l i g i b l e  compared t o  t h a t  of t h e  i r r a d i a t e d  
m a t e r i a l .  

Because t h e  n u c l i d e s  t h a t  c o n t r i b u t e  most h e a v i l y  t o  t h e  
t o t a l  a c t i v i t y  o f  t h e  f u e l  have s h o r t  h a l f - l i v e s ,  t h e  f u e l  
a c t i v i t y  d e c r e a s e s  q u i t e  r a p i d l y  d u r i n g  t h e  f i r s t  month of  t h e  
d i s c h a r g e  from t h e  r e a c t o r ;  f o r  t h e  c a s e  shown, t h e  a c t i v i t y  
d e c r e a s e s  by a  f a c t o r  of 100 w i t h i n  t h e  f i r s t  30 days  a f t e r  
d i s c h a r g e .  

The a c t i v i t i e s  shown i n  t h e  Table  r e f e r  t o  t h e  f u e l  s e c t i o n  
of  t h e  c o r e ,  and t h e  a c t i v i t i e s  i n  t h e  b l a n k e t  s e c t i o n s  a r e  
much lower.  A f t e r  t h e  n u c l i d e s  w i t h  ve ry  s h o r t  h a l f - l i v e s  
have decayed ,  t h e  b l a n k e t  a c t i v i t i e s  may t o t a l  t e n  p e r  c e n t  o f  
t h e  co r r e spond ing  v a l u e  f o r  t h e  c o r e .  

2 .1 .3  R a d i o a c t i v i t y  Assoc i a t ed  With t h e  Coolan t  

I n  helium-cooled f a s t - b r e e d e r  r e a c t o r s  t h e  c o o l a n t  a c t i v i t y  
i s  n e g l i g i b l e .  I n  t h e  c a s e  of  t h e  LMFBR, c o n t r i b u t i o n s  from 
t h e  i s o t o p e s  Na22 and Na24 must be cons ide r ed .  

The c o o l a n t  i nven to ry  (sodium) i n  t h e  pr imary  c o o l a n t  
system f o r  a  1000 MW(e) LMFBR v a r i e s  between 800 m 3  f o r  loop-  
t y p e  and 3200 m 3  f o r  pool - type  r e a c t o r s  [V-11. 

The t o t a l  a c t i v i t i e s  i n  e ach  c o o l a n t  sys tem a r e  t h e  
fo l l owing :  

H a l f - l i f e  A c t i v i t y  



2.1.4 Radioactivity Associated With Fission Products 

The calculation of fission-product inventories is very 
complicated and the results are difficult to report, because 
no single isotope accounts for more than two per cent of the 
total activity. The isotope generation and depletion code 
ORIGEN [V-31 was used to calculate the activity for each of 
the blankets and the core region. The results are given in 
Table V-VI which lists the isotope, its total activity, and 
half-life. The total activity of the fission products at 
shut-down is approximately 1 10'' Ci/GW(e) or approximately 
4000 Ci/kW(th). This is about a factor of three greater than 
the activity of the core fuel at discharge. 

Volatile fission products like Kr85, 1129, 1131, and Xe133 
will be collected in the fission gas plenum of the fast- 
reactor fuel elements. The liquid and solid fission products 
remain within the Pu02/U02 fuel and must be separated during 
reprocessing. 

2.1.5 Radioactivity Associated With the Covergas (Argon) 

Argon is used as covergas above the sodium pool in the 
primary vessel in order to protect the vessel cover against 
too high temperatures, thermoshocks, etc. In a pool-type 
LMFBR, up to 400 m3 of argon is used. Loop-type LMFBRs use 
less than half. Argon is activated in the neutron field to 
about 0.02 mci/cm3 , yielding a radioactivity of 8 kCi/GW(e) 
for the covergas, which is negligible compared to that of the 
coolant. 

2.1.6 Decay of Radioactivity of Activated Reactor Components 

The decay of the radioactivity associated with all the 
activated components of our reference LMFBR is shown in Figure 
V-4. The fission products dominate the ra3ioactivity levels 
for the first few decades, after which the Pu isotopes are tne 
major factor. Most of the activity of the coolant decays in 
a few days, while the activity in the steel requires approxi- 
mately 300 years to decay to the lo-' Ci/W(th) level. 

2.2 Mass Flow and Radioactive Inventories in the Reference 

Breeder Reactor Fuel Cycle 

As shown in Figure V-2, the fast-reactor core is only one 
part of the fuel cycle, and one must properly account for the 
fact that some of the radioisotopes (i.e. Pu) are recycled back 
into the reactor for burn-up. We, therefore, must establish 
the mass flow of radioactive materials through the entire fuel 
cycle, and then determine the respective radioactive inventories. 
This is particularly important for the different processes in 
the reprocessing and long-term waste-storage scheme. 



lmin t (sec) 

F i g  rure V-4:  S p e c i f i c  R a d i o a c t i v i t y  o f  R e a c t o r  Components a s  a  
F u n c t i o n  o f  Time A f t e r  D i s c h a r g e  f rom t h e  F a s t  
R e a c t o r  Core  ( w i t h o u t  r e p r o c e s s i n g )  

( a )  Core  and b l a n k e t  i n v e n t o r i e s  p e r  GW(e) 

I n  a  f a s t - r e a c t o r  c o r e ,  t h e  f o l l o w i n g  m a t e r i a l  masses  a r e  
n e e d e d ,  a s suming  a  l o a d  f a c t o r  o f  one :  

Core  : 

3 . 8 3  t PuO, 9 3.39 t Pu/GW(e) ( h e a v y  m e t a l )  
H M 

30 t PuO,/UO, - 3 .83  t PuO, = 26.17 t UO, 

3 23.1 tHM U/GW(e) ( h e a v y  m e t a l )  



T a b l e  V-VI: F i s s i o n  P r o d u c t  I n v e n t o r y  o f  a  T y p i c a l  1000  M W ( e )  
LMFBR 

- 
Iso- 
t o p e  

Zn72 
Ga72 
Zn73 
Ga73 
Ga7 4  
As74  
Ga75  
Ge75m 
Ge75 
Ga76 

Ga77 
Ge77m 
Ge7 7  
As77  
Se77m 
Ga7 8  
Ge78 
As78  
As79 
Se79m 

S e  7  9  
As80  
B r 8 0  
As8  1  
S e 8 l m  
S e 8  1  
B r 8 2  
A s 8 3  
Se83m 
S e 8 3  

B r 8 3  
Kr83m 
S e 8 4  
Br84m 
B r 8 4  
Rb84 
A s 8 5  
S e 8 5  
B r 8 5  
Kr85m 

A c t i v i t y  
( C i )  

3 . 9 0 . 1 0 5  
1 . 5 0 . 1 0 7  
1 . 9 4 * 1 0 7  
2 . 8 9 . 1 0 2  
1 . 2 1  * l o 7  
2 . 3 4 . 1 0 7  
2 . 3 8 * 1 0 7  
7 . 8 3 - 1 0 "  
2 . 5 1 * 1 0 7  
2 . 8 9 . 1 0 7  

3 . 0 5 . 1 0 7  
7 . 1 8 - 1 0 '  
3 . 5 6 . 1 0 6  
2 . 3 7 0 1 0 ~  
3 . 8 9 * 1 0 7  
4 . 0 0 * 1 0 7  
4 . 0 0 . 1 0 7  
3 . 6 0 . 1 0 3  
1 . 5 1 . 1 0 7  
4 . 2 7 * 1 0 7  

2 . 9 1 ° 1 0 6  
4 . 8 6 . 1 0 7  
2 . 5 2 . 1 0 6  
4 . 1 0 . 1 0 '  
2 . 5 1 . 1 0 6  
3 . 4 3 - l o 7  
5 . 8 0 - l o 7  
9 . 3 0 . 1 0 7  
5 . 4 9 . 1 0 7  
9 . 3 0 - l o 7  

2 . 3 0 . 1 0 7  
6 . 1 6 - l o 7  
7 . 3 4 . 1 0 7  
7 . 4 9 - l o 7  
1 . 4 1 . 1 0 7  
5 . 3 1 . 1 0 7  
8 . 0 8 . 1 0 7  
8 . 4 0 . 1 0 ~  
8 - 5 3 - 1 0 '  
4 . 3 0 . 1 0 °  

H a l f  - l i f e  

1 0 . 7 6  y r  
16  sec 
54  sec 
1 8 . 7  d a y  
1 0  sec 
5 5 . 4  sec 

1 . 3  min  
4 . 7 * 1 O 1 % r  

16  sec 
2 . 8  h 

1 7 . 8  m i n  
1  sec 
2  sec 
4 . 5  sec 
3 . 1  m i n  

1 5  m i n  
5 0 . 5  d a y  
16  sec 

1 . 6  sec 
32 sec 

2 . 6  m i n  
4 . 3  m i n  

2 8 . 1  y r  
3 . 1 9  h 
2 . 6 7  d a y  
8 . 4  sec 

5 7 . 4  sec 
3 . 7  h 

50  m i n  
5 8 . 8  d a y  

1 . 0  sec 
4 . 4  sec 
2 . 7 1  h 
3 . 5  h 
1 . 2  sec 
5 . 0  sec 
8  min  

1 0 . 2  h 
1  . 5 . 1 0 6 y r  

1 3 . 6  y r  

A c t i v i t y  
( c i  

7 . 7 7 - 1 0 '  
7 . 7 7 . 1 0 '  
5 . 1 7 * 1 0 2  
5 . 1 7 . 1 0 2  
1 . 7 6 . 1 0  
9 . 6 1 ° 1 0 - 7  
6 . 2 1 . 1 0 3  
2 . 5 0 * 1 0 2  
6 . 2 I 0 1 O 3  
1 . 8 7 . 1 0 '  

2 . 2 3 . 1 0 ~  
2 . 0 5 * 1 0 5  
8 . 0 8 * 1 0 4  
2 . 3 7 . 1 0 5  
4 . 0 3 * 1 0 3  
6 . 1 0 . 1 0 ~  
6 . 9 0 . 1 0 5  
6 . 9 1 . 1 0 ~  
1 . 2 5 0 1 0 ~  
1  . 2 5 . 1 0 6  

2 . 8 7 * 1 0 1  
2 . 0 7 . 1 0 6  
1 . 6 2 . 1 0 5  
3 . 4 2 . 1 0 ~  
6 . 6 5 * 1 0 3  
3 . 4 3 0 1 0 ~  
1 . 8 2 . 1 0 ~  
6 . 6 5 ~ 1 0 ~  
4 . 6 5 . 1 0 6  
2 . 8 0 . 1 0 ~  

7 . 4 6 - l o 6  
7 . 4 6 . 1 0 ~  
1 . 2 0 * 1 0 7  
8 . 0 8 . 1 0 '  
1 . 2 1 - l o 7  
4 . 7 1 * 1 0 - ~  
5 .59 .10 :  
1 . 3 0 - 1 0  
1 . 4 1 ~ 1 0 ~  
1 . 4 1 . 1 0 ~  

H a l f - l i f e  

1 . 9  d a y  
1 4 . 1  h 

3  m i n  
4 . 8  h 
'1.9 m i n  

1 7 . 7  d a y  
1 . 9  m i n  

48 sec 
1 . 4  m i n  

32 sec 

1 7 . 1  sec 
54 sec 
1 1 . 3  h 

1 . 6  
1 7 . 5  sec 

4  sec 
1 . 5  h 
1 . 5  h 
9  m i n  
3 . 9  m i n  

6 . 5 0 1 0 ~ ~ r  
1 5  sec 
1 7 . 6  m i n  
3 3  sec 
5 7  m i n  
1 8  m i n  

1 . 5  d a y  
9  sec 

6 9  sec 
23  m i n  

2 . 4  h 
1 . 9  h 
3 . 3  m i n  
6  m i n  

32  min  
3 3  d a y  

2 . 2  sec 
3  9  sec 

3  m i n  
4 . 4  h 

I s o -  
t o p e  

K r 8 5  
S e 8 6  
B r 8 6  
Rb86 
S e 8 7  
B r 8 7  
Kr87  
Rb87 
B r 8 8  
Kr88  

Rb88 
As89  
S e 8 9  

d a y B r 8 9  
Kr89  
Rb89 
S r 8 9  
Y 89m 
B r 9 0  
K r 9 0  

Rb90m 
Rb90 
S r 9 0  
Y 90m 
Y 90 
Kr91  
Rb91 
S r 9 1  
Y 91m 
Y 91 

Kr92  
Rb92 
S r 9 2  
Y 92  
K r 9 3  
Rb93 
S r 9 3  
Y 9 3  
Z r 9 3  
Nb93m 



T a b l e  V-VI: F i s s i o n  P r o d u c t  I n v e n t o r y  o f  a  T y p i c a l  1 0 0 0  M W ( e )  
LMFBR ( c o n t ' d )  

A c t i v i t y  
( c i  

1 . 3 0 . 1 0 '  
4 .01 .10- '  
1 . 2 1 - 1 0 '  
1 . 2 5 * 1 0 8  
1 . 2 5 - 1 0 '  
1 . 2 3 * 1 0 8  
1 . 0 7 * 1 0 8  
1 . 2 1 * 1 0 8  
3 . 9 4 * 1 0 3  
7 . 8 1 * 1 0 7  

1 . 0 6 - 1 0 '  
1 . 0 7 * 1 0 8  
2 . 2 6 * 1 0 7  
1 . 0 7 - 1 0 '  
9 . 2 0 - l o 7  
7 . 3 9 * 1 0 7  
7 .  3 9 - l o 7  
6 . 4 3 * 1 0 7  
7 . 4 1 . 1 0 7  
7 . 4 1 . 1 0 7  

1 . 5 9 * 1 0 1  
3 . 8 2 * 1 0 7  
5 . 4 0 * 1 0 7  
5 . 4 0 * 1 0 7  
1 . 2 2 . 1 0 7  
3 . 2 1 * 1 0 7  
3 . 5 4 * 1 0 7  
3 . 4 2 - l o 7  
3 . 4 2 - l o 7  
1 . 8 8 * 1 0 7  

7 . 3 0 * 1 0 6  
7 . 4 4 g 1 0 4  
7 . 4 4 * 1 0 6  
7 . 4 6 * 1 0 6  
7 . 4 6 * 1 0 6  
4 . 3 6 * 1 0 6  
4 . 3 6 . 1 0 6  
1 . 9 6 - l o 6  
1 . 9 6 * 1 0 6  
9 . 8 0 * 1 0 5  

I s o -  
t o p e  

Tc102  
RhlO2m 
Mo103 
T c 1 0 3  
Ru103 
Rhl03m 
MolO4 
Tc lO4 
RhlO4 
Mo105 

T c 1 0 5  
Ru105 
Rhl05m 
Rh105 
Tc106  
Ru106 
Rh106 
T c 1 0 7  
Ru107 
Rh107 

Pd.107 
T c 1 0 8  
Ru108 
Rh108 
T6109 
Ru109 
Rh109 
P d 1 0 9  
Agl09m 
R h l l O  

R h l l l  
P d l l l m  
P d l l l  
A g l l l m  
A g l l l  
Pd112  
A9112 
P d 1 1 3  
A q l l 3 m  
Aq113 

H a l f - l i f e  

5 . 3  sec 
2 0 2  d a y  

1 . 0 5  rnin 
5 0  sec 
3 9 . 5  d a y  
5 7  m l n  

1 .1  rnin 
1 8  m i n  
42 sec 
42 sec 

7 . 7  rnin 
4 . 4  h  

45  sec 
1 . 4 8  d a y  

37  sec 
1  Yr  

30  sec 
2 9  sec 

4 .2  m i n  
22 m i n  

7 . 0 . 1 0 6 y r  
1 0  se c 

4 . 5  m i n  
1 7  sec 
1 0  sec 
3 4 . 5  sec 
30  sec 
1 3 . 5  h  
40 sec 

5  sec 

1  sec 
5 . 5  h 
2 2  m i n  

1 . 2  m i n  
7 . 5  d a y  

21 h  
3 . 2  h  
1 . 5  m i n  
1 . 2  m i n  
5 . 3  h  

H a l f - l i f e  

1  sec 
2 . 7  sec 
1 . 8  rnin 

20  m i n  
2 . 0 - 1 0 4 y r  
0 . 8  sec 
0 . 3 6  sec 

26 s e c  
1 0 . 9  m i n  
6 5 . 5  d a y  

3 . 7 5  d a y  
3 5  d a y  

0 . 2 3  sec 
4  sec 
2 . 3  m i n  

2 3 . 4  h  
1  sec 
2  sec 
3  sec 
6  sec 

1 6 . 8  h  
1  m i n  
1 . 2 3  h  

3 0 . 7  sec 
2 . 9  sec 

51  m i n  
1 . 5  -10  6yr 
0 . 8  sec 
1 . 6  sec 

1 0  sec 

2 . 4  m i n  
2 . 7 8  d a y  
6  h  
2 . 1  * 1 o S y r  
2 . 8  rnin 

1 7  sec 
1  m i n  

1 4 . 6  m i n  
1 4  m i n  
1 1 . 5  rnin 

- 
I s o -  
t o p e  

Kr94  
Rb9 4  
S r 9 4  
Y 9 4  
Nb94 
K r 9 5  
Rb95 
S r 9 5  
Y 9 5  
Z r 9 5  

Nb95m 
Nb95 
Rb96 
S r 9 6  
Y 9 6  
Nb9 6  
K r 9 7  
Rb9 7  
S r 9 7  
Y 97  

Z r 9 7  
Mb97m 
Nb97 
Z r 9 8  
Nb98m 
Nb98 
T c 9 8  
Y 99  
Z r 9 9  
Nb99m 

Nb99 
Mo99 
Tc99m 
T c 9 9  
Nb100 
Tc100  
NblOl 
MolOl 
T c l O l  
Mo102 

A c t i v i t y  
( c i )  

7 . 6 6 0 1 0 ~  
3 . 7 6 . 1 0 ~  
8 . 7 1 * 1 0 :  
9 . 8 5 - 1 0  
3 . 8 9 * 1 0 - ~  
5 . 0 3 . 1 0 ~  
2 . 5 9 - l o 7  
8 . 1 4 * 1 0 7  
1 . 1 3 * 1 0 8  
1 . 1 5 * 1 0 8  

2 . 3 0 * 1 0 6  
1  . 1 5 * 1 0 8  
2 . 6 6 . 1 0 ~  
4 . 1 3 . 1 0 ~  
9 . 7 9 . 1 0 ~  
1 . 0 9 * 1 0 5  
7 . 7 9 . 1 0 ~  
3 . 9 7 * 1 0 5  
1 . 5 6 0 1 0 ~  
7 . 8 4 - l o 7  

1 . 0 8 * 1 0 8  
1 . 0 4 . 1 0 '  
1 . 1 0 * 1 0 8  
1 . 1 6 * 1 0 8  
1 . 1 6 * 1 0 8  
5 . 1 2 . 1 0 ~  
6 . 6 8 0 1 0 - ~  
2 . 4 7 0 1 0 ~  
9 . 6 2 * 1 0 7  
4 . 2 7 0 1 0 ~  

8 . 1 2 . 1 0 7  
1 . 2 8 * 1 0 8  
1 . 1 3  l o 8  
9 . 0 7 * 1 0 2  
1 . 2 7 * 1 0 8  
9 . 7 3 - 1 0 '  
1 .  1 8 - 1 0 '  
1 . 3 1 * 1 0 8  
1 . 3 1 . 1 0 8  
1 . 2 9 * 1 0 8  



T a b l e  V-VI: F i s s i o n  P r o d u c t  I n v e n t o r y  o f  a T y p i c a l  1 0 0 0  M W ( e )  
LMFBR ( c o n t  ' d )  

I s o -  
t o p e  

Cd113m 
Pd114  
Ag114 
P d 1 1 5  
A g l l 5 m  
Ag115 
C d l l 5 m  
Cd115 
I n l l 5 m  
I n 1 1 5  

Pd116  
Ag116 
Pd117  
Ag117 
C d l l 7 m  
Cd117 
I n l l 7 m  
I n 1 1 7  
Ag118 
Cd118 

I n 1 1 8  
Cd119 
I n l l 9 m  
I n 1 1 9  
S n l l 9 m  
Cd120 
I n 1 2 0  
Cd121 
I n l 2 l m  
I n 1 2 1  

S n l 2 l m  
Sn121  
I n 1 2 2  
Sb122  
I n 1 2 3  
S n 1 2 3  
I n 1 2 4  
S b 1 2 4  
I n 1 2 5  
Sn125m 

A c t i v i t y  
( c i )  

6 . 8 9 * 1 0 °  
2 . 1 4 ~ 1 0 ~  
2 . 3 4 - l o 6  
1 . 7 5 * 1 0 6  
4 . 8 9 - l o 5  
1 . 8 8 * 1 0 6  
2 . 5 4 * 1 0 5  
1  . 9 6 - l o 6  
1 . 9 6 - l o 6  
4 . 6 2 . 1 0 - ~  

1 . 3 4 - l o 6  
1 . 6 4 * 1 0 6  
9 . 8 3 - l o 5  
1 . 5 5 - l o 6  
7 . 7 5 0 1 0 ~  
1 . 2 9 * 1 0 6  
1 . 6 0 * 1 0 6  
7 . 5 1 * 1 0 5  
1 . 4 5 * 1 0 6  
1 . 5 8 ~ 1 0 ~  

1 . 5 8 * 1 0 6  
1 . 5 7 . 1 0 6  
1 . 5 7 . 1 0 6  
9 . 4 0 - l o 4  
1 . 3 3 * 1 0 :  
1 . 5 2 . 1 0  
1 . 5 7 . 1 0 ~  
1 . 4 3 - l o 6  
7 . 1 4 . 1 0 ~  
8 . 9 8 - l o 5  

4 . 0 4 - 1 0 '  
1 . 6 2 . 1 0 6  
1 . 1 9 9 1 0 6  
6 . 3 3 - l o 4  
1 . 8 0 - l o 6  
1  . 9 3 - l o 6  
1 . 4 2 . 1 0 6  
7 . 0 7 . 1 0 '  
8 . 5 5 - l o 5  
7 . 4 3 * 1 0 5  

H a l f - l i f e  

1 3 . 6  y r  
2 . 4  m i n  
5 . 2  sec 

3 8  sec 
49 sec 
20  m i n  
43 d a y  

2 . 2 3  d a y  
4 . 5  h 
6 - 1 0 ' '  y r  

30 sec 
2 . 5  m i n  
5  sec 

42 sec 
3 . 1  h 
2 . 5  h 
1 . 9 5  h 

38 m i n  
5 . 3  sec 

49 m i n  

5  sec 
3 . 4  min  

1 8  m i n  
2 . 3  rnin 

245  d a y  
1  m i n  
3 . 2  sec 

1 2 . 8  sec 
3 . 1  m i n  

30 sec 

76 y r  
1 . 1 2 5  d a y  
8  sec 
2 . 6 8  d a y  
6  sec 

1 2 9  d a y  
4  sec 

6 0 . 3  d a y  
1 7 . 8  sec 

9 . 7  m i n  

I s o -  
t o p e  

S n 1 2 5  
S b 1 2 5  
Te125m 
S n 1 2 6  
Sb126m 
Sb126  
J 1 2 6  
S n 1 2 7  
Sb127  
Te127m 

T e 1 2 7  
S n 1 2 8  
Sb128m 
S b 1 2 8  
J 1 2 8  
I n 1 2 9  
Sn129m 
Sn129  
S b 1 2 9  
Te129m 

Te129  
J 1 2 9  
Xe129m 
Sn130  
Sbl30m 
S b 1 3 0  
J 1 3 0  
Cs130  
I n 1 3 1  
Sn131  

Sb131  
T e l 3 l m  
Te131  
J 131 
X e l 3 l m  
Cs131  
Sn132  
Sb132  
T e 1 3 2  
J 1 3 2  

A c t i v i t y  
( c i )  

2 . 9 0 * 1 0 6  
1 . 3 2 - l o 6  
2 . 6 3 . 1 0 5  
7 . 2 4 0 1 0 '  
7 . 2 4 . 1 0 '  
1 . 8 2 * 1 0 5  
2 . 1 4 . 1 0 °  
6 . 9 1 - l o 6  
7 . 9 6 - l o 6  
1 . 3 O o 1 O 6  

7 . 9 0 - l o 6  
9 . 7 3 - l o 6  
9 . 5 0 * 1 0 6  
4 . 0 7 - l o 6  
1 . 9 5 - 1 0 '  
1 . 6 5 * 1 0 6  
4 . 9 4 - l o 6  
4 . 9 5 - 1 0 :  
1 . 5 3 . 1 0  
6 . 5 4 - l o 6  

1 . 7 2 * 1 0 7  
1 . 6 9 - l P O  
1 . 2 5 - 1 0 - - '  
1 . 5 5 - l o 7  
7 . 7 6 . 1 0 6  
3 . 4 0 - l o 7  
1 . 4 4 * 1 0 5  
0 . 0  
8 . 9 9 * 1 0 5  
2 . 1 1 . 1 0 7  

7 . 0 0 1 1 0 7  
1 . 1 4 * 1 0 7  
7 . 3 7 - l o 7  
8 . 5 4 - l o 7  
5 . 1 2 . 1 0 5  
1 . 3 1 * 1 0 ' ~  
l . 2 1 9 1 ~ 7  
4 . 7 8 . 1 0 7  
8 . 1 4 - l o 7  
8 . 6 4 * 1 0 7  

H a l f  - l i f e  

9 . 6  d a y  
2 . 7  y r  

5 8  d a y  
1 . 0 - l o 5  y r  

19  m i n  
2 . 4  d a y  

1 2 . 8  d a y  
2 . 1  h 
3 . 8  d a y  

109  d a y  

9 . 4  h 
59 m i n  
1 0  m i n  

9 . 3  h 
2 5  m i n  

8 . 8  min  
2  mi  n  
8 . 8  m i n  
4 . 2  h 

3 4 . 1  d a y  

1 . 1 5  h 
1 . 7 * 1 0 7 y r  
8  d a y  
2 . 6  m i n  
6  min  

37 m i n  
1 2 . 3  h 
2 9 . 1  m i n  

1  sec 
1 . 3  m i n  

2 3  m i n  
1 . 2 5  d a y  

2 5  m i n  
8 . 0 5  d a y  

1 1 . 8  d a y  
9 . 7  d a y  
1  mi  n  
3 . 1 3  m i n  
3 . 2 5  d a y  
2 . 4  h 



T a b l e  V-VI: F i s s i o n  P r o d u c t  I n v e n t o r y  o f  a T y p i c a l  1000  MW(e) 
LMFBR ( c o n t  ' d )  

I s o -  
t o p e  

Cs132 
Sn133  
Sb133 
Te133m 
Te133  
J 1 3 3  
Xe133m 
Xe133 
Sb134  
Te134 

J 1 3 4  
Cs134  
Sb135  
Te135 
J 1 3 5  
Xe135m 
Xe135 
Cs135m 
C s 1 3 5  
La135 

Te136  
J 136  
Cs136 
Sn137  
Sb137  
Te137  
J 137  
Xe137 
Cs137  
Ba137m 

La137 
Ce137m 
Ce137 
J 138  
Xe138 
Cs138 
La138 
J 139  
Xe139 
Cs139 

A c t i v i t y  
( c i  

1 . 1 9 . 1 0 8  
1 . 0 5 * 1 0 ~  
4 . 4 9 - l o 7  
1 .02 .10 '  
1 . 1 5 * 1 0 8  
1 . 1 5 * 1 0 8  
1 . 9 1 * 1 0 7  
6 . 9 6 * 1 0 7  
9 . 5 7 - l o 7  
9 . 7 5 * 1 0 7  

9 . 7 5 . 1 0 7  
7 . 8 4 * 1 0 6  
5 . 2 3 * 1 0 7  
1 .06 .10 '  
1 . 1 4 - 1 0 '  
7 . 6 7 - 1 0 '  
2 . 3 7 - l o 6  
2 . 2 0 . 1 0 7  
7 . 4 2 * 1 0 7  
9 . 4 8 . 1 0 7  

1 .03 .108  
1 . 0 3 - 1 0 '  
3 . 2 8 - l o 5  
7 . 2 7 . 1 0 6  
3 . 7 3 * 1 0 7  
7 . 6 1 . 1 0 7  
7 . 0 4 . 1 0 7  
7 . 0 4 * 1 0 7  
3 . 4 6 = 1 0 - 8  
9 . 5 3 - l o - '  

6 . 7 4 * 1 0 7  
6 . 7 7 * 1 0 7  
5 . 5 5 . 1 0 7  
5 . 7 0 . 1 0 7  
3 . 4 6 - 1 0 '  
4 . 1 6 * 1 0 7  
4 . 6 6 * 1 0 7  
4 . 6 6 . 1 0 7  
2 . 0 0 - l o 7  
1 .48 .10-"  

H a l f  - l i f e  

1 . 3 8  h 
0 . 8  sec 

1 3 . 5  sec 
1 . 0 5  min  

1 2 . 8  d a y  
1 . 6 7 5  d a y  
1 . 7  sec 

24 sec 
1 8  min  

3 . 9  h 

32 .5  d a y  
1 . 2  sec 
2 . 3  sec 

11  min  
1 . 5 4  h 
19 .2  h 

1  sec 
1 .6  sec 

13 .2  sec 
1 4  min  

1 .30  d a y  
13 .6  d a y  

1  sec 
1 .1  sec 

11 .0  sec 
41 sec 

284 d  ?Y 
17 .3  mln 

2 .1-10 '5yr  
1  Y r  

3  min  
5 . 9 8  h 

1 3 . 9  min  
24 min  

5 . 5 3  y r  
1 . 2  m l n  

1 2  min  
11 .1  d a y  

2 .62  y r  
1  .08-~3''qrr 

A c t i v i t y  
( c i )  

6 . 8 0 - 1 0 - '  
7 . 9 8 0 1 0 ~  
4 . 4 4 * 1 0 7  
3 . 2 8 - l o 7  
7 . 8 9 * 1 0 7  
1 . 2 6 * 1 0 8  
3 . 0 2 * 1 0 6  
1 . 2 6 * 1 0 8  
2 . 7 7 - l o 7  
1 . 0 1 * 1 0 8  

1 . 4 1 * 1 0 8  
1 . 1 7 - l o 3  
1 . 0 1 * 1 0 7  
7 . 3 9 - l o 7  
1 . 3 6 . 1 0 ~  
3 . 5 3 * 1 0 7  
1 . 5 5 * 1 0 8  
1 . 9 3 * 1 0 4  
1 .18 .102  
1 . 9 1 w 1 0 - 4  

3 . 0 7 . 1 0 7  
6 . 5 8 - l o 7  
2 . 6 3 * 1 0 6  
3 . 2 5 * 1 0 3  
7 .81  * l o 5  
2 . 1 8 * 1 0 7  
9 . 0 7 * 1 0 7  
1 . 3 1 . 1 0 8  
7 . 0 0 * 1 0 6  
9 . 4 8 * 1 0 6  

3 . 4 2 . 1 0 T 5  
0 .0  
0 .0  
4 . 1 8 * 1 0 7  
1 . 1 3 * 1 0 8  
1 . 3 3 . 1 0 '  
4.75.10-10 
1 . 7 4 * 1 0 7  
7 . 6 8 * 1 0 7  
1 . 1 5 * 1 0 8  

H a l f - l i f e  

6 . 5  d a y  
5 5  sec 

2 . 7  min  
54  m i n  
1 2 . 5  rnin 
20 .8  h 

2 . 2  d a y  
5 . 6 5  d a y  
1 . 5  sec 

43  min  

52  min  
2 . 0 5  y r  
1 . 6  s e c  

29 sec 
6 . 7  h 

1 5 . 6  rnin 
9 . 1 5  h 

5 3  min  
2 . 0 . 1 0 6 y r  

19 .4  h 

3 3  sec 
1 . 3 8  rnin 

12 .9  d a y  
1  sec 
2  sec 
3  sec 

24 sec 
3 . 9  rnin 

30 y r  
2 . 5 5  mln  

6 . 0 * 1 0 4 y r  
1 . 4 3  d a y  
9  h 
6  sec 

14 .1  min  
3 2 . 3  rnin 

1 .  l * l O 1 j r r  
2 . 7  sec 

41 sec 
9  min  

I s o -  
t o p e  

Ba139 
J 140  
Xel4O 
Cs140 
Ba140 
La140 
Xe141 
Cs141 
Ba141 
La141 

Ce141 
Xe142 
Cs142 
Ba142 
La142 
P r 1 4 2  
Xe143 
Cs143  
Ba143 
La143  

Ce143 
P r 1 4 3  
Xe144 
Cs144 
Ba144 
La144 
Ce144 
P r 1 4 4  
Nd144 
Pm144 

Ce145 
P r 1 4 5  
Ce146 
P r 1 4 6  
Pm146 
Ce147 
P r 1 4 7  
Nd147 
Pm147 
Sm147 



T a b l e  V-VI: F i s s i o n  P r o d u c t  I n v e n t o r y  o f  a  T y p i c a l  1 0 0 0  MW(e) 
LMFBR ( c o n t ' d )  

H a l f - l i f e  

4 3  sec 
1 . 9 8  rnin 
5 . 4  d a y  
2 . 3  rnin 
1 . 7 3  h 
2 .2  d a y  
2 .7  h 
6 . 2  y r  
1  sec 
2  sec 

3  sec 
1 2  m i n  

1 . 2  d a y  
8 7  Y r  

1 2 0  d a y  
6  m l n  

1 2 . 4  y r  
5 . 5  m l n  
1 . 9 5  d a y  
1 . 6  rnin 

1 6  Y r  
2 2 . 4  rnin 

1 .81  y r  
9 . 4  h 

1 5 . 1  d a y  
30  sec 
1 5 . 1  h 
46 mi  n  

150  
1 8  

y r  m l n  

1 8 . 5 6  h 
40 sec 
7 2 . 1  d a y  

3 . 6  rnin 
6 . 9  d a y  

1 0 . 4  rnin 
7 . 8  rnin 

1 9 . 5  rnin 
3  m i n  
2 . 3 5  h 

3 . 4  d a y  
1 . 1 1  d a y  

Iso- 
t o p e  

C e 1 4 8  
P r 1 4 8  
Pm148 
P r 1 4 9  
Nd149 
Pm149 
Pm150 
~ ~ 1 5 0  
La151  
Ce151  

P r 1 5 1  
~ d 1 5 1  
Pm151 
sm151 
Gd151 
Pm152 
~ ~ 1 5 2  
Pm153 
Sm153 
Pml54 

Eu154 
Sm155 
~ ~ 1 5 5  
Sm156 
Eu156 
Sm157 
Eu157 
Eu158 
Tb158  
Eu159  

Gd.159 
Eu160  
Tb160 
Gd161 
Tb161 
Gd162 
Tb162 
Tb163  
Tb164  
Dy165 

Dy166 
Ho166 

A c t i v i t y  
( c i )  

2 . 7 2 * 1 0 7  
3 . 6 9 * 1 0 7  
5 . 4 4 * 1 0 3  
2 . 5 9 - l o 7  
3 .02 .10 :  
3 . 0 3 ' 1 0  
1 . 2 8 * 1 0 5  
0 .0  
2 . 8 9 . 1 0 ~  
1 . 0 4 * 1 0 6  

6 . 9 4 - 1 0 :  
1  . 6 1 ° 1 0  
1 . 7 9 * 1 0 7  
3 . 0 5 * 1 0 5  
8 . 0 0 * 1 0 - ~  
1 . 4 8 - l o 7  
3 . 6 3 9 1 0 ~  
9 . 2 7 . 1 0 ~  
1 . 0 1 . 1 0 7  
6 . 3 6 9 1 0 '  

9 . 6 0 - l o 3  
5 . 1 0 * 1 0 6  
2 . 8 7 0 1 0 ~  
3 . 2 Q 0 1 0 '  
3 . 5 6 * 1 0 6  
1 . 7 6 - l o 6  
2 . 3 6 0 1 0 ~  
1 . 3 5 - l o 6  
9 . 7 0 - 1 0 '  
7 . 3 7 * 1 0 5  

8 . 9 0 * 1 0 5  
3.02.10;  
1 . 5 9 - 1 0  
2 . 3 0 - l o 5  
2 . 6 1 9 1 0 ~  
1 . 5 7 * 1 0 3  
2 . 5 5 0 1 0 ~  
2 . 6 2 * 1 0 3  
6 . 7 1 . 1 0 ~  
2 . 6 5 . 1 0 ~  

1 . 5 0 . 1 0 '  
1 . 7 0 . 1 0 '  



Axia l  b l a n k e t s :  

i s  t uo, Q 15.93 tHM U / G W ( e )  

R a d i a l  b l a n k e t :  

f b l  Masses of  f u e l  charged t o  t h e  c o r e  and b l a n k e t  p e r  yea r  
and G W ( e )  : 

Residency t i m e :  

2 . 2  y e a r s  f o r  c o r e  and a x i a l  b l a n k e t s  ; 

7 y e a r s  f o r  t h e  r a d i a l  b l a n k e t ;  

Core : 

10.53 t U / G W ( e )  . y r  I 19.31 t (U+Pu)/GW(e) * y r  
i n  c o r e  and a x i a l  b l anke t ;  

A x i a l  b l a n k e t :  

Rad i a l  b l a n k e t :  

( e l  Masses d i s cha rged  p e r  y e a r  and G W ( e ) :  

Assuming t h a t  f i s s i o n i n g  of one gram of Pu produces  
0.99 ~ l N ( t h )  .day ,  t h e  t o t a l  mass of f i s s i o n  p r o d u c t s  f o r  t h e  
g e n e r a t i o n  of one GW(th) .day amounts t o  1.01 kg. With a  
t he rma l  e f f i c i e n c y  of 40 p e r  c e n t ,  t h e  f o l l owing  masses  of 
f i s s i o n  p r o d u c t s  a r e  produced p e r  G W ( e )  Syr: 

90 p e r  c e n t  of t h e  power is  gene ra t ed  i n  t h e  c o r e  and 
a x i s 1  b l a n k e t s ,  and t e n  p e r  c e n t  i n  t h e  r a d i a l  b l a n k e t .  T h i s  
r e s u l t s  i n  830 kg of f i s s i o n  p r o d u c t s  t h a t  a r e  b u i l t  up i n  
t h e  c o r e  and a x i a l  b l a n k e t s ,  and 92 kg i n  t h e  r a d i a l  b l a n k e t ,  
p e r  GW(e) and y e a r .  



The heavy m e t a l  d i s c h a r g e d  p e r  y e a r  is: 

Core and a x i a l  b l a n k e t :  

R a d i a l  b l a n k e t :  

A s  was shown i n  [V-41, a p p r o x i m a t e l y  1.4 kg (Np+Am+Cm)/t 
i s  p r e s e n t  i n  s p e n t  f u e l .  So t h e  mass o f  Np, Am, and Cm i n  tf% 
r e a c t o r  f u e l  p e r  GW(e) - y r  amounts t o :  

More t h a n  90 p e r  c e n t  o f  t h e s e  a c t i n i d e s  a r e  p r e s e n t  i n  
t h e  c o r e .  T h e r e f o r e ,  t h e  masses f o r  U and Pu d i s c h a r g e d  p e r  
y e a r  a r e :  

Core and a x i a l  b l a n k e t :  

R a d i a l  b l a n k e t :  

Core and b l a n k e t s :  

The Pu g a i n  by b r e e d i n g  amounts t o  a b o u t  100 k g / ~ ~  ( e )  Syr* 
s i n c e :  
- 

* T h i s  low v a l u e  i s  assumed f o r  p r e s e n t  p r o t o t y p e  s x i d e  b r e e d e r  
r e a c t o r s .  Va lues  up t o  150 t o  300 kg Pu/GW(e) . y r  a r e  a n t i c i p a t e d  
f o r  more advanced FBRs. 



The masses  o f  heavy m e t a l  and f i s s i o n  p r o d u c t s  charged  and 
and d i s c h a r g e d  p e r  y e a r  a r e  d e m o n s t r a t e d  i n  T a b l e  V-VII. 

The f u e l  c y c l e  o f  t h i s  1000 MW(e) LMFBR i s  shown i n  F i g u r e  
V-5 under  t h e  assumption t h a t  Pu- and U- losses  of  one p e r  c e n t  
e a c h  i n  t h e  r e p r o c e s s i n g  f a c i l i t y  and t h e  f u e l  f a b r i c a t i o n  p l a n t ,  
r e s p e c t i v e l y ,  can  be e x p e c t e d .  

Tab le  V-VII: Flow of M a t e r i a l  p e r  Year i n  a  1000 MW(e) LMFBR 
(t/GW(e) ' y r )  

( d )  R a d i o a c t i v e  i n v e n t o r i e s  

The i s o t o p i c  compos i t ion  o f  s p e n t  f u e l  h a s  been de te rmined  
r e c e n t l y  [V-41 w i t h  t h e  i s o t o p e  g e n e r a t i o n  and d e p l e t i o n  code 
ORIGEN [V-31 f o r  e a c h  of t h e  b l a n k e t s  and t h e  c o r e  r e g i o n .  The 
averaged  i s o t o p i c  compos i t ion  f o r  t h e  d i s c h a r g e d  f u e l  was t h e n  
d e t e r m i n e d  by mixing t h e  f u e l  from t h e  c o r e  and t h e  a x i a l  and 
r a d i a l  b l a n k e t s  a f t e r  d i s c h a r g e  from t h e  r e a c t o r  (see Table  
v - V I )  . 

Material Charged 

By Region 

Core Pu: 1.54 
U : 10.53 

Axial 
blanket U : 7.24 

Radial 
blanket U : 5.46 

Material Discharged 

Total 

Pu: 1.54 

U : 23.23 

By Region 

Core and axial 
blankets 

U+Pu : 18.45 
Np+Am+Cm : 0.03 
fission 

products: 0 - 830 

Radial blanket 

U+Pu : 5.37 
Np+Arn+Cm : 0.003 
fission 

products: 0.092 

Total 

pU : 1.64 
: 22.18 ip+Am+Cm: 0.033 

Fission 
pro- 
ducts : 0.922 
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F i g u r e  V-5: I n t e g r a t e d  LMFBR F u e l  Cyc le  System--Yearlv Mass 
Flows o f  Uranium and P lu ton ium f o r  One GW(e) 

T a b l e  V - V I I I  shows t h e  summarized r e s u l t s  i n  C i  p e r  t o n  o f  
heavy m e t a l  f o r  v a r i o u s  c o o l i n g  t i m e s .  The t a b l e  c o n t a i n s  t h e  
sum of  f i s s i o n - p r o d u c t  and a c t i n i d e  a c t i v i t i e s  a s  w e l l  a s  some 
r a d i o l o g i c a l l y  i m p o r t a n t  f i s s i o n  p r o d u c t s .  

The h i g h  burn-ups  f o r  f a s t - r e a c t o r  f u e l s  r e q u i r e  r e l a t i v e l y  
long  c o o l i n g  t i m e s  b e f o r e  chemica l  r e p r o c e s s i n g  can  s t a r t .  For  
LWR f u e l ,  2 2 0  d a y s  o f  s t o r a g e  t i m e  i n  w a t e r  p o o l s  a t  t h e  s i t e  o f  
t h e  r e a c t o r  o r  t h e  r e p r o c e s s i n g  p l a n t  a r e  f o r e s e e n  t o d a y .  Some 
a u t h o r s  emphasize  even l o n g e r  c o o l i n g  t i m e s  [V-51. For  economic 
r e a s o n s ,  however,  t h e  c o o l i n g  p e r i o d s  f o r  FBR f u e l  w i l l  have t o  
be even s h o r t e r .  About 2 0 0  d a y s  o f  c o o l i n g  between d i s c h a r g e  
and r e p r o c e s s i n g  a r e  proposed a t  p r e s e n t .  



T a b l e  V-VIII:  A c t i v i t y  o f  D i s c h a r g e d  F u e l  ( c o r e  and  a x i a l  and  
r a d i a l  b l a n k e t s  a r e  mixed)  
( C i / t H M )  

As a  c o n s e q u e n c e  o f  t h e  c h e m i c a l  s e p a r a t i o n  o f  t h e  f i s s i o n  
p r o d u c t s  and  t h e  a c t i n i d e s  Np, Am, and  Cm f r o m  t h e  u r a n i u m  and 
p l u t o n i u m  f u e l ,  t h e  r a d i o a c t i v e  i n v e n t o r y  o f  t h e  f u e l  i s  re- 
duced  by o n e  o r d e r  o f  m a g n i t u d e .  T h i s  i s  shown i n  T a b l e  V-IX, 
where  t h e  a c t i v i t i e s  a r e  n o r m a l i z e d  t o  1  G W ( e ) . y r ,  wh ich  means 
t h a t  t h e  s p e c i f i c  a c t i v i t i e s  ( C i / t )  a r e  m u l t i p l i e d  by t h e  
m a s s e s  o f  F i g u r e  V-5 u n d e r  t h e  a s s u m p t i o n  o f  a  l o a d  f a c t o r  o f  
o n e .  I n  t h e  T a b l e  t h e  a c t i v i t i e s  a r e  l i s t e d  f o r  d i f f e r e n t  
s t e p s  i n  t h e  f u e l  c y c l e :  t r a n s p o r t  f rom t h e  r e a c t o r  t o  t h e  
r e p r o c e s s i n g  p l a n t  (150 d a y s  a f t e r  d i s c h a r g e  [V-611, t h e  re- 
p r o c e s s i n g  b e f o r e  and a f t e r  c h e m i c a l  s e p a r a t i o n  (200 d a y s ) ,  
and  f u e l  fabrication (365  d a y s ) .  The b u i l d - u p  o f  Am241 t h r o u g h  

I s o t o p e s  

S r 9 0  ( B )  
Cs137 ( y )  

F i s s i o n  I 1 2 9  

P r o d u c t s  
T o t a l  
F i s s .  P r o d .  

Pu ( a )  

Am ( a )  

Cm ( a )  

A c t i n i d e s  T o t a l  a  

Np239 ( 6 )  
Pu241 ( B )  

T o t a l  B 

T o t a l  

A c t i n i d e s  

T o t a l  

C o o l i n g  
150 

5 .22010 '  

1  . 4 0 * 1 0 5  

4 . 3 5 * 1 0 - ~  

7 . 0 2 * 1 0 6  

1 .84 .10"  

2 . 7 4 0 1 0 ~  

5 . 6 0 * 1 0 4  

7 . 7 2 - 1 0 "  

6 .35 .10 '  

5 .75 .10 '  

5 . 8 0 - 1 0 '  

6 .57 .10 '  

7 . 6 8 . 1 0 ~  

Time 
270 

5 .18 .10 '  

1  . 3 9 . 1 0 5  

4 . 3 5 - 1 0 - ~  

4 .45 .106  

1.85.10' '  

3 . 0 4 * 1 0 3  

3 . 4 3 - 1 0 "  

5 .60 .10 '  

6 . 3 5 - 1 0 '  

5 . 6 5 * 1 0 5  

5 . 6 5 . 1 0 ~  

6 . 2 1 - l o 5  

5 .07 .106  

( d a y s )  
365 

5 . 1 5 - 1 0 "  

1 . 3 8 - 1 0 '  

4 . 3 5 * 1 0 - ~  

3 .50 .106  

1 . 8 5 - 1 0 '  

3 . 2 8 ~ 1 0 ~  

2 . 3 6 * 1 0 4  

4 . 8 5 - 1 0 '  

6 . 3 5 - 1 0 '  

5 . 6 0 * 1 0 5  

5 . 6 0 - l o 5  

6.09.10'  

4.11 * l o 6  



T a b l e  V-IX: R a d i o a c t i v e  C o m p o s i t i o n  o f  t h e  F u e l  i n  t h e  F u e l  
C y c l e  
(Ci/GW (e)  . y r )  

d e c a y  o f  Pu241 b e t w e e n  r e p r o c e s s i n g  a n d  r e f a b r i c a t i o n  c a n  b e  
n e g l e c t e d ,  b e c a u s e  t h e  a m e r i c i u m  m u s t  b e  s e p a r a t e d  f o r  r e a s o n s  
o f  y - r a d i a t i o n  p r o t e c t i o n  [V-71. A f t e r  r e p r o c e s s i n g ,  a p p r o x i -  
m a t e l y  97 p e r  c e n t  o f  t h e  r e s i d u a l  a c t i v i t y  i s  Pu241 a c t i v i t y  
( 8 - a c t i v i t y )  . 

I s o t o p e s  

F i s s i o n  
P r o d u c t s  

A c t i n i d e s  

Pu  ( a )  

~ r n  ( a )  

cm (a1  

C a  

PU ( 1 3 )  

T o t a l  

T o t a l  

( e l  Decay o f  R a d i o a c t i v e  I n v e n t o r i e s  i n  Normal F i s s i o n  F u e l  
C y c l e  

W e  are now i n  a  p o s i t i o n  t o  i n c o r p o r a t e  t h e  e f f e c t s  o f  f u e l  
r e p r o c e s s i n g  a n d  r e i n s e r t i o n  o f  Pu i s o t o p e s  i n t o  t h e  f i s s i o n  
r e a c t o r s .  F i g u r e s  V-6 a n d  V-7 show how t h e  l o n g - l i v e d  a c t i v i t y  
d e c a y s  w i t h  t i m e  p e r  W ( t h )  b o t h  f o r  t h e  f u e l  a n d  f o r  t h e  h i g h -  
l e v e l  w a s t e .  T h e r e  i s  a m a j o r  d i f f e r e n c e  b e t w e e n  F i g u r e  V-4 
a n d  F i g u r e s  V-6 a n d  V-7: I t  i s  a s sumed  f o r  t h e  l a t t e r  t h a t  
a f t e r  200  d a y s ,  99  p e r  c e n t  o f  t h e  Pu i s o t o p e s  a r e  removed 
f r o m  t h e  f u e l  w a s t e  a n d  r e c y c l e d  i n t o  t h e  r e a c t o r .  

150  

( T r a n s p o r t a t i o n )  

1  . 67 .108  

4 .38 .10 '  

6 . 5 3 . 1 0 '  

1  . 3 3 . 1 0 6  

1 . 8 4 . 1 0 ~  

1  . 3 7 - l o 7  

1  . 5 6 . 1 0 7  

1  . 8 3 . 1 0 8  

365 

( f a b r i c a t i o n )  

- 

4.32 .10 '  
- 
- 

4 .32 .10 '  

1 . 3 1 . 1 0 ~  

1 . 3 5 . 1 0 ~  

1 . 3 5 . 1 0 ~  

Days  A f t e r  D i s c h a r g e  

200 
( F u e l  R e p r o c e s s i n g )  
( b e f o r e )  I ( a f t e r )  

( s e p a r a t i o n )  

1 . 2 2 - l o a  

4 .38 .10 '  

6 . 84 .10 '  

9 . 53 .10 '  

1 . 4 6 - l o 6  

1 . 3 6 . 1 0 ~  

1 . 5 2 . 1 0 ~  

1 . 3 7 - 1 0 '  

- 

4 .34 .10 '  
- 
- 

4 . 3 4 - 1 0 '  

1 . 3 4 . 1 0 ~  

1 . 3 8 - l o 7  

1 . 3 8 - 1 0 '  
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F i g u r e  V-6: S p e c i f i c  R a d i o a c t i v i t y  o f  LMFBR F u e l  a s  a  F u n c t i o n  
o f  Time 

WASTE DECAY TIME (yr)  

F i g u r e  V-7: S p e c i f i c  R a d i o a c t i v i t y  o f  LMFBR High Leve l  Waste 
a s  a F u n c t i o n  o f  Time 



A t  shut-down, t h e  a c t i v i t y  o f  t h e  f u e l  is  dominated by t h e  
f i s s i o n  p r o d u c t s ,  and a p p r o x i m a t e l y  25 p e r  c e n t  o f  t h e  a c t i v i t y  
comes f rom t h e  a c t i n i d e s .  The a c t i v i t y  i n  t h e  a c t i n i d e s  d e c a y s  
away r a p i d l y ,  s o  t h a t  30 d a y s  a f t e r  shut-down t h e  f i s s i o n  p ro-  
d u c t s  p roduce  more t h a n  90 p e r  c e n t  o f  t h e  a c t i v i t y .  A t  t h e  t i m e  
o f  r e p r o c e s s i n g  t h e  t o t a l  a c t i n i d e  a c t i v i t y  h a s  d ropped  by a b o u t  
two o r d e r s  o f  magni tude ,  from a p p r o x i m a t e l y  one Ci/TJ(th) t o  
a p p r o x i m a t e l y  lo- '  C i / W ( t h ) .  Most o f  t h e  l a t t e r  i s  due  t o  
Pu241. I t  i s  presumed t h a t  a f t e r  a  few y e a r s  t h e  f u e l  i s  r e -  
i n s e r t e d  i n t o  t h e  r e a c t o r .  

The a c i v i t y  o f  t h e  h i g h - l e v e l  l i q u i d  w a s t e  r a n a e s  from 
a p p r o x i m a t e l y  l o - '  Ci /W(th)  a f t e r  one y e a r  o f  decay  t o  a p p r o x i -  
m a t e l y  Ci /W(th)  a f t e r  100 y e a r s .  Roughly 500 y e a r s  a f t e r  
d e c a y ,  t h e  a c t i n i d e s  t h a t  p a s s  t h r o u g h  r e p r o c e s s i n g  a r e  t h e  
dominant  s o u r c e  o f  a c t i v i t y  f o r  o v e r  10,000 y e a r s .  

2 .3  B i o l o g i c a l  Hazard P o t e n t i a l  Va lues  f o r  F i s s i o n  R e a c t o r s  

The r a d i o a c t i v i t y  e x p r e s s e d  i n  c u r i e s  i s  a n  i n s u f f i c i e n t  
i n d i c a t o r  o f  t h e  hazard  t o  t h e  p u b l i c  i n  t h e  c a s e  o f  r a d i o a c t i v e  
r e l e a s e .  Comparisons between d i f f e r e n t  n u c l e a r  sys tems  c a n  
b e t t e r  be accompl i shed  by t h e  u s e  o f  t h e  b i o l o g i c a l  h a z a r d  
p o t e n t i a l  (BHP) u n i t .  

The BHP f c r  t h e  LMFBR was c a l c u l a t e d  by c a r e f u l  weighing 
o f  t h e  r e s u l t s  f o r  t h e  c o r e  and b l a n k e t  zones  [V-41. Chemical  
r e p r o c e s s i n g  was assumed t o  t a k e  p l a c e  20C d a y s  a f t e r  d i s -  
c h a r g e  from t h e  r e a c t o r .  The c a l c u l a t i o n  r e s u l t s  f o r  t h e  f u e l  
and w a s t e  a r e  g i v e n  i n  T a b l e s  V-X and V - X I ,  and d i s p l a y e d  i n  
F i g u r e s  V-8 t o  V-10. S i n c e  a p p r o x i m a t e l y  a l l  f i s s i o n  p r o d u c t s  
and a l l  a c t i n i d e s  ( i n c l u d i n g  s n e  p e r  c e n t  o f  U/Pu) a r e  s e p a r a t e d  
from t h e  d i s c h a r g e d  f u e l ,  t h e  BHP i n d e x  o f  t h e  s e p a r a t e d  f u e l  
a f t e r  r e p r o c e s s i n g  i s  r e p r e s e n t e d  by t h e  BHP o f  t h e  p lu ton ium 
a l o n e  ( p l u s  a  n e g l i g i b l e  c o n t r i b u t i o n  from u r a n i u m ) .  

I t  c a n  be s e e n  t h a t ,  f o r  t h e  i n h a l a t i o n  h a z a r d ,  t h e  a c t i -  
n i d e s  domina te  even b e f o r e  t h e  f i s s i o n  p r o d u c t s  a r e  c h e m i c a l l y  
s e p a r a t e d  ( s e e  F i g u r e  V-8).  The d e c r e a s e  o f  t h e  i n h a l a t i o n  
h a z a r d  of t h e  a c t i n i d e s ,  which i s  due t o  t h e  s e p a r a t i o n  of Np, 
Am, Cq and one p e r  c e n t  U/Pu, i s  r e l a t i v e l y  s m a l l ,  s i n c e  t h e  
i n h a l a t i o n  h a z a r d  i s  l a r g e l y  de te rmined  by t h a t  of Pu. The BHP f o r  
i n h a l a t i o n  i f  a l l  t h e  r a d i o i s o t o p e s  were r e l e a s e d  i s  r o u g h l y  
4000 km3 o f  a i r  p e r  k W ( t h ) - y r  o f  e n e r g y  f o r  t h e  f i r s t  t h r e e  
y e a r s  a f t e r  r e a c t o r  shut-down. 

The s i t u a t i o n  i s  r e v e r s e d  w i t h  r e s p e c t  t o  i n g e s t i o n  o f  
w a t e r .  F i g u r e  V-8 shows t h a t  t h e  f i s s i o n - p r o d u c t  BHP ( w a t e r )  
i s  one  t o  two o r d e r s  o f  magni tude h i g h e r  t h a n  t h a t  f o r  t h e  
a c t i n i d e s  ( i n c l u d i n g  Pu i s o t o p e s ) .  The f i s s i o n  p r o d u c t  v a l u e s  
r a n g e  from r o u g h l y  0 . 1  km3 of  w a t e r  p e r  k W ( t h ) . y r  t o  4 
km3 p e r  k W ( t h ) - y r  a t  t h e  t i m e  o f  r e p r o c e s s i n g .  A f t e r  t h a t  p o i n t ,  
t h e  i n g e s t i o n  f a c t o r s  f o r  t h e  f u e l  remain a p p r o x i m a t e l y  c o n s t a n t  
a t  6 . km3 of  w a t e r  p e r  klV(th) . y r  up t o  t h e  t i m e  o f  r e -  
i n s e r t i o n  i n t o  t h e  r e a c t o r .  



Table V-X: Biological  Hazard P o t e n t i a l  of Breeder Reactor Fuel 
(km of a i r  o r  water per kW(th) Syr) 

Table V-XI :  Biological  Hazard P o t e n t i a l  of High Level Liquid 
Waste of Breeder Reactors 
(km3 of a i r  o r  water per kW(th) .yr)  

Time After Shut-down (day) 

Inhalation 
(air) 

Fission 
Products 

Actinides 

Ingest ion 
(water) 

Fission 
Products 

Actinides 

Inhalation 
(air) 

Fission 
Products 

Actinides 

Ingestion 
(water) 

Fission 
Products 

Actinides 

5 3 0  

5 1 2 5  

0 . 0 9 2  

4 . 1 . 1 0 - ~  

Time After Shut-down (yr) 

1 3 3  

5 0 0 0  
~~~~~ 

4 . 5 . 1 0 - ~  

9 . 7 - 1 0 - ~  

1 0 0 , 0 0 0  

l - l ~ - '  

1  

7 . 7 . 1 0 - 9  

7 . 2 - l o - '  
- 

1 2 2  

5 0 0 0  

4 . 5 - 1 0 - ~  

9 . 2 - 1 0 - 5  

0  

1 2 8  

3 9 6  

4 . 2 . 1 0 - ~  

3 . 5 - 1 0 - ~  

1 0 0 0  

1 . 3 - l o - '  

5  2  

8  

- - 

4 5 9 0  4 5 5 0  4 3 9 0  

1 0 , 0 0 0  

l . 2 - 1 0 - '  

1 4  

8  

1 . 8 . 1 0 - " . 2 - 1 0 - ~  

1 0  

1 5 . 6  

2 7 8  

1 . 4 . 1 0 - ~  

1 

- 

6 . 9 - l o - '  

1 0 0  

1 . 7  

1 8 5  

1 . 5 - l o - '  

7 . 3 - 1 0 - '  

- 
6 . 2 . 1 0 - ~  

- 

5 . 9 . 1 0 - ~  



Figure V-8: Biological Hazard Potential of LMFBR Fuel 

105 

The situation of high-level waste from the fuel is summa- 
rized in Table V-XI and Figures V-9 and V-10. High-level 
waste is of major concern as it contains all of the fission 
products, Pm and Cm, and approximately one per cent of U/Pu. 
This type of liquid waste is stored for five years in steel 
tanks for cooling. Then the high-level waste is vitrified and, 
depending on the national waste management scheme, the glass 
blocks are stored in air- and/or water-cooled buildings for 
approximately another 50 years ("retrievable surface storage"). 
Then the glass blocks are transported to the final storage 
(geologic formations such as bedded salt or salt domes). From 
this very moment, the only conceivable way by which waste could 
reach the biosphere is the leachinq of the waste by water, which 
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Figure V-9: Biological Hazard Potential of LMFBR High Level 
Waste 
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Figure V-10: Biological Hazard Potential of LMFBR High Level 
Waste (schematically) 



penetrates into the geologic formation chosen for final dis- 
posal. By applying the approach to high-level waste one mnst 
realize that the ingestion hazard in terms of km3 of water per 
kW(th)'yr is the more approriate indicator for the biological 
hazard potential of the waste ("older" than about 50 years). 
For any final conclusions, however, a complete accident ana- 
lysis, including possibilities of the water reaching the stored 
vitrified waste and leaching factors, would have to be made. 

We again find that, depending on the type of dilutent, 
nant . either the actinides or the fission products can be doml 

For the case of an inhalation hazard (probably valid for only 
the first 50 years of storage), the BHP of the actinides starts 
out at roughly 400 km3 of air per kW(th)-yr one year after 
shut-down, and decays to roughly half that value within 50 years 
(the time of final imbedding in geologic formations), and to 
roughly one km3 of air per kW(th) .yr after 100,000 years. The 
fission products decay to approximately four km3 of air per 
kW(th)-yr 50 years after discharge, and to approximately lo-" 
km3 of air per kW(th) - yr after 100,000 years. 

The ingestion hazard is initial1 dominated by the fission 
products at approximately 4 10-I km' of water per kW(th! .yr 
immediately after reprocessing, and decays to rou hly 10- km3 
of water per kW(th) - yr after 50 years , and to lo-' km3 of water 
per kW (th) . yr 1000 years after discharge. The BHP (water) of 
the fission products is then constant for the next 200,000 years 
because of the J129 activity. The actinides (including around 
one per cent of Pu isotopes) start out at an ingestion hazard 
of a factor of a hundred lower than for the fission products, 
but, due to their longer half-lives, the actinides become 
dominant 200 years after discharge. Thereafter, the BHP value 
of the actinides is one to three orders of magnitude higher 
than that of the fission products. 

2.4 Radioactive Waste Management 

During reprocessing, the fission products as well as Am, 
Np, Cm, and one per cent Pu/U (that is 1.22 . 10' Ci B/y-acti- 
vity, and 1.68 - lo5 Ci a-activity per GW(e)-yr) are separated 
from the high burn-up fuel and go to the high-level liquid waste. 
The chemical processes applied in the reprocessing facility 
also increase the mass of contaminated waste considerably. 

Radioactive waste can be defined by different waste cate- 
gories, and various categories have been proposed. Of all the 
definitions, at least one is generally accepted: 

- high-level waste (HLW): requires cooling by forced 
convection, and heavy shielding 
during transportation; 



- medium-level waste (MLW):shielding during transportation 
and handling is necessary, but 
no cooling by forced convection 
(the dose rate at the surface 
of the drums used for disposal 
is greater than 200 mrem/h); 

- low-level waste (LLW) : no shielding, the dose rate is 
less than 200 mrem/h. 

These three categories can also be characterized by radio- 
active concentration [V-8 1 : 

high-level waste (HLW) : 9 10 Ci/l or Ci/kg; 

medium-level waste (MLW): lo-' to 10 Ci/l or Ci/kg; 

low-level waste (LLw) : lo-' tolo-' Ci/l or Ci/kg. 

N.L. Franklin summarized the 1975 status of reprocessing 
and waste management [V-9 1 . 

R. Gasteiger [V-101 reported the following masses of waste 
per ton of fuel (see Table V-XII). Under the assumption of a 
steadily improving waste management technology, the lower li- 
mits of R. Gasteiger's data were considered reasonable for 
future volumes of waste. Reduction of waste volume is one of 
the main tasks of waste R&D programs, as could be clearly con- 
cluded from the IAEA Waste Management Conference in Vienna in 
1976. 

A few numbers for LMFBR waste volumes (and also for fuel 
fabrication) could be found in [V-111, but in general the data 
base of LMFBR waste volumes is not entirely satisfactory at 
the present time. 

Taking into account the masses of Figure V-5 and adding 
numbers for packaged solid low- and medium-level waste volumes 
for the reactor itself ( 3 G  m3/~w(e) -yr, [V-111) , which agree with 
numbers mentioned in the US LMFBR Environmental Impact State- 
ment [V-121, the total amount of waste per one GW(e) .yr is such 
as is listed in Table V-XI11 and Figure V-11. 
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Table  V-XII: Waste Volumes 

2.5 R a d i o a c t i v e  Waste D i s p o s a l  

P l a n t  Waste Ca tegory  

Reprocess ing  High- leve l  l i q u i d  was te  

T h i s  can  be c o n c e n t r a t e d  
and s o l i d i f i e d  by v i t r i -  
f i c a t i o n  [V-91, which 
l e a d s  t o  

High- leve l  s o l i d  was te  

( c l a d d i n g  h u l l s )  

Medium-level l i q u i d  was te  

T h i s  can  b e  c o n c e n t r a t e d  
t o  MLW ( l i q u i d )  
MLW ( o r q a n i c )  
Both l e a d ,  a f t e r  f u r t h e r  
c o n c e n t r a t i o n  and b i t u -  
m i n i z a t i o n ,  t o  [V-91 

Medium-level s o l i d  w a s t e  

Low-level l i q u i d  was te  

Low-level s o l i d  w a s t e  

F u e l  F a b r i -  Low-level s o l i d  w a s t e  
c a t i o n  

A c o n s i d e r a b l e  e f f o r t  i s  now made i n  a  number of  c o u n t r i e s  
t o  s t u d y  t h e  long-term s t o r a g e  of h i g h l y  a c t i v e  was te  a f t e r  
s o l i d i f i c a t i o n ,  v i t r i f i c a t i o n ,  and packag ing .  The f o l l o w i n g  
a l t e r n a t i v e s  a r e  be ing  c o n s i d e r e d :  

Waste Volume 

(m3  It heavy 

0 .6  

0 . 0 8  

0 .3  

1 0  

3  
2 

1.5 

3  

3  5 

1 0  

1 0  

- s t o r a g e  under  w a t e r  i n  ponds;  

- s t o r a g e  i n  a i r - c o o l e d  c o n c r e t e  v a u l t s ;  

- s t o r a g e  i n  underground c a v e r n s ,  o r  h o l e s  d r i l l e d  i n  
s u i t a b l e  g e o l o g i c  f o r m a t i o n s ;  

- s t o r a g e  of i n d i v i d u a l  packages  i n  f l a s k s  of s p e c i a l  
d e s i g n  which may be spaced  i n  an a r r a y  i n  a  d e s e r t  
r e g i o n .  



T a b l e  V-XIII:  Annual  Q u a n t i t i e s  o f  R a d i o a c t i v e  Was tes  f rom an 
1 0 0 0  MW(e) LMFBR 

I n  a l l  t h e s e  c a s e s ,  t h e  w a s t e  would be i n  a  f u l l y  r e t r i e v -  
a b l e  form and some s u r v e i l l a n c e  would be r e q u i r e d .  

S i t e  o f  Waste 
P r o d u c t i o n  

R e p r o c e s s i n g  
P l a n t  

F a b r i c a t i o n  
P l a n t  

R e a c t o r  

Whole F u e l  C y c l e  

I n  a d d i t i o n ,  a l l  c o u n t r i e s  w i t h  ma jo r  n u c l e a r  p rograms  a r e  
a l r e a d y  i n v e s t i g a t i n g  p o s s i b l e  me thods  f o r  t h e  u l t i m a t e  d i s -  
p o s a l  o f  s o l i d i f i e d ,  v i t r i f i e d ,  and packaged w a s t e  w i t h  t h e  
o b j e c t  o f  c o m p l e t e l y  e l i m i n a t i n g  any f u t u r e  need f o r  s u r -  
v e i l l a n c e .  A  v e r y  wide r a n g e  of  p o s s i b i l i t i e s  h a s  been c o n s i -  
d e r e d :  

Waste C a t e g o r y  

HLW l i q u i d  
A f t e r  c o n c e n t r a t i o n :  
HLW v i t r i f i e d  
C l a d d i n g  h u l l s  

MLTJ l i q u i d  
A f t e r  c o n c e n t r a t i o n  
and b i t u m i n i z a t i o n :  

MLW s o l i d  

LLTJ l i q u i d  

LLW s o l i d  

LLW s o l i d ,  s o l i d i f i e d  

MLW s o l i d ,  s o l i d i f i e d  

LLW s o l i d ,  s o l i d i f i e d  

LLW, MLW s o l i d  

HLW s o l i d  ( g l a s  , h u l l s )  

LLW l i q u i d  

Wa;te Volume 
( m  /GW(e) 

i n i t i a l  

1 4  

2 4 0  

. y r )  

f i n a l  

2  
7 

1 2  

7 0  

8 3  0  

2 4 0  

2 3 0  

3 0 

% 6 0 0  

= l o  

% 8 0 0  



- d i s p o s a l  i n t o  c a v e r n s ,  t u n n e l s ,  o r  h o l e s  d r i l l e d  i n  
g e o l o g i c  f o r m a t i o n s  o f  h a r d  r o c k ,  s a l t ,  o r  c l a y  
( F i g u r e  V-12 shows a  p o s s i b l e  d i s p o s a l  i n  a  s a l t  
c a v e r n )  ; 

- d i s p o s a l  t o  t h e  d e e p  o c e a n  o r  h o l e s  d r i l l e d  i n t o  t h e  
s e a b e d .  

1 o m 3  HLW 
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F i g u r e  V-11: I n t e g r a t e d  LMFBR F u e l  Cyc le  System--Year ly  Mass 
Flows o f  Uranium, P l u t o n i u m ,  and R a d i o a c t i v e  
Waste f o r  One GW(e) 
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Figure V-12:  Waste Storage in Salt Mines 

Figure V-13 exemplifies the ingestion hazard curves for 
high-level waste, shown already in Figure V-10 ,  as compared to 
the hazard potential of uranium ore. The hazard potential for 
uranium ore was defined as corresponding to 1 6 , 4 5 0  t of uranium 
ore which (according to J. Hamstra [ V - 1 3 1 )  must go through 
uranium milling and enrichment facilities so that 2 3  t of U  
with 0 . 2  per cent U 2 3 5  content is left in the tail end of the 
enrichment plant. The 2 3  t of uranium is loaded into the LMFBR 
reactor core and ultimately converted into energy, having 
passed many times through the LMFBR fuel cycle (see Figure V - 5 ) .  
The hazard potential of the 1 6 , 4 5 0  t uranium ore appears to be 
an appropriate basis for comparison, since it allows one to 
compare the initial uranium-ore hazard potential in existing 
geologic sites to the hazard potential of waste generated per 
year of power production in an LMFBR. 



The waste-disposal technique largely decreases the BHP per 
unit volume by dilution in non-radioactive geologic layers (salt 
domes, etc.). By this procedure one obtains a v e r a g e  p o t e n t i a l  
f a c t o r s  that are similar to those of uranium ores. 

It has been stressed already that the BHP index is only a 
better base for comparing different nuclear inventories, com- 
pared to the sole utilization of activities in terms of 
curies. It represents the volume of water or air that would 
be needed to dilute the material down to the maximal permis- 
sible concentration, assuming that the isotopes are uniformly 
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Figure V-13: Biological Hazard Potential of UlFBR High Level 
Waste as Compared to Uranium 



mixed w i t h  d i l u t e n t .  But t h e  h a z a r d  i n d e x  a p p r o a c h  must  n o t  
be o v e r i n t e r p r e t e d .  As i l l u s t r a t e d  i n  F i g u r e  V-13, a f t e r  a  few 
t h o u s a n d  y e a r s  t h e  BHP i n d e x  o f  t h e  w a s t e  i s  lower  t h a n  t h a t  
o f  t h e  o r e .  But i t  would be  c o m p l e t e l y  m i s l e a d i n g  t o  i n f e r  
f rom t h a t  d i a g r a m  t h a t  w a s t e  r e p r e s e n t s  a  l o w e r  r i s k  t h a n  t h e  
o r e  f rom which it came. The BHP i n d e x  a p p r o a c h  c a n n o t  s e r v e  
a s  a  s u b s t i t u t e  f o r  c o m p l e t e  r i s k  a n a l y s i s .  F o r  example ,  it 
d o e s  n o t  make a l l o w a n c e  f o r  t h e  f a c t  t h a t  t h e  t o x i c  components  
o f  t h e  o r e ,  which a r e  immobi l i zed  i n  s o l i d  r o c k ,  have  been  made 
much more l i a b l e  t o  e s c a p e  i n t o  t h e  b i o s p h e r e  by m i n i n g  and 
m i l l i n g  o f  t h e  o r e .  

Long-term d i s p o s a l  methods  w i l l  r e q u i r e  v e r y  c a r e f u l  s t u d y ,  
deve lopment ,  and d e m o n s t r a t i o n  t o  e n s u r e  t h a t  t h e y  w i l l  e f f e c t -  
i v e l y  i s o l a t e  t h e  w a s t e  f rom man and h i s  e n v i r o n m e n t .  

U n t i l  t h e  i n v e s t i g a t i o n s  o f  u l t i m a t e  long- t e rm d i s p o s a l  
w i t h o u t  s u r v e i l l a n c e  w i l l  have  been  c o m p l e t e d ,  t h e  c h i e f  
methods  u s e d  w i l l  be t h e  long- t e rm s t o r a g e  t e c h n i q u e s  which 
r e q u i r e  some s u r v e i l l a n c e  and which a r e  a v a i l a b l e  now. As 
w i l l  be e x p l a i n e d  i n  C h a p t e r  X ,  t h i s  may w e l l  be  s o  u n t i l  t h e  
y e a r  2000,  s i n c e  up t o  t h a t  t i m e  n o  m a j o r  w a s t e  volumes w i l l  
be  g e n e r a t e d  by t h e  s l o w l y  g rowing  f a s t - b r e e d e r  economy. 

2 . 6  I n t e g r a t e d  B i o l o g i c a l  Hazard  P o t e n t i a l s  o f  t h e  LMFBR 

The i n t e g r a t e d  BHP (IBHP)* i s  one  way o f  i n c o r p o r a t i n g  
t h e  f a c t  t h a t  some m a t e r i a l s  w i t h  a  l o n g  p h y s i c a l  h a l f - l i f e  
c o u l d  p a s s  t h r o u g h  s e v e r a l  g e n e r a t i o n s ,  e a c h  w i t h  i t s  own 
b i o l o g i c a l  h a l f - l i f e .  We have  c a l c u l a t e d  t h e  IBHP f o r  t h e  
r e f e r e n c e  LMFBR f u e l  c y c l e ,  and t h e  r e s u l t s  a r e  summarized 
i n  T a b l e  V-XIV. Only t h e  r e s u l t s  f o r  w a t e r  a r e  q u o t e d  h e r e  
b e c a u s e  o f  t h e  s o l i d i f i e d  ( g l a s s i f i e d )  form t h a t  t h e  m a t e r i a l  
i s  i n  a f t e r  r e p r o c e s s i n g .  A  few majo r  p o i n t s  f rom T a b l e  V-XIV 
a r e  w o r t h  q u o t i n g :  

( 1 )  The t o t a l  IBHP ( w a t e r )  f o r  t h e  LMFBR r e f e r e n c e  c a s e  
i s  a p p r o x i m a t e l y  88 p e r  c e n t  due  t o  t h e  f i s s i o n  
p r o d u c t s ,  and t h e  main components  o f  t h a t  amount 
a r e  I129  and Sr90 ;  

( 2 1  The IBHP ( w a t e r )  f o r  t h e  a c t i n i d e s  i s  a p p r o x i m a t e l y  
12 p e r  c e n t  o f  t h e  t o t a l  f o r  t h e  LMFBR c y c l e ;  

( 3 1  The c l a d d i n g  c o n t r i b u t e s  v e r y  l i t t l e  t o  t h e  l o n g -  
t e r m  h a z a r d  i n d e x ,  compared t o  t h e  w a s t e  f rom t h e  
f u e l .  

* See page 233 f o r  e x p l a n a t i o n  o f  t e r m s .  



T a b l e  V-XIV: Summary o f  I n t e g r a t e d  B i o i o g i c a l  H a z a r d  P o t e n t i a l s  
f o r  t h e  LMFBR Was t e  C y c l e  

a O n l y  t h e  m a j o r  i s o t o p e s  are q u o t e d  h e r e  f o r  t h e  s a k e  o f  b r e v i t y ;  

At  t = 0  ( t i m e  o f  d i s c h a r g e ) ;  

O n l y  o n e  p e r  c e n t  o f  d i s c h a r g e  amoun t .  

MPC 
(ci /kmZater)  

3 - 1 0  

1  . l o 5  

300 

2 . 1 0 ~  

6  0  

2 . 1 0 ~  

5 . 1 0 3  

5 . 1 0 3  

5 . 1 0 3  

2 . 1 0 ~  

4 . 1 0 3  

4 . 1 0 3  

A c t i v i t y  
I n v e n t o r y  

(Ci/kW ( t h )  . y r  ) 

3  

3 . 2  

0 .30  

1 . 3 3  

3 . 1 . 1 0 - ~  

1 .9 .10 - "  

3 . 3 . 1 0 - ~  

5 . l o - "  

1  .5 .10-6  

1 . 1  

2 . 5 . 1 0 - ~  

7 .4  

I s o t o p e s  

SS 3 1 6  
C l a d d i n g  

Mn53 

Mn5 4  

T o t a l  

F i s s i o n  
P r o d u c t s  

S r 9 0  

Cs137 

I 1 2 9  

Tc99 

T o t a l  

A c t i n i d e s  

~ ~ 2 3 9 '  

pu24oc  

~ ~ 2 4 2 '  

Cm2 4  2  

Am241 

Am2 4  3  

T o t a l  

T o t a l  

IBHP 

( k m i a t e r  
- sec/ 

/kW ( t h )  . y r )  

8 . 6 - l o 3  

1 . 2 - l o 4  

2.1 . l o 4  

1  - 3 - l o 6  

9 .3 .104  

4 . 0 . 1 0 6  

9 .1  * l o 3  

5 . 3 . 1 0 6  

7 . 2 . 1 0 "  

3  . l o 4  

5 . 4 . 1 0 3  

4 .0 .105  

1  . 3 * 1 0 5  

6  - 1 0 "  

7  . l o 5  

6 . 0 . 1 0 ~  

t 
$-&(sec) 

8 . 6 -1013  

3 . 8 . 1 0 '  

1  . 3 . 1 0 9  

1 . 4 . 1 0 ~  

7.7.1014 

9 . 6 . 1 0 ' ~  

1 . 1 . 1 0 ' ~  

3  - 1 0 "  

1  . 8 . 1 0 ' ~  

7 . 3 0 1 0 ~  

2  -1O'O 
11 

3 . 4 - 1 0  



3. RADIOACTIVE INVENTORIES OF FUSION REACTORS 

There  a r e  a t  l e a s t  t e n  s o u r c e s  of  r a d i o i s o t o p e s  i n  D-T, 
D-D, and even D-He3 f u s i o n  r e a c t o r s :  

111 t r i t i u m  i n  t h e  b r e e d i n g  medium, vacuum pumps, f u e l  
r e p r o c e s s i n g  sys tem,  o r  t h a t  which i s  h e l d  i n  r e s e r v e ;  

121 a c t i v a t e d  m e t a l l i c  s t r u c t u r a l  components i n  t h e  r e -  
a c t o r  b l a n k e t ;  

131 b l a n k e t  c o o l a n t  i n c l u d i n g  i m p u r i t i e s ;  

141 b r e e d i n g  medium and i t s  a s s o c i a t e d  i m p u r i t i e s ;  

151 n e u t r o n  m u l t i p l i e r  ( i f  r e q u i r e d )  and i m p u r i t i e s  i n  i t ;  

161 s h i e l d  m a t e r i a l  i n c l u d i n g  s t r u c t u r e ,  c o o l a n t ,  n e u t r o n  
and gamma r a y  a b s o r b e r s ;  

171 magnet s t r u c t u r e s  and s u p p o r t s ,  o r  l a s e r  o p t i c a l  
s y s t e m s ;  

181 a i r  o r  o t h e r  gaseous  env i ronment  around t h e  r e a c t o r ;  

191 a u x i l i a r y  equipment i n  c l o s e  p r o x i m i t y  t o  t h e  r e a c t o r ,  
such  a s  n e u t r a l  beam i n j e c t o r s ,  vacuum pumps, c o n t r o l  
d e v i c e s ,  e t c ;  

(101 b i o l o g i c a l  s h i e l d i n g  ( u s u a l l y  c o n c r e t e )  and b u i l d i n g  
s t r u c t u r e .  

We w i l l  now a t t e m p t  t o  p u t  t h e  e n t i r e  r a d i o l o g i c a l  p i c t u r e  
f o r  f u s i o n  r e a c t o r s  i n t o  p e r s p e c t i v e ,  and f i r s t  l i s t  t h e  po ten-  
t i a l  amounts o f  r a d i o a c t i v i t y  which c o u l d  be  p r e s e n t  i n  e a c h  
of  t h e s e  t e n  c a t e g o r i e s .  Next ,  t h e  q u e s t i o n  o f  t h e  b i o l o g i c a l  
h a z a r d  p o t e n t i a l  w i l l  be  a d d r e s s e d ,  u s i n g  s t a n d a r d  maximum 
p e r m i s s i b l e  c o n c e n t r a t i o n s  o f  t h e  v a r i o u s  i s o t o p e s  i n  t h e  b i o -  
s p h e r e .  F i n a l l y ,  t h e  p r o b a b i l i t y  t h a t  t h e  r a d i o i s o t o p e s  
c o u l d  f i n d  t h e i r  way i n t o  t h e  b i o s p h e r e  w i l l  b e  e x p l o r e d  i n  
C h a p t e r s  V I  t o  V I I I .  

Most o f  t h e  t r e a t m e n t s  i n  t h e  p a s t  have c o n c e n t r a t e d  on 
i t e m s  111 and 121 i n  t h e  f o r e g o i n g  t a b u l a t i o n ,  a s  t h e s e  were  
c l e a r l y  domina t ing  i n  e a r l y  D-T r e a c t o r  d e s i g n s .  However, a s  
p r o p o s a l s  f o r  r e d u c i n g  t h e  t r i t i u m  i n v e n t o r y  i n  t h e  b l a n k e t  
and t h e  a c t i v a t i o n  of  t h e  b l a n k e t  s t r u c t u r a l  m a t e r i a l s  have 
been made, t h e  r e s i d u a l  r a d i o a c t i v i t y  i n  131 t o  1101 may be- 
come more i m p o r t a n t .  U n f o r t u n a t e l y ,  it i s  i m p o s s i b l e  a t  t h i s  
s t a g e  o f  f u s i o n  r e a c t o r  d e s i g n  t o  a d d r e s s  t h e  problems i n  191 
and t h e  l a s e r  p a r t  of 171. We a l s o  d o  n o t  have s u f f i c i e n t  
i n f o r m a t i o n  a b o u t  most r e a c t o r  d e s i g n s  t o  be c o m p l e t e l y  q u a n t i -  
t a t i v e  w i t h  r e s p e c t  t o  141, 151, 181, and 1101. 



3.1 Tritium Inventory 

We will consider the case of the D-T fuel cycle first, and 
make a few comments on how this would be modified by the D-D 
or D-He3 cycles later. The major sources of tritium in a D-T 
fusion reactor are listed below: 

( a )  fuel-injection system (pellets or gas) ; 

( b )  energetic neutral-beam heating (if required); 

( e l  plasma; 

( d l  vacuum system and unburnt-fuel extraction system; 

( e l  tritium implanted in the first walls; 

(f) tritium purification system (separation of H, D, T, 
and He isotopes); 

( g )  blanket breeding medium; 

(hl tritium extraction system for breeding system; 

(i) blanket structural material (mainly due to solubility 
of hydrogen isotopes in metals) ; 

(j) blanket coolant (if exclusive of ( g ) ) ;  

( k l  tritium extraction system for blanket coolant (if 
exclusive of (hl); 

( 2 1  power system interfacing with blanket coolant (i.e. 
heat exchangers, secondary coolants, steam cycle, etc.); 

( m l  magnet shield (if it contains boron); 

In) magnet shield coolant and associated power system; 

( 0 )  building ventilation system; 

( p )  storage for start-up or unexpected break-down in 
tritium processing system. 

The total inventory depends on many parameters such as 

- reactor type (TOKAMAKs may require divertors, Mirrors 
may have direct convertors, Theta Pinches may have 
cold-gas blankets, lasers will have fuel-pellet 
fabrication facilities, etc.); 

- structural material (the solubility and permeability of 
tritium is quite sensitive to materials); 

- breeding medium (liquid-lithium systems may have higher 
tritium inventories than solid-lithium compound breeders); 

- plasma volume and fractional burn-up per pass (mainly 
determines the amount of tritium that must be handled, 
as burn-ups can be as low as one per cent in TOKAMAKs 
or as high as 30 per cent in laser systems); 

- coolant; 

- power cycle (steam, direct-cycle turbine, etc.). 



A complete treatment of all of these topics is obviously 
beyond the scope of this paper, but if we confine our attention 
to a D-T TOKAMAK reference reactor, we can significantly re- 
duce the number of important parameters. For example, we can 
essentially neglect items ( e l ,  ( e l ,  l i l ,  (j), I k l ,  I l l ,  iml, 
( n l ,  and l o ) .  The tritium contained in each one of these systems 
is typically less than one gram (lo4 Ci) per 1000 MW(th) at any 
given time. 

Another condensation can be made with respect to the 
fueling system by combining items ( a ) ,  I b l ,  ( d l ,  and If). Since 
this is a closed loop, we can address the inventory in terms of 
how long it takes a non-reacting tritium atom to complete the 
circuit from injection, collection, and separation to reinjection. 
It will be shown later that this must be on the order of one 
day or less, if reasonable tritium inventories are to be main- 
tained. The above analysis then leaves us with three main 
systems: 

- tritium injection, collection, and purification system; 

- blanket breeding medium, and its extraction system; 

- storage system. 

The estimate of the amount of tritium in the fueling 
system must begin with the fact that it takes roughly 0.14 kg 
of tritium (in conjunction with the appropriate amount of 
deuterium) to produce 1000 MW(th) -day of energy. However, the 
fueling system must handle much more tritium than this, be- 
cause only a small fraction of this is burned up per pass 
[V-14 to V-161. If we choose an average value of one per 
cent [V-171, then approximately 14 kg of tritium per day 
must be injected into the plasma per 1000 MW(th) generated. 
This translates into roughly 60 kg/day for a 5000 EIPl(th) 
reference system. It is easy to see from this number that, 
if it takes as long as ten days for a non-reacting tritium 
atom to pass through this circuit, the tritium inventory in 
the fueling system is in excess of 600 kg, a completely 
unacceptable value. On the other hand, if one could process 
the tritium in 0.1 day, the inventory would be on the order 
of approximately 6 kg. Current estimates of the cycle time 
(e-g. for cryopumps) are more like six hours, and we will use 
that for our reference case. 

The inventory of tritium in the breeding medium depends 
mainly on whether liquid lithium or solid lithium-containing 
compounds are used. If one can extract tritium from high- 
temperature lithium at the 5 appm (atomic ppm) level, inventories 
on the order of 2 kg/1000 MW(th) are expected [V-14, V-171. 
If one uses solid breeders such as LiA1, LiOZr or LiAlO?, the 
inventory in the blanket could be as low as 25 g/1000 ~ ~ ( t h )  
[V-15, V-181. 



Unfortunately, these numbers are probably too low for 
the ceramic compounds, because the calculations assume that 
one can maintain small (approximately 10 micron diameter) 
particles for long times (two to three years) at high tempera- 
tures (800 to 1 1 0 0 ~ ~ )  and under neutron bombardment. Sintering 
will undoubtedly take place, causing the average particle size 
to increase dramatically. The problem can be better understood 
by noting that the inventory goes as 

Inventory a 

(Tz Generation Rate)-(Radius of Breeder particle)' 

(Diffusity of Tritium in the Breeder) 

It is conceivable that the lithium ceramic particle sizes 
could increase to 1/10 mm or more in diameter, similar to the 
sintering observed in UOZ fuel rods, in which case solid bree- 
der inventories could rise to the order of 1 kg/1000 MW(th). 
Recent calculations [V-191 have revealed that in the UWMAK-I1 
design [V-151 the tritium inventory could be as much as 0.5 kg 
due to simple temperature gradients alone, which are inherent 
to ceramic materials. 

One must also include the amount of tritium in the extrac- 
tion circuit for the breeder material. This has been estimated 
as ranging from 0.1 kg/1000 MW(th) for liquid Li [V-201, to 
0.003 to 0.08 kg/1000 MW(th) for solid breeder systems [V-17, 
V-181. Taking the more pessimistic numbers, this would trans- 
late into 0.5 kg for our 5000 MW(th) reference TOKAMAK system, 
or 0.1 kg/1000 MW(th). It is expected that future D-T fusion 
power plants will have to run with a sufficient reserve of 
tritium to compensate for malfunctions in the tritium-processing 
systems (or provide for duplicate facilities). For example, it 
would be very expensive to shut down the entire plant if only 
the tritium-separation unit failed. The time to repair such 
equipment is difficult to estimate, but since it will undoubted- 
ly be contaiminated, one certainly could envision hours or 
days for even simple repairs. This would require approxima- 
tely 0.1 kg/1000 MW(th)-day of makeup tritium for the repair of 
the extraction system for the breeding material. A more 
serious problem would be the disruption of the fuel-handling 
system where, as we stated before, the throughput might approach 
14 kg/day per 1000 EIW(th) . Clearly, one would want to have on 
the order of one third to one day of tritium on reserve, and 
we might estimate a value of roughly five to 14 kg per 1000 
:lM(th) as a reasonable possibility. 

This brief analysis then produces the following tritium 
inventory numbers for a TOKAMAK reactor: 



Tritium Inventory 

(kg/1000 MW (th) ) 

Tritium injectors, collectors, 
and purification system 

Breeding medium, and separation 
unit 

Storage and emergency inven- 
tory (0.3 to 1 day) 

Total 8 - 19 

For the purpose of this study we will proceed with the 
analysis where roughly 10 kg tritium is required per 1000 MW(th), 
fully recognizing that slightly different designs might re- 
duce that number, or that reduced burn-up values might drasti- 
cally increase it. An important point of this analysis is the 
fact that the use of solid breeders will not significantly re- 
duce the total tritium inventory in a reactor. However, the 
use of solid breeders would reduce the amount of tritium in 
contact with high-temperature systems, and hence reduce the 
amount which has the greatest potential for release. The sto- 
rage of tritium can be accomplished quite easily and safely in 
areas well removed from the reactor. There is a much higher 
chance of tritium being released at any one of the steps in 
the fuel handling system, especially since every effort will be 
made to handle tritium quickly in order to reduce the overall 
inventory. 

The general topic of potential for tritium release and its 
effect on humans will be treated in more detail later (see 
Chapter VI) . 

3.2 Radioactivity in Metallic Structural Components 

In order to understand this problem and the ways in which 
it can be ameliorated, one must go back to the fundamental 
features of a D-T fusion reactor. Most of the energy (80 per 
cent) of the fusion reaction is carried away by the 14 MeV 
neutrons, and the object of the reactor blanket is to extract 
this kinetic energy by thermalizing the neutrons while, at the 
same time, breedinq at least one more tritium atom from lithium. 
In a basic sense, there is no connection between the moderation, 
the breeding, and the structural support features of the blan- 
ket. That is, there is no fundamental reason prohibiting the 
moderation and breeding from taking place inside the vacuum 
chamber. Furthermore, the reactor structural components (those 
that must provide the framework to contain the coolant pressures, 

* See third paragraph on page 221 . 



vacuum loads, and magnetic forces) can be protected from even 
the thermalized D-T neutrons if boron-containing compounds 
are also placed into the vacuum chamber. 

Such a scheme has indeed been proposed, using graphite to 
moderate the neutrons, high-temperature lithium ceramic 
compounds for breeding, beryllium as a neutron multiplier, 
and boron compounds to absorb thermal neutron [V-20 to V-221. 
This scheme relies on passive radiative cooling of the energy 
conversion and breeding blanket, and diffusion of the tritium 
into the vacuum chamber to be collected with the "unburnt" 
fuel. 

The more conventional way of designing fusion reactor 
blankets is to place the moderators and breeding materials 
behind the first wall in close proximity with the coolants. 
Such a scheme requires the 14 MeV neutrons to pass through 
the first vacuum wall and other supporting metallic components, 
where they are then thermalized and used to breed more tritium. 
These neutron fluxes can cause considerable activation of the 
metallic components and the impurities contained within them. 

There have been at least ten detailed studies of the 
activation of CTR blanket materials [V-14 to V-18, and V-23 
to V-281. Table V-XV includes data from a self-consistent 
study to demonstrate how sensitive (or insensitive) the 
induced activity is to the choice of the metallic structu- 
ral material. We have chosen to include not only the most 
likely material to be used for near-term fusion power plants 
(austenitic stainless steel) but also more exotic refractory 
alloys for high-temperature application (a V-Ti alloy, Nb-IZr, 
and a molybdenum-based alloy TZM); one is especially chosen 
for its low induced activity (A1 2024). 

One must be careful at this point to emphasize the diffi- 
culties associated with refractory metals and aluminum in re- 
lation to a D-T fusion-reactor environment. For example, 
aluminum alloys must operate below approximately 200'~ to 
minimize creep and helium-gas embrittlement problems [V-291. 
Aluminum is particularly susceptible to high helium-gas 
generation in a 14 MeV neutron environment because of its large 
(n, a )  cross-section (approximately 120 mb) . This can result in 
as much as 400 appm of helium per year per M W / ~ ~  wall loading 
[V-301. Severe embrittlement can occur at levels one-tenth of 
that value when alloys are operated above half of the homolo- 
gous temperature [V-291. Added to these problems is the in- 
compatibility of A1 with liquid lithium (thus forcing the use 
of solid breeders). Clever designs have been able to partially 
offset the low-temperature problems by cooling the first wall 
with water (absorbing one-third of the reactor heat), and then 
lining the A1 walls with a thermal insulator (Al2O3, or graphite 
felts), so that very high-temperature helium can be passed 
through the center of the cell to absorb the other two-thirds 
of the heat [V-311. Unfortunately, this also raises questions 
with respect to contamination of coolant water with tritium, 



T a b l e  V-XV: C o m p a r i s o n  of I n d u c e d  A c t i v i t y  f o r  S e v e r a l  P o t e n t i a l  
CTR S t r u c t u r a l  M a t e r i a l s  i n  a Common 2 l a n k e t  D e s i g n  
( a t  s h u t - d o w n  a f t e r  2  y e a r  o p e r a t i o n )  
(Ci/kW ( t h )  ) 

I s o t o p e  

Na2 4  
Mg27 
A12 6  
A12 8  
C a 4 5  
S c 4 6  
S c 4 7  
S c 4 8  
S c 4 9  
T i 4 5  

T i 5  1  
V 49  
V  5 2  
C r 5  1  
Mn5 3  
Mn5 4  
Mn5 6  
Mn5 7  
F e 5 5  
F e 5 9  

Co57 
Co5 8  
Co60m 
Co60  
N i  5  7  
N i 5 9  
N i 6 3  
Cu6 4  
Zn65 
S r 8 9  

S r 9 0  
Y 9 0  
Y 91  
Z r 8 9  
Z r 9 5  
Nb92m 
Nb94m 
Nb9 4  
Nb95m 
Nb9 5  

H a l f - l i f e  

1 4 . 9 6  h  
9 . 4 6  m i n  
7 . 4 . 1 0 ~  y r  
2 . 3  m i n  

1 6 5  d a y  
8 3 . 9  d a y  

3 . 4 3  d a y  
1 . 8 3  d a y  

5  8  m i n  
3 . 0 9  h  

5 . 8  m i n  
3  3  0  d a y  

3 . 7 5  m i n  
2 7 . 8  d a y  

1 . 9 - l o 6  y r  
30  3  d a y  

2 . 5 8  h  
7  d a y  
2 . 6  y r  

45 .6  d a y  

2 7 0  d a y  
7 1 . 3  d a y  
1 0 . 5  m i n  

5 . 2 6  y r  
3  6  h  

8 . 1 0 '  y r  
9  2  Y r  
1 2 . 8  h  

2 4 5  d a y  
5 2 . 7  d a y  

2 7 . 7  Yr 
6  4  h  
5 8 . 8  d a y  
7 8 . 4  h  
6 5 . 5  d a y  
1 0 . 2  d a y  

6 . 3  m i n  
2 - 1 0 '  y r  

9 0  h  
3 5  d a y  

v - T ~ ~  

4 . 8  
8 . 7  
8 . 8  

3 8 . 4  
0 . 9 1  
0 . 4 3  

7 9 . 3  
1 . 6 9  

1 0 2 6  

- 
- 

SS 3 1 6 b  

- 
0 . 0 3 6  - 

1 3 . 1  
0 . 0 1  
0 . 0 1  
0 . 0 1  
0 . 0 2  - 
- 

0 . 1 4  
1  . 1 7  

3 5 . 4  
1 0 0  

5 . 1 0 - ~  
5 3 . 5  

352  
2 . 4 3  

1 9 5  
0 . 1 4  

1 7 . 4  
9 0  
1 0 . 4  

4 . 8  
3 . 5 4  
3 . 1 0 - ~  
0 . 0 3 6  
- 
- 

0 . 0 0 2  

4 . 1 0 - ~  - 
- 

0 . 1 8  
0 . 0 4  
0 . 4 2  
- 
- 

0 . 0 7  
0 . 2 1  

TZM 

- 
- 

- 
0 . 2 6  
0 . 4 7  
0 . 4 8  
0 . 9 8  
0 . 0 5  
0 . 0 2  

- 
- 
- 
- 
- 

- 
- 

0 . 0 2  
- 

8 . 9 7  
2 . 2 1  

21 .1  
- 
- 

3 . 4 9  
6 . 8 7  

A1  2 0 2 4 ~  

2  5  6  
21 2  

9 - 1 0 - ~  
1 1 8  

0 . 0 0 2  
0 . 3 7  

1 . 8 - 1 0 - '  
4 . 4 4  

2  5  

0 . 6 3  

0 . 3  

1 4 8  

Nb-1Zr f 

0 . 0 2  

4 - 1 0 - ~  
1 1 . 6  

0 . 0 6  
2 . 7 4  

717;  
4 3 9 0  

6 - 1 0 - '  
1 6 . 2  
1 6 . 6  



Table V-XV: Comparison of Induced Activity for Several Potential 
CTR Structural Materials in a Common glanket Design 
(at shut-down after 2 year operation) (cont'd) 
(Ci/kW (th) 

a Blanket design is a toroidal blanket, of major radius 3300 cm, 
plasma radius 500 cm, first-wall radius 550 cm, 2823 m area, 
0.4 cm thick first metallic wall, 51 cm of 95% Li and 5% metal, 
15 cm of reflector, 5 cm of 95% Li and 5% metal, and 2 cm of 
metal wall. Power level of reactor is 5025 MW(th) and neutron 
wall loading 1.25 M W / ~ ~  [V-281 ; 

63% Fe, 19% Cr, 12% Ni, 2% )In, 2% MO, 2% Si (atomic) 

' 98.9% Mo, 1 %  Ti, 0.1% Zr (atomic); 

84% V, 16% Ti (atomic); 

Isotope 

Nb9 6 
Nb9 7 
Mo9 1 
Mo9 3 
Mo9 9 
Mol 01 
Tc99m 
Tc99 
TclOl 

Total 

94.51% Al, 3.02% Mg, 0.48% Si, 0.046% Cr, U.45% Mn, 0.24% Fe, 
2.15% Cu, 0.098% Zn (atomic) ; 

A1 2024~ 

884 

99.25% Nb, 0.75 Zr (atomic) ; 

Half-life 

23.4 h 
7 2 min 
15.5 min 
10,000 yr 
66.7 h 
14.6 min 
6.87 h 
2.15.105yr 
14 min 

Nb-1Zr 
f 

5155 

50% isomeric ratio to Nb92m; 

50% isomeric ratio to Nb94m. 

sintering of solid breeders, and the requirement of using 
large amounts of the scarce element Be for neutron multi- 
plication*. The high frequency of changing the first 

SS 31bb 

0.09 
0.065 
1.28 
5 - 1 0 - ~  
28.7 
8.3 
28.7 
~ . I o - *  
8.3 

1062 

* There have been proposals for using Pb as neutron multiplier, 
but no self-consistent design has been made to demonstrate 
adequate shielding of magnets and adequate breeding ratios 
when appropriate extra structure has been added, neutron 
leakage accounted for, and dimensional stability of the breeder 
assured. 

TZM' 

4.59 
2.29 
65.3 
0.24 

1507 
439 
1507 

lo-2 
451 

4120 

d 
V-Ti 

1261 



w a l l  because  of  r a d i a t i o n  damage would a l s o  t end  t o  reduce  
t h e  p l a n t  f a c t o r ,  and hence i n c r e a s e  c o s t s .  Even w i t h  a l l  
o f  t h e s e  problems,  it is  s t i l l  worthwhile  t o  c a l c u l a t e  t h e  
induced a c t i v i t y  i n  A 1  a l l o y s ,  i f  o n l y  t o  i l l u s t r a t e  t h e  
a b s o l u t e  b e s t  one can  do  w i th  t h e  a v a i l a b l e  me t a l s*  . 

Before  we g e t  i n t o  t h e  d i s c u s s i o n  of  r a d i o a c t i v e  inven-  
t o r i e s  we should  a l s o  make a  few p o i n t s  about  t h e  u s e  of  l a r g e  
amounts of r e f r a c t o r y  a l l o y s  f o r  f u s i o n  a p p l i c a t i o n .  F i r s t  
o f  a l l ,  t h e r e  i s  p r e s e n t l y  no w e l l  e s t a b l i s h e d  i n d u s t r y  ( o r  
mining c a p a c i t y )  t h a t  cou ld  supply  t h e  nece s sa ry  tonnage of  
r e f r a c t o r y  (Nb, Mo, V )  m e t a l s  ( i n  m i l l i o n  t o n  q u a n t i t i e s )  
r e q u i r e d  f o r  a  w e l l - e s t a b l i s h e d  f u s i o n  economy. The a l l o y s  
which have been proposed,  such a s  V-20Ti, a r e  t r u l y  i n  t h e  
expe r imen t a l  s t a g e  w i th  l i t t l e  o r  no commercial h i s t o r y ,  l e t  
a l o n e  i r r a d i a t i o n  h i s t o r y .  F a b r i c a t i o n  and c o s t  problems a r e  
c o n s i d e r a b l e ,  a s  i s  t h e  problem of  low d u c t i l i t y  o f  t h e  
f i n i s h e d  p roduc t .  Nb-1Zr i s  somewhat b e t t e r  w i t h  r e g a r d  t o  
commerc i a l i z a t i on ,  bu t  ve ry  l i t t l e  is  known about  i t s  i r r a d i -  
a t i o n  behav io r .  I t  a l s o  s u f f e r s  more from a v a i l a b i l i t y  and 
c o s t  d i s advan t ages .  Molybdenum a l l o y s  appear  t o  r e p r e s e n t  
less of  a  burden on r e s o u r c e s ,  and can  perform r e s p e c t a b l y  
i n  a  CTR environemnt.  Unfo r tuna t e ly ,  j o i n i n g  t e c h n i q u e s  f o r  
Mo a l l o y s  a r e  d i f f i c u l t  t o  implement [V-171. 

S t a i n l e s s  s t e e l  has  been s t u d i e d  f o r  over  15 y e a r s  f o r  
n u c l e a r  a p p l i c a t i o n s ,  and a  mature i n d u s t r y  now e x i s t s  t o  
manufacture  m i l l i o n  t o n  q u a n t i t i e s  under  s t r i c t  q u a l i t y - a s s u r a n c e  
s t a n d a r d s .  I t  a l s o  h a s  problems w i t h  l i t h i u m  c o m p a t i b i l i t y  
above 5 0 0 ' ~  [V-141 and t h e  use  of s c a r c e  a l l o y i n g  e l emen t s ,  
a l t hough  t h e  d i f f e r e n c e s  between an  economy w i t h  and w i thou t  
f u s i o n  r e a c t o r s  is  n o t  overwhelming f o r  t h e  world.  

The above s t a t e m e n t s  a r e  meant t o  i l l u s t r a t e  t h a t  one 
canno t  s imply  s o l v e  t h e  r e a c t o r - a c t i v a t i o n  problem by choos ing  
some non -ac t i va t i ng  element  from t h e  p e r i o d i c  t a b l e  w i thou t  
r e g a r d  f o r  t h e  performance of t h e  b l a n k e t .  There a r e  no e a s y  
and obvious  c h o i c e s ,  bu t  i f  one were t o  be made t oday ,  it  would 
p robab ly  be t o  u se  some form of  a u s t e n i t i c - s t e e l  a l l o y .  Never- 
t h e l e s s ,  we w i l l  c o n s i d e r  a l l  o f  t h e  above a l l o y s  f o r  p o t e n t i a l  
CTR f u s i o n - r e a c t o r  a p p l i c a t i o n  t o  i l l u s t r a t e  some deg ree  of 
f l e x i b i l i t y .  

Re turn ing  t o  Table  V-XV, we have g iven  t h e  a c t i v a t i o n  o f  
t h e  v a r i o u s  i s o t o p e s  i n  Ci/kW(th) f o r  t h e  f i v e  a l l o y s  s t a t e d  
p r e v i o u s l y .  The same b l a n k e t  d e s i g n  ( s i m i l a r  t o  t h a t  d e s c r i b e d  
i n  [V-141) and vo lume t r i c  p r o p o r t i o n s  were used f o r  a l l  o f  t h e  
c a l c u l a t i o n s .  B a s i c a l l y ,  i t  i s  a  73 c m  t h i c k  c o n f i g u r a t i o n ,  

* We w i l l  n o t  d i s c u s s  non-metal b l a n k e t  s t r u c t u r e s  h e r e .  The 
u se  of  C and S i c  h a s  been proposed [V-321, b u t  t h e  vacuum 
i n t e g r i t y  of such  systems needs  t o  be demons t ra ted  b e f o r e  t h e y  
can  be s e r i o u s l y  cons ide r ed .  



which has a 0.4 cm thick first wall, followed by a 95 per cent 
natural Li and 5 per cent structure region 51 cm thick, a 15 cm 
thick reflector, and a 5 cm zone of Li (95 per cent) and 
structure (5 per cent), and a 2 cm thick outer shell. Slight 
modifications would have to be made to adjust for the strength 
per unit volume of material at the anticipated operating tem- 
peratures and, of couse, it would be difficult to use Li with 
~l alloys. Nevertheless, keeping a constant design permits 
a first-order comparison. 

An important feature of the induced radioactivity of CTR 
structural components is the rate at which it is built up. 
This is illustrated in Figure V-14, where the normalized radio- 
activity level in the test blanket described above is given as 
a function of irradiation time. The induced radioactivity 
after only 1000 sec of operation ranges from 10 per cent (in 
the case of TZM and steel) to 93 per cent (for Nb-1Zr) of the 
value after 30 years of operation. After one day of operation, 
at least 50 per cent of the equilibrium induced activity is 
achieved, and by ten days it is over 90 per cent in all metals 

IRRADIATION TIME I sec 1 

Figure V-14: Effect of Reactor Operation Time on Induced 
Activity in CTR Structural Materials 



e x c e p t  t h e  steels. The s i g n i f i c a n c e  o f  t h e s e  o b s e r v a t i o n s  i s  
t h a t  f u s i o n  r e a c t o r  s t r u c t u r e s  w i l l  be v e r y  r a d i o a c t i v e  a l m o s t  
immedia te ly  a f t e r  s t a r t - u p  o p e r a t i o n s .  Another  i m p o r t a n t  
f e a t u r e  o f  F i g u r e  V-14 and T a b l e  V-XV i s  t o  n o t e  t h a t  t h e  
r e l a t i v e  a c t i v i t y  a f t e r  two y e a r s  o f  o p e r a t i o n  d i f f e r s  by o n l y  
a  f a c t o r  o f  s i x  from t h e  aluminum a l l o y  ( A 1  2 0 2 4 ) *  t o  t h e  Nb-1Zr 
a l l o y .  

The n e x t  p o i n t  t o  c o n s i d e r  i s  t h e  r a t e  a t  which t h i s  i n -  
duced  a c t i v i t y  d e c a y s  away a f t e r  t h e  r e a c t o r  i s  s h u t  down. 
F i g u r e  V-15 shows t h e  a c t i v i t y  a s  a  f u n c t i o n  o f  t i m e  a f t e r  a  
two-year  o p e r a t i o n  c y c l e .  

There  a r e  s e v e r a l  i m p o r t a n t  f e a t u r e s  o f  t h i s  c u r v e .  F i r s t ,  
i n  t h e  s h o r t  t i m e  a f t e r  r e a c t o r  shut-down ( a p p r o x i m a t e l y  10 '  t o  
l o 5  s e c )  which migh t  be p e r t i n e n t  t o  a n  a c c i d e n t  c a s e ,  t h e  
r a d i o a c t i v i t y  l e v e l s  o f  a l l  f i v e  m a t e r i a l s  a r e  w i t h i n  a  f a c t o r  
o f  50 o f  e a c h  o t h e r ,  t h e  vanadium a l l o y s  t h e  l o w e s t ,  and molyb- 
denum a l l o y s  t h e  h i g h e s t .  The n e x t  t i m e  p e r i o d  o f  i n t e r e s t  i s  
t h e  l o 5  t o  l o 6  s e c  r a n g e  where main tenance  migh t  be performed.  
Here t h e  A 1  a l l o y s  have t h e  l o w e s t  r a d i o a c t i v i t y ,  b e i n g  a b o u t  
a  f a c t o r  o f  100 lower  t h a n  Nb-1 Z r  and SS 316, and a  f a c t o r  of 
a b o u t  30 lower  t h a n  t h e  TZM. The f i n a l  p e r i o d  o f  i n t e r e s t  i s  
t h e  long- te rm ( l o n g e r  t h a n  100 y e a r s )  s t o r a g e  r e g i m e ,  where 
V-Ti a l l o y s  have a  c l e a r  a d v a n t a g e  o f  no l o n g - l i v e d  i s o t o p e s .  
Mo93 ( h a l f - l i f e :  10,000 y e a r s )  c a u s e s  t h e  r a d i o a c t i v i t y  i n  
TZM t o  t e m p o r a r i l y  l e v e l  o u t  a t  t h e  0 .2  Ci/kW(th) l e v e l ,  and 
SS 316 t o  approach  a  l e v e l  o f  a p p r o x i m a t e l y  lo- '  C i /kW(th) .  
Ni59 ( h a l f - l i f e :  80,000 y e a r s )  would c a u s e  t h e  a c t i v i t y  i n  
SS 316 t o  l e v e l  o u t  a g a i n  a t  2  lo - '  Ci /kW(th)  f o r  t i m e s  
e x c e e d i n g  50,000 y e a r s .  Nb94 ( h a l f - l i f e :  20,000 y e a r s )  
c a u s e s  t h i s  a l l o y  t o  r e a c h  a  t empora ry  p l a t e a u  i n  a c t i v i t y  a t  
6  C i / k W ( t h ) ,  a n d ,  f i n a l l y ,  A126 ( h a l f - l i f e :  740,000 

y e a r s )  l i m i t s  t h e  r e s i d u a l  a c t i v i t y  of t h e  A 1  a l l o y  t o  9  l o - =  
Ci /kW(th) .  The t i m e s  r e q u i r e d  t o  d e c a y  t h e  lower  r a d i a t i o n  
l e v e l s  a r e  summarized i n  T a b l e  V-XVI.  

These  numbers a r e  p u t  i n  p e r s p e c t i v e  by n o t i n g  t h a t  t h e  
a c t i v i t y  p e r  u n i t  volume i s  a c t u a l l y  q u i t e  low (see T a b l e  
V - X V I I ) .  The f i r s t  w a l l ,  which w i l l  have  t h e  h i g h e s t  l e v e l  o f  
a c t i v a t i o n ,  h a s  v a l u e s  r a n g i n g  f rom 27 t o  160 c i / cm3 a t  s h u t -  
down. However, a f t e r  100 y e a r s  o f  s t o r a g e ,  t h e  r a d i o a c t i v i t y  
d e n s i t y  i n  t h e  w a l l  would be a p p r o x i m a t e l y  t h e  same a s  i n  
n a t u r a l  uranium f o r  t h e  A 1  and Nb a l l o y s ,  and c o n s i d e r a b l y  
lower  i n  t h e  c a s e  o f  t h e  V-Ti a l l o y .  The a c t i v i t y  p e r  cm3 
i s  h i g h e r  f o r  SS 316 and TZM (by a  f a c t o r  o f  1000) t h a n  i n  
n a t u r a l  uranium,  and t h e s e  m a t e r i a l s  would have t o  be s t o r e d  
and moni to red  f o r  l o n g e r  p e r i o d s  o f  t i m e .  

- 

* 77 p e r  c e n t  o f  t h i s  a c t i v i t y  i s  due  t o  t h e  A 1  a l o n e ,  and 
19 p e r  c e n t  i s  due t o  t h e  c o p p e r - a l l o y i n g  e l e m e n t .  



TIME AFTER SHUTDOWN [ sec)  

Figure V-15: Radioactivity of CTR Blankets After Shut-down 



Table V-XVI: Time Required to Reach Specific Levels of Radio- 
activity Inventories in the Metals of Various 
CTR Reactor Designs--two year operation 

Table V-XVII: Maximum Radioactivity Density in First Wall of 
Various CTR Blankets 
(ci/cm3) * 

proximate Time Required to Achieve Radiation Level 

* Two year operating time, 1.25 M W / ~ ~ .  

SS 316 

Alloy 

SS 316 

TZM 

V-20Ti 

A1 2024 

Nb- 1 Zr 

Natural 
Uranium 

Initial Level 

Ci/kW(th) 

10 Ci/kW(th) 

lo2 Ci/kW(th) 

1 o 1  Ci/kW(th) 
10' Ci/kW(th) 

10-I Ci/kW(th) 

TZM 

4120 

3 day 

14 day 

40 day 

0.5 yr 

3000 yr 

1060 

100 sec 

3 yr 
15 yr 

30 yr 

60 yr 

Decay Time 

V-20Ti 

1260 

1 min 

30 min 

14 day 

3 yr 
10 yr 

Nb-1Zr 

5150 

1 day 

30 day 

0.5 yr 

1 yr 

1.5 yr 

t = O  

100 

125 

2 7 

4 4 

158 

A 1  2024 

880 

- 
1 day 

3 day 

4 Yr 

20 yr 

15 yr 

20 yr 
2 yr 

5 yr 

Ci/kW(th) 

Ci/kW(th) 

1 30 yr 

40 yr 

2000 yr 4.104yr 

5000 yr lo6 yr 
1 

- 6 
6-10 

100 yr 

5-10-3 

7.10-~ 

< 10- 37 

1 

1 -lo-' 

1 day 

6 8 

8 3 

6.6 

8.7 

9 4 

1 Yr 

2 9 

4.10-' 

0.31 

0.3 

6.10-' 



The s i m p l e  measurement o f  c u r i e s  of a c t i v i t y  i n  a  s t r u c -  
t u r a l  component i s  n o t  a  v e r y  good i n d e x  o f  t h e  r e l a t i v e  
h a z a r d s  o f  v a r i o u s  r a d i o i s o t o p e s ,  b e c a u s e  it d o e s  n o t  con- 
s i d e r  t h e  b i o l o g i c a l  e f f e c t  o f  t h e  d e c a y  p r o c e s s  on humans. 
A somewhat b e t t e r  ( a l t h o u g h  a d m i t t e d l y  n o t  p e r f e c t )  approach  
i s  t o  c o n s i d e r  t h e  b i o l o g i c a l  h a z a r d  p o t e n t i a l  (BHP) o f  a n  
i s o t o p e ,  which i s  s imply  t h e  l e v e l  o f  r a d i o a c t i v i t y  d i v i d e d  by 
t h e  maximum p e r m i s s i b l e  c o n c e n t r a t i o n  (MPC) i n  t h e  a i r  o r  
w a t e r .  The MPC v a l u e s  used  i n  t h i s  s t u d y  t o  c a l c u l a t e  BHP 
a r e  g i v e n  i n  T a b l e s  V - X V I I I  and V - X I X  w i t h  t h e  numbers o f  
BHP f o r  t h e  f i v e  a l l o y s .  It  must  be  remembered t h a t  t h e s e  
v a l u e s  r e f e r  t o  i n v e n t o r i e s ,  and  n o t  n e c e s s a r i l y  t o  t h e  
amount which e s c a p e s  t h e  r e a c t o r .  The BHP v a l u e s  a r e  q u o t e d  
f o r  b o t h  a i r  and w a t e r ,  w i t h  t h e  fo rmer  more r e a l i s t i c  i n  t h e  
c a s e  o f  a c c i d e n t a l  r e l e a s e ,  and t h e  l a t t e r  f o r  long- term w a s t e  
s t o r a g e .  The BHP ( a i r )  a t  shut-down a f t e r  two y e a r s  o f  o p e r -  
a t i o n  v a r i e s  f rom a  low v a l u e  o f  27 km3 o f  a i r  p e r  kW(th) i n  
t h e  V-20Ti a l l o y s ,  t o  a  h i g h  v a l u e  o f  391 km3 of  a i r  p e r  k w ( t h )  
i n  TZM a l l o y s .  I n  t h e  c a s e  o f  BHP ( w a t e r ) ,  t h e  V-20Ti a l l o y  
a l s o  h a s  t h e  l o w e s t  v a l u e  a t  shut-down a t  4 km3 of  
w a t e r  p e r  k W ( t h l ,  b u t  t h e  h i g h e s t  v a l u e  i s  t h a t  o f  t h e  Nb-1Zr 
a l l o y  (0.26 k m 3  o f  w a t e r  p e r  kW(th) ) . 

The d e c a y  o f  t h e  BHP ( a i r )  and BHP ( w a t e r )  f a c t o r s  f o r  
t h e  v a r i o u s  CTR a l l o y s  i s  shown i n  F i g u r e s  V-16 and V-17. 
R a t h e r  t h a n  examining t h e  decay  b e h a v i o r  i n  d e t a i l ,  i t  i s  more 
i n s t r u c t i v e  t o  c o n s i d e r  t h e  BHP ( a i r )  a t  s h o r t  t i m e s  (less 
t h a n  one d a y )  f o r  p o s s i b l e  a c c i d e n t a l  r e l e a s e ,  and t h e  BHP 
( w a t e r )  f o r  long- term (more t h a n  100 y e a r s )  w a s t e - s t o r a g e  
problems.  The r e a d e r  i s  urged  t o  examine T a b l e s  V - X V I I I  and 
V - X I X  and F i g u r e s  V-16 and V-17 f o r  more i n f o r m a t i o n  on i n t e r -  
m e d i a t e  t i m e s .  

C o n s i d e r i n g  t h e  s h o r t - t e r m  BHP of  t h e  a l l o y s  i n  a i r ,  w e  
see t h a t  t h e  v a l u e s  a r e  r o u g h l y  c o n s t a n t  ( w i t h i n  a  f a c t o r  o f  
two) d u r i n g  t h e  f i r s t  day  a f t e r  shut-down, w i t h  t h e  f o l l o w i n g  
v a l u e s  a f t e r  one d a y  o f  decay :  

BHP ( a i r )  
(km 3 / k ~ ( t h )  

TZM 

SS 316 

Nb- 1  Z r  

V-20T 

A 1  2024 

Hence, t h e  r e l a t i v e  d i f f e r e n c e  i n  BHP ( a i r )  f o r  t h e  f i v e  
s t r u c t u r a l  m a t e r i a l s  c o n s i d e r e d  h e r e  i s  o n l y  a  f a c t o r  o f  a b o u t  
15 f o r  t h e  f i r s t  day  a f t e r  r e a c t o r  shut-down. 



In Table V-XX the BHP density in the first wall is listed 
and compared to the same measure of BHP of natural uranium. 
The ratios here are not the same as those for the total blanket 
because of neutron spectral differences. The interesting point 
here is that the air dilutent required to reduce the activities 
after one day of decay to MPC levels, is only a factor of 100 
to 1000 greater than the dilutent required for the dispersal 
of 1 cm3 of natural uranium (a pyrophoric metal which can quite 
easily ignite during machining or in a high-temperature oxidizing 
environment) . 

Turning to the long-term problem of waste storage, we now 
consider the BHP (water) for CTR structural materia s at 100 3 years or longer. These values range from km of water 
per kW(th) for the V-20Ti alloys, to approximately km3/ 
kW(th) for the TZM alloy. The significance of these figures 
can be more easily understood if they are normalized to 1 cm3 
of blanket material and then compared to the respective figures 
for uranium metal. On this basis (see Table V-XX), we find 
that after 100 years of decay the activity in the V-20Ti allov 
has dropped to essentially insignificant levels and the 
activities of A1 2024 and Nb-1Zr have decayed to values com- 
parable to that of natural uranium. The SS 316 and TZM alloys 
still remain at levels of 10 to 30 above natural uranium. 
After 10,000 years of decay, tne A1 and Nb alloy values have 
not changed significantly, while the SS 316 activity has dropped 
by a factor of about 100, and the TZM value has only dropped 
by a factor of two. 

The BHP concept only considers the effects of radioiso- 
topes in one individual over his or her lifetime. Since some 
of the isotopes in both fusion and fission can be around for 
thousands or millions of years, it is possible that they may 
enter the food chain several times. 

One way to account for such recurrences is to integrate 
the BHP over the "effective" lifetime of the isotope in 
question. This can be stated mathematically as an inte- 
grated BHP (IBHP) of the ith isotope, defined as: 

where 



Table V-XVIII: Summary of ~ioloqical Hazard Potentials (BHP 
of Air) of Various CTR Structural Materials 

ISO- 

t o p e  

Na2 4  
~ g 2 7  
A126 
A12 8  
C a 4 5  
S c 4 6  
S c 4 7  
S c 4 8  
S c 4 9  
T i 4 5  

T i 5 1  
V 49  
V  52  
C r 5  1 
Mn53 
Mn54 
Mn56 
EIn 5  7  
F e 5 5  
F e 5 9  

C o 5 7  
C o 5 8  
Co60m 
C o 6 0  
N i 5 7  
N i 5 9  
N i 6 3  
Cu6  4  
Z n 6 5  
S r 8 9  

S r 9 0  
Y 9 0  
Y 9 1  
Z r 8 9  
21-95 
N b 9 2 m d 3 7 0  
Nb94m 
Nb94 
Nb95m 
Nb95 

a  
B i o l o g i c a l  H a z a r d  P o t e n t i a l  

b ,  c 
M P C a i r  

CCi/ 
k m 3 )  

5  
3 0  

0 . 1  
3 0  

1 . 0  
0 . 8  

2 0  
5  

1 3 0 0  
3 4 0  

8 5 0  
2 5 0  
3 5 0  

8 0  
0 . 1  
1  

2 0  
3 0  
3 0  

2  

6  
2  

3 0  
0 . 3  
1  

2 0  
0 . 1  

4  0  
2  
0 . 3  

0 . 0 3  
3  
1  
0 . 1  
1 . 0  

e 2 0 0 , 0 0 0  
2  

3 0 0  
3  

SS  3 1 6  

1 . 2 . 1 0 - 3  

0 . 4 4  
0 . 0 1  
0 . 0 1  
5  
4  

2  
4 . 7 - l o - '  
0 . 1 0  
1 . 3  
5  

5 3 . 5  
1 7 . 6  

0 . 0 8  
6 . 5  
0 . 0 7  

3 . 2  
4 5 . 1  

0 . 3 5  
1 6  

3 . 5 4  
1 . 5 - 1 0 - ~  
0 . 3 6  

7  

1  - l o - '  

1 . 8  
0 . 0 4  
1 . 1 - l o - '  

2 . 3 . 1 0 - '  
7  

Nb-1 Z r  

6  - l o s 2  

1 . 2 . 1 0 - 3  
3 . 9  
0 . 0 6  

2 7 . 4  

2 . 0  
2  - l o - '  
3  -11)-' 
5 . 6 - 1 0 - 2  
5 . 5  

(km 

TZM 

2 . 6 - l o - '  
5 . 9 - l o - '  
2 . 4 . 1 0 - ~  
2  . l o - '  
4  . l o - :  
6  1  

1 . 2 . 1 0 - ~  
6 . 7 . 1 0 - )  

8 9 . 7  
2 . 2  
5 . 7 . 1 0 - '  

2 . 1 - 1 0 - :  
1 . 2 - 1 0 -  
2 . 3  

o f  a i r / k I i ( t h )  

V - 2 0 T i  

4 . 8  
1 0 . 8  

0 . 4 4  
7 . 6 8  
7  . l o - :  
1 . 3 ' 1 0 -  

0 . 0 9  
6 . 8 . 1 0 - 3  
3 . 0  

) 

A1 2 0 2 4  

5 1 . 2  
7  
9  - 10 -  
3 . 9  

8 . 0 - 1 0 - E  
1 . 1 - 1 0 - 3  

1 . 8 - l o - '  
4 . 4  
1 . 3  

2 . 1  

1  . O  

3 . 7  
6  



Table V-XVIII: Summary of Biological Hazard Potentials (BHP of 
Air) of Various CTR Structural Materials (cont'd) 

a MPC(air): the lower of the soluble or insoluble values is 
used; 

b See Table V-XV for corresponding alloy compositions and radio- 
activity levels; 

ISO- 
tope 

Nb96 
Nb97 
Mo9 1 
Mo93 
Mo9 9 
MolOl 
Tc99m 
Tc99 
TclOl 

Total 

At shut-down after two years of operation; 

~ " Z i r  

CCi/ 
km3) 

0.1 
200 

30, 
370 
7 

30 
500 
2 
30 

Biological Hazard potentialbpc 
(km3 of air/kW(th) ) 

50% isomeric ratio to Nb92m; 

50% isomeric ratio to Nb94m; 

Nb- 1 Zr 

3 9 

Since Mo93 has not been evaluated as to a specific MPC value, 
we have chosen the value of Nb92m which has a similar half- 
life and chemistry (but the X-ray is 30 times hioher 
than for Mo93). The low energy decay of Mo93 (30 keV) may, 
in fact, allow a higher MPC to be assigned, thus alleviating 
the long-term BHP problem of Mo containing alloys. 

A1 2024 

7 3 

V-2OTi 

2 7 

SS 316 

0.9 
3.3.10-' 
4.2-10-2 
1.4.10-5 
4.1 
0.28 
6 
1 -lo-' 
0.3 

156 

TZM 

45.9 
1 . 1 . 1 0 ~ ~  
2.2 
7 .lo-' 

2 15 
14.6 
3.0 
5 
15.0 

391 



Table V-XIX: Summary of Biological Hazard Potentials (BHP of 
Water) of Various Structural Materials 

ISO- 

t o p e  

Na24  
Mg27 
A126  
A 1 2 8  
C a 4 5  
s c 4 6  
S c 4 7  
S c 4 8  
s c 4 9  
T i 4 5  

a , b  
MPCwater 
( c i (k rn3  j 

3 0 , 0 0 0  

3 , 0 0 0  

9 , 0 0 0  
4 0 , 0 0 0  
9 0 , 0 0 0  
3 0 , 0 0 0  

3 , 0 0 0  

B i o l o g i c a l  H a z a r d  P o t e n t i a l  ' l d  

S S  3 1 6  

1 . 1  . l o - :  
2 . 0 ~ 1 0 -  
1 . 1 - l o - :  
6 . 7 ~ 1 0 -  

4 . 0 - l o - "  

5 . 0 . 1 0 - '  
1 . 7 . 1 0 - :  
5 . 4 ~ 1 0 -  
3 . 5 ~ 1 0 - ~  
8 . 1 - l o - '  
2 . 4 . 1 0 - '  
2 . 8 . 1 0 - 6  

4 . 9 . 1 0 - '  
1 . 0 - 1 0 - 3  

1 . 6 - 1 0 - "  
l . 2 . 1 0 - 3  
1  . 5 . 1 0 - 1 0  
1 . 2 . 1 0 - 6  

7 . 0 . 1 0 - 7  

1 . 3 . 1 0 - '  

6 . 7 . 1 0 - 7  
1 . 4 . 1 0 - "  

3 . 0 . 1 0 - ' ~  

2 . 1 . 1 0 - 6  

;i?i 1 3 , 0 0 0  
V 5 2  

w a t e r / k M ( t h )  

V - 2 0 T i  

5 . 3  . l o - '  
2 . 2  - l o - '  
9 . 8  
1 . 3  

1 . 4  

5 . 6 3 - l o - "  

(km3 o f  

TZM 

2 . 9  . l o - '  
1 . 2  - l o - '  
5 . 3  
3 . 3  - l o - '  

6 . 7  

1 . 2 2 - 1 0 - '  
1  * l o - 6  

3 . 0  - l o d 3  
3 . 7  
7  . l o - '  

1 . 4  - l o - ' 0  
1 . 2  
6 . 9 . 1 0 - 5  

C r 5 1  
Mn5 3  
Mn54 
Mn56 
Mn57 
F e 5 5  
F e 5 9  

C o 5 7  
C o 5 8  
Co60m 
Co60  
N i 5 7  
N i 5 9  
N i 6 3  
c u b 4  
Z n 6 5  
S r 8 9  

S r 9 0  
Y 9 0  
Y 9 1  
Z r 8 9  
Z r 9 5  
~ b 9 2 m ~  
Nb9 4m 
Nb9 4  
Nb95m 
Nb95  

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

1 0 0 , 0 0 0  
1 0 0 , 0 0 0  

3 , 0 0 0  
8 0 0 , 0 0 0  

5 0 , 0 0 0  

4 0 0 , 0 0 0  
9 0 , 0 0 0  

3 0 , 0 0 0  
3 , 0 0 0  

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

2 0 0 , 0 0 0  
1 0 0 , 0 0 0  

3 , 0 0 0  

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

3 , 0 0 0  
6 0 , 0 0 0 f  

3 , 0 0 0  

3 , 0 0 0  
3 , 0 0 0  

1 0 0 , 0 0 0  

) 

A1 2 0 2 4  

8 . 5 3 . 1 0 - ~  

3 . 0  - l o - '  

6 . 7  . l o - ?  

6 . 0  - l o - "  
4 . 4  
2 . 6  . l o - ' '  
2 . 7  - l o - ' '  
7 . 9  - l o - 7  

1  . O  . l o - "  

7 . 0  . l o - '  
1 . 2  . l o - '  

Nb-1 Z r  

7 . 0 . 1 0 - 6  

1 . 2 . 1 0 - ~  
5 . 9 . 1 0 - '  
2 . 0 . 1 0 - 6  
9 . 1  . l o - '  

0 . 2 5  

6 . 0 - 1 0 - "  
5 . 6 - l o - '  
1 . 7 - l o - ' '  



T a b l e  V-XIX: Summary  o f  B i o l o g i c a l  H a z a r d  P o t e n t i a l s  (BHP o f  
W a t e r )  o f  V a r i o u s  S t r u c t u r a l  Materials ( c o n t ' d )  

a MPC ( w a t e r )  w i t h  i n s o l u b l e  e l e m e n t  f o r  g e n e r a l  p u b l i c ;  

ISO- 

t o p e  

Nb96 
Nb97 
Mo9 1  
Mo93 
Mo99 
M0lOl 
Tc99m 
Tc99 
T c l o l  

T o t a l  

No MPC ( w a t e r )  i s  g i v e n  i n  10  CFR 20 f o r  i s o t o p e s  w i t h  h a l f -  
l i v e s  l e s s  t h a n  two h o u r s ;  a i l  i s o t o p e s  w i t h  n o  e n t r y  f o r  MPC 
b e l o n g  t o  t h i s  c l a s s ;  

S e e  T a b l e  V-XV f o r  c o r r e s p o n d i n g  a l l o y  c o m p o s i t i o n s  a n d  r a d i o -  
a c t i v i t y  l e v e l s ;  

a . b  
MPCwater 
( c i / k m 3 )  

3 , 0 0 0  
9 0 0 , 0 0 0  

3 , 7 0 0 , 0 0 0  
4 0 , 0 0 0  

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

~t shut-down a f t e r  two  y e a r s  o f  o p e r a t i o n ;  

50 p e r  c e n t  i s o m e r i c  r a t i o  t o  Nb92m, 

B i o l o g i c a l  H a z a r d  p o t e n t i a l c  'd 
(km3  o f  w a t e r / k l . l ( t h )  ) 

S i n c e  t h e r e  i s  n o  e v a l u a ' t i o n  f o r  Nb92rn f o r  w a t e r ,  t h e  PlPC 
v a l u e  f o r  Mo93 i s  b a s e d  on  t h e  r e l a t i o n s h i p  b e t w e e n  a i r  a n d  
w a t e r  MPC v a l u e s  f o r  Tc99 ,  w h i c h  h a s  a  s i m i l a r  c h e m i s t r y ,  
d e c a y  s e q u e n c e ,  a n d  a n  e v e n  l o n g e r  h a l f - l i f e .  

SS 316 

7 . 2 - l o - '  

1 . 4 - 1 0 - 9  
7 .1  - l o - '  

1 
1  

1 . 0 - 1 0 - 2  

A1 2024 

1 . 0  . l o - Z  

Nb- 1  Z r  

2 .6 .10 - '  

TZM 

1 . 5 3 . 1 0 - 3  
2 . 5  . l o - '  

7  
3 .8  - l o - '  

5  . l o - '  
5  -10- '  

5 . 2  . l o - '  

V-20Ti 

4 . 1  



TIME AFTER SHUTDOWN ( sec) 

I o4 

lo3 

lo2 

Figure V-16: Biological Hazard Potential (BHP of Air) of 
Various CTR Structural Materials After Shut-down 
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F i g u r e  V-17: 

TIME AFTER SHUTDOWN [set) 

loo1 , , I , , 1 , , , , . 

B i o l o g i c a l  Haza rd  P o t e n t i a l  (BHP o f  W a t e r )  
V a r i o u s  CTR S t r u c t u r a l  M a t e r i a l s  A f t e r  S h u t  
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Table V-XX: Specific Biological Hazard Potentials of Various 
CTR Structural Materials 

- - 

This definition then gives 

SS 316 

TZM 

V-2OTi 

A1 2024 

Nb- 1 Zr 

Natural 
Uranium 

It is instructive to note that the MPC values are inversely 

proportional to the effective half-life [tyI2] , which is related 
to the biological half-life (ty/2 1 and physical half-life (tyI2 
in the following manner: 

BHP air 
(km3 of air/ 

cm3 of material) 
t = O  

2. 0 

2.9 

0.2 

0.55 

0.36 

1.3.10-3 

Since we are concerned with the isotopes with long half- 

lives (tyl2 > >  tb , the MPC value is inversely proportional to 
b 1/21 
tlI2. This in turn makes the IBHP value proportional to 

BHPwater 
(5m3 of water/ 

cm of material) 
100 yr 

5.4 

1 .0 

2 * 1 0 - ~  

0.2 

0.6 

0.2 

10,000 yr 

0.03 

0.7 

0 

0.2 

0.3 

0.2 



b 
tIl2 t:>*. Such a parameter gives an indication of the total 

burden to society over the entire decay lifetime of a radio- 
isotope and reflects the biological retention in a given generation. 

Because of the long time implications of the IBHP index, 
it makes sense to only consider the situation with respect to 
waste disposal and hence the IBHP for water. Individual and 
collective values for the various CTR isotopes are given in 
Table V-XXI and V-XXII. For the case of water dilution, Mo93 
dominates both the TZM alloy and the SS 316. The Cab5 and V49 
isotopes account for most of the IBHP values in the V-Ti alloys, 
while A126 accounts for more than 99 per cent of the hazard 
index in the A1 alloy. (Note, it is not the alloying elements 
which dominate the A1 alloys but rather the base metal itself). 
Finally, the Nb92m isotope is the major factor in the Nb-1Zr 
alloy with regard to the water IBHP value. 

The IBHP values for water are summarized in Table V-XXIII, 
normalized to a cm3 of first-wall structure. The appropriate 
values for a cm3 of uranium metal are included for comparison. 
Such a comparison is not entirely free from misinterpretation 
because, obviously, there is no correlation between the number 
of cm3 of first-wall material and the amount of metallic uranium 
in the world. However, it does lend some perspective to the 
t o t a l  societal burden associated with the generation of radio- 
active waste in a fusion reactor. These calculations show that 
over the entire time required for the radioactivity to decay 
away, irradiated fusion-reactor structural materials vary by 
only a factor of 30 in the value of IBHP for water, where A1 has 
the highest index, followed by TZM, SS 316, Nb-lZr, and V-20Ti 
in that order. The IBHP values are one to two orders of mag- 
nitude higher than those of natural-uranium metal. 

In summary, it can be said that practically all fusion- 
reactor structural designs will have radioactivity levels of 
1000 Ci/kW(th) after modest irradiation times (one month). 
The decay of the radioisotopes varies from alloy to alloy but, 
except for systems which contain Mo, the specific activity 
(ci/cm3 of metal) after 100 years of decay is no worse, and in 
some cases lower, than the activity associated with one cm3 
of uranium metal. As regards the biological hazard potential, 
it is obvious that high values do exist immediately after plant 
shut-down, but again the hazard index associated with one cm3 
of irradiated V-20Ti, A1 2024, and Nb-1Zr after 100 years of 
decay is equal to or less than that associated with a cm3 of 
natural-uranium metal. Steels have a BHP (water) which is 
25 times that of natural U, and TZM is a factor of five higher 
than U one hundred years after shut-down. Finally, the IBHP 
of the irradiated first-wall materials is only one to two 
orders of magnitude higher than the IBHP of the same volume of 
natural-uranium metal. 





Table V-XXI: Integrated BHP (Air) Index for Potential Fusion 
Blanket Structural Materials (Cont'd) 
(km:ir . sec/kW(th)) 

Table V-XXII: Integrated BHP (Water) Index for Potential Fusion 
Blanket Structural Materials 
(kmiater - set/ kW ( th 

Iso- 
tope 

Nb96 
Nb97 
Mo91 
Mo93 
Mo99 
MOIOI 
Tc99m 
Tc99 
TclOl 

Total 

Iso- 
tope 

Na24 
Mg27 
A126 
A128 
Ca45 
Sc46 
Sc47 
Sc48 
sc43 
Ti45 

t 
1 /2 

0.693 
sec 

1 .2.io5 
6.2.103 
1.3*103 
4.5.10" 
3.5.10~ 
1.3.10~ 
3.6.10" 
9.8.1012 
1.2.10~ 

SS 316 

1 . 1 . 1 0 ~  
2.0 
5-5-10' 

1.4.10~ 
3.6-lo2 
2.2.10~ 
9.5-10' 
3.6.10~ 

3.1.10'~ 

t 
1 /2  

0.693 
sec 

7.8-10" 
8.2.10~ 
3.4.10 l3 

2.0.10~ 
2.1.107 
1.0.107 
4.3.105 
2.3.10~ 
5.0.10 
1.6.10" 

Nb-1Zr 

3.1.10~ 

TZM 

5.5.106 
6.8.10' 
2.9.10~ 

6.0.10".0.10~ 
7.5.10~ 
1.9.10~ 
1.1-lo5 
4.9.10'~ 
1.8.10" 

4.9.10'~ 

SS 316 

2.3'10' 
2.0 
4.7.10-~ 
1.5.10-' 

/ 

V-20Ti 

2.1.10~ 

~1 2024 

3.3-10l0 

TZM 

6.1'1G2 
1.2.102 
2.3 
7.6 

1.1.10-' 

V-20Ti 

1.1.10" 
2.2.10 
4.2.10 
3.0.10 

2.2.10 ' 

A12024 

6.7 -10 

1.0.10 

Nb-1Zr 



T a b l e  V-XXII: I n t e g r a t e d  BHP ( W a t e r )  I n d e x  f o r  P o t e n t i a l  F u s i o n  
B l a n k e t  S t r u c t u r a l  M a t e r i a l s  ( C o n t ' d )  

(kmtater 
- s e c / k W ( t h ) )  

Nb-1Zr 

4 . 6 . 1 0 1  

1 . 6 - l o 2  
1 .9 .10 '  
1 . 5 - 1 0 '  
3 . 7 - 1 0 '  

3 . 3 - 1 0 5  

5 .5 .10 '  
2 . 6 .103  
7 . 5 - 1 0 2  

3 . 8 7 - l o 5  

A1 2024 

2 . 7 . 1 0 '  

5 . 2 .10 '  
1 . 7 - 1 0  ' 
3 .4  

9 . 5 . 1 0 1  

2 .4 .10  

4 . 6 - 1 0 '  
3 . 7  

1 . 0 4 - l o 6  

V-20Ti 

2 . 3 . 1 0 '  

3 . 6 8 - l o 4  

- 
1.530- 

t o p e  

T i 5 1  
v 49 
V  52 
Cr51 
Mn53 
Mn54 
Mn56 
Mn57 
Fe55 
Fe59  

Co57 
Co58 
Co60m 
Co60 
Ni57  
Ni59  
N i63  
Cu64 
Zn65 
~ r 8 9  

S r 9 0  
Y 90 
Y 91 
Z r89  
Zr95  
Nb92m 
Nb94m 
Nb94 
Nb95m 
Nb95 

Nb96 
Nb97 
Mo91 
Mo93 
Mo99 
~ 0 1 0 1  
Tc99m 
Tc99 
T C I O I  

T o t a l  

SS 316 

1 . 6 * 1 0 4  

1 . 8 . 1 0 '  
1 .5 .10  
2 . 1 - l o 5  
4 . 6 - 1 0 '  
7 . 0 .10 '  
2 . 9 . 1 0 '  
1 . 6 - l o 1  

1 . 7 . 1 0 3  
8 . 9 - l o 3  

3 . 8 . 1 0 ~  
2 . 3 . 1 0 '  
5 . 4 . 1 0 '  
5 . 0 - l o 3  

4 .6  

1 . 7 . 1 0 '  

5 . 5  
1 . 8 . 1 0 ~  

2 . 7  

9 . 2  

3 .6  
4 . 5 . 1 0 4  

6 . 0 . 1 0 2  
2 . 5 . 1 0 2  

3.6.10; '  
1 . 0 .10  

5 . 1 - l o 5  

t 
1 /2  

0.693 
sec 

5 . 0 - 1 0 '  
4 . 1 . 1 0 ~  
3 . 2 . 1 0 '  
3 . 5 . 1 0 ~  
8 . 6 - 1 0 1 3  
3 . 8 . 1 0 ~  
1 . 3 - 1 0 '  
8 . 7 . 1 0 5  
1  . 2 - l o 8  
5 . 7 - l o 6  

3 . 4 . 1 0 ~  
8 . 9 - l o 6  
9 . 1 . 1 0 '  
2 . 4 . 1 0 ~  
1 . 9 - l o 5  
3 . 6 . 1 0 "  
4 .2 .10 '  
6 . 6 - 1 0 '  
3 . 1 . 1 0 ~  
6 . 6 . 1 0 6  

1 .3 .10 '  
3 . 3 ~ 1 0 ~  
7 . 3 . 1 0 ~  
4 .1  . l o 5  
8 . 2 . 1 0 6  
1 . 3 . 1 0 ~  
5 - 5 - 1 0 '  
9 . 1 - 1 0 "  
4 . 7 . 1 0 ~  
4 . 4 . 1 0 6  

1 . 2 - l o 5  
6 . 2 . 1 0 3  
1 . 3 . 1 0 ~  
4 . 5 - 1 0 "  
3 . 5 - l o 5  
1 . 3 ~ 1 0 ~  
3 .6 .10 '  
9 . 8 . 1 0 "  
1 . 2 . 1 0 ~  

T  ZM 

1 . 6 - l o 1  
3 . 3 - l o - '  

1 . 2 - l o 3  
3 . 0 - l o 2  
9 .1  . l o 3  

1  . 3 . 1 0 2  
5 . 6 - 1 0 '  
3 . 0 . 1 0 '  

1 . 8 . 1 0 ~  
1 . 6 . 1 0 - ~  

3 . 0 . 1 0 ~  
1 . 3 . 1 0 ~  

1 . 8 - l o 1  
5 . 0 . 1 0 ~  

5 . 4 . 1 0 5  



Table V-XXIII: Summary of IBHP (Water) Values of Various CTR 
Structural Materials 
(km3 of water/cm3 of material) 

3.3 Radioactivitv in Fusion Reactor Coolants 

SS 316 

TZM 

V-20Ti 
Al 2024 

Nb-1Zr 
Natural 
Uranium 

Thus far, only two primary coolants have been seriously 
considered for D-T fusion reactors: 

IBHP (Water) 

23 -10' 

24 -10' 

1.6.10' 
46 .lo4 
17 .lo4 

2. .lo3 

(a) helium gas; 

( b l  liquid lithium. 

The only significant activity induced in pure helium is the 
He4 (n,y) He5 reaction. Since He5 decays with a half-life af 
lo-" sec, the activity will mild up to approximately 0.5 Ci/W 
at normal temperatures and pressures of a helium coolant, be- 
cause of the short half-life. 

Pure lithium generates no significant radioisotopes other 
than the tritium, which has already been treated in an earlier 
section. However, as with any material, there are normally a 
large variety of impurity atoms which can become radioactive. 
P.J. Persiani [V-331 has investigated this problem and notes 
that lithium normally contains the impurities listed in Table 
V-XXIV. The activation of such impurities could lead to pro- 
blems, especially for elements such as Fe, Ni, Cr, and Ta. 
The resulting radiation levels could even be magnified if these 
impurities tended to concentrate in specific parts of the 
reactor such as valves, pumps, or heat exchangers. 

An idea of the radioactivity induced in a typical reactor 
like UWMAK-I [V-141 can be appreciated by noting that there 
are 2 lo6 kg of coolant in that system. This amount of 
coolant contains approximately 200 kg each of Ca, Na, K, Fe, Ni, Cr, 
and Ta. It may also contain 6 lo3 kg of F and C1. Since 



Table V-XXIV: Tpyical Impurities Found in High Purity Lithium 

only one-half of this Li is in the reactor at any one time, 
and 2 0  per cent of that is in the first 1 0  cm (highest flux 
region), one can calculate the approximate level of activity 
after two years of irradiation. These values are also listed 
in Table V-XXIV, which shows that K t  Na, F, and C1 have the 
highest radioactivity levels. The total induced radioactivity 
is low compared to that of the structure, and might be dis- 
counted by the fact that special purification techniques would 
be used to remove trace elements which give measurable radio- 
activity. 

One must also consider the activity of corrosion products 
and sputtered atoms into the coolant. Studies of the stainless 
steel-lithium system have predicted corrosion rates of 1 5 0 0  to 
2 5 0 0  kg per year. This radioactive material could add another 
1  Ci/kW(th) to the overall radiation levels. Similar effects, 
although lower in absolute magnitude, will occur for the re- 
fractory metals [V-141. 

Approximate Activity 
After Two Years 
of Exposure 
(Ci/kW (th) ) 

low 

low 

1 ow 

< 1  

< 2  

< 2  

< 1  

< 1  

< 1  

cO.1 

<10  

< 1 0  

Total ( 3 0  

Element 

S i 

0 

N 

Ca 

Na 

K 

Fe 

Ni 

Cr 

Ta 

F 

C1 

Aside from the radiation levels that may exist outside the 
reactor, the radioactive impurities and corrosion products 
represent a severe hazard in the unlikely event of a rupture of 

Maximum Concentration 
(ppm per weight) 

5  0  

1 0 0  

5  0  0  

1 0 0  

1 0 0  

1 0 0  

1 0 0  

1 0 0  

1 0 0  

1 0 0  

3000  

3000  



t h e  p r i m a r y  c o o l a n t  and l o o p ,  and t h e  i g n i t i o n  o f  t h e  mol ten  L i .  
The o x i d e s  o f  many of t h e s e  e l e m e n t s  (e .g .  MoO2, Ta02, Nb02, 
S r 0 2 )  a r e  q u i t e  v o l a t i l e  and c o u l d  b e  w i d e l y  d i s p e r s e d  d u r i n g  a  
f i r e .  I n  f a c t ,  t h i s  p o t e n t i a l  f i r e  h a z a r d  i s  t h e  most p l a u s i b l e  
mechanism f o r  t h e  r e l e a s e  o f  r a d i o a c t i v e  m e t a l l i c  i s o t o p e s  i n t o  
t h e  env i ronment .  

I n  summary, t h e  r a d i o a c t i v i t y  i n  t h e  CTR c o o l a n t  i s  o n l y  
i m p o r t a n t  i f  l i q u i d  L i  i s  u s e d ,  and t h e n  o n l y  t h a t  which comes 
from i m p u r i t i e s  (which c o u l d  be  removed p r i o r  t o  o r  d u r i n g  
o p e r a t i o n )  o r  from c o r r o s i o n  (which c o u l d  b e  removed by a p p r o p r i -  
a t e  c lean-up  t e c h n i q u e s ) .  However, an  a c c i d e n t  i n  t h e  p r i m a r y  
l o o p  c o u l d  have s e r i o u s  consequences  by t h e  r e l e a s e  o f  v o l a t i l e  
i s o t o p e s .  

3 . 4  R a d i a t i o n  L e v e l s  A s s o c i a t e d  With S h i e l d  and Magnet A c t i v a t i o n  

Most f u s i o n  sys tems  a r e  d e s i g n e d  t o  r e d u c e  t h e  n e u t r o n  f l u x  
t o  t h e  s h i e l d s  by a t  l e a s t  two o r d e r s  o f  magni tude o f  t h a t  i n -  
c i d e n t  on t h e  r e a c t o r  f i r s t  w a l l .  However, t h i s  number of 
n e u t r o n s  a c t i v a t i n g  t h e  s h i e l d  i s  s t i l l  l a r g e ,  and  even  w i t h  
a n o t h e r  l o 3  t o  l o 4  r e d u c t i o n  i n  t h e  n e u t r o n  f l u x  t o  t h e  magnets ,  

t h e  r a d i a t i o n  l e v e l s  o u t s i d e  t h e  r e a c t o r  can  be i n t o l e r a b l e .  
These l e v e l s  a r e  more o f  a  h i n d r a n c e  t o  main tenance  t h a n  a  
q u e s t i o n  o f  s a f e t y ,  b u t  t h e  f a c t  s t i l l  remains  t h a t  t h e r e  w i l l  
be  a  l a r g e  volume of m e t a l  w i t h  l o w - a c t i v i t y  d e n s i t y  which w i l l  
have t o  b e  p r o p e r l y  p r o c e s s e d  and d i s p o s e d  o f  i n  a  government 
r e p o s i t o r y .  

It  i s  n o t  f r u i t f u l  t o  q u o t e  s p e c i f i c  numbers a t  t h i s  
t i m e  f o r  s h i e l d  and magnet a c t i v a t i o n ,  b u t  it s h o u l d  be  p o i n t e d  
o u t  t h a t  most o f  t h e  r a d i a t i o n  p r e s e n t  o u t s i d e  a  f u s i o n  r e a c t o r  
comes f rom t h e  l a s t  few c e n t i m e t e r s  of t h e  s h i e l d  and t h e  
magnet s t r u c t u r e ,  and n o t  from t h e  b l a n k e t  m a t e r i a l s .  The gamma 
r a d i a t i o n  o u t s i d e  t h e  r e a c t o r  coming from t h e  b l a n k e t  i s  a l m o s t  
n e g l i g i b l e  i n  a  p r o p e r l y  d e s i g n e d  system.  N.F. Vogelsang h a s  re- 
c e n t l y  c a l c u l a t e d  t h e  r a d i a t i o n  l e v e l s  o u t s i d e  a  nea r - t e rm t e s t  
r e a c t o r  (TETR) and t h e  UWMAK-I r e a c t o r  [V-341. H i s  r e s u l t s  a r e  
g i v e n  i n  T a b l e  V-XXV and t h e y  show t h a t ,  depend ing  on t h e  s h i e l d  
d e s i g n  ( s e e  [V-341 f o r  more d e t a i l s ) ,  t h e  r a d i a t i o n  l e v e l s  f rom 
t h e  s h i e l d  and t h e  magnet s t r u c t u r e  c a n  be a s  h i g h  a s  one t o  
f o u r  rem p e r  hour  a t  r e a c t o r  shut-down, and 0.02 t o  1 rem/h a f t e r  
one  week o f  decay .  Obvious ly  t h e r e  i s  much room f o r  d e s i g n  
i n n o v a t i o n s ,  b u t  t h e  r e a d e r  s h o u l d  r e c a l l  t h a t  a  g r e a t  amount o f  
r a d i o i s o t o p e s  w i l l  b e  g e n e r a t e d  o u t s i d e  t h e  b l a n k e t  ( s e e  Sub- 
s e c t i o n  V. 3 . 2 ) .  



T a b l e  V-XXV: C a l c u l a t e d  Dose R a t e  O u t s i d e  R e a c t o r  S h i e l d s  i n  
T y p i c a l  TOKAMAK F u s i o n  R e a c t o r s  [V-341 

4. COMPILATION OF RADIOACTIVITY AND ASSOCIATED INDICES FOR 

FISSION AND FUSION SYSTEMS 

Time A f t e r  
Shut-down 

0  

1  hour  

1  d a y  

1  week 

1  month 

1  y e a r  

The t h r e e  methods  o f  c a l c u l a t i n g  i n d u c e d  r a d i o a c t i v i t y  
c a n  now b e  used  t o  compare f i s s i o n  and f u s i o n  r a d i o a c t i v e  i n -  
v e n t o r i e s .  I t  i s  most  h e l p f u l  t o  c o m p i l e  t h e  Ci /kW(th)  and 
BHP v a l u e s  a s  a  f u n c t i o n  o f  t i m e  a f t e r  shut-down, and t h e  IBHP 
v a l u e s  f o r  w a t e r .  B e f o r e ,  a  few q u a l i f y i n g  s t a t e m e n t s  must  b e  
made : 

( 1 )  When compar ing  long- t e rm i n v e n t o r i e s ,  one  must t a k e  
i n t o  a c c o u n t  t h a t  most  o f  t h e  Pu i s o t o p e s  w i l l  b e  
r e c y c l e d  t h r o u g h  t h e  f u e l  c y c l e .  T h e r e f o r e ,  t h e  
long- t e rm Ci /kW(th)  o r  BHP v a l u e s  f o r  f i s s i o n  mus t  
be  r e d u c e d  by t h i s  s e p a r a t i o n  f a c t o r ;  

Dose R a t e  
(mrem/h) 

( 2 )  The same r e a s o n i n g  as u s e d  i n  ( 1  l a p p l i e s  t o  f u s i o n  
s y s t e m s ,  where  most o f  t h e  t r i t i u m  would be  removed 
f rom a  p l a n t  a f t e r  it i s  s h u t  down and  t r a n s f e r r e d  t o  
o t h e r  r e a c t o r s .  

TETR 
( 1 . 1  Mw/m2)  

7 9 0  

5 3 0  

2  2  

18 

16 

7  

( 3 )  A compar i son  between a n  SS 316  LMFBR and  a n  SS 3 1 6  
f u s i o n  r e a c t o r  w i l l  be  made, a l t h o u g h  t h e  numbers 
c o u l d  be  s c a l e d  t o  o t h e r  CTR m a t e r i a l s  by t h e  u s e  o f  
T a b l e s  V-XVI t o  V - X I X .  

UWMAK- I 
(1 .25 M w / m Z )  

4 0 7 2  

3068  

1 1 6 5  

1 0 8 4  

8  7  0  

1 6 8  



A summary o f  t h e  r a d i o a c t i v i t y  a s s o c i a t e d  w i t h  a l l  t h e  
f u s i o n  c o n c e p t s  and t h e  LMFBR is c o n t a i n e d  i n  T a b l e  V-XXVI 
and d i s p l a y e d  i n  F i g u r e  V-18. F o r  comparab le  SS 316 s y s t e m s  
we see t h a t  a t  shut-down t h e  a c t i v i t i e s  i n  t h e  f i s s i o n  r e a c t o r  
a r e  r o u g h l y  f i v e  t i m e s  h i g h e r  t h a n  t h o s e  i n  a  f u s i o n  r e a c t o r .  
A f t e r  r e p r o c e s s i n g ,  t h e  a c t i v i t y  o f  SS 316 f u s i o n  r e a c t o r s  
w i l l  b e  a b o u t  t h e  same a s  f o r  t h e  f u e l ,  c o o l a n t ,  and c l a d d i n g  
w a s t e s  i n  a n  LMFBR. T h i s  e q u a l i t y  a c t u a l l y  p e r s i s t s  f o r  
a p p r o x i m a t e l y  10 y e a r s ,  a f t e r  which t h e  a c t i v i t y  f rom t h e  
l o n g - l i v e d  f i s s i o n  p r o d u c t s  and  a c t i n i d e  w a s t e s  k e e p s  t h e  
f i s s i o n - r e a c t o r  w a s t e s  a p p r o x i m a t e l y  one  o r d e r  o f  magn i tude  
h i g h e r  t h a n  t h e  f u s i o n - r e a c t o r  w a s t e s .  A s  s t a t e d  i n  t h e  I n t r o -  
d u c t i o n ,  t h e  n e x t  s t e p  i n  a  l i n e  o f  r e a s o n i n g  t h a t  u l t i m a t e l y  
l e a d s  t o  a  r e a l i s t i c  compar i son  c a n  be  made on t h e  b a s i s  o f  
t h e  BHP v a l u e s ,  and t h e s e  a r e  summarized i n  T a b l e s  V*XXVII and 
V-XXVIII, and p l o t t e d  i n  F i g u r e s  V-19 and V-20. 

A t  shut -down,  t h e  i n h a l a t i o n  h a z a r d  i n d e x  ( a i r )  f o r  f i s s i o n  
r e a c t o r s  i s  a b o u t  30 t o  40 t i m e s  h i g h e r  t h a n  t h a t  o f  a  D-T 
f u s i o n  r e a c t o r  w i t h  SS 316 s t r u c t u r e .  T h i s  a d v a n t a g e  p e r s i s t s  
o v e r  t h e  e n t i r e  l i f e t i m e  o f  t h e  i s o t o p e s ,  b u t  n a r r o w s  t o  o n l y  
a  f a c t o r  o f  a b o u t  s i x  a f t e r  t h r e e  months  o f  d e c a y .  T h e r e a f t e r ,  
t h e  i n h a l a t i o n  h a z a r d  i n d e x  f o r  f u s i o n  becomes a  d e c r e a s i n g l y  
s m a l l e r  f r a c t i o n  o f  t h a t  f o r  f i s s i o n ,  s o  t h a t  a f t e r  a p p r o x i -  
m a t e l y  300 y e a r s  o f  d e c a y  it is  f i v e  o r d e r s  o f  magn i tude  l o w e r .  
However, t h e  i n h a l a t i o n  h a z a r d  i n d e x  i s  p r o b a b l y  o n l y  m e a n i n g f u l  
f o r  t h e  f i r s t  y e a r  a f t e r  shut-down ( i . e .  d u r i n g  an  a c c i d e n t ,  o r  
r e p r o c e s s i n g  f o r  u l t i m a t e  d i s p o s a l ) .  

A f t e r  t h e  r a d i o i s o t o p e s  have  been p r e p a r e d  f o r  l o n g - t e r m  
w a s t e  s t o r a g e ,  t h e  i n g e s t i o n  h a z a r d  i n d e x  becomes i m p o r t a n t .  
The a p p r o p r i a t e  f i g u r e s  f o r  f i s s i o n  and f u s i o n  a g a i n  show t h a t  
f u s i o n  s y s t e m s  h a v e  a  d i s t i n c t  a d v a n t a g e .  F i g u r e  V-20 shows 
t h a t ,  a t  t h e  t i m e  o f  r e p r o c e s s i n g ,  t h e  i n g e s t i o n  h a z a r d  f o r  
f u s i o n  r e a c t o r  components  i s  a  f a c t o r  o f  f i v e  lower  t h a n  f o r  
f i s s i o n ;  t h i s  a d v a n t a g e  i n c r e a s e s  t o  a  f a c t o r  o f  100 a f t e r  
300 y e a r s  o f  d e c a y ,  and r e m a i n s  a t  a p p r o x i m a t e l y  t h e  same l e v e l  
f o r  s e v e r a l  m i l l i o n  y e a r s .  

A f i n a l  word o f  c a u t i o n  i s  added h e r e  t o  stress a g a i n  t h a t  
we h a v e  n o t  c o n s i d e r e d  how t h e s e  r a d i o i s o t o p e s  would e n t e r  t h e  
e n v i r o n m e n t ,  b u t  o n l y  a n a l y z e d  what  would b e  r e q u i r e d  if t h e y  
a l l  d i d .  

F i n a l l y ,  w e  c a n  compare t h e  i n t e g r a t e d  i n g e s t i o n - h a z a r d  
i n d e x  I B H P  ( w a t e r )  f o r  f i s s i o n  and f u s i o n  t o  o b t a i n  a  rough  
i d e a  o f  t h e  t o t a l  bu rden  t h e s e  two e n e r g y  s o u r c e s  r e p r e s e n t  
t o  s o c i e t y .  The v a l u e s  a r e  l i s t e d  i n  T a b l e  V-XXIX: a g a i n ,  
i f  a l l  t h e  r a d i o i s o t o p e s  from a  SS 316 r e a c t o r  were  r e l e a s e d  
t h e  b u r d e n  t h e y  r e p r e s e n t  would be  l e s s  by a  f a c t o r  o f  t e n  t h a n  
i f  a l l  t h e  r a d i o i s o t o p e s  i n  a  f i s s i o n  r e a c t o r  were  r e l e a s e d .  
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  f i s s i o n  IBHP ( w a t e r )  i s  
domina ted  ( a t  r o u g h l y  80 p e r  c e n t )  by  I129  i n  t h e  r e p r o c e s s i n g  
s t r e a m .  On t h e  f u s i o n  s i d e ,  two i s o t o p e s  (Mn53 and Mn54) a c c o u n t  
f o r  70 p e r  c e n t  o f  t h e  IBHP ( w a t e r )  f o r  SS 316. 
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T a b l e  V-XXIX: Comparison o f  I n t e g r a t e d  BHP o f  a n  LMFBR and a  
D-T Fus ion  R e a c t o r  w i t h  SS 316 s t r u c t u r e a  
(kmLate; sec/kW ( t h )  ) 

IBHP 

F i s s i o n  " 

a A f t e r  2 y e a r s  o f  o p e r a t i o n ;  

TP removed a f t e r  l o 6  s e c ;  

Reprocess ing  of a c t i n i d e s  a f t e r  200 d a y s .  

I n  c o n c l u s i o n ,  it a p p e a r s  t h a t ,  no m a t t e r  how one compares 
t h e  i n v e n t o r y  of  r a d i o i s o t o p e s  i n  f i s s i o n  and f u s i o n  r e a c t o r s ,  
f u s i o n  h a s  a  one t o  f o u r  o rder -o f -magni tude  advan tage  o v e r  
f i s s i o n ,  depend ing  on t h e  t i m e  o f  c o n s i d e r a t i o n .  

5. CONCLUSIONS 

I t  i s  e v i d e n t  t h a t  b o t h  f a s t  b r e e d e r  and D-T f u s i o n  r e a c t o r s  
w i l l  c o n t a i n  h i g h  i n v e n t o r i e s  ( 1000 t o  5000 C i / k W ( t h ) )  o f  r a d i o -  
i s o t o p e s  a f t e r  a  few months o f  o p e r a t i o n .  F u r t h e r m o r e ,  t h e  
f i n i t e  l i m i t s  on f u e l  burn-up i n  f i s s i o n  r e a c t o r s  and f i n i t e  
b l a n k e t  s t r u c t u r e  l i f e t i m e s  i n  f u s i o n  r e a c t o r s  w i l l  r e s u l t  i n  
l a r g e  volumes of h i g h  l e v e l  w a s t e  (10 t o  100 m 3  p e r  G W ( t h ) . y r ) .  
T h i s  w a s t e  must be  p r o p e r l v  p r o c e s s e d  and s t o r e d  f o r  p e r i o d s  o f  
s e v e r a l  thousand  y e a r s  f o r  n e a r - t e r m  ( s t a i n l e s s  s t e e l )  f u s i o n  
r e a c t o r s ,  and a t  l e a s t  t e n  t i m e s  l o n g e r  f o r  f i s s i o n  r e a c t o r s .  
More p r e c i s e  numbers r e q u i r e  more p r e c i s e  c r i t e r i a .  The l e n g t h  
o f  s u r v e i l l a n c e  c a n  be s h o r t e n e d  t o  l e s s  t h a n  50 y e a r s  i n  
f u s i o n  r e a c t o r s  i f  c e r t a i n  a l l o y s  o f  vanadium a r e  used .  How- 
e v e r ,  t h e  p r o b a b i l i t y  o f  t h i s  e l e m e n t  b e i n g  used  i n  e a r l y  
f u s i o n  r e a c t o r s  seems s m a l l ,  because  v e r y  l i t t l e  i s  known a b o u t  
i t s  p r o p e r t i e s  i n  a  f u s i o n  r e a c t o r  env i ronment ,  and no comrner- 
c i a 1  i n d u s t r y  p r e s e n t l y  e x i s t s  t o  produce t h e  thousand  m e t r i c  
t o n  q u a n t i t i e s  t h a t  would be  r e q u i r e d  f o r  a n  e a r l y  f u s i o n  economy 

I t  i s  a l s o  r e c o g n i z e d  t h a t  t h e  i n v e n t o r i e s  o f  r a d i o a c t i v i t y  
i n  f i s s i o n  and f u s i o n  r e a c t o r s ,  measured i n  c u r i e s ,  d o  n o t  
p r o v i d e  an a d e q u a t e  b a s i s  on which t o  compare t h e  r e l a t i v e  
h a z a r d s .  A  somewhat b e t t e r  a p p r o a c h  ( a l t h o u g h  s t i l l  i m p e r f e c t  
because  it d o e s  n o t  i n c l u d e  t h e  pathways t o  r e l e a s e - - s e e  C h a p t e r  
V I I )  i s  t o  u s e  t h e  b i o l o g i c a l  hazard  p o t e n t i a l  (BHP). The BHP 
i n d e x  i n c o r p o r a t e s  t h e  e f f e c t s  o f  r a d i o i s o t o p e s  on humans e i t h e r  



by i n h a l a t i o n  from t h e  a i r  o r  by i n g e s t i o n  t h r o u g h  t h e  w a t e r  
r o u t e .  The i n h a l a t i o n  BHP i s  m a i n l y  a p p l i c a b l e  i n  t h e  e v e n t  o f  
an a c c i d e n t a l  r e l e a s e  of r a d i o i s o t o p e s  e i t h e r  from t h e  r e a c t o r  
o r  d u r i n g  any of t h e  r e p r o c e s s i n g  s t e p s  b e f o r e  t h e y  a r e  i n s e r t e d  
i n t o  t h e  f i n a l  w a s t e  s t o r a g e  l o c a t i o n .  The i n g e s t i o n  BHP i s  
m a i n l y  a p p l i c a b l e  t o  t h e  long  term s t o r a g e  of w a s t e s  b u t  c o u l d  
a l s o  be  i m p o r t a n t  i n  s p e c i f i c  a c c i d e n t a l  r e l e a s e s .  On t h e  b a s i s  
o f  inventory a l o n e  ( d i s r e g a r d i n g  t h e  p r o b a b i l i t y  o f  r e l e a s e ,  
which i s  t r e a t e d  i n  c h a p t e r s  V I  and V I I ) ,  we f i n d  t h a t  t h e  BHP 
f o r  i n h a l a t i o n  i s  one t o  two  o r d e r s  o f  magni tude h i g h e r  f o r  t h e  
LMFBR sys tem t h a n  f o r  f u s i o n  up t o  t h e  p o i n t  of t h e  r e p r o c e s s i n g  
o f  f u e l  w a s t e s .  A f t e r  most ( 9 9 % )  o f  t h e  Pu i s o t o p e s  have been 
s e p a r a t e d  from t h e  s p e n t  f u e l ,  w e  f i n d  t h a t  t h e  BHP f o r  i n g e s t i o n  
o f  t h e  inventory ( n o t  t h e  amount t h a t  would n e c e s s a r i l y  be r e -  
l e a s e d )  i s  a  f a c t o r  of two t o  100 t i m e s  h i g h e r  f o r  f i s s i o n  
t h a n  f u s i o n  f o r  t h e  f i r s t  1000 y e a r s  a f t e r  shut-down. For  t h e  
n e x t  m i l l i o n  y e a r s ,  t h e  BHP f o r  i n g e s t i o n  o f  t h e  s t o r e d  w a s t e s  
i s  two o r d e r s  o f  magni tude h i g h e r  f o r  f i s s i o n  t h a n  t h e  s t r u c t u r a l  
m a t e r i a l  o f  a  s t a i n l e s s - s t e e l  f u s i o n  r e a c t o r .  

The economic i n c e n t i v e  t o  r e p r o c e s s  f i s s i o n  f u e l s  soon a f t e r  
d i s c h a r g e  i n  l a r g e  r e p r o c e s s i n g  f a c i l i t i e s ,  s e r v i n g  a b o u t  10 t o  
30 GW(e) FBR p l a n t  c a p a c i t y ,  means t h a t  l a r g e  amounts o f  h i g h  
l e v e l  w a s t e s  must be hand led ,  t r a n s p o r t e d ,  and e v e n t u a l l y  s o l i -  
d i f i e d  f o r  long- term s t o r a g e .  F u s i o n  sys tems  have a n  i n t e g r a t e d  
f u e l  c y c l e  ( t r i t i u m  s e p a r a t i o n ) ;  and a f t e r  a p p r o p r i a t e  com- 
p a c t i o n ,  s t r u c t u r a l  steel and o t h e r  w a s t e  m a t e r i a l  can  d i r e c t l y  
be  s t o r e d  a s  s o l i d s .  T h i s  t e n d s  t o  r e d u c e  t h e  p o t e n t i a l  f o r  a  
r e l e a s e  o f  r a d i o i s o t o p e s  t o  t h e  env i ronment  and c o u l d  l e s s e n  
t h e  h a z a r d  p o t e n t i a l  a s s o c i a t e d  w i t h  t h e  f i n a l  t r a n s p o r t a t i o n  
o f  f u s i o n  r e a c t o r  w a s t e s  t o  t h e  u l t i m a t e  s t o r a g e  f a c i l i t i e s .  

F i n a l l y ,  t h e r e  i s  t h e  q u e s t i o n  o f  measur ing  t h e  t o t a l  burden 
o f  r a d i o i s o t o p e s  t o  s o c i e t y .  I f  one  c o n s i d e r s  t h e  BHP i n t e g r a t e d  
o v e r  t h e  l i f e t i m e  o f  t h e  v a r i o u s  i s o t o p e s ,  a l l o w i n g  f o r  t h e  f a c t  
t h a t  any g i v e n  i s o t o p e  c o u l d  p a s s  t h r o u g h  s e v e r a l  b i o l o g i c a l  
g e n e r a t i o n s ,  one f i n d s  t h a t  s t a i n l e s s  s t e e l  D-T f u s i o n  r e a c t o r s  
r e p r e s e n t  a  f a c t o r  o f  t e n  s m a l l e r  b u r d e n  t h a n  an LMFBR on t h e  
b a s i s  o f  a  u n i t  o f  e n e r g y  produced.  The u s e  o f  vanadium a l l o y s  
c o u l d  i n c r e a s e  t h i s  advan tage  f o r  f u s i o n  t o  two o r d e r s  o f  mag- 
n i t u d e .  A s  ment ioned above,  t h e  p r o b a b i l i t y  t h a t  such  a l l o y s  
can  indeed  be used i n  economic f u s i o n  power r e a c t o r s  i s  much 
s m a l l e r  t h a n  f o r  s i m i l a r  r e a c t o r s  w i t h  a s t e e l  s t r l i c t u r e .  
However, hopes  remain  t h a t  s t r u c t u r a l  m a t e r i a l s  f o r  f u s i o n  
w i t h  even b e t t e r  a c t i v a t i o n  p r o p e r t i e s  t h a n  vanadium, s u c h  a s  
p e r h a p s  t i t a n i u m  a l l o y s ,  w i l l  e v e n t u a l l y  be  shown t o  be  f e a s i b l e  
[V-351. 
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V I .  NORMAL OPERATING LOSSES AND EXPOSURES 

W. H a f e l e ,  J .P .  Holdren ,  G.  K e s s l e r  

1 .  NORMAL OPERATING LOSSES FOR THE LMFBR AND ITS FUEL CYCLE 

Under normal  o p e r a t i n g  l o s s e s  f o r  t h e  LMFBR we d i s c u s s  t h e  
p r o d u c t i o n  o f  t r i t i u m ,  C14, t h e  n o b l e  g a s e s  Kr85 and Xe133, 
I129 and  1131,  a s  w e l l  a s  a c t i n i d e s  and o t h e r  r a d i o a c t i v e  w a s t e s  
which a r e  produced d u r i n g  t h e  normal o p e r a t i o n  of  f a s t  r e a c t o r s  
o r  o t h e r  p a r t s  o f  t h e  f u e l  c y c l e .  

1.1 O r i g i n  o f  A c t i v i t i e s  and P r o d u c t i o n  R a t e s  

Most of  t h e  r a d i o a c t i v e  s p e c i e s  t h a t  form a  p o t e n t i a l  h e a l t h  
h a z a r d  t o  t h e  env i ronment  a r e  e i t h e r  c o n s t i t u e n t s  o f  t h e  f u e l  such 
a s  p lu ton ium,  o r  a r e  g e n e r a t e d  by t h e  f i s s i o n  p r o c e s s .  

T r i t i u m ,  however,  i s  n o t  o n l y  formed by t e r n a r y  f i s s i o n  
b u t  i s  a l s o  g e n e r a t e d  by t h e  ( n , 2 a )  r e a c t i o n  upon B10 t h a t  i s  
c o n t a i n e d  i n  t h e  c o n t r o l  r o d s ;  a  minor c o n t r i b u t i o n  comes from 
t h e  ( n , a )  r e a c t i o n  upon L i 6 ,  an  i m p u r i t y  i n  t h e  c o o l a n t .  C14 
i s  g e n e r a t e d  by r e a c t i o n s  upon i m p u r i t i e s  i n  f u e l  and c l a d d i n g ,  
main ly  v i a  t h e  ( n , p )  r e a c t i o n  upon N14. 

1 .2  R e l e a s e  from t h e  R e a c t o r  P l a n t  

T r i t i u m  c a n  d i f f u s e  th rough  s t a i n l e s s  s teel  and t h u s  r e a c h  
t h e  sodium c o o l a n t .  The t r i t i u m  r e l e a s e  from t h e  f u e l  t h r o u g h  
t h e  s teel  c l a d d i n g  i s  e s t i m a t e d  a t  50 t o  90 p e r  c e n t  [VI-1 t o  
VI-31. However, t r i t i u m  i s  c h e m i c a l l y  bound by sodium a s  
sodium h y d r i d e ,  and t h e n  t r a p p e d  by f r e e z i n g  i n  t h e  sodium 
p u r i f y i n s  sys tem ( c o l d  t r a p p i n g ) .  Thus o n l y  a  s m a l l  s h a r e  of  
t h e  t r i t i u m  g e n e r a t e d  i n  t h e  r e a c t o r ,  amount ing t o  something on 
t h e  o r d e r  of  one p e r  c e n t ,  can  e s c a p e  t o  t h e  env i ronment .  It  i s  
c o n s e r v a t i v e l y  e s t i m a t e d  t h a t  350 Ci /GW(e)*yr  e a c h  g o e s  i n t o  t h e  
a tmosphere  and t h e  l i q u i d  e f f l u e n t s .  The rest of  t h e  o r d e r  of  
25 kCi/GW(e)*yr i s  bound a s  Na-hydride w a s t e  i n  t h e  sodium 
p u r i f y i n g  sys tem ( c o l d  t r a p s ) ;  it i s  p u t  t o  w a s t e  s t o r a g e ,  
t o g e t h e r  w i t h  o t h e r  sodium i m p u r i t i e s  and c o r r o s i o n  p r o d u c t s .  



I t  i s  p r e s e n t l y  no t  expected t h a t  t h e  r e l e a s e  of C14 from 
t h e  r e a c t o r  p l a n t  w i l l  be i n  s i g n i f i c a n t  q u a n t i t i e s .  

The noble gases  Kr85 and Xe133 can reach t h e  cover gas 
of t h e  primary c i r c u i t s  of an LMFBR p l a n t  on ly  i f  some of t h e  
f u e l  rods  ( < l  qoo) have f a i l e d .  A rod f a i l u r e  below 0.1 p e r  cen t  
i s  s t i l l  cons idered  normal ope ra t ion .  

The noble gases  f i n a l l y  e n t e r  t h e  cover gas  p u r i f i c a t i o n  
system, where they  a r e  absorbed i n  one o r  more cha rcoa l  beds. 
This  abso rp t ion  e f f e c t i v e l y  de lays  t h e  flow of t h e  noble gases  
of t h e  o rde r  of days,  t h e  o v e r a l l  d e l a y  t ime f o r  Xe being more 
than  t e n  t imes  l a r g e r  than  t h a t  f o r  krypton.  The noble gases  
l eav ing  t h e  cha rcoa l  beds may be sepa ra t ed  from t h e  cover gas  
by f r a c t i o n a l  d i s t i l l a t i o n  and c o l l e c t e d ,  f i n a l l y  t o  be e i t h e r  
b o t t l e d  o r  r e l e a s e d  t o  t h e  atmosphere under s t r i c t  observat ion  
of t h e  r e g u l a t i o n s  f o r  pe rmiss ib l e  r a d i o a c t i v e  r e l ,  -ases .  

In  a d d i t i o n  t o  t h i s  c o n t r o l l e d  p u r i f i c a t i o n  of t h e  cover 
gas ,  leakages  of noble gases  from t h e  primary system must a l s o  
be taken i n t o  account.  P rov i s ions  may a l s o  be made f o r  de lays  
on t h i s  pa th .  

For t h e  r e a c t o r  s t a t i o n s  p r e s e n t l y  under c o n s t r u c t i o n ,  r e -  
l e a s e s  a r e  es t imated  t o  be of t h e  o r d e r  of 300 Ci/GW(e).yr f o r  
Kr85, and about  4000 Ci/GW(e).h f o r  Xe133 [VI-41. I t  i s  a n t i -  
c i p a t e d  t h a t  wi th  f u r t h e r  ref inements  they  can be reduced by 
a f a c t o r  1000 o r  more [VI-1 I .  

Iodine  i s o t o p e s  a r e  important  f o r  t h e  man-food c y c l e ;  
he re  I129 and I131 have t o  be cons idered .  These i s o t o p e s  
may be r e l e a s e d  from f a i l e d  f u e l  rods .  However, i od ine  then  
r e a c t s  wi th  sodium t o  become NaI, which i s  t rapped by f r e e z i n g  
i n  t h e  co ld  t r a p e s  of t h e  sodium p u r i f i c a t i o n  system. Small 
amounts of it can reach t h e  cover gas  of t h e  primary-coolant 
system and escape  t o  t h e  environment, fo l lowing i t s  c o l l e c t i o n  
i n  s t o r a g e  t anks  f o r  c o n t r o l l e d  r e l e a s e .  While t h e  r e l e a s e  of 
I129 may be neglec ted ,  I131 r e l e a s e s  can be of t h e  o r d e r  of 
lo-' Ci/GW ( e )  y r  [VI-31 . 

The amounts of plutonium and of o t h e r  a c t i n i d e s  t h a t  l eave  
a r e a c t o r  p l a n t  under normal o p e r a t i n g  c o n d i t i o n s  a r e  n e g l i g i b l e ,  
compared t o  t h e  emission of a c t i n i d e s  by r ep rocess ing  and f a b r i -  
c a t i o n  p l a n t s .  

Table V I - I  shows t y p i c a l  va lues  of  annual  product ion  r a t e s  
f o r  major non-fuel  nuc l ides .  Table V I - I 1  g i v e s  a summary of 
t h e  main r a d i o a c t i v i t y  r e l e a s e s  from a r e a c t o r  power p l a n t  
d u r i n g  normal ope ra t ion  [ a f t e r  VI-51. 



Table  V I - I :  Typ i ca l  Values of  Annual P roduc t ion  Rates  f o r  Non- 
f u e l  Nucl ides  of  Major Concern With Respect  t o  Routine Emissions 

Table  V I - 1 1 :  Released R a d i o a c t i v i t y  During Normal Opera t ion  
of an LMFBR Power P l a n t  

P roduc t ion  Rate 
(Ci /GW ( e )  y r )  

3.8 l o 4  

10 

1  l o 5  

6 l o 5  

0.5 

1.7 l o 7  

3  * l o 7  

H 3  

C14 

Kr85 

Sr90 

I129 

I131 

Xe133 

* Conse rva t i ve  numbers f o r  r e a c t o r s  be ing  p r e s e n t l y  b u i l t .  

H a l f - l i f e  

12.3 Y r  

5736 Y r  

10.8 Y r  

28.5 Y r  

1.5 * l o 7 y r  

8.0 day 

5.3 day  

H3 

Kr85 

Xe133 

I131 

1 .3  Normal Opera t ing  Losses from t h e  Reprocess ing  P l a n t  

I n  t h e  r e p r o c e s s i n g  p l a n t  t h e  f u e l  e l emen t s  a r e  chopped 
i n t o  p a r t s  o f  two t o  t h r e e  cm l e n g t h ,  which a r e  p u t  i n t o  d i s -  
s o l v e r s  f i l l e d  w i t h  n i t r i c  a c i d .  During t h e  chopping p r o c e s s  
most of t h e  v o l a t i l e  f i s s i o n  p roduc t s  a r e  r e l e a s e d .  With pro-  
p e r  t r e a t m e n t  of t h e  o f f -ga s  it i s  p o s s i b l e  t o  avoid  uncon t ro l l ed  
e scape  t o  t h e  environment .  The s p e n t  f u e l  i s  t h e n  d i s s o l v e d  i n  

Release  Rate 
(Ci /GW ( e )  y r )  

I n t o  t h e  Atmosphere 

350 

0.4 (300*) 

0.03 (4200*) 

0.01 

I n t o  Water 

350 
- 
- 

0.01 



n i t r i c  a c i d ,  p u t t i n g  t h e  remaining f i s s i o n  p roduc t s  a s  w e l l  a s  
t h e  f u e l  i s o t o p e s  and h ighe r  a c t i n i d e s  i n t o  s o l u t i o n .  I t  i s  
assumed t h a t  du r ing  t h e  d i s s o l u t i o n  p roces s  t h e  C14 gene ra t ed  
i n  t h e  r e a c t o r  i n  p a r t  forms C02 and i n  p a r t  o r g a n i c  compounds. 
The C02 and t h e  v o l a t i l e  o r g a n i c  compounds a l s o  e n t e r , t h e  o f f -  
g a s .  

E f f o r t s  a r e  t o  be made t o  t r ans fo rm a l l  t h e  C14 a v a i l a b l e  
i n t o  C02 s o  t h a t  it be t r e a t e d  i n  a  s i m i l a r  way a s  t h e  noble 
g a s e s  ( c ryogen ic  d i s t i l l a t i o n )  . 

The noble  g a s e s ,  i n  p a r t i c u l a r  Kr85, a r e  s e p a r a t e d  through 
c o n t a c t  w i t h  a  f luorocarbon s o l v e n t  a t  low t empera tu re s .  Thus 
t h e  a c t i v i t y  due  t o  t h e  noble  gases  i s  e a s i l y  reduced by a  
f a c t o r  of t e n ,  whi le  a  f a c t o r  of  more t han  one hundred seems 
ach ievab le .  

For i o d i n e ,  a  r e t e n t i o n  f a c t o r  of about  200 i s  a t t a i n a b l e  
w i t h  p r e s e n t  f i l t e r i n - g  t echn iques .  With improved f i l t e r i n g  
t echn iques  [VI-6, and VI-71, o r  v i a  t h e  Iodox p r o c e s s ,  which 
l e a d s  t o  concen t r a t ed  i o d i n e  was te ,  t a r g e t  r e t e n t i o n  f a c t o r s  
of t h e  o r d e r  of l o 4  seem w i t h i n  r each  [VI-81. 

Most of t h e  t r i t i u m  (70 t o  90 pe r  c e n t )  a l r e a d y  e scapes  
from t h e  f u e l  rods  whi le  t hey  a r e  s t i l l  i n  t h e  r e a c t o r .  The 
remainder  i s  d i s t r i b u t e d  o v e r  t h e  l i q u i d  (65 p e r  c e n t )  and 
gaseous  (25 p e r  c e n t )  e f f l u e n t s  of t h e  p l a n t ,  and a  minor p o r t i o n  
(10 p e r  c e n t )  e n t e r s  t h e  s o l i d  waste.  

The confinement  9f p lu tcn ium and o t h e r  a c t i n i d e s ,  n o t a b l y  
americium and curium, i s  one of t h e  s a l i e n t  de s ign  f e a t u r e s  of 
a  r e p r o c e s s i n g  p l a n t .  Ta rge t  confinement  f a c t o r s  f o r  f u t u r e  
l a r g e - s c a l e  r ep roces s ing  p l a n t s  w i l l  be 2  l o 9  [VI-11. Th i s  
may be demanding. On t h e  b a s i s  of  measurements by t h e  P u b l i c  
Hea l th  S e r v i c e  a t  t h e  NFS p l a n t  a t  West V a l l e y ,  New York [VI-91, 
an approximate c a l c u l a t i o n  can be made where t h e  p l a n t  con f ine -  
ment f a c t o r  f o r  a i r b o r n e  plutonium i s  s e t  a t  about  2  * l o 9  du r ing  
a  28 day p e r i o d  of cont inuous  f u e l  d i s s o l v i n g  and r e p r o c e s s i n g  
[VI-91. Yet it may s t i l l  be demanding t o  ach i eve  a  containment  
f a c t o r  of t h e  o r d e r  of 2  10' f o r  t h e  r o u t i n e  o p e r a t i o n  of a  
l a r g e  r e p r o c e s s i n g  p l a n t .  

Table V I - I 1 1  ( a f t e r  [VI-51) summarizes t h e  p r e s e n t l y  a n t i -  
c i p a t e d  r a d i o a c t i v e  r e l e a s e s  of a  r e p r o c e s s i n g  p l a n t  du r ing  
normal o p e r a t i o n .  

1.4 Normal Opera t ing  Losses from t h e  F a b r i c a t i o n  P l a n t  

F i s s i o n  p roduc t s ,  o r  a c t i v a t i o n  p roduc t s  such a s  C14, o r  
t h e  Cm i s o t o p e s  do  n o t  e n t e r  t h e  f a b r i c a t i o n  p l a n t .  I ts  
r a d i o a c t i v e  i n v e n t o r y ,  t h e r e f o r e ,  i s  l i m i t e d  t o  t h e  n u c l i d e s  
con ta ined  i n  t h e  f r e s h  f u e l .  The e s t i m a t e  of t h e  r e l e a s e s  from 
a  mixed-oxide p l a n t  i s  based on t h e  t r ansmis s ion  f a c t o r s  of 



Table VI-111: Main Activities of Effluents from a Fuel Re- 
processing Plant Related to the Generation of 
1 GW(e)-yr (reprocessing one year after removal 
from reactor) 

HEPA filters of lo-'. If it is further assumed that 0.1 per cent 
of the plant's throughput becomes airborne, both numbers would 
combine to a confinement factor of 10" . This is in part due 
to the less aggressive atmosphere in a fabrication plant. AS the 
amounts of fuel throughputs per GW(e)-yr are similar in both re- 
processing and fabrication, one may conclude that the radioactive 
releases from a fuel fabrication plant to the environment are com- 
paratively low. But one should not overlook other pathways for the 
plutonium to escape. For instance, Pu-contaminated scrap must be 
handled with extreme care if a confinement factor of 10'' is to be 
maintained for the fabrication plant as a whole. Nevertheless, 
confinement factors of 4 10LO have already experimentally been 
confirmed in pilot plants in operation [VI-101. Blaylock et al. 
reported confinement factors of 1.3 1011 [VI-111, whereas,in 
the ERDA report WASH-1535 [VI-11 a confinement factor of 10 is 
assumed. A confinement factor of 2.5 10" for Pu release to 

Nuclide 

H 3 (B 

Cl4 (0) 

~ r 8 5  (0) 

1129 ( 8 )  
Pu238 (a) 

Pu239 (a) 

Pu240 (a) 

Pu241 (0) 

~ ~ 2 4 2  (a) 

Am241 (a) 

Am243 (a) 

cm242 (a) 

cm244 (a) 

Total a Activity 

Confinement 
Factor 

(annual flow/ 
annual release) 

1.1 

10 

10 

2 lo2 
2 - lo9 
2 .  109 

2 lo9 
2 .  109 

2 .  109 

2 lo9 
2 109 

2 109 

2 109 

Activity 
(Ci/GW (e) 

Gaseous 
Effluents 

3 lo3 
5 lo-' 
1.6 10' 

3.5 - lo-3 
1.2 . lo-4 
3.5 lo-' 
4 

4.8 

1 . lo-' 
2 

0.5 . lo-= 
1.4 

1.5 . 

3.7 

. yr) 
Liquid 

Effluents 

a lo3 



water is reported for a 300 t/yr fabrication plant [VI-101. 
For the purposes of this paper we assume that an overall 
confinement factor of 2 101° can be attained. 

For the uranium-oxide fabrication plant (blanket elements), 
target confinement factors of lo6 are sufficient. Confinement 
factors of 5 10' for U releases to the atmosphere were re- 
ported [VI-11. Detailed data from the German fuel-fabrication 
plant RBU show confinement factors of 1.1 10' [VI-121. Target 
confinement factors of lo6 are within reach. 

Table VI-IV gives a summary of the a activities expected 
to be released from a fuel fabrication plant [VI-51. 

Table VI-IV: Activities Due to Releases from a Fabrication Plant 

1.5 Releases in the Fuel Cycle as a Whole 

U isotopes 

a-emitting 
Pu isotopes 

Pu241 ( 0 )  

Am241 + Am243 

Total 
a-activity 

Figure VI-1 summarizes the assumed yearly releases per 
GW(e) in the fuel cycle as a whole. Contrary to the,anticipated 
fusion-reactor designs, the technical installations for the 
fuel cycle are expected to be dispersed and not to be concentrated 
in one place. Later on (Chapter VII-1) we will elaborate further 
on this point, as this does not need to be the case. 

It is now important to balance the releases given in Figure 
VI-1 aoainst a yardstick. The US Environmental Protection 
Agency (EPA) has proposed to restrict releases to the following 
levels [VI-131 : 

Gaseous Effluents 

Confinement 
Factor 

- .  

lo6 

2 10'' 

2 • lo1" 

2 l o l o  

Liquid Effluents 

Activity 
(Ci/GW(e) -yr) 

8 

1.9 lo-' 

4.8 lo-4 

6 lo-' 

2.7 lo-5 

Confinement 
Factor 

2 . lo4 
2 10l0 

2 1O1O 

2 10l0 

Activity 
(Ci/GW (e) .yr: 

4.5 lo-4 

1.9 lo-' 
4.8 

6 

4.7 lo-4 



5131 ( 0 )  0.01 
5129 ( 0 )  NEGLIGIBLE 

- 
RELEASE IN- 
TO WATER 

C14 ( 0 )  5.0-10' 
Kr85 ( 0 )  1.6.10' 
5129 ( 0 )  3.5-10-' 
Pu238 (a )  1.2.10-' 
Pu239 ( a )  3.5-10-~ 
Pu24O ( a )  4.0.10-~ 
Pu24l ( 8 )  5.0-10-' 
Pu242 ( a )  1.0-lo-' 
Am241 (a) 2.0-10-~ 
Am243 ( a )  0.5.10-~ 
Cm242 (a )  1.4.10-: 
Cm244 (a) 1.5-10- 

U-ISOTOPES 
a-EMITTING Pu-ISOTOPES 1.9.1q-5 
Pu241 
-241 + Am243 ( a )  6.0.10-" 

Figure VI-1: Operational Releases of an LMFBR Fuel Cycle 
(Ci/GW(e) - yr) 

a emitters combined of 
Pu239 and other a-emit- 
ting transuranium iso- 
topes 0.5 mCi/GW(e) -yr 

Although these standards are still under debate, let us 
compare them with the numbers of Figure VI-1. 



The reprocessing facility holds the greatest share. With 
the assumed confinement factor of 2 lo9 its releases are 
about 0.4 mCi/GW(e).yr, and the contributions from the other 
facilities are insignificant. For iodine 129, the assumed con- 
finement factor of 10' permits to stay well within the limit 
of 5 mCi/GW(e)-yr. 1129 releases from the LMFBR plant are 
negligible. The confinement factor of 10 assumed for krypton 
puts the effluents below the contemplated limit of 50,000 
ci/CW (e ) - vr. 

It is presently debated whether the criteria for the Pu 
fuel cycle should be expressed not in terms of releases but in 
terms of whole-body dose rates of radiation, and figures of 
25 mrem/yr are mentioned. This then includes consideration of 
the pathways in the analysis. For plutonium and iodine, this 
would not be simply an easy calculation of atmospheric dilution. 
We refrain from doing this in this paper, but what has been 
said illustrates how deeply such regulatory considerations can 
influence the design of fuel-cycle facilities and the build-up 
of the entire fuel cycle. 

2. ROUTINE RELEASES OF RADIOACTIVITY FROM FUSION REACTORS 

2.1 Tritium 

The principal radioactive substance that will be rqleased 
during routine operation of fusion power plants is tritium. 
As noted above, the inventory of tritium in the most recent 
TOKAMAR conceptual fusion-reactor designs is on the order of 
10 kg (= 10' Ci) per 10 MW (th) . This very considerable in- 
ventory, combined with the propensity of tritium gas to diffuse 
through metals and the difficulty of separating tritiated water 
from ordinary water, poses a non-negligible problem to fusion- 
reactor designers. In this subsection we briefly review the 
relevant physical and biological characteristics of tritium, 
and mention some of the technological approaches that are being 
considered to minimize routine tritium emissions in fusion- 
reactor operation. The question of larger, accidental re- 
leases of tritium is taken up in Chapter VII. 

Tritium (H3, commonly written T) disintegrates by f3 decay 
(Emax = 18.6 keV, E = 5.7 keV) with a half-life of 12.26 yr, 
yielding the stable daughter He3. Chemically, tritium behaves 
like hydrogen; it typically occurs in the forms HT (tritiated 
hydrogen gas) and HTO (tritiated water), less commonly as T2 
and T20, and it can replace ordinary hydrogen in the whole 
array of organic and inorganic compounds containing that element 
Because the mass ratio of tritium to hydrogen differs from 
unity by a large factor (in sharp contrast to pairs of isotopes 
of heavier elements), tritium is significantly discriminated 
for or against (as compared with hydrogen) in a variety of 
physical and biophysical processes (diffusion, vaporization, 



u p t a k e  i n t o  o r g a n i c  compounds, e t c . ) .  N e v e r t h e l e s s ,  t h e  net 
e f f e c t  o f  such  d i s c r i m i n a t i o n  i n  most  b i o l o g i c a l  s y s t e m s  a p p e a r s  
t o  be s m a l l .  

I n  g e n e r a l ,  t h e n ,  t h e  f a t e  o f  tritium i n  t h e  env i ronment  
c a n  b e  r a t h e r  a c c u r a t e l y  p r e d i c t e d  by assuming t h a t  it g o e s  
where hydrogen g o e s ,  e i t h e r  a s  t h e  g a s  o r  a s  t h e  o x i d e .  There  
i s  no  e v i d e n c e  t h a t  T  i s  c o n c e n t r a t e d  i n  food c h a i n s ;  i n  
o t h e r  words ,  t h e  r a t i o  o f  grams o f  T  t o  grams o f  H d o e s  n o t  
i n c r e a s e  from lower  t r o p h i c  l e v e l s  t o  h i g h e r  o n e s  [VI-141. 
There  a r e ,  however,  some d a t a  f o r  s m a l l  mammals i n d i c a t i n g  
t h a t  t h e  T/H r a t i o  i n  hydrogen t h a t  i s  i n c o r p o r a t e d  i n  o r g a n i c  
compounds i n  t i s s u c  e x c e e d s  t h e  r a t i o  i n  t i s s u e - f r e e  w a t e r  by 
a b o u t  50 p e r  c e n t .  E x t r a p o l a t i o n  of  t h e s e  r e s u l t s  t o  man would 
s u g g e s t  t h a t  t h e  models  c u r r e n t l y  used by t h e  r e s p o n s i b l e  
n a t i o n a l  and i n t e r n a t i o n a l  b o d i e s  may y i e l d  body b u r d e n s  and 
c o n c o m i t a n t  d o s e s  from T, i n  a  s i t u a t i o n  o f  c o n t i n u o u s  low- 
l e v e l  e x p o s u r e ,  t h a t  a r e  t o o  low by a  f a c t o r  of  p e r h a p s  1 .8  
[VI-141. 

The MPC f o r  t r i t i u m  r e f l e c t s  t h e  f a c t  t h a t  it i s  f a r  more 
d a n g e r o u s  i n  o x i d e  t h a n  i n  e l e m e n t a l  form. For  HT and T z , , t h e  
MPC i n  a i r  f o r  c o n t i n u o u s  p u b l i c  e x p o s u r e  i s  4  l o m 5  Ci/m , a s  
compared w i t h  2 c i / m 3  f o r  HTO. E l e m e n t a l  hydrogen g a s  
i s  n o t  r e t a i n e d  when i n h a l e d  and i s  n o t  absorbed  t h r o u g h  t h e  
s k i n  t o  any s i g n i f i c a n t  e x t e n t .  By c o n t r a s t ,  w a t e r  t e n d s  t o  be 
i n c . o r p o r a t e d  i n  body w a t e r  when i n h a l e d  and i s  a l s o  r e a d i l y  ab- 
s o r b e d  t h r o u g h  t h e  s k i n .  I n t a k e  o f  t r i t i a t e d  w a t e r  from t h e  
env i ronment  a l s o  t a k e s  p l a c e  t h r o u g h  t h e  pathways o f  d r i n k i n g  
w a t e r  and w a t e r  c o n t a i n e d  i n  food .  

Because o f  HTO's f a r  g r e a t e r  a c c e s s i b i l i t y  t o  t h e  body a s  
compared w i t h  HT, it i s  cus tomary  t o  assume c o n s e r v a t i v e l y  i n  
h a z a r d  c a l c u l a t i o n s  t h a t  a l l  t r i t i u m  r e l e a s e d  i s  r e l e a s e d  a s  
t h e  o x i d e ,  o r  is  q u i c k l y  c o n v e r t e d  t o  t h e  o x i d e  i n  t h e  e n v i r o n -  
ment. The amount by which t h i s  p r o c e d u r e  o v e r e s t i m a t e s  t h e  
h a z a r d  i n  c a s e s  where t h e  r e l e a s e  a c t u a l l y  i s  HT i s  n o t  a c c u r a -  
t e l y  known. E q u i l i b r i u m  c o n s t a n t s  i n d i c a t e  v e r y  h i g h  con- 
v e r s i o n  o f  HT t o  HTO, b o t h  by o x i d a t i o n  and by exchange pro-  
c e s s e s ,  b u t  a v a i l a b l e  d a t a  s u g g e s t  t h a t  t h e  r a t e  c o n s t a n t s  a r e  
v e r y  s m a l l  (on t h e  o r d e r  o f  d a y s ) ,  even i n  t h e  p r e s e n c e  o f  
c a t a l y s t s  [VI-141. I t  i s  p o s s i b l e ,  t h e n ,  t h a t  t h e  h a z a r d s  t o  
humans near the sources o f  t r i t i u m  t h a t  i s  r e l e a s e d  a s  hydrogen 
g a s  a r e  o v e r e s t i m a t e d  by a s  much a s  two o r d e r s  o f  magni tude by 
t h e  a p p r o x i m a t i o n  t h a t  it i s  a l l  t r i t i u m  o x i d e .  I n  t h e  p r e s e n t  
p a p e r ,  however,  a l l  c a l c u l a t i o n s  a r e  based  on t h i s  c o n s e r v a t i v e  
a p p r o x i m a t i o n .  

Once t r i t i u m ,  i n c o r p o r a t e d  i n  w a t e r ,  h a s  e n t e r e d  t h e  body, 
t h e  e n s u i n g  h a z a r d  i s  governed by t h e  b i o l o g i c a l  h a l f - l i f e  ( t h e  
t i m e  s c a l e  on which it i s  e x c r e t e d )  and by t h e  q u a l i t y  f a c t o r  
(QF) o f  i t s  r a d i a t i o n .  The b i o l o g i c a l  h a l f - l i f e  i s  g i v e n  by 

M.  Eisenbud [VI-151 a s  9 .5  + 4.1 d a y s ,  and t h e  most  w i d e l y  used  
v a l u e  s e e m s  t o  be 1 2  d a y s .  The I n t e r n a t i o n a l  Commission on 
R a d i o l o g i c a l  P r o t e c t i o n  (ICRP) dropped i t s  v a l u e  f o r  t h e  QF 



of  t r i t i u m  from 1.7 t o  u n i t y  i n  1969, and t h e  va lue  of u n i t y  
i s  a l s o  used by t h e  US Na t iona l  Council  on Rad io log ica l  Pro- 
t e c t i o n  and Measurements (NCRP). Some evidence  has  been o f f e r e d  
i n  suppor t  of h ighe r  v a l u e s ,  b u t  i n  no c a s e  f o r  v a l u e s  g r e a t e r  
t h a n  t h r e e  [VI-141. On t h e  assumption of a  QF of  one and a 
b i o l o g i c a l  h a l f - l i f e  of 12 days ,  t h e  i n c o r p o r a t i o n  of one C i  
of T i n t o  t h e  body of  a  "s tandard"  a d u l t  human (mass = 70 kg) 
e n t a i l s  a  whole-body-dose commitment of 72 rem. Th i s  i s  i n  
agreement w i t h  a  r e c e n t  comprehensive rev iew which p u t s  f o r -  
ward a  b e s t  e s t i m a t e  of 70 rem p e r  C i  [VI-161. Many s t u d i e s  
r e p o r t  a  l a r g e r  dose ,  based on t h e  o l d  QF of  1.7 and t h e  
ex t remely  c o n s e r v a t i v e  assumption t h a t  t h e r e  i s  a " c r i t i c a l  
organ" f o r  t r i t i u m  c o n s i s t i n g  of 100 p e r  c e n t  wa te r .  (The 
pub l i shed  MPC f o r  HTO i n  a i r  i s  based on t h e s e  c o n s e r v a t i v e  
assumptions.  That  i s ,  i f  cont inuous  exposure t o  t h e  MPC, 
accoun t ing  bo th  f o r  i n h a l a t i o n  and f o r  s k i n  a b s o r p t i o n ,  i s  
assumed to-produce  a  dose  of 500 rnrem/yr, t hen  t h e  cor responding  
dose  commitment pe r  C i  of i n t a k e  i s  e a s i l y  shown t o  be about  
140 rem; t h i s  i s  j u s t  t h e  f i g u r e  one o b t a i n s  by us ing  QF 
e q u a l i n g  1.7 and an organ of 100 p e r  c e n t  wa te r . )  

Experience w i th  t r i t i u m  t o  d a t e  has  been a s s o c i a t e d  mainly 
w i t h  i t s  product ion  i n  thermonuclear  e x p l o s i o n s  (weapons t e s t s )  
and i n  n u c l e a r  f i s s i o n  r e a c t o r s .  The d a t a  f o r  f i s s i o n  r e a c t o r s ,  
i n  which t r i t i u m  a r i s e s  from t e r n a r y  f i s s i o n  and from neu t ron  
i n t e r a c t i o n s  w i t h  l i g h t  e l emen t s ,  p rovide  a  y a r d s t i c k  t h a t  
l ends  some p e r s p e c t i v e  t o  t h e  l i k e l y  f i g u r e s  f o r  f u s i o n  r e a c t o r s .  
A PWR produces on t h e  o r d e r  of  15 C i  o f  T p e r  MW(e).yr, hence 
15,000 Ci/yr  f o r  a 1000 MW(e) p l a n t  a t  100 p e r  c e n t  c a p a c i t y  
f a c t o r  [VI-171. Of t h i s  amount, about  6000 Ci /yr  would be 
d i scha rged  t o  t h e  environment i n  t h e  water  l e a v i n g  t h e  p l a n t ' s  
condensers ,  and t h e  remainder (under  p r e s e n t  p r a c t i c e s )  would be 
d i scha rged  t o  a i r  and water  a t  t h e  f  ue l - r ep roces s ing  p l a n t .  
The i n v e n t o r y  of  T i n  a  1000 MW(e) PWR is  about  20,000 C i  [VI- 
171. Thus, t h e  d i s c h a r g e  r a t e  a t  t h e  power p l a n t  i t s e l f  amounts 
t o  30 p e r  c e n t  of t h e  i nven to ry  p e r  y e a r ,  o r  about  1 l o v 3  
of t h e  i n v e n t o r y  p e r  day. P r e s e n t l y  env i s ioned  technology f o r  
advanced f i s s i o n  r e a c t o r s  (e.g. t h e  LMFBR) would reduce t h i s  
d i s c h a r g e  f a c t o r  by one t o  two o r d e r s  of magnitude, i . e . ,  t o  
between lo-' a-nd of t h e  r e a c t o r ' s  i nven to ry  p e r  day 
[VI-18, and VI- I ] .  

To o b t a i n  an e s t i m a t e  of t h e  deg ree  of  c o n t r o l  ove r  t r i t i u m  
t h a t  w i l l  be r equ i r ed  i n  f u s i o n  r e a c t o r s ,  l e t  u s  assume t h a t  
t h e  predominant r e l e a s e  pathway w i l l  be i n  t h e  wa te r  d i s cha rged  
from t h e  condensers .  Assuming t h a t  a l l  t h e  r e j e c t e d  h e a t  from 
a 2.5 GW(th) fusion-power p l a n t  o p e r a t i n g  a t  an  80 p e r  c e n t  load  
f a c t o r  and 40 p e r  c e n t  thermal  e f f i c i e n c y  i s  c a r r i e d  o f f  i n  
once-through condenser  wa te r  t h a t  i s  r a i s e d  by I O ~ C ,  t h e  annual  
th roughput  of water  i s  9 10' m 3 .  I f  t h e  requi rement  i s  t h a t  
t h e  HTO c o n c e n t r a t i o n  could  n o t  produce a  dose  g r e a t e r  t han  
5 mrem/yr i n  an  i n d i v i d u a l  t h a t  t a k e s  a l l  h i s  o r  h e r  d r i n k i n g  
water  from t h e  condenser  d i s c h a r g e ,  t h e  maximum p e r m i s s i b l e  
annual  d i s c h a r g e  of HTO, based on 70 rem/Ci i n t a k e ,  i s  l o 5  C i .  



This is about 300 Ci/day, or about one part in lo6 per day 
(four parts per 10' per year) of the 2.5 10' Ci of tritium 
in the TOKAMAK conceptual design. This degree of control is 
three orders of magnitude tighter than that in today's LWRs, 
and one to two orders of magnitude tighter than that presently 
envisaged for the LMFBR. (If one bases the calculation in 
the fusion case on the mobile part of the inventory--the 10 per 
cent in the steam system--the permissible fractional discharge 
factor goes up by one order of magnitude.) Consideration of 
discharges to the atmosphere yields similar results: Emission 
of about 150,000 Ci of HTO per year from a 30 m stack would 
produce, under average meteorological conditions at a typical 
site, a dose of 5 mrem/yr at an exclusion distance of 600 m 
(based on 70 rem/Ci and meteorological calculations in [~:-191). 
Here the required control factor is about six parts in 10 
of the inventory per year, or slightly more than one part in 
lo6 per day. If it were possible to guarantee that gaseous 
discharges were exclusively HT and Tp instead of the oxides, 
this requirement would be relaxed about two orders of magnitude. 

How will the needed degree of control in fusion reactors 
be attained? This question is receiving ever more attention 
in the increasingly detailed conceptual fusion reactor designs 
of various research groups [VI-14, VI-20 to VI-251 . 

There are two main pathways by which tritium in a fusion 
reactor could leak to the environment during normal operation. 
The first is through the heat exchangers into the steam system, 
from which the tritium can escape into the condenser-coolant 
water, and thus into the environment (as liquid HTO). The 
second is diffusion through the various containment-system 
boundaries, and eventual escape into the air around the plant 
as HT or gaseous HTO. 

Typical fusion-reactor designs have dealt with the first 
of these pathways by making the fuel-extraction system (which 
removes tritium from the primary coolant) large enough and 
efficient enough to hold the T concentration in the primary 
coolant to very low levels; this low T concentration then 
limits the diffusion of T into the intermediate coolant loop 
(if any), and from there into the steam system. Design values 
for T release by this pathway on the order of one to two Ci per 
day per 1000 MW (th) have been reported [VI-1 9, and VI-201 . 
The second pathway generally has been regarded as being easier 
to control, and the resulting emissions have been predicted 
to be significantly smaller. The approaches used include 
separating hot T inventories from cold ones and making every 
design effort to minimize the former, surrounding hot T areas 
with cold metal walls, and employing copper, aluminum, or ceramic 
coatings as diffusion barriers. 

The technologies envisioned to provide the extraordinary 
degree of tritium control required in fusion reactors remain 
to be proven in practice. How difficult and how expensive 
it will be to keep track of tens of kilograms of tritium to an 



a c c u r a c y  of  one  p a r t  i n  l o 6  p e r  d a y  i n  t h e  r e a l  wor ld  o f  l e a k y  
v a l v e s ,  f a u l t y  s e a l s ,  s c r a t c h e d  d i f f u s i o n  b a r r i e r s ,  and s o  o n ,  
w i l l  n o t  r e a l l y  be known u n t i l  we have  t r i e d  it. 

2 . 2  Rout ine  R a d i a t i o n  Hazards  O t h e r  Than T r i t i u m  

I n  a d d i t i o n  t o  t r i t i u m ,  r a d i a t i o n  h a z a r d s  o f  p o s s i b l e  con- 
sequence  i n  t h e  r o u t i n e  o p e r a t i o n  o f  f u s i o n  power p l a n t s  come 
from t h e  a c t i v a t i o n  p r o d u c t s  i n  t h e  r e a c t o r  s t r u c t u r e ,  t h e  
e n e r g e t i c  f u s i o n  n e u t r o n s  t h e m s e l v e s ,  and t h e  s t r o n g  m a g n e t i c  
f i e l d s  used t o  c o n f i n e  t h e  f u s i o n  plasma.  

It i s  w i d e l y  supposed t h a t  a c t i v a t i o n  p r o d u c t s  w i l l  c h i e f l y  
remain i n  p l a c e  i n  t h e  s t r u c t u r e  u n t i l  t h e  a c t i v a t e d  p a r t s  a r e  
removed f o r  r e p r o c e s s i n g  o r  d i s p o s a l .  Some o f  t h e  m e t a l s  i n -  
v o l v e d  form o x i d e s  t h a t  a r e  much more v o l a t i l e  a t  o p e r a t i n g  
t e m p e r a t u r e s  t h a n  t h e i r  e l e m e n t a l  forms. The e x t e n t  t o  which 
l o s s e s  o f  t h e s e  v o l a t i l e  o x i d e s  w i l l  c o n t r i b u t e  t o  r a d i o a c t i v e  
r e l e a s e s  from t h e  p l a n t  and o c c u p a t i o n a l  e x p o s u r e s  i n s i d e  must 
s t i l l  b e  i n v e s t i g a t e d .  A non-ox id iz ing  a tmosphere  i n  c o n t a c t  
w i t h  t h e  a c t i v a t e d  s t r u c t u r e  migh t  b e  n e c e s s a r y .  One must  
n o t e  t h a t ,  even when f i x e d  s o l i d l y  i n  p l a c e ,  a c t i v a t i o n  p ro-  
d u c t s  t h a t  e m i t  p e n e t r a t i n g  y r a y s  p o s e  a  p o t e n t i a l  h a z a r d  
t o  workers  i n  and n e a r  t h e  p l a n t .  

S i n c e  t h e  o b j e c t i v e  i n  D-T f u s i o n  r e a c t o r s  i s  t o  h a r n e s s  
t h e  14 MeV f u s i o n  n e u t r o n s  f o r  t r i t i u m  b r e e d i n g  and t h e r m a l  
e n e r g y  c o n v e r s i o n ,  t h e r e  i s  a  s t r o n g  economic i n c e n t i v e  t o  
minimize t h e  e s c a p e  o t  n e u t r o n s  from t h e  b l a n k e t  r e g i o n .  I t  
i s  a l s o  e s s e n t i a l  t o  p r o t e c t  t h e  s u p e r c o n d u c t i n g  magnets  f rom 
t h e  n e u t r o n  f l u x e s .  N e v e r t h e l e s s ,  t h e  g r e a t  p e n e t r a t i n g  power 
o f  t h e  f u s i o n  n e u t r o n s  and t h e  complex geometry o f  f u s i o n - r e -  
a c t o r  i n t e r i o r s  w i l l  make it d i f f i c u l t  t o  c o m p l e t e l y  s h i e l d  
t h e  immediate  a r e a  o f  t h e  r e a c t o r .  But s u f f i c i e n t  s h i e l d i n g  
can  b e  p r o v i d e d  i n  t h e  r e a c t o r  b u i l d i n g  i t s e l f  s o  t h a t  t h e  
n e u t r o n  d o s e  outside c a n  b e  reduced  t o  any  d e s i r e d  l e v e l ;  
t h u s  n e u t r o n  e x p o s u r e  w i l l  be  an  o c c u p a t i o n a l  h a z a r d ,  b u t  
p resumably  n o t  a  p u b l i c  one.  

Magnets f o r  t y p i c a l  TOKAMAK r e a c t o r s  would p roduce  mag- 
n e t i c  f i e l d s  t h a t  e x t e n d  f a r  beyond t h e  reac tor - -500  m t o  d r o p  
t o  1  G i n  UWMAK-I, f o r  example.  P ro longed  e x p o s u r e  of  f u s i o n  
workers  t o  m a g n e t i c  f i e l d s  o f  some t e n s  o f  G i s  t o  b e  e x p e c t e d ,  
and b r i e f  e x p o s u r e s  t o  much h i g h e r  f i e l d s  a r e  p o s s i b l e .  The 
p h y s i o l o g i c a l  consequences  of p ro longed  e x p o s u r e  o f  humans t o  
s t r o n g  magne t ic  f i e l d s  a r e  n o t  known; a t  r o u t i n e  e x p o s u r e s  i n  
f u s i o n  such  e f f e c t s  may b e  n o n - e x i s t e n t ,  o r  n e g l i g i b l e ,  o r  
s i g n i f i c a n t ,  and more r e s e a r c h  i s  needed [VI-141. A t  some, 
p o s s i b l y  s i g n i f i c a n t ,  expense  t h e  m a g n e t i c - f i e l d  i n t e n s i t y  
o u t s i d e  t h e  r e a c t o r  b u i l d i n g  c o u l d  be reduced  by means o f  
s h i e l d i n g  w i t h  magne t ic  m a t e r i a l s ,  o r  by p a r t i a l  c a n c e l l a t i o n  
w i t h  a d d i t i o n a l  magnets .  



3. CONCLUSIONS 

Because the inventory of tritium is likely to be around 
250 MCi/GW(e) in fusion compared to around 0.025 MCi/GW(e) in 
the LMFBR, the degree of tritium control would have to be about 
four orders of magnitude tighter in fusion to meet the same 
requirement on environmental doses from tritium (achieving 
5 mrem/yr at the fencepost would mean tritium control to 
about 1 part in lo4 per year for a 1 GW(e) fusion plant). 

For the case of the fission breeder, the limiting factor 
is the release of a-emitters, iodine 129, and krypton. In all 
cases the reprocessing facility appears to make the largest 
contribution. Confinement factors (annual flow/annual release) 
of 2 lo9 for transuranium emitters, 2 lo4 for iodine, and a 

10 for krypton would permit meeting the regulations now under 
consideration in the US. As long as confinement factors of 10'' 
can be achieved, the fuel fabrication facilities do not seem 
to contribute significantly to the overall releases. The fast 
reactor itself is a small contributor compared to both re- 
processing plants and fuel fabrication plants. All these con- 
finement factors appear to be within reach. 

Comparing fusion and fission with respect to routine re- 
leases, the degree of control required in the most sensitive 
part of the fuel cycle (tritium in fusion reactors, transuranium 
a-emitters and iodine 129 in fission-fuel reprocessing plants) 
appears to be attainable, but it still must be demonstrated in 
daily operation of large facilities. It also remains to be 
seen in both cases what the cost burden associated with these 
controls will be. 

It is important to recognize the magnitude of the impact 
on technology of regulations concerning releases from the 
fast-breeder fuel cycle. It is necessary to define clearly 
the nature of such regulations and the specific levels that 
will have to be met, so that the technologists can adjust their 
designs accordingly. This illustrates a more general obser- 
vation. While originally the inherent technical characteristics 
of nuclear power shaped the development of the technology, 
it is now more and more also the nature of regulations and 
standards which is shaping its development. 
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V I  I .  NON-ROUTINE RELEASES 

W .  H a f e l e ,  J . P .  H o l d r e n ,  G .  Kessler 

1.  SAFETY OF FAST BREEDERS 

1.1  I n t r o d u c t i o n  

I t  i s  i m p o r t a n t  t o  r e a l i z e  t h a t  up t o  now t h e r e  have been 
t h r e e  f a i r l y  d i s t i n c t  p h a s e s  o f  d e a l i n g  w i t h  t h e  s a f e t y  a s p e c t  
o f  f a s t  b r e e d e r s .  The d e b a t e  w i t h i n  a  b r o a d e r  s c i e n t i f i c  p u b l i c  
and t h e  g e n e r a l  p u b l i c  i s  somet imes c o n f u s e d  by n o t  s u f f i c i e n t l y  
d i s t i n g u i s h i n g  t h e  o r i g i n  o f  a rguments  f rom t h e s e  t h r e e  p h a s e s .  

The f i r s t  p h a s e  may b e  viewed t o  c o v e r  t h e  y e a r s  f rom 1944 
t o  1959. Dur ing  t h i s  p e r i o d  much a t t e n t i o n  was g i v e n  t o  t h e  
i m p l i c a t i o n s  o f  a  s h o r t  n e u t r o n  l i f e t i m e ,  t h e  r e l a t i v e l y  s m a l l  
f r a c t i o n  o f  d e l a y e d  n e u t r o n s ,  t h e  d e l a y  t i m e  and r e a c t i o n  s p e e d  
o f  c o n t r o l  d e v i c e s ,  t h e  mechanism o f  a  p o s i t i v e  power c o e f f i c i e n t ,  
and  t h e  i n t e r a c t i o n  o f  t h e s e  f e a t u r e s .  The emphas i s  on t h e s e  
f a c t o r s  was enhanced  by t h e  f a c t  t h a t  a l l  o f  t h e  c o n s i d e r e d  
b r e e d e r  r e a c t o r s  w e r e  s m a l l  i n  volume and  power ( n o t  more t h a n  
6 6  M W ( e ) ) ,  and i n  p a r t i c u l a r  by t h e  f a c t  t h a t  m e t a l l i c  f u e l  
e l e m e n t s  were  u s e d ,  which a c c e n t u a t e d  t h e  a p p a r e n t  i m p o r t a n c e  
o f  c r i t i c a l i t y  e f f e c t s .  ( M e t a l l i c  f u e l  e l e m e n t s  w e r e  t h e  b e s t  
u n d e r s t o o d  t e c h n o l o g y  a v a i l a b l e  d u r i n g  t h o s e  y e a r s ,  and  f u r t h e r -  
more,  i t  was f e l t  t h a t  m e t a l l i c  f u e l  was a  n e c e s s i t y  t o  keep  t h e  
b r e e d i n g  r a t i o  s u f f i c i e n t l y  h i g h . )  R e p r e s e n t a t i v e  c f  t h i s  
p e r i o d  were  t h e  d e s i g n  a n d  o p e r a t i o n  o f  t h e  EBR-I i n  I d a h o  and 
t h e  EFFBR n e a r  D e t r o i t  (US),  t h e  DFR a t  Dounreay ( U K )  , a s  
w e l l  a s  t h e  accompanying s c i e n t i f i c  and. t e c h n o l o g i c a l  d e b a t e  [ V I I - I ] .  

A t  t h e  e n d  o f  t h e  f i f t i e s  t h e  s i t u a t i o n  o f  t h e  f a s t  b r e e d e r  
deve lopment  e x p e r i e n c e d  a  major  change:  mixed o x i d e  f u e l  was 
c o n s i d e r e d  as it i n h e r e n t l y  a l l o w e d  much h i g h e r  burn-ups ,  t h e r e b y  
g u a r a n t e e i n g  a  b e t t e r  f u e l - c y c l e  economy. A t  t h e  same t i m e  t h e  
s i z e  o f  power s t a t i o n s  ( o f  any k i n d )  went  up i n  t h o s e  y e a r s  a n d ,  
a c c o r d i n g l y ,  t h e  power o u t p u t  c o n s i d e r e d  i n  f a s t - b r e e d e r  d e s i g n  
s t u d i e s  went  up a s  w e l l .  By t h e  midd le  o f  t h e  s i x t i e s  t h e  s i z e  
e n v i s a g e d  by r e f e r e n c e  d e s i g n  s t u d i e s  was c l e a r l y  1000 M W ( e ) .  
T h i s  change  t h e n  l e d  t o  t h e  second  p h a s e  l a s t i n g  u n t i l  a b o u t  1970. 
D u r i n g  t h i s  p h a s e  t h e  new d i m e n s i o n s  f o r  t h e  d e s i g n  o f  f a s t -  
b r e e d e r  r e a c t o r s  w i t h  c e r a m i c  f u e l  e l e m e n t s  a t  1000 M W ( e )  were  



s t u d i e d  i n  d e p t h  i n  s e v e r a l  c o u n t r i e s  o f  t h e  w o r l d :  t h e  US, 
U K ,  USSR, F r a n c e ,  t h e  FRG, Belgium, I t a l y ,  and J a p a n  [VII-2 ,  
VII-31. An i n t e r n a t i o n a l  community w i t h  s t r o n g  i n t e r -  
a c t i o n  among t h e  v a r i o u s  g r o u p s  d e v e l o p e d  t h e  e l e m e n t s  and  
c o n c e p t  o f  1000 MW(e) f a s t - b r e e d e r  power s t a t i o n s .  A m a j o r  p a r t  
o f  t h a t  d e b a t e  was t h e  c o n a e p t i o n ,  i d e n t i f i c a t i o n ,  and a n a l y s i s  
o f  t h e  s a f e t y  f e a t u r e s  o f  s u c h  a  d e s i g n .  

O r i g i n a l l y  t h e  d e b a t e  a r o u n d  t h e  s i z e  a n d  s i g n  o f  t h e  
Dopple r  c o e f f i c i e n t  of mixed o x i d e  f u e l  was t h e  f o c u s  o f  a t t e n t i o n .  
T h i s  i s s u e  was r e s o l v e d  by t h e  m i d - s i x t i e s  t h r o u g h  s t u d i e s  i n  
f a s t - n e u t r o n  c r i t i c a l  f a c i l i t i e s  s u c h  a s  ZEBRA, SNEAK, MASURCA, 
and  ZPPR a n d ,  e s p e c i a l l y ,  i n  t h e  20 MW(th) f a s t - n e u t r o n  test-  
r e a c t o r  SEFOR (see C h a p t e r  1 1 1 . 1 ) .  SEFOR was d e s i g n e d ,  among 
o t h e r  t h i n g s ,  t o  measure  t h e  Dopple r  c o e f f i c i e n t  u n d e r  normal  
o p e r a t i o n  c o n d i t i o n s  and t r a n s i e n t  power c o n d i t i o n s  [VII-41. 

A f t e r  t h e  Doppler  c o e f f i c i e n t  it was t h e  sodium-void 
c o e f f i c i e n t  [VII-51 which a t t r a c t e d  much a t t e n t i o n .  Sodium 
s u p e r - h e a t  [VII-61, f u e l / s o d i u m  i n t e r a c t i o n  [VII-71,  and  f u e l  
f a i l u r e  d e t e c t i o n  [VII-81 f o l l o w e d .  A t  t h e  e n d  o f  t h a t  second  
p h a s e  a  d e s i g n  c o n c e p t  a r o s e  f rom t h e  i n t e r n a t i o n a l  d e b a t e  
w i t h i n  t h e  f a s t - b r e e d e r  community t h a t  was s a t i s f a c t o r y  t o  t h e  
d e s i g n e r s  and s o l i d  enough as a  b a s e  f o r  t h e  l i c e n s i n g  and  t h e  
c o n s t r u c t i o n  of  t h e  300 MW(e) p r o t o t y p e s  i n  t h e  USSR (BN 3501, 
UK (PFR) , F r a n c e  (PHENIX) , and  t h e  FRG (SNR 300) , w i t h  t h e  US 
p r o t o t y p e  (CRBR) a n d  t h e  J a p a n e s e  p r o t o t y p e  (MONJU) s t i l l  t o  
come. The l i c e n s i n g  o f  t h e  German SNR 300 w a s  p r o b a b l y  t h e  most 
cumbersome of  European p r o t o t y p e  l i c e n s i n g  s i n c e  it had t o  undergo  
a f u l l - f l e d g e d  commercia l  l i c e n s i n g  s c r u t i n y .  The d i f f i c u l t i e s  
o f  t h a t  l i c e n s i n g  p r o c e s s  were  a l r e a d y  i n d i c a t i v e  o f  what  t u r n e d  
o u t  t o  b e  t h e  o v e r r i d i n g  f e a t u r e  o f  t h e  t h i r d  p h a s e  o f  f a s t  
b r e e d e r  development .  T h i s  t h i r d  p h a s e  s t a r t e d  a r o u n d  1970 and 
i s  ongoing.  

The o v e r r i d i n g  f e a t u r e  o f  t h e  t h i r d  p h a s e  i s  a w i d e s p r e a d  
and  m u l t i l e v e l  approach  o f  p r o o f i n g  t h e  e l e m e n t s  o f  t h e  d e s i g n  
c o n c e p t  t h a t  a r o s e  f rom t h e  s e c o n d  p h a s e .  I n  t h i s  c o n n e c t i o n ,  
o n e  h a s  t o  r e a l i z e  t h a t  t h e  n a t u r e  o f  what  i s  c o n s i d e r e d  a p r o o f  
h a s  e v o l v e d  v e r y  s u b s t a n t i a l l y  i n  t h e  y e a r s  s i n c e  1970. Engin- 
e e r i n g  judgment was no l o n g e r  c o n s i d e r e d  s u f f i c i e n t .  The 
p r o b a b i l i t y  approach  t o  r e a c t o r  s a f e t y  w a s  i n t r o d u c e d  and r e l a t e d  
t o  t h e  c o n c e p t  o f  r e s i d u a l  r i s k s ,  e x t r e m e l y  s m a l l  i n  p r o b a b i l i t y  
b u t  v e r y  l a r g e  i n  t h e  p e r c e i v e d  consequences  [VII-9 t o  VII-111. 

The f o c u s  o f  t h e  s c i e n t i f i c  and  t e c h n i c a l  a t t e n t i o n  o f  t h e  
t h i r d  p h a s e  i s ,  t h e r e f o r e ,  t h e  d e p t h  and c r e d i b i l i t y  o f  t h e  
e x p e r i m e n t a l  and  t h e o r e t i c a l  proof o f  t h e  s a f e t y  c o n c e p t  o f  t h e  
p r e s e n t  p r o t o t y p e  and n e a r l y  commerc ia l - s i ze  LMFBR p l a n t s .  The 
p o i n t  i s  n o t  a change ,  a  new p h y s i c s  e l e m e n t ,  o r  a m a j o r  e v o l u t i o n  
o f  t h i s  s a f e t y  c o n c e p t  as s u c h .  S i n c e  1970 and ,  i n  p a r t i c u l a r ,  
f o r  t h e  l a s t  two y e a r s  many r e s u l t s  o f  s a f e t y  RSD-programs have 
been r e p o r t e d  t h a t  are overwhelmingly i n  t h e  r e a s s u r i n g  d i r e c t i o n .  
The s e q u e n c e s  o f  e v e n t s  t h a t  u n d e r l i e  t h e  s a f e t y  c o n c e p t  o f  t h e  



d e s i g n  of  mixed-oxide f a s t - b r e e d e r  r e a c t o r s  w i th  up t o  1300 MW(e) 
o u t p u t  a r e  now a  f a i r l y  complex m a t t e r .  Cont rary  t o  t h e  f i r s t  
phase of f a s t  b r e e d e r  development, s imple  l i n e s  of r ea son ing ,  
t h e r e f o r e ,  no longe r  make up f o r  t h e  concept .  I n s t e a d ,  t h e  
reasoning  i s  now complex and l a r g e l y  r e f e r s  t o  a  cons ide red  
des ign .  Th i s  i s  t h e  reason  why it was pursued e s s e n t i a l l y  w i t h i n  
t h e  f a s t - b r e e d e r  community i n  c l o s e  d i s c u s s i o n  wi th  t h e  l i c e n s i n g  
a u t h o r i t i e s .  One must admit  t h a t  t h i s  probably  d i d  n o t  i nvo lve  
s u f f i c i e n t  communication t o  t h e  s c i e n t i f i c  p u b l i c ,  which 
consequent ly  l e d  t o  what we cons ide r  misunders tandings .  

I n  t h e  fo l lowing  two s u b s e c t i o n s ,  we w i l l  p r e s e n t  t h e  s a f e t y  
concept  of mixed-oxide f a s t - b r e e d e r  r e a c t o r s  p r e s e n t l y  i n  oper-  
a t i o n  o r  under  c o n s t r u c t i o n  a s  it evolved i n  t h e  l a t e  s i x t i e s ;  
we w i l l  t h e n  p o i n t  t o  t h e  s t r o n g  exper imenta l  and t h e o r e t i c a l  
proof  suppor t i ng  t h e s e  des igns  which has  p i l e d  up p a r t i c u l a r l y  
du r ing  t h e  l a s t  few y e a r s .  Such a  review i s  neces sa ry  because 
t h i s  a c c q u l a t i o n  of  p roo f ,  which was done l a r g e l y  w i th  s t r o n g  
i n t e r n a t i o n a l  coope ra t ion ,  ha s  been a lmost  unnot iced  by t h e  broad 
t e c h n i c a l  community and t h e  p u b l i c .  

1.2 Dynamic C h a r a c t e r i s t i c s  of  F a s t  Breeders  

Dynamic c h a r a c t e r i s t i c s  of f a s t  b r e e d e r s  a r e  c h a r a c t e r i z e d  
by a  s e t  o f  c o e f f i c i e n t s  an-d c o n s t a n t s  t h a t  govern t h e  r e l a t e d  
e q u a t i o n s .  These a r e  t h e  fo l lowing :  

- t h e  e f f e c t i v e  f r a c t i o n  of de l ayed  neu t rons  B e f f ;  

- t h e  e f f e c t i v e  decay c o n s t a n t  of  de layed  neu t rons  A ;  

- l i f e t i m e  o f  t h e  prompt neu t rons  leff; 

- r e a c t i v i t y  c o e f f i c i e n t s ,  e s p e c i a l l y  t h e  Doppler 
c o e f f i c i e n t ,  t h e  f u e l  expansion c o e f f i c i e n t ,  t h e  
s t r u c t u r a l  c o e f f i c i e n t ,  t h e  coo lan t  c o e f f i c i e n t ,  
and t h e  sodium vo id  c o e f f i c i e n t .  

The e f f e c t i v e  f r a c t i o n  of de layed  neu t rons  from f i s s i o n i n g  
plutonium is 0.0035, which i s  h a l f  a s  much a s  t h e  cor responding  
va lue  i n  thermal  r e a c t o r s  f i s s i o n i n g  uranium 235. (Th i s  means 
t h a t  t h e  d o l l a r  u n i t  of r e a c t i v i t y ,  d e f i n e d  a s  t h e  c o n t r i b u t i o n  
o f  t h e  de layed  neu t rons  t o  r e a c t i v i t y .  i s  i t s e l f  h a l f  a s  l a r q e  
i n  Pu-burning LMFBRs a s  i n  0235-burning LWRs.) The r e l e v a n t  v a l u e ,  
however, i s  always t h e  r a t i o  Ak/B wi th  Ak be ing  t h e  r e a c t i v i t y  
changes t h a t  a r e  envisaged .  In  a  f a s t -neu t ron  spectrum, t h e  
Ak v a l u e s  i n  q u e s t i o n  a r e  s i g n i f i c a n t l y  s m a l l e r  t h a n  i n  a  thermal  
neu t ron  spectrum, and t h e  r a t i o  Ak/B is ,  t h e r e f o r e ,  e q u a l  t o  o r  
s m a l l e r  t h a n  t h a t  i n  t h e  ca se  of  a  thermal  r e a c t o r  [VII-121. 

The prompt neu t ron  l i f e t i m e  i n  f a s t  spec t rum c o r e s  is  about  
two o r d e r s  of  magnitude s m a l l e r  t han  i n  thermal  r e a c t o r s  (Table 
V I I - I ) .  T h i s  does  n o t  r e p r e s e n t  a  d i sadvantage  t o  t h e  dynamic 



b e h a v i o r  o f  f a s t  b r e e d e r s ,  however,  a s  c a n  be  u n d e r s t o o d  f rom 
t h e  f o l l o w i n g  e x p l a n a t i o n  o f  s u b p r o m p t - c r i t i c a l  and superprompt -  
c r i t i c a l  r e a c t i v i t y  c o n d i t i o n s  f o r  a  f a s t  r e a c t o r .  

T a b l e  V I I - I :  Comparison o f  R e a c t o r  K i n e t i c s  P a r a m e t e r s  
f o r  LWR and LMFBR [VII-141 

Under s u b p r o m p t - c r i t i c a l  c o n d i t i o n s ,  t h e  k i n e t i c  b e h a v i o r  
o f  t h e  c o r e  i s  d e t e r m i n e d  by t h e  decay  t i m e  o f  t h e  d e l a y e d  
n e u t r o n s  [VII-13 t o  VII-151. A s  c a n  be  s e e n  from Tab le  V I I - I ,  
t h e  decay  c o n s t a n t s  f o r  d e l a y e d  n e u t r o n s  o f  p l u t o n i u m  and 
uranium 235 a r e  v e r y  s i m i l a r .  T h e r e f o r e ,  t h e  c o n t r o l  b e h a v i o r  
o f  f a s t - r e a c t o r  c o r e s  under  s u b p r o m p t - c r i t i c a l  c o n d i t i o n s  i s  n o t  
d i f f e r e n t  f rom t h a t  of  t h e r m a l  r e a c t o r s  [VI I -3 ,  and VII-15 j . l'he 
d e s i g n  o f  t h e  c o n t r o l  and s h u t - o f f  s y s t e m  d o e s  n o t  pose  any 
t e c h n o l o g i c a l  d i f f i c u l t i e s ,  a s  can  be s e e n  f rom T a b l e  V I I - 1 1 ,  
where c h a r a c t e r i s t i c  d a t a  of  t h e  c o n t r o l  and s h u t - o f f  s y s t e m s  
a r e  g i v e n .  

Under s u p e r p r o m p t - c r i t i c a l  c o n d i t i o n s  Ak/B becomes > 1 .  I t  
was shown by W .  H a f e l e  i n  1963 [VII-161 t h a t  t h e  s h o r t  n e u t r o n  
l i f e t i m e ,  leff z 3.10-' s e c ,  is  a  fundamenta l  s a f e t y  problem 
o n l y  i f  t h e  power / t empera tu re  c o e f f i c i e n t  i s  p o s i t i v e .  With a  
n e g a t i v e  power / t empera tu re  c o e f f i c i e n t  t h e  o p p o s i t e  is  t r u e  
( o t h e r  t h i n g s  b e i n g  e q u a l ) .  The n e g a t i v e  Dopple r  c o e f f i c i e n t s  
o f  Pu02/U02- fue led  f a s t  c o r e s  l e a d s  t o  s h a r p l y  l i m i t e d  narrow 
power b u r s t s ,  u n t i l  t h e  d e l a y e d  n e u t r o n s  o r  t h e  mechan ica l  
movement of  t h e  f u e l  ( d i s a s s e m b l y  of  t h e  c o r e )  d e t e r m i n e  t h e  
t i m e  b e h a v i o r  [VII-12,  a n a  VII-161 . With a  s i g n i f i c a n t  n e g a t i v e  
Dopple r  e f f e c t  t h e  e n e r g y  r e l e a s e  u s u a l l y  d e c r e a s e s  w i t h  d e c r e a s i n g  
n e u t r o n  l i f e t i m e  [VII-171 . 

Pressurized 
Water Reactor 

S N R  3 0 0  
Fast Breeder 

Reactor 

I n  a d d i t i o n ,  it h a s  been shown by t h e o r y  and SEFOR e x p e r i m e n t s  
[VI I -  18 1 t h a t  l a r g e  mixed-oxide-fueled c o r e s  w i t h  more t h a n  
1000 MW(e) o u t p u t  have a  s t r o n g  n e g a t i v e  power c o e f f i c i e n t  and 
a  good c o n t r o l  s t a b i l i t y  a g a i n s t  r e a c t i v i t y  o r  c o o l a n t - f l o w  
o s c i l l a t i o n s .  I n  t h i s  c a s e ,  t h e  s t r o n g  n e g a t i v e  Doppler  c o e f f i c i e n t  

Decay Constants of Delayed Neutrons A i s e c - ' )  

l e f f  (set) 

2 . 5 ' 1 0 - 5  

u . 5 . 1 0 - '  

$ e f f  P 1 ( 8 )  

0 . 0 0 5  - 0 . 0 0 7  

0 . 0 0 3 5  

F u e l  

" 2 3 5  

Pu279 

' 3  

0 . 1 1 6  

0 . 1 3 7  

A ,  

0 . 0 1 2 7  

0 . 0 1 2 9  

i 2  

0 . 0 3 7 7  

0 . 0 3 1 1  

' 4  

0 . 3 1 1  

0 . 3 3 1  

? 5  

1 . 0 0  

1 . 2 6  

'6 

3 . 8 8  

3 . 2 1  



Table V I I - 1 1 :  Comparison of Design C h a r a c t e r i s t i c s  f o r  Cont ro l  
and Shut-off  Systems f o r  PWR and LME'BR 

t o g e t h e r  w i th  t h e  n e g a t i v e  s t r u c t u r a l  and f u e l  expansion c o e f f i c i -  
e n t s  dominate t h e  p o s i t i v e  void  c o e f f i c i e n t  [VII-12, and VII-191. 
A p o s i t i v e  fuel-element-bowing c o e f f i c i e n t ,  a s  it was found i n  
EBR-I  i n  t h e  e a r l y  days of  f a s t  r e a c t o r  des ign  [VII-201, is  
always avoided now i n  l a r g e  f a s t  c o r e s  by t h e  p rope r  des ign  of 
a  s teel-honeycomb-structure of t h e  co re  w i th  i n t e r n a l  suppor t  
p l a t e s  and c o r e  r e s t r a i n t  systems [VII-211. 

Speed of  Control-Rod cm/sec 
Movements 1  0-' $ / s ec  

Speed of Shut-off  
Rod Movements cm/sec 

Delay Time P r i o r  t o  
React ion o f  Shut-off  
System s e c  

Time Span f o r  F u l l  
I n s e r t i o n  of Shut- 
o f f  Rods i n  Core s e c  

R e a c t i v i t y  of Shut- 
o f f  Rod System Ak $ 

R e a c t i v i t y  o f  Shim- 
rod  of  Boron System Ak $ 
(Burn-up ) 

I n  conc lus ion  (and con t r a ry  t o  a  widespread impress ion)  one 
can s t a t e  t h a t  t h e  c o n t r o l  behavior  o f  f a s t  r e a c t o r s  does no t  
s i g n i f i c a n t l y  d i f f e r  from t h a t  o f  thermal  r e a c t o r s .  The e l e c t r o -  
mechanical  de s ign  of t h e  scram and c o n t r o l  d e v i c e s ,  t h e r e f o r e ,  
is  very  s i m i l a r  t o  t h a t  o f  thermal  r e a c t o r s ,  a s  can be  seen  from 
Table  V I I - 1 1 .  

PWR 
(1300 MW(e) ) 

1 
2.5 

156 

0.2 

2.5 

11 

19 

F a s t  Breeder 
SNR 300 

1 . 2  
4.2 

85-190 

0.2 

0.5-0.7 

10 

7  



1 . 3  A c c i d e n t  Chains  

A c c i d e n t  c h a i n s  f o r  f a s t  b r e e d e r  r e a c t o r s  a r e  c o n s i d e r e d  
on two l e v e l s :  

( a )  r e a l i s t i c  a c c i d e n t s :  Such a c c i d e n t s  a r e  known t o  
b e  c o n c e i v a b l e .  Concep t ion  o f  s u c h  a c c i d e n t s  
d o e s  i n c l u d e  c h a i n s  o f  a c c i d e n t a l  e v e n t s  t h a t  
a r e  o f  low p r o b a b i l i t y ;  

( b )  h y p o t h e t i c a l  a c c i d e n t s :  Concep t ion  o f  such 
a c c i d e n t s  i n c l u d e s  b o t h  

- c h a i n s  o f  a c c i d e n t a l  e v e n t s  t h a t  a r e  n o t  
proven t o  be i n c o n c e i v a b l e ,  and 

- c h a i n s  o f  a c c i d e n t a l  e v e n t s  t h a t  a r e  
u l t i m a t e l y  c o n c e i v a b l e  b u t  have a  p roba-  
b i l i t y  of  o c c u r r e n c e  t h a t  i s  below a  
p r e d e t e r m i n e d  l e v e l .  

The problem o f  p r e d e t e r m i n i n g  l e v e l s  o f  p r o b a b i l i t y  f o r  h y p o t h e t -  
i c a l  a c c i d e n t s  i n  t h e  absence  o f  t h e  a p p l i c a b i l i t y  o f  t h e  t r i a l  
and e r r o r  approach h a s  been  d e a l t  w i t h  i n  some d e p t h  by W .  H a f e l e  
[VII-101. I t  s h o u l d  b e  n o t e d  t h a t  h y p o t h e t i c a l  e v e n t s  a r e  a n a l y z e d  
e x p l i c i t l y  h e r e  (and  i n  LMFBR l i c e n s i n g  p r o c e d u r e s  i n  Western 
c o u n t r i e s ) ,  and a r e  n o t  e l i m i n a t e d  f rom c o n s i d e r a t i o n .  

R e a l i s t i c  a c c i d e n t s  a r e  c o v e r e d  by t h e  a d e q u a t e  c h o i c e  o f  
c o r e  s a f e t y  p a r a m e t e r s  a s  w e l l  a s  by a  p r o p e r  d e s i g n  o f  i n s t r u m e n t  
c o n t r o l  o f  shut-down sys tems  ( F i g u r e  V I I - 1 ) .  H y p o t h e t i c a l  
a c c i d e n t s  a r e  c o v e r e d  by t h e  s t r e n g t h  of t h e  p r imary  c o o l i n g  
s y s t e m  ( r e a c t o r  v e s s e l )  and t h a t  o f  t h e  s u r r o u n d i n g  con ta inment  
sys tem,  a s  w i l l  b e  e x p l a i n e d  below. S a f e t y  a n a l y s i s  on t h e  l e v e l  
o f  c o n c e i v a b l e  r e a l i s t i c  a c c i d e n t s  i s  n o t  r e a l l y  t h e  p o i n t  of  
t h i s  p a p e r ,  inasmuch a s  t h e  concern  o f  t h e  p u b l i c  and t h e  b r o a d  
t e c h n i c a l  community i s  more w i t h  l a r g e  h y p o t h e t i c a l  e v e n t s .  

W e  w i l l ,  t h e r e f o r e ,  p r i m a r i l y  d i s c u s s  t h e  s a f e t y  q u e s t i o n s  
of  p o s s i b l e  c o o l a n t  b l o c k a g e s  w i t h i n  f u e l  e l e m e n t s ,  t h e  p o t e n t i a l  
o f  f a s t  r e a c t o r s  f o r  c o r e  compact ion,  a n d  t h e  d e s i g n - b a s i s  
c r i t e r i a .  

1 . 4  C o o l a n t  Blockages  and Subsequent  Core Compaction 

There  i s  one l i n e  o f  e v e n t s  t h a t  i s  sometimes r e f e r r e d  
t o  a s  be ing  h y p o t h e t i c a l  i n  t h e  above s e n s e .  I t  i s  t h e  
f o l l o w i n g :  

( a )  c o o l a n t  b lockage  i n  f u e l  e l e m e n t s ;  

( b )  i n i t i a t i o n  o f  l o c a l  b o i l i n g  of  sodium i n  
t h e  c o n s i d e r e d  f u e l  e l e m e n t ;  

(c) damage p r o p a g a t i o n  w i t h i n  t h e  c o n s i d e r e d  
f u e l  e lement ;  



BY DESIGN OF CORE 

PROBABILITY OF OCCURENCE PER YEAR 

F i g u r e  VII-1: R e a l i s t i c  and  H y p o t h e t i c a l  A c c i d e n t s  

( d l  i n t e g r a l  g r o s s  b o i l i n g  i n  t h e  c o n s i d e r e d  
f u e l  e l e m e n t ;  

( e )  melt-down o f  t h e  f u e l  i n  t h e  c o n s i d e r e d  
f u e l  e lement ,  and sodium-f u e l  i n t e r a c t i o n  ; 

(f) p r e s s u r e  b u i l d - u p ,  d e f o r m a t i o n  o f  l a r q e r  p a r t s  
o f  t h e  c o r e ,  and  c o h e r e n t  compact ion.  

There  was t h e  argument t h a t  i f  t h i s  sequence  o f  e v e n t s  ( a )  
t h r o u g h  (f) c o u l d  happen a n d ,  f u r t h e r ,  i f  t h i s  were  t o  t a k e  
p l a c e  w i t h  p r e c i s e  c o h e r e n c e  i n  a  l a r g e r  number o r  r a t h e r  a  
comple te  r i n g  o f  e l e m e n t s ,  t h i s  c o u l d  l e a d  t o  a  major  and 
d i s a s t r o u s  e n e r g y  r e l e a s e .  T h i s  argument  was p u t  f o r w a r d  i n  
p a r t i c u l a r  by E. T e l l e r  [VII-221. 

E x p e r i m e n t a l  and T h e o r e t i c a l  Evidence A g a i n s t  T h i s  
Conceived H y p o t h e t i c a l  A c c i d e n t  Cha in  

(a) C o o l a n t  Blockage i n  F u e l  E lements  

L o c a l  b o i l i n g  can o n l y  b e  i n i t i a t e d  i f  t h e  c o o l a n t  v e l o c i t y  
i s  d e c r e a s e d  by c o o l a n t  b l o c k a g e s  w h i l e  t h e  h e a t  f l u x  a c r o s s  t h e  
f u e l  r o d  s u r f a c e  remains  c o n s t a n t .  Two t y p e s  of c o o l a n t  b l o c k a g e s  
must b e  d i s t i n g u i s h e d :  

- b l o c k a g e  a t  t h e  c o o l a n t  i n l e t  o f  t h e  f u e l  e lement ;  

- b l o c k a g e  a t  g r i d  s p a c e r s  w i t h i n  t h e  f u e l  e l e m e n t .  



The f i r s t  t y p e  o f  b l o c k a g e  happened i n  1966 i n  t h e  E n r i c o  
Fermi F a s t  Breeder  R e a c t o r  [VII-231. A f t e r  b l o c k a g e  o f  t h e  
i n l e t  o f  two f u e l  e l e m e n t s ,  a  p a r t i a l  melt-down w i t h i n  t h e  f u e l  
e l e m e n t s  o c c u r r e d .  No f u r t h e r  damage was c a u s e d  w i t h i n  t h e  
c o r e ,  and t h e  r e a c t o r  was s h u t  down s a f e l y .  I n  p r e s e n t  LMFBRs, 
t h i s  t y p e  o f  b l o c k a g e  can  a lways  b e  e x c l u d e d  by p r o p e r l y  d e s i g n i n g  
t h e  f u e l  e l e m e n t  i n l e t  [VII-8 ,  and V I I - 2 4 1 .  

For  t h e  second  t y p e  of a c c i d e n t  a  c o n t i n u o u s  d e p o s i t i o n  o f  
f u e l  p a r t i c l e s  and /or  r e l a t e d  d e b r i s  a t  g r i d  s p a c e r s  w i t h i n  t h e  
f u e l  e lement  i s  c o n c e i v e d .  While t h i s  mechanism c o u l d  be  
employed a s  a n  h y p o t h e s i s ,  t h e  phenomenon h a s  n o t  been  o b s e r v e d  
s o  f a r  d u r i n g  t h e  o p e r a t i o n  o f  f a s t - b r e e d e r  r e a c t o r s  l i k e  t h e  
DFR, BOR 60 ,  EBR-11, PHENIX, o r  BN 350. 

A t  K a r l s r u h e  a  thorough  c o m p i l a t i o n  and i n t e r p r e t a t i o n  o f  
i n - p i l e  e x p e r i e n c e  on t h i s  i s s u e  h a s  been  made r e c e n t l y  [VII-251. 
F u r t h e r m o r e ,  t h e  problem o f  d e p o s i t i n g  d e b r i s  h a s  been t h o r o u g h l y  
s i m u l a t e d  i n  o u t - o f - p i l e  e x p e r i m e n t s .  A t  K a r l s r u h e  a  s t u d y  
[VII-261 compi led  t h e  r e s u l t s  o f  such  a  s i m u l a t i o n  d u r i n g  1974/75. 

A s i m u l a t i o n  subassembly was o p e r a t e d  i n  which p a r t i c l e s  were  
added t o  t h e  c o o l a n t  s t r e a m .  I t  was found t h a t  o n l y  l a r g e  
p a r t i c l e s  w i t h  s i y e s  g r e a t e r  t h a n  0.8 mm can  b e  d e p o s i t e d  and 
c o l l e c t e d  a t  g r i d  s p a c e r s , w h e r e  t h e y  c o u l d  form c o o l a n t  b l o c k a g e s .  
S m a l l e r  p a r t i c l e s  w i l l  a lways b e  swept  t h r o u g h  t h e  f u e l  e l e m e n t .  
However, f u e l  p a r t i c l e s  b e i n g  swept  o u t  of a  f a i l e d  f u e l  r o d  
would b e  d e t e c t e d  by d e l a y e d - n e u t r o n  m o n i t o r s  b e f o r e  t h e y  c o u l d  
b u i l d  up l a r g e  b l o c k a g e s .  

Such de layed-neu t ron  d e t e c t o r s  a r e  c a p a b l e  o f  d e t e c t i n g  
damaged f u e l  s u r f a c e  a r e a s  a s  s m a l l  a s  a  few cm2. T h i s  scheme 
was f o l l o w e d  i n  p a r t i c u l a r  by t h e  French  g r o u p  d u r i n g  t h e  s t a r t -  
up and  o p e r a t i o n  of  PHENIX [VII-271. 

I f  i n a c t i v e  p a r t i c l e s  were  d e p o s i t e d  a t  t h e  e n t r a n c e  o f  
f u e l  e l e m e n t s ,  t h e y  would a l s o  b e  d i s t r i b u t e d  un i fo rmly  s o  t h a t  
t h e  c o o l a n t  f l o w  would be  s t e a d i l y  and s l o w l y  r e d u c e d  and t h e  
o u t l e t  t e m p e r a t u r e  o f  t h e  f u e l  e l e m e n t  would be  d e t e c t a b l y  
i n c r e a s e d  [VII-281. 

N o t w i t h s t a n d i n g  t h e  e v i d e n c e  t h a t  even  s t e p  (a) i n  t h e  
p o s t u l a t e d  a c c i d e n t  c h a i n  i s  n o t  a  r e a l i s t i c  p o s s i b i l i t y ,  we 
now c o n s i d e r ,  ad  hoc ,  t h e  n e x t  s t e p .  

( b )  I n i t i a t i o n  o f  Loca l  B o i l i n g  o f  Sodium i n  
t h e  Cons idered  F u e l  E lements  

A t  t h e  end  of  t h e  above ment ioned  second p h a s e  o f  t h e  f a s t  
b r e e d e r  deve lopment ,  t h a t  i s  t h e  end o f  t h e  s i x t i e s ,  l o c a l  
b o i l i n g  was c o n s i d e r e d  a s  p a r t  o f  a  c h a i n  o f  c o n c e i v a b l e  e v e n t s .  
One major  p i e c e  o f  l a c k i n g  knowledge was t h e  p e r c e n t a g e  o f  t h e  
c o o l a n t  c r o s s - s e c t i o n  t o  b e  b l o c k e d  i f  b o i l i n g  were  t o  be  
e x p e c t e d .  D .  K i r s c h  [VII-291,  i n  1973, i n v e s t i q a t e d  t h a t  q u e s t i o n  



e x p e r i m e n t a l l y  w i t h  an e l e c t r i c a l l y  h e a t e d  f u e l  e lement ,  
s t a r t i n q  w i th  f u l l - s c a l e  e lements  and u s i n g  wa t e r  a s  c o o l a n t .  
A r e l a t e d  computer code ,  deve loped  by t h e  UKAEA [VII-301 and 
a p p l i e d  t o  b o t h  UKAEA and Ka r l s ruhe  expe r imen t s ,  gave f a i r l y  
good agreement [VII-311 . 

The major  r e s u l t  is  t h a t  even  a  b lockage  of 65% o f  t h e  
subchanne l s  i n  t h e  c e n t e r  o f  a  f u e l  e lement  w i l l  n o t  i n i t i a t e  
l o c a l  b o i l i n g .  For  b lockages  a t  t h e  f u e l  e lement  w a l l s  t h e s e  
b lockage  s i z e s  can  be  s m a l l e r .  F i n a l  expe r imen t s  t o  conf i rm 
t h i s ,  on a  1:1 s c a l e ,  a r e  under  way a t  Ka r l s ruhe  and P e t t e n  
f o r  t h e  s p e c i f i c  f u e l  e lement  de s ign  of  t h e  SNR 300 [VII-321. 
S i m i l a r  r e s u l t s  w i t h  d i f f e r e n t  d e s i g n s  of  f u e l  e l emen t s  w e r e  
o b t a i n e d  a t  ORNL [VII-331. A s  d i s c u s s e d  above,  such  l o c a l  
b lockages  of t h e  fue l -e lement  c r o s s - s e c t i o n  a r e  ex t remely  u n l i k e l y  

Only b lockages  of about  >65$ can l e a d  t o  l o c a l  b o i l i n g .  
W e ,  t h e r e f o r e ,  c o n s i d e r  t h e  n e x t  s t e p .  

(c) Damage Propaga t ion  w i t h i n  t h e  Cons idered  Fue l  Element 

K .  Cas t  a t  Ka r l s ruhe  s t u d i e d  t h e  t h e o r e t i c a l  f e a t u r e s  o f  
t h e  p r o p a g a t i o n  of damage o r i g i n a t i n g  from l o c a l i z e d  b o i l i n g  
[VII-81 i n  p a r a l l e l  w i t h  s t u d i e s  o f  H . K .  Fauske (VII-341, and 

A. J .  Brook [VII-351 . 
The impor t an t  p o i n t  of t h e i r  c o n c l u s i o n s  was t h a t  sodium 

vapor  bubb l e s  o r i g i n a t i n g  from l o c a l  b o i l i n g  o s c i l l a t e .  Only 
i f  t h e y  o s c i l l a t e d  s lowly  enough, t h u s  p e r m i t t i n g  d ry -ou t ,  would 
p a r t s  o f  t h e  f u e l  c l a d d i n g  no l o n g e r  be  c o ~ l e d ~ p e r m i t t i n g  damage 
t o  p ropaga t e .  But t h i s  does  n o t  happen because  t h e  f requency  
a t  which vapor  bubb l e s  form and c o l l a p s e  i s  s o  h igh  t h a t  t h e  
c l a d d i n g  a r e a  i n  q u e s t i o n  always s t a y s  w e t .  T h i s  impor t an t  
conc lu s ion  was e x p e r i m e n t a l l y  conf i rmed i n  a  s i m p l i f i e d  geometry 
by K .  S c h l e i s i e k  i n  1974 [VII-361. F i n a l  o u t - o f - p i l e  exper iments  
i n  e x a c t  fue l -e lement  geometry a r e  underway [VII-321. I n - p i l e  
performance expe r imen t s  t o  r e con f i rm  t h e s e  f a c t s  on a  1 : l  s c a l e  
and f o r  s p e c i f i c  f u e l  e lement  d e s i g n s  a r e  under  way i n  Idaho  i n  
t h e  ETR (SLSF-experiments), and a t  Mol i n  t h e  BR-2 r e a c t o r  
(Mol-7C e x p e r i m e n t s ) .  Even i n  t h e  even t  t h a t  d ry-ou t  o c c u r s  
and ,  a s  a  consequence,  f u e l  r o d s  f a i l ,  one  must keep i n  mind 
a g a i n  t h e  h igh  s e n s i t i v i t y  a ch i eved  i n  d e t e c t i n g  t h e  e x i s t e n c e  
of s m a l l  damaged c l a d d i n g  a r e a s  by means o f  de layed-neut ron  and 
cove r  g a s  mon i to r s  [VII-271. 

W e  now c o n s i d e r ,  ad hoc ,  t h e  n e x t  s t e p .  



I d )  I n t e g r a l  Gross  B o i l i n g  i n  t h e  Cons idered  F u e l  Element  

When t h e  s a f e t y  f e a t u r e s  o f  t h e  p r e s e n t  f a s t - b r e e d e r  
g e n e r a t i o n  were a n a l y z e d  a t  t h e  end  o f  t h e  s i x t i e s ,  one mode o f  
g r o s s  sodium movement i n i t i a t e d  by g r o s s  b o i l i n g  was of  concern :  
c o h e r e n t  e x p e l l i n g  and r e - e n t e r i n g  o f  sodium o u t  o f  and i n t o  
t h e  f u e l  e l e m e n t  ( c h u g g i n g ) .  I n  t h e  meantime, whole sets o f  
e x p e r i m e n t s  have  been e x e c u t e d ,  i n  p a r t i c u l a r  a t  K a r l s r u h e  [VII-371, 
Grenoble  [VII-381, Argonne [VII-391, 0 - a r a i  [VII-401, and I s p r a  
[VII-411. The main r e s u l t  i s  t h a t  t h e  e x p e l l e d  Sodium does  n o t  
r e - e n t e r  t h e  c o r e  r e g i o n .  I n s t e a d ,  t h e r e  i s  chugging  i n  t h e  
lower  and upper  b l a n k e t  r e g i o n s .  

W e  now c o n s i d e r ,  ad  hoc ,  t h e  n e x t  s t e p .  

( e l  Melt-down of  t h e  F u e l  i n  t h e  Cons idered  F u e l  Element 
and Sodium/Fuel I n t e r a c t i o n  

A s  i n  t h e  above c o n s i d e r e d  c a s e ,  t h e r e  were arguments  a t  
t h e  end  of t h e  s i x t i e s  t o  what e x t e n t  h o t  f u e l  c o u l d  s u d d e n l y  
i n t e r a c t  w i t h  t h e  c o o l a n t  and t h e r e b y  c a u s e  a  vapor  e x p l o s i o n .  
The f i r s t  e x p e r i m e n t s  t h a t  i n d i c a t e d  t h a t  t h i s  was n o t  g o i n g  t o  
happen were t h o s e  o f  ANL made i n  t h e  TREAT r e a c t o r  [VII-421. 
A  s u r p r i s i n g l y  low t h e r m a l  e f f i c i e n c y  was o b s e r v e d .  While v e r y  
rough e s t i m a t e s  w i t h  employing Carno t  c y c l e  models l e d  t o  v a l u e s  
a s  h i g h  a s  10% t o  20% [VII-71,  t h e  TREAT e x p e r i m e n t s  i n d i c a t e d  
v a l u e s  lower  t h a n  0.2%. Thorough 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  by 
D.H.  Cho [VII-431, L .  C a l d a r o l a  [VII-441, and o t h e r s  h e l p e d  t o  
u n d e r s t a n d  t h e s e  low v a l u e s .  F i n i t e  f u e l / c o o l a n t  mixing t i m e s ,  
f i n i t e  p a r t i c l e  s i z e s ,  modes o f  f u e l  f r a g m e n t a t i o n  and a n a l y s e s  
o f  n e c e s s a r y  c o n d i t i o n s  f o r  e x p l o s i v e  b o i l i n g  [VII-45,  and VII-461 
were t h e  main e l e m e n t s  t h a t  were  unders tood .  

Along w i t h  t h e s e  i n v e s t i g a t i o n s  one s h o u l d  i n c l u d e  t h e  e v i -  
dence  from o u t - o f - p i l e  e x p e r i m e n t s  a t  ANL [VII-471, Grenoble  
[VII-481, and I s p r a  [VII-491. Most o f  t h e  informed e x p e r t s  con- 
c l u d e  t h a t  we c a n  assume c o n s e r v a t i v e l y  an e f f i c i e n c y  o f  o n l y  
1 %  t o  2 %  o f  c o n v e r t i n g  t h e r m a l  e n e r g y  i n t o  mechanica l  work. 

W e  now c o n s i d e r ,  ad h o c ,  t h e  n e x t  s t e p .  

(f) P r e s s u r e  Bui ld-up,  Deformat ion o f  L a r g e r  P a r t s  
o f  t h e  C o r e ,  and Coheren t  Compaction 

During t h e  l a t e  s i x t i e s  concern  was e x p r e s s e d  w i t h i n  t h e  
f a s t  b r e e d e r  community t h a t  mechanica l  damage w i t h i n  one  f u e l  
e l e m e n t  cou ld  p r o p a g a t e .  E s p e c i a l l y ,  it was E T e l l e r  [VII-221 
who e x p r e s s e d  h i s  concern  a b o u t  compact ion modes f o r  t h e  c o r e  
a s  a  whole ,  f o l l o w i n g  t h e  sequence  o f  e v e n t s  ( a )  t h r o u g h  ( e l .  

I n  r e c e n t  y e a r s  such modes of  i n t e r a c t i o n s  and p o s s i b l e  
p r o p a g a t i o n s  have been s t u d i e d  t h e o r e t i c a l l y  and e x p e r i m e n t a l l y .  
H .  J a c o b s  [ V I I - 5 0 1 , i n  1975, i n  g r e a t e r  d e t a i l  s t u d i e d  t h e  b u i l d - u p  



of p r e s s u r e  peaks i n  SNR 300 f u e l  e lements .  With ex t remely  
c o n s e r v a t i v e  assumptions peaks o f  350 t o  400 atm were c a l c u l a t e d .  
Again t h e  n e c e s s i t y  was f e l t  a l s o  t o  conduct  exper iments  a l though 
they  were very  cumbersome, time-consumingland expens ive .  A 
j o i n t  e f f o r t  o f  t h e  UKAEA and GfK Kar ls ruhe  l e d  t o  chemical  
exp los ion  experiments  i n  a  1 : l  s c a l e  co re  model a t  Foulness  
[VI I -51 , and  VII-521. The major  t e s t  s e r i e s  was conducted i n  1974/75 
f o r  c o r e  m a t e r i a l s  w i th  medium embr i t t l emen t  s i m u l a t i n g  moderate 
burn-ups. Experiments w i th  more b r i t t l e  m a t e r i a l  w i l l  fo l low.  

In fo rma t ive  r e s u l t s  of t h e  exper iments  performed s o  f a r  a r e  
shown i n  F igu re  VII-2; t hey  i n d i c a t e  t h e  f a c t  t h a t  t h e  i n i t i a t i n g  
exploding  f u e l  element  o n l y  compressed t h e  ne ighbor ing  f u e l  
e lements  symmetr ica l ly  by a  few rnrn,without t r a n s f e r r i n g  t h i s  
major  deformation beyond t h e  a d j a c e n t  row o f  f u e l  e lements ;  t h e  
deformat ion  energy  was absorbed t h e r e .  Th i s  r e s u l t  appears  t o  
be  e s s e n t i a l l y  r e l a t e d  t o  t h e  hexagonal honeycomb s t r u c t u r e  and 
t h e  p l a i n  f a c t t h a t  a  fast . -breeder  c o r e  c o n t a i n s  a s  much a s  25% 
(by volume) o f  s t e e l .  A l l  t h i s  happened a t  720 atm, tw ice  
t h e  c o n s e r v a t i v e l y  c a l c u l a t e d  p r e s s u r e  bui ld-up [VII-501. The 
r e l a t e d  r e a c t i v i t y  e f f e c t s  were a lmost  n e g l i g i b l e .  

I n  a d d i t i o n ,  t h e r e  i s  t h e  p o i n t  of  extreme coherence i n  
space  and t ime t h a t  would be r e q u i r e d  i f  a  g r o s s  compaction of  
t h e  a r e a  a s  a  whole were t o  be expec ted .  The SNR 300 has  205 
f u e l  e lements ;  1000 MW(e) r e a c t o r s  w i l l  have even more. 

For  inducing  a  h y p o t h e t i c a l  a c c i d e n t  a s  conceived h e r e ,  
r e a c t i v i t y  i n s e r t i o n s  of  more t han  2  $ a r e  neces sa ry  [VII-531. 
For  such r e a c t i v i t y  i n s e r t i o n s  t o  m a t e r i a l i z e  through a  cha in  
of  e v e n t s  l a ) +  l e ) ,  n o t  on ly  t h e  s imul taneous  occurrence  of  t h e s e  
e v e n t s  b u t  a l s o  t h e  above mentioned s p a t i a l  coherence o f  com- 
p a c t i o n  a r e  r equ i r ed .  The coherence s c e n a r i o  would have t o  be 
t h e  fo l lowing :  

A t  a  g iven  t ime l o c a l  c o o l a n t  b lockages  would have 
t o  develop i n  an o u t e r  r i n g  o f  f u e l  e lements  of  
t h e  f a s t - r e a c t o r  c o r e .  I n  a l l  t h e s e  f u e l  e l emen t s ,  
t i m e  c o h e r e n t  l o c a l  sodium b o i l i n g ,  g r o s s  sodium 
b o i l i n g ,  f u e l  mel t ing ,and  p r e s s u r e  development a s  a  
consequence o f  h e a t  t r a n s f e r  from molten f u e l  t o  
sodium would have t o  occu r .  The u l t i m a t e  bui ld-up  
o f  p r e s s u r e  waves would t h e n  have t o  occu r  i n  a l l  
f u e l  e l e m e n t s  c o h e r e n t l y  i n  a  msec t ime span.  

Apart  from t h e  f a c t  t h a t  a  sequence o f  e v e n t s  l a )  th rough ( e l  
i s  n o t  p o s s i b l e ,  a s  shown above, each  of  t h e  d i f f e r e n t  phenomena 
a r e  i n  themselves  s t a t i s t i c a l  p roces se s .  The development of  
b lockages  and l o c a l  b o i l i n g  phenomena can l a s t  f o r  e i t h e r  seconds 
o r  days ,  whereas t h e  g r o s s  b o i l i n g  and melt-down phenomena occur  
w i t h i n  s e v e r a l  seconds.  Sodium f u e l  i n t e r a c t i o n  and p re s su re -  
g e n e r a t i o n  phenomena would occur  on a  t ime s c a l e  of s e v e r a l  msec. 
I t  i s ,  t h e r e f o r e ,  concluded t h a t  a  cohe ren t  p r e s s u r e  development 
i n  an o u t e r  r i n g  of  f u e l  e lements  of  t h e  co re  t h a t  fo l l ows  a  
conceived sequence of  e v e n t s  ( a )  through ( e )  i s  imposs ib le .  



SIDE FACING INCIDENT SUB-ASSEMBLY 

SNR TEST 4 
I1 21 

1 TEST 4 :  CROSS SEC'I.ION 1480mm FROM TOP OF ELEMENTS 1 
F i g u r e  VII-2:  Subassembly D e f o r m a t i o n  T e s t s  by I n t e r n a l  

P r e s s u r e  G e n e r a t i o n  w i t h i n  One Subassembly 
o f  SNR 300 C o r e  S t r u c t u r e  (Maximum P r e s s u r e  
720 atm w i t h i n  R e a c t i o n  Zone) 



E q u a l l y  s i g n i f i c a n t ,  however ,  i s  t h e  f a c t  t h a t  t h e  e x p e r i -  
ments  pe r fo rmed  a t  F o u l n e s s  have r e v e a l e d  t h e  t i m e  s c a l e  o f  such  
c o n c e i v e d  compact ion mechanisms. Al though  d e f o r m a t i o n  v e l o c i t y  
o f  n e i g h b o r i n g  f u e l  e l e m e n t s  a f t e r  p r e s s u r e  g e n e r a t i o n  i n  one  
b l o c k e d  f u e l  e l e m e n t  i s  i n  t h e  o r d e r  o f  a few 10 msec [VII-541, 
t h e  n e x t  i n n e r  row o f  f u e l  e l e m e n t s  would have  t o  g o  a g a i n  
t h r o u g h  t h e  same c o n c e i v e d  sequence  o f  e v e n t s  l a )  t h r o u g h  ( e l .  
The n e c e s s a r y  t i m e  p e r i o d  is  t o o  l o n g  t o  g e n e r a t e  l a r g e  enough 
r e a c t i v i t y  ramps o r  r e a c t i v i t y  i n s e r t i o n s .  

I t  i s ,  t h e r e f o r e ,  n o t  s u r p r i s i n g  t h a t  t h e  f a s t  b r e e d e r  
community c o n s i d e r s  t h i s  h y p o t h e t i c a l  a c c i d e n t  c h a i n  w i t h  e v e n t s  
l a )  t h r o u g h  ( e l  f o l l o w e d  by a  c o h e r e n t  c o r e  compact ion a s  now 
b e i n g  known t o  be  i n c o n c e i v a b l e .  The e v e n t s  l a )  t h r o u g h  I d )  
a r e  m a i n l y  d i s c u s s e d  now f o r  t h e  s p e c i f i c a t i o n  o f  t h e  i n - c o r e  
i n s t r u m e n t a t i o n  sys tem,  w i t h  t h e  aim o f  an e a r l y  d e t e c t i o n  o f  
c o o l i n g  f a i l u r e s  and f u e l  e l e m e n t  damage i n  t h e  c o r e  t o  i n c r e a s e  
i t s  o p e r a t i o n a l  s a f e t y .  

I n s t e a d ,  o t h e r  s e q u e n c e s  o f  e v e n t s  have l e d  t o  t h e  d e f i n i t i o n  
o f  t h e  d e s i g n  b a s i s  c r i t e r i a .  The f o l l o w i n g  c h a p t e r  d e s c r i b e s  
t h e  s e q u e n c e  o f  c o n s i d e r e d  e v e n t s  t h a t  l e d  t o  t h e  d e s i g n  b a s i s  
c r i t e r i a  f o r  t h e  c a s e  o f  t h e  SNR 300. 

1 .5  The Design B a s i s  C r i t e r i a  o f  t h e  SNR 300 

When d i s c u s s i n g  t h e  d e s i g n  b a s i s  c r i t e r i a  o f  t h e  SNR 300,  
a s  w i l l  b e  done i n  t h e  f o l l o w i n g ,  it i s  i m p o r t a n t  t o  o b s e r v e  t h a t  
t h e  SNR 300 i s  a  t y p i c a l  c a s e r a n d  t h a t  e s s e n t i a l l y  t h e  same 
r e a s o n i n g  a p p l i e s  t o  o t h e r  e x i s t i n g  f a s t - b r e e d e r  p r o t o t y p e s .  

The SNR 300 h a s  two i n d e p e n d e n t  s h u t - o f f  s y s t e m s  t h a t  a r e  
n o t  o n l y  r e d u n d a n t  b u t  a l s o  d i v e r s e  i n  t h e  s e n s e  t h a t  t h e y  a r e  
o f  c o m p l e t e l y  d i f f e r e n t  d e s i g n s .  One s h u t - o f f  s y s t e m  o p e r a t e s  
f rom above ,  t h e  o t h e r  f rom u n d e r n e a t h  t h e  c o r e .  F o r  a  l a r g e -  
s c a l e  h y p o t h e t i c a l  a c c i d e n t  ( c o r e  d i s a s s e m b l y )  t o  happen, i t  is  
assumed t h a t  b o t h  s h u t - o f f  s y s t e m s  f a i l  a t  t h e  same t i m e .  I f  
a f a i l u r e  p r o b a b i l i t y  o f  p e r  demand f o r  e a c h  s h u t - o f f  
s y s t e m  i s  e x p e c t e d  [VII-551, t h e  c o n d i t i o n e d  p r o b a b i l i t y  f o r  
t h e  two s y s t e m s  t o  f a i l  s i m u l t a n e o u s l y  would b e  lo- '  p e r  demand, 
assuming t h a t  t h e r e  i s  no common-mode f a i l u r e .  Common-mode 
f a i l u r e s  a r e  a v o i d e d  a s  much a s  p o s s i b l e  by t h e  u s e  o f  i n d e p e n d e n t  
d e s i g n  c r i t e r i a  f o r  b o t h  s h u t - o f f  s y s t e m s .  I f ,  f o r  any r e a s o n ,  
t h e r e  i s  an i n i t i a t i n g  ramp r a t e  o f  a  few $ / s e c  ( u p  t o  f i v e  o r  
SO) and a  s i m u l t a n e o u s  f a i l u r e  o f  t h e  s h u t - o f f  s y s t e m s ,  t h e n  
l a r g e  f u e l  f a i l u r e  and ,  u n d e r  c e r t a i n  c o n d i t i o n s ,  sodium b o i l i n g  
w i l l  l e a d  t o  t h e  c o r e - d i s a s s e m b l y  a c c i d e n t .  I t  s h o u l d  be  n o t e d ,  
however ,  t h a t  it is d i f f i c u l t  t o  i d e n t i f y  t h e s e  i n i t i a t i n g  ramp 
r a t e s  i n  some r e a l i s t i c  d e t a i l .  

A pump coast-down i s  p e r h a p s  more e a s i l y  c o n c e i v a b l e .  I f  
pump coast-down o c c u r s  and t h e  n e c e s s a r y  s i m u l t a n e o u s  r e a c t i o n  
o f  t h e  two s h u t - o f f  s y s t e m s  f a i l s ,  t h i s ,  t o o ,  l e a d s  t o  t h e  c o r e -  



disassembly adc iden t .  F i r s t ,  t h e r e  w i l l  be sodium b o i l i n g  and 
t h e n ,  depending on t h e  s i z e  o f  t h e  sodium void  c o e f f i c i e n t ,  f u e l  
mel t ing .  I n  both  acc iden t  s c e n a r i o s  t h a t  a r e  cons idered  he re  
we must assume t h a t  t h e r e  w i l l  be superprompt c r i t i c a l i t y .  To 
achieve  t h i s  i n  f a c t  i s  n o t  s o  easy .  I n  t h i s  c a s e ,  whi le  t h e  
f u e l  i s  s t i l l  e s s e n t i a l l y  i n  i t s  o l d  geometry, t h e r e  w i l l  be 
h igh  f u e l  tempera tures ,  and it i s  then  c r i t i c a l l y  impor tant  t o  
unders tand  t h e  p r e s s u r e  build-up t h a t  goes a long wi th  t h i s  f u e l  
tempera ture  i n c r e a s e .  The p re s su re / t empera tu re  r e l a t i o n  is g iven  
by an equa t ion  of s t a t e .  Throughout t h e  v a r i o u s  phases  of f a s t  
b reede r  des igns  t h e r e  has  been a c e r t a i n  l a c k  o f  knowledge. 
Thus it was on ly  r e c e n t l y  p o s s i b l e  a t  EURATOM and i n  Japan t o  
a c t u a l 1  measure such an equa t ion  o f  s t a t e  up t o  tempera tures  T of 5000 C and above [VII-56, and VII-571. Th i s  improved t h e  con- 
f idence  i n  th j -s  f i e l d  and,  a s  a  main r e s u l t ,  p r e s su re / t empera tu re  r e  
l a t i o n s  t h a t  had been assumed dur ing  e a r l i e r  y e a r s  were confirmed. 

The phase p r i o r  t o  disassembly has  been modeled i n  t h e  
y e a r s  1972 up t o  now by va r ious  groups such a s  t h e  ANL [VII-581 
and Kar ls ruhe  [VII-531. I t  should be  noted  t h a t  t h e s e  codes 
comprise neu t ron ,  temperature,  and p r e s s u r e  f i e l d s  t o g e t h e r  w i th  
t h e  r e l a t e d  m a t e r i a l  d e n s i t i e s  and governing power c o e f f i c i e n t s .  
I n  conjunct ion  wi th  t h e s e ,  d e t a i l e d  codes f o r  t h e  disassembly 
phase t h a t  fo l lows p r e s s u r e  bui ld-up  i n  t h e  f u e l  have been 
developed. They l a r g e l y  evolved from what former ly  were known 
a s  Bethe-Tait  c a l c u l a t i o n s .  For i n s t a n c e ,  t h e  VENUS code o f  
t h e  ANL [VII-601 o r  t h e  KADIS code o f  Kar ls ruhe  [VII-611 deserve  
t o  be mentioned he re .  

Both code systems d e s c r i b e  f u e l  h e a t i n g ,  f u e l  f a i l u r e ,  
f ragmenta t ion ,  f u e l  c o o l a n t  i n t e r a c t i o n ,  sodium b o i l i n g ,  f u e l  
and c l a d  me l t ing ,  t h e  p r e s s u r e  build-up o f  f u e l  and f i s s i o n  
p roduc t s  , and mechanical movements i n  d e t a i l .  F u r t h e r ,  it 
should  be  noted  t h a t  many exper imenta l  r e s u l t s  a r e  i nco rpora t ed  
i n  t h e s e  codes.  These a r e  i n  p a r t i c u l a r :  

- Doppler and o t h e r  power c o e f f i c i e n t s  taken  from 
SEFOR experiments  under normal o p e r a t i n g  and 
supe rp rompt -c r i t i ca l  b u r s t  c o n d i t i o n s  [VII-181; 

- TREAT and ou t -o f -p i l e  experiments  f o r  t h e  fue l -  
sodium i n t e r a c t i o n ,  t h e  mode of  f u e l  f a i l u r e ,  
and sodium b o i l i n g  a s  desc r ibed  above [VII-421; 

- exper imenta l  conf i rmat ion  of  t h e  equa t ion  o f  s t a t e .  

The main r e s u l t s  of  t h i s  r e c e n t  p e r i o d  of  i n t e n s e  i n v e s t i g a t i o n s  
f o r  t h e  case  of  t h e  SNR 300 a r e  t h e  fo l lowing [VII-53, and VII-621: 

- Nowhere i n  t h e  co re  w i l l  t h e  tempera ture  r i s e  
beyond t h e  4000 t o  5 0 0 0 ~ ~  l e v e l ,  and r e l a t e d  
p r e s s u r e s  a r e  below 150 atm. Th i s  r e s u l t  is  
s i g n i f i c a n t , a s  e a r l y  ana lyses  of  meta l - fue led  
f a s t - r e a c t o r  co res  o c c a s i o n a l l y  l e d  t o  tempera- 
t u r e s  a s  high a s  1 0 , 0 0 0 ° ~  and above and t o  
p r e s s u r e  peaks a s  h igh  a s  10,000 atm. 



- Together  w i th  t h e  assumption of  m e t a l l i c  f u e l ,  
t h i s  l e d  t o  very  high energy r e l e a s e s  i n  t h e s e  
a n a l y s e s .  The main r ea sons  f o r  t h e  r e c e n t  
r e s u l t s  a r e  t h e  nega t ive  Doppler c o e f f i c i e n t  
and t h e  equa t ion  of s t a t e  of t h e  Pu02/U02 
mixed-oxide f u e l .  

- Not more t han  5% of  t h e  f u e l  evapora t e s ,  70% 
of  t h e  c o r e  i s  mel ted  wh i l e  t h e  r e s t  o f  t h e  c o r e  
s t i l l  has  i t s  o r i g i n a i  c o n f i g u r a t i o n .  

- The energy  r e l e a s e  i s  3000 t o  4000 MWsec(th) 
above me l t i ng .  For  t h e  SNR 300, t h e  conse rva t ive  
assumption has  been made t h a t  convers ion  of  t h i s  
thermal  energy  i n t o  mechanical work l e a d s  t o  a  
p o t e n t i a l  o f  100 t o  200 MWsec (Jpdv,  p  be ing  
p r e s s u r e ,  and V meaning volume) . 

- ~ u e - t o  t h e  s i z e  of t h e  n e g a t i v e  Doppler c o e f f i c i e n t ,  
t h e r e  is  cons ide rab l e  i n s e n s i t i v i t y  a g a i n s t  
r e a c t i v i t y  ramp r a t e s  [VII-121 . 

The SNR i s  des igned  i n  such a  way t h a t  t h e  i n n e r  r e a c t o r  
v e s s e l  and t h e  primary c o o l i n g  c i r c u i t  can wi th s t and  370 MWsec 
mechanical  energy  (des ign  b a s i s  c r i t e r i o n ;  s e e  F igu re  VII -3) .  
Consequently,  t h e  neces sa ry  emergency c o o l i n g  c o n f i g u r a t i o n  can 
be main ta ined .  

The proof of  t h e  i n t e g r i t y  o f  t h e  r e a c t o r  v e s s e l  ha s  been 
t h e  s u b j e c t  of e x t e n s i v e  t h e o r e t i c a l  and exper imenta l  p r o o f i n g  
by groups such a s  t h e  ANL 1965-1 976 [VII-631 , SRI [VII-641 , 
NOL 1965 [VII-651, Foulness 1965-1976 [VII-661, Cadarache 
1965-1976, I s p r a ,  EURATOM 1968-1976 [VII-671, and INTERATOM 
1970-1976 [VII-68, and VII-691. High-tempeiature s t r u c t u r a l  m a t e r i a l s  
expe r imen ta l  programs a r e  underway i n  t h e  US and Europe [VII-701. 

The core-cool ing  c a p a b i l i t y  must be  a s su red  a l s o  f o r  t h e  
t ime a f t e r  a  h i g h l y  improbable c o r e - d i s r u p t i v e  o r  melt-down 
a c c i d e n t .  T h e o r e t i c a l  a n a l y s i s  f o r  SNR 300 [VII-711 showed t h a t  
a  d i sassembled  and des t royed  c o r e  could  very  probably be  
s u f f i c i e n t l y  cooled w i t h i n  t h e  r e a c t o r  v e s s e l ,  s i n c e  t h e  sodium 
remains i n  t h e  r e a c t o r  v e s s e l ;  t h e  primary c o o l i n g  c i r c u i t s  a s  
w e l l  a s  t h e  emergency coo l ing  systems would s t a y  i n t a c t .  

R e c r i t i c a l i t y  c o n d i t i o n s ,  i f  any,  would h a r d l y  l e a d  t o  
prompt b u r s t  c o n d i t i o n s ,  b u t  more probably  t o  smooth t r a n s i e n t -  
overpower c o n d i t i o n s ,  s i n c e  t h e  v e l o c i t i e s  f o r  m a t e r i a l  d i s -  
placements  g iven  by 

- mel t ing  of i n s u f f i c i e n t l y  cooled  p a r t s  o f  
f u e l  e lements ,  o r  

- f u e l  f a l l i n g  under sodium i n t o  s u b c r i t i c a l  
a s sembl i e s  o f  t h e  co re  

a r e  r a t h e r  sma l l .  I n  a d d i t i o n ,  r e c r i t i c a l i t y  c o n d i t i o n s  would 
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h e a t  up t h e  sodium, i n c r e a s e  i t s  n a t u r a l  c o n v e c t i o n ,  a n d  g e n e r a t e  
d r i v i n g  f o r c e s  which c o u l d  d i s a s s e m b l e  t h e  f u e l  b e f o r e  it c o u l d  
r e a c h  prompt b u r s t  c o n d i t i o n s .  However, even  i f  prompt b u r s t  
c o n d i t i o n s  were  a t t a i n e d ,  t h e  p o s s i b l e  consequences  would a g a i n  
b e  c o v e r e d  by t h e  d e s i g n  r e q u i r e m e n t s  f o r  t h e  r e a c t o r  v e s s e l  
and c o o l i n g  s y s t e m  ( d e s i g n  b a s i s  c r i t e r i a ) .  

I n  t h e  c a s e  o f  t h e  SNR 300, an  e x t e r n a l  c o r e  c a t c h e r  w i l l  
b e  i n s t a l l e d  below t h e  r e a c t o r  v e s s e l  (see F i g u r e  V I I - 4 ) .  T h i s  
a d d i t i o n a l  c o o l i n g  d e v i c e  must  b e  u n d e r s t o o d  a s  a  second  b a r r i e r  
o f  defense ,  i n  c a s e  mol ten  c o r e  f u e l  s h o u l d  f i n d  i t s  way from t h e  
c o r e  r e g i o n  t h r o u g h  t h e  c o r e  s u p p o r t  p l a t e  and t h e  bo t tom of  t h e  
r e a c t o r  v e s s e l .  I t  would t h e n  f a l l  i n t o  t h e  c o r e  c a t c h e r  and  
b e  c o o l e d  t h e r e  o v e r  a  l o n g  p e r i o d .  A s p e c i a l  g e o m e t r i c a l  
a r rangement  o f  t h e  c o r e  c a t c h e r  a v o i d s  c r i t i c a l  f u e l  c o n f i g u r a -  
t i o n s  [VII-721.  The c o r e  c a t c h e r  is  c o o l e d  by a  NaK s y s t e m  a t  
i t s  b o t t o m  and a  n i t r o g e n  s y s t e m  a t  i t s  s i d e w a l l s .  
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F i g u r e  VII-4: SNR 300  Core C a t c h e r  

P o s s i b l e  r e c r i t i c a l i t y  c o n d i t i o n s  w i t h i n  t h e  c o r e  c a t c h e r  
were a n a l y z e d  i n  [VII-731. I t  h a s  been found t h a t ,  even  under  
e x t r e m e l y  c o n s e r v a t i v e  a s s u m p t i o n s ,  t h e  t h e r m a l  e n e r g y  r e l e a s e s  
d u r i n g  such  r e c r i t i c a l i t y  a c c i d e n t s  would b e  below t h o s e  assumed 
f o r  t h e  d e s i g n  b a s i s  c r i t e r i a .  

Fo l lowing  t h e  p h i l o s o p h y  o f  d e f e n s e  i n  d e p t h  and i n  s e v e r a l  
l a y e r s ,  one can a t t r i b u t e  s a f e t y  f u n c t i o n s  t o  a  d o u b l e  con ta inment  
w i t h  p r e s t r e s s e d  c o n c r e t e  w a l l s  o f  up t o  1 .5  m t h i c k n e s s .  T h e r e ,  
one must  r e a l i z e  t h a t  t h e s e  c o n t a i n m e n t s  have  many v a r i e d  
f u n c t i o n s  (see F i g u r e  V I I - 5 ) .  The i n n e r  con ta inment  houses  t h e  
heavy p i e c e s  o f  p r imary  sys tem components i n  a  n i t r o g e n  atmosphere  
t o  a v o i d  sodium f i r e s ,  whereas  t h e  p r imary  f u n c t i o n  of t h e  o u t e r  
c o n t a i n m e n t  i s  t o  e s t a b l i s h  t h e  e s s e n t i a l  b a r r i e r  f o r  r a d i o -  
a c t i v i t y  and t o  p r o t e c t  t h e  r e a c t o r  from o u t s i d e  a c c i d e n t s  such  
a s  a i r p l a n e  c r a s h e s .  The o u t e r  con ta inment  of t h e  SNR 300, f o r  
example,  i s  d e s i g n e d  a g a i n s t  a  Phan tom-f igh te r  c r a s h i n g  a t  a 
speed  of  0 .65  Mach a g a i n s t  t h e  c o n t a i n m e n t  w a l l s  [VII-741. A 
p a r t i c u l a r  f u n c t i o n  o f  t h e  i n n e r  con ta inment  is  t o  c o n t a i n  sodium 
a e r o s o l s  w h i l e  t h e  secondary  con ta inment  i s ,  among o t h e r  
r e q u i r e m e n t s ,  d e s i g n e d  t o  c o n t a i n  a e r o s o l s  from f u e l  h a n d l i n g  
a c c i d e n t s .  

Given t h i s  s i t u a t i o n  one  may i n  t u r n  r e c o n s i d e r  t h e  p o t e n t i a l  
o f  t h e  c o n t a i n m e n t s  f o r  a c c i d e n t a l  r e l e a s e s  o f  p lu ton ium a e r o s o l s  
o r  a e r o s o l s  of f i s s i o n  p r o d u c t s  and sodium. 
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Figure VII-5: SNR 300 Containment System 

Extended experimental work at BNL in 1965-1970 [vII-751, 
Karlsruhe in 1968-1972 [VII-761, Atomics ~nternational in 
1965-1970 [VII-771, and Petten in 1968-1972 [VII-781, together 
with related theoretical work have led to computer codes like 
HAA-3 [VII-791,and PARDISEKO-I11 [VII-801, which allow description 
of the aerosol concentration in such containments as a function 
of time. In a follow-up of the above described defense strategy 
in depth one may, for example, assume a hypothetical event with 
releases of up to 60% of the core plutonium as fuel aerosols, 
and 100% of the volatile fission products and noble gases. 
Obviously, this assumption clearly contradicts the experimental 
and theoretical results, where the amount of core plutonium to 
be evaporated was only 5%. Given the present hypothetical event, 
in the inner containment of the SNR the following could happen: 
In part the aerosols would settle down by coagulation and 
sedimentation processes, but a small part of them could leak 
into the outer containment after some time. There the same 
coagulation and sedimentation processes would occur, but the 
aerosol leakages would be collected in the outer gas gap between 
the concrete wall and the outer steel shell and pumped back into 
the outer containment, which has a total volume of about 100,000 m3. 
This reventing operation can be followed over several days until 
the aerosol concentration has reached an asymptotic value. 



About 20 mg/m3 o f  p lu ton ium a e r o s o l s  would b e  found t o  remain 
a i r b o r n e .  Only a f t e r  t h e s e  few d a y s  i s  it n e c e s s a r y  t o  r e l e a s e  
some o f  t h e  c o n t e n t s  o f  t h e  o u t e r  con ta inment  o v e r  sandbed and  
c h a r c o a l  f i l t e r s  t h r o u g h  a  s t a c k  t o  t h e  env i ronment .  Even i n  
t h i s  e x t r e m e l y  h y p o t h e t i c a l  e v e n t ,  which l e a v e s  t h e  o u t e r  con- 
t a i n m e n t  i n  o r d e r ,  t h e  r e s u l t i n g  i r r a d i a t i o n  d o s e  a t  t h e  f e n c e  
o f  t h e  r e a c t o r  p l a n t  would b e  less t h a n  1 r e m  t o t a l .  

I n  a  s i m i l a r  k i n d  o f  ad  hoc r e a s o n i n g ,  one  c o u l d  b r i n g  i n t o  
t h e  p i c t u r e  t h e  p o t e n t i a l  o f  t h e  i n n e r  and o u t e r  p r e s t r e s s e d  
c o n c r e t e  c o n t a i n m e n t s  t o  w i t h s t a n d  m e c h a n i c a l  e n e r g y  r e l e a s e s  
i n  t h e  r e a c t o r  c e l l  c o n t a i n i n g  t h e  r e a c t o r  v e s s e l  and t h e  p r imary  
c i r c u i t .  Al though t h i s  p o t e n t i a l  i s  e s t i m a t e d  t o  b e  s i g n i f i c a n t l y  
h i g h e r  t h a n  t h a t  o f  t h e  r e a c t o r  v e s s e l ,  it i s  n o t  a c c o u n t e d  f o r  
i n  t h e  q u a n t i t a t i v e  s a f e t y  a n a l y s e s  s i n c e  t h e  v e s s e l  a lways s t a y s  
i n t a c t  a s  shown above. 

The o v e r a l l  c o n o l u s i o n  i s  t h a t  t h e  LMFBR c a n  m e e t  t h e  same 
p r e d e t e r m i n e d  s a f e t y  s t a n d a r d s  a s  a r e  a p p l i e d  t o  o t h e r  r e a c t o r s .  

Before  p r o c e e d i n g  t o  t h e  o t h e r  t o p i c s  of  t h i s  C h a p t e r ,  w e  
mus t ,  f o r  t h e  s a k e  o f  c o m p l e t e n e s s ,  p o i n t  t o  a  somewhat a l t e r -  
n a t i v e  view of  r e a c t o r  s a f e t y  i n  g e n e r a l .  It  i s  e s p e c i a l l y  
F.R. Farmer ,  U K ,  who r i g o r o u s l y  stresses t h e  p r o b a b i l i s t i c  
a p p r o a c h  t o  s a f e t y  i n  g e n e r a l ;  he  embeds n u c l e a r  ' s a f e t y  i n  t h e  
g e n e r a l  problem of  s a f e t y  of  t e c h n o l o c i c a l  f a c i l i t i e s  ( e . g .  
c h e m i c a l  p l a n t s )  [VII-811. I n  p a r t i c u l a r ,  he  p o i n t s  t o  t h e  
s t e a d i n e s s  of  t h e  s o - c a l l e d  Farmer c u r v e ,  which r e l a t e s  i n -  
c r e a s i n g  s e v e r i t y  o f  a c c i d e n t s  and d e c r e a s i n g  r e l a t e d  p r o b a b i l i -  
t i e s  of  o c c u r e n c e .  Wi th in  s u c h  a  framework a n y t h i n g  can  happen 
c o n c e p t u a l l y ,  and a  d i s t i n c t i o n  between r e a l i s t i c  and hypo- 
t h e t i c a l  a c c i d e n t s ,  a s  f a v o r e d ,  f o r  i n s t a n c e ,  i n  t h e  US and i n  
t h e  FRG, d o e s  n o t  n a t u r a l l y  d e r i v e  from s u c h  a  c o n c e p t .  Along 
w i t h  F a r m e r ' s  approach  t h e r e  i s  an  emphas i s  on a c c i d e n t  p r e -  
v e n t i o n  by e a r l y  d e t e c t i o n  t h r o u g h  s o p h i s t i c a t e d  i n s t r u m e n t a t i o n  
t h a t  i s  based  on  a  thorough  u n d e r s t a n d i n g  o f  t h e  d e t a i l s  of  t h e  
t e c h n i c a l  sys tems  and a  deemphas i s  on p r o t e c t i v e  m e a s u r e s ,  s u c h  
a s  c o n t a i n m e n t ,  i n  t h e  c a s e  an  a c c i d e n t  h a s  o c c u r r e d .  

1 .6  Sodium F i r e s  

As t h e r e  is  much concern  e s p e c i a l l y  a b o u t  sodium f i r e s  
a  few remarks  w i l l  b e  made h e r e .  

Sodium f i r e s  i n  t h e  p r imary  and secondary  c o o l i n g  c i r c u i t s  
a r e  p r e v e n t e d  by embedding them i n t o  a r g o n  o r  n i t r o g e n - f i l l e d  
c e l l s .  E x t e n s i v e  e x p e r i m e n t a l  d a t a  on sodium b u r n i n g  r a t e s  and  
b u r n i n g  t e m p e r a t u r e s ,  and sodium a e r o s o l  f o r m a t i o n  have been  
o b t a i n e d  from o u t - o f - p i l e  t es t  r i g s  a t  Atomics I n t e r n a t i o n a l  
[VII-821, Cadarche [VII-831, and K a r l s r u h e  [VII-84, and VII-851. 
Computer c o d e s  s u c h  a s  SOFIRE [VII-861 and o t h e r s  a r e  i n  u s e .  
These d a t a  t o g e t h e r  w i t h  t h e  r e c e n t l y  d e v e l o p e d  c a t c h  pan sys tems  
and f i r e  e x t i n g u i s h i n g  sys tems  a l l o w  f o r  a  s a f e  d e s i g n  of  sodium 
s y s t e m s .  The o p e r a t i o n  o f  f a s t  r e a c t o r s  l i k e  EBR-11, EFFBR, 



RAPSODIE, PHENIX, PFR,and BN 350 have shown t h a t  t h e  sodium 
t e c h n o l o g y  h a s  a  h i g h  s t a n d a r d  o f  e x p e r i e n c e .  

I n  sodium wate r - s team g e n e r a t o r s ,  sodium may c o n t a c t  w a t e r  
a f t e r  a  p i p e  r u p t u r e .  T h i s  problem h a s  been i n v e s t i g a t e d  
i n d e p e n d e n t l y  by a l l  major  f a s t  r e a c t o r  g r o u p s  i n  t h e  US, U K ,  
F r a n c e ,  FRG, J a p a n ,  and USSR [VII-871. E x t e n s i v e  e x p e r i m e n t a l  
d a t a  f o r  t e m p e r a t u r e  and p r e s s u r e  b u i l d - u p  and pressure -wave  
p r o p a g a t i o n  t h r o u g h  t h e  s t e a m  g e n e r a t o r  b u n d l e  a r e  a v a i l a b l e  
[VII-881. 

P r e s s u r e  r e l i e f  sys tems  have been  d e s i g n e d  which r e l e a s e  
t h e  hydrogen formed d u r i n g  t h i s  Na-H,O-reaction d i r e c t l y  t o  t h e  
a i r .  T h i s  d o e s  n o t  l e a d  t o  any r a d i o a c t i v i t y  r e l e a s e  s i n c e  t h e  
sodium of t h e  secondary  c o o l a n t  c i r c u i t  i s  decoupled  from pr imary  
sodium by an i n t e r m e d i a t e  h e a t  exchanger .  Steam g e n e r a t o r  
o p e r a t i o n a l  e x p e r i e n c e  and  i n c i d e n t s  d u r i n g  s t a r t - u p  o f  t h e  
BN 350 and PFR were d e s c r i b e d  e a r l i e r  ( C h a p t e r  111 .1)  . 

1 . 7  The F u n c t i o n  o f  t h e  L i c e n s i n g  P r o c e s s  

Given t h e s e  e x p l a n a t i o n s ,  one may come t o  a s k  why t h e r e  i s  
s u c h  a  widespread  d e b a t e  a b o u t  t h e  s a f e t y  o f  f a s t  b r e e d e r s .  
One r e a s o n  f o r  t h i s  was touched  upon i n  t h e  i n t r o d u c t i o n  t o  t h i s  
c h a p t e r :  t h e  t h r e e  p h a s e s  o f  t h e  f a s t  r e a c t o r  development  have 
conveyed q u i t e  d i f f e r e n t  k i n d s  o f  c o n c e r n  t o  t h e  s c i e n t i f i c  
p u b l i c ,  and o f t e n  t h e s e  h i s t o r i c a l  views a r e  mixed up. 

But t h e r e  i s  more t o  b e  s a i d .  The s i t u a t i o n  o f  s a f e t y  o f  
r e a c t o r s  i n  t h e  v e r y  f i n a l  a n a l y s i s  i s  t o  some e x t e n t  open-ended. 
Exper imenta l  e v i d e n c e  r e l a t e d  t o  s a f e t y  a n a l y s e s  can  o n l y  be g l v e n  
f o r  p a r t i a l  a s p e c t s  o f  t h e  problem. A s y n t h e s i s  o f  t h o s e  p a r t i a l  
a s p e c t s  f o r  f i n a l  o v e r a l l  a s s e s s m e n t s  l e a d s  i n t o  a  domain where 
t h e  scheme o f  t r i a l - a n d - e r r o r  i t e r a t i o n s  can  no l o n g e r  b e  r i g o r o u s l y  
a p p l i e d .  T h i s  i s  i n  s h a r p  c o n t r a s t  t o  t h e  h i s t o r y  of  e n g i n e e r i n g .  
S a f e t y  a n a l y s e s  of b o i l e r s ,  f o r  i n s t a n c e ,  d i d  e v o l v e  from s u c h  
a  t r i a l  and e r r o r  approach ;  e n g i n e e r s  l e a r n e d  from a c c i d e n t s .  
The absence  o f  t h e  i t e r a t e d  t r i a l - a n d - e r r o r  approach t h e r e f o r e  
e s t a b l i s h e s  some open-endedness a l s o  w i t h  r e s p e c t  t o  t h e  r e l a t e d  
s c i e n t i f i c  and t e c h n i c a l  d e b a t e .  I t  must b e  i n t e r j e c t e d  h e r e  
t h a t  t h i s  i s  n o t  a  s p e c i a l  f e a t u r e  o f  n u c l e a r  e n g i n e e r i n g  o n l y .  
I n d e e d ,  a l l  l a r g e  s c a l e  g l o b a l  e n g i n e e r i n g ,  i n  i t s  consequences ,  
l e a d s  t o  t h a t  s i t u a t i o n .  For  i n s t a n c e ,  i t  i s  n o t  p o s s i b l e  t o  
a p p l y  t h e  i t e r a t e d  t r i a l - a n d - e r r o r  approach t o  t h e  problem o f  
c l i m a t e  changes on t h e  g l o b e .  Nuc lear  e n g i n e e r i n g  t h u s  h a s  
assumed t h e  r o l e  of  a  p a t h f i n d e r  f o r  t h e s e  modern g l o b a l  t e c h -  
n o l o g i e s  and ,  more e s p e c i a l l y ,  it s e r v e s  a s  a s  an i n s t r u c t i v e  
example o f  what h a s  been l a b e l e d  h y p o t h e t i c a l i t y  [VII-101. 

I n  t h i s  s i t u a t i o n  t h e  l i c e n s i n g  p r o c e s s  t h a t  was a c t u a l l y  
conduc ted  s e r v e s  t o  some e x t e n t  a s  a  mechanism f o r  c l o s i n g  t h e  
open-endedness  t h a t  o t h e r w i s e  e x i s t s .  Assessments  t h a t  w i l l  
have consequences  must be  made. I n  g r e a t e r  d e t a i l ,  t h i s  means 



t h a t  a  s y n t h e s i s  o f  e x i s t i n g  e x p e r i m e n t a l  and t h e o r e t i c a l  ev idence  
i s  b e i n g  made i n  t h e  c o u r s e  of  such  a  l i c e n s i n g  p r o c e s s .  Th i s  
t h e n  p r o v i d e s  a  b a s i s  f o r  f u r t h e r  a c t i o n  i n  t h e  f i e l d  o f  con- 
s t r u c t i o n  b u t  e q u a l l y  s o  i n  r e s e a r c h  and development.  I n  t h e  
c a s e  of  t h e  SNR 300 a  very  comprehensive and l e n g t h y  commercial 
l i c e n s i n g  p r o c e s s  was expe r i enced .  I n  f a c t ,  t o  some e x t e n t  it 
i s  s t i l l  go ing  on. I t  a l s o  l e a d s  t o  a  c o n s i d e r a b l e  d e l a y  b u t  
must be  judged a s  be ing  ex t r eme ly  v a l u a b l e .  I t  t u r n e d  o u t  t o  b e  
i n h e r e n t l y  a s  impor t an t  a s  t h e  o r i g i n a l  d e s i g n  phase  of  t h e  
SNR 300. A s i m i l a r  s a f e t y  assessment  was expe r i enced  w i t h  PHENIX 
i n  F rance  and t h e  PFR i n  t h e  UK.  On t h e  o t h e r  hand,  f o r  t h e  
American CRBR and t h e  J apanese  MONJU t h i s  l i c e n s i n g  p r o c e s s  i s  
i n  i t s  i n i t i a l  s t a g e s .  

These s o f t  p r o c e d u r a l  and i n s t i t u t i o n a l  a s p e c t s  may, t o  
some e x t e n t ,  e x p l a i n  t h e  ongoing p u b l i c  d e b a t e  abou t  t h e  develop-  
ment o f  t h e  LMFBR. 

1.8 S a f e t y  C o n s i d e r a t i o n s  f o r  t h e  F u e l  Cyc l e  of F a s t  Breeder  
Reac to r s  and t h e  Problem of i t s  S p a t i a l  Deployment 

I n  t h e  l a s t  s u b s e c t i o n s ,  t h e  s a f e t y  of  f a s t  b r e e d e r  r e a c t o r s  
was c o n s i d e r e d  i n  some d e t a i l .  I t  was t h e  r e a c t o r ,  o f  c o u r s e ,  
which r e c e i v e d  most a t t e n t i o n .  But f o r  t h e  commercial ly  succe s s -  
f u l  o p e r a t i o n  o f  f a s t  b r e e d e r s  it i s  nece s sa ry  t o  have a l s o  t h e  
v a r i o u s  f u e l  c y c l e  f a c i l i t i e s  e s t a b l i s h e d  and i n  o p e r a t i o n .  

I n  t h e  n e a r  and medium-term f u t u r e ,  t h e  o v e r r i d i n g  a s p e c t  
f o r  t h e  FBR f u e l  c y c l e  i s  t h e  f a c t  t h a t  t h e  FBR a c c e p t s  t h e  Pu 
t h a t  i s  conve r t ed  i n  t h e  LWR, a s  b o t h  r e a c t o r  t y p e s  o p e r a t e  on 
t h e  b a s i s  o f  t h e  U-Pu-cycle. Th i s  LWR Pu i s  used f o r  FBR f i r s t -  
c o r e  i n v e n t o r i e s ;  t h e  t im ing  o f  t h e  LWR-Pu o u t p u t ,  t h e r e f o r e ,  
de t e rmines  t h e  t i m i n g  of  t h e  commercial bu i l d -up  o f  FBR. One 
h a s  t o  r e a l i z e  t h a t  t h e  h o t  end p a r t  o f  t h e  LWR f u e l  c y c l e  i s  
be ing  b u i l t  up o n l y  now, a f t e r  t h e  i n s t a l l a t i o n  of  dozens and 
hundreds GW(e) o f  LWR c a p a c i t y .  I t  i s ,  t h e r e f o r e ,  n o t  s u r p r i s i n g  
t h a t  r e l a t e d  problems i n  a  b r o a d e r  s e n s e  a r e  on ly  now r e c e i v i n g  
i n t e n s e  a t t e n t i o n .  

F i g u r e  VII-6 i l l u s t r a t e s  t h e  f u e l  c y c l e  of a  f a s t  b r e e d e r  
r e a c t o r  on a  s t e a d y - s t a t e  b a s i s .  The f u e l  c y c l e  compr ises  f u e l  
p e l l e t  and e lement  f a b r i c a t i o n ,  and f u e l  r e p r o c e s s i n g .  A f t e r  
r e p r o c e s s i n g ,  i n t e r m e d i a t e  was t e  s t o r a g e ,  was t e  s o l i d i f i c a t i o n ,  
and f i n a l  was t e  s t o r a g e  must be  c o n s i d e r e d .  

I f  one wants  t o  c o n c e p t u a l i z e  t h e  f u e l - c y c l e  problem a s  a  
whole and t h a t  o f  i t s  s a f e t y  i n  p a r t i c u l a r ,  one i s  l e d  t o  a  
somewhat agg rega t ed  approach .  Recent ly  R.  Avenhaus, W. ~ a f e l e ,  
and P. McGrath d i d  s o  w i t h  a  view t o  o r d e r i n g  and c a t e g o r i z i n g  
s a f e t y  and o p e r a t i o n  problems o f  a  l a r g e  f u e l  c y c l e  f o r  1800 GW(th) 
FBR and 1800 GW(th) HTGR c a p a c i t i e s  [VII-891. We make u s e  h e r e  
o f  t h a t  p a p e r ' s  f i n d i n g s  and numer ica l  r e s u l t s .  
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F i g u r e  VII-6: I n t e g r a t e d  LMFBR Fue l  Cyc le  System - 
Year ly  Mass Flows o f  Uranium and 
Plutonium f o r  1 G W ( e )  

A s  r e g a r d s  t h e  s a f e t y  a s p e c t  o f  t h e  problems,  t h e  approach 
of  t h a t  pape r  i s  a  normat ive  one.  I t  i s  assumed t h a t  a  p r e -  
de t e rmined  amount o f  r a d i a t i o n  d o s e  is  accep t ed  a s  a  consequence 
o f  one o r  more a c c i d e n t s  o v e r  t h e  l i f e t i m e  o f  an  i n d i v i d u a l .  
T h i s  r e q u i r e s  r e g u l a t i o n  and o t h e r  l e g a l  s t e p s .  For  t h e  t i m e  
b e i n g ,  t h e  v a l u e s  o f  2 5  r e m  p e r  i n d i v i d u a l  and a  70 y e a r  l i f e t i m e  
a r e  employed. F u r t h e r ,  t h e  n o t i o n  o f  e x p e c t a t i o n  v a l u e s  i s  
r i g o r o u s l y  u sed .  I t  means l i n e a r  ave r ages  o v e r  s m a l l  and l a r g e  
e v e n t s  and o v e r  t i m e .  Such r i g o r o u s  a p p l i c a t i o n  o f  t h e  concep t  
o f  e x p e c t a t i o n  v a l u e s  h a s  obvious  sho r t comings ,bu t  it i e  f e l t  
t o  f a c i l i t a t e  a  rouah ,  f i r s t - o r d e r  o r i e n t a t i o n  and t o  l d e n t i f y  
more s p e c i f i c a l l y  t h e  s t e p s  t h a t  would l e a d  beyond t h e  concep t  
of e x p e c t a t i o n  v a l u e s .  

T h i s  approach i s  d e s c r i b e d  by t h e  f o l l o w i n g  s imp le  r e l a t i o n  
(see F i g u r e  VII -7) :  B  i s  t h e  cons ide r ed  a c c i d e n t a l  dose  r a t e  of 
an i n d i v i d u a l  assumed a t  25,000/70 mrem/yr; BM i s  t h e  p o p u l a t i o n  
dose  r a t e  i n  manrem/yr; it i s  nece s sa ry  t o  i n c o r p o r a t e  assurnp- 



B : ACCIDENTAL DOSE RATE FOR AN INDIVIDUAL: 25,000/70 (mrem/yr) 
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F : CONSIDERED POPULATED AREA 

P : PRGBABILITY FOR AN ACCICENT TO HAPPEN 

C : RELEASE RATE 

d : EXPOSURE TIME AFTER AN ACCIDENT: 50 h 

F i g u r e  VII-7: R e l a t i o n s  Between Dose R a t e s  and R e l e a s e  
Ra tes  w i t h i n  t h e  LMFBR F u e l  Cyc le  

t i o n s  on t h e  p o p u l a t i o n  d e n s i t y  f ( r )  and t h e  c o n s i d e r e d  pop- 
u l a t e d  a r e a  F  ; P is  t h e  p r o b a b i l i t y  p e r  second  f o r  t h e  con- 
s i d e r e d  a c c i d e n t  t o  happen;  d  i s  t h e  conce ived  e x p o s u r e  t i m e  
a f t e r  t h e  a c c i d e n t ,  h e r e  assumed t o  b e  a t  50 h o u r s ;  C  is  t h e  
r e l e a s e  i n  c u r i e s ;  s i s  m e t e o r o l o g i c a l  d i l u t i o n ,  and p  i s  t h e  
f a c t o r  t h a t  r e l a t e s  an  ambien t  d o s e  r a t e  t o  t h e  d o s e  r a t e  o f  an  
i n d i v i d u a l .  I t  s h o u l d  b e  n o t e d  t h a t  p may b e  g i v e n  by r e g u l a t i o n s  
o f  t h e  I n t e r n a t i o n a l  Commission on  R a d i o l o g i c a l  P r o t e c t i o n  (ICRP), 
s by t h e  l o c a l  meteoro logy ,  C  by t h e  t e c h n i c a l  a c c i d e n t  s c e n a r i o ,  
d  by p o s t a c c i d e n t  s c e n a r i o s ,  and B by (assumed) r e g u l a t i o n s .  
I t  i s  t h e n  p o s s i b l e  t o  c a l c u l a t e  P. I f  more t h a n  one  i s o t o p e  
i s  c o n s i d e r e d ,  p r o p e r  c o m b i n a t i o n s  o f  Cap can  b e  used  t o  d e s c r i b e  



t h e  s i t u a t i o n  a c c o r d i n g l y .  P must be  i n t e r p r e t e d  a s  a  demand 
f o r  r e l i a b i l i t y ;  it is  o f  a  n o r m a t i v e  c h a r a c t e r .  Smal l  P  v a l u e s  
imply a  more dangerous  s i t u a t i o n  where  a c c i d e n t s  c a n  be  a c c e p t e d  
o n l y  r a r e l y  ( w i t h i n  t h e  s c o p e  o f  t h e  approach  c o n s i d e r e d  h e r e ) .  
Large  P v a l u e s ,  i n  t u r n ,  imply more a c c e p t a b l e  and t h u s  less 
dangerous  s i t u a t i o n s .  A c t u a l  d e s i g n  b a s i s  a c c i d e n t  p r o b a b i l i t i e s  
o f  a  g i v e n  f a c i l i t y  must t h e n  b e  s m a l l e r  t h a n  t h e s e  normat ive  
v a l u e s .  R e l i a b i l i t y  c o n t r o l  s t u d i e s  l i k e  t h o s e  by Rasmussen 
f o r  t h e  LWR c a s e  must s u f f i c i e n t l y  a s s u r e  t h a t  t h i s  i s  s o .  I n  
t h i s  f o r m a t ,  t h e  above ment ioned s t u d y  c o n s i d e r s  n o t  o n l y  
a c c i d e n t s  i n  f a c i l i t i e s  b u t  a l s o  t h e  c a s e  o f  p h y s i c a l  p r o t e c t i o n  
and  a d v e r s e  s p r e a d i n g  o f  Pu. T a b l e  V I I - I 1 1  shows some o f  t h e  
r e s u l t s  o f  t h a t  s t u d y .  I t  is  s u r p r i s i n g  t o  l e a r n  from t h e  t a b l e  
t h a t  r e p r o c e s s i n g ,  p l u t o n i u m  c o n t a m i n a t i o n ,  and  t h e  e x p l o s i u m  o f  
a  c r u d e  d e v i c e  f o r  which p l u t o n i u m  was o b t a i n e d  t h r o u g h  i n a d e q u a t e  
p h y s i c a l  p r o t e c t i o n ,  a r e  o f  less concern  t h a n  i n t e r m e d i a t e  w a s t e  
s t o r a g e ,  t h e  c a s e  o f  a  Pu f u e l  f a b r i c a t i o n  p l a n t ,  and t h e  c a s e  
o f  f i n a l  w a s t e  d i s p o s a l .  I t  is  u n a v o i d a b l e  t o  make c e r t a i n  
a s s u m p t i o n s  i n  a l l  t h e s e  r a t h e r  s i m p l e  and s t r a i g h t f o r w a r d  
c a l c u l a t i o n s ,  and t h e s e  a s s u m p t i o n s ,  o f  c o u r s e ,  a r e  s u b j e c t  t o  
d i s c u s s i o n .  T a b l e  V I I - I 1 1  a l s o  g i v e s  r e l a t i v e  (and  a b s o l u t e )  
v a l u e s  of  p o p u l a t i o n  d o s e  r a t e s .  T h i s  i s  done  on t h e  b a s i s  o f  
a s s u m p t i o n s  on t h e  p o p u l a t i o n  d e n s i t y  a s  e x p l a i n e d  t h e r e .  

T a b l e  V I I - 1 1 1 :  Normative A c c i d e n t a l  L o s s e s  P: f o r  3600 GW(th) 

a For B = 25,000/70 (mrem/yr); B_ = 110 (mrem/yr)--natural background radiation exposure; 

BMo = 4 . 10' (manrem/yr); meteorology/population factor: 2.8 . lo-' (mansec/m3); 

Amount of X lg) Pu released; 

F,: percentage of waste cylinders exposed to water; 
F , :  soil filtration factor. 
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F i g u r e  VII-8:  A Waste D i s p o s a l  A c c i d e n t  S c e n a r i o  

e v e n t s .  F r a c t i o n  F ,  o f  t h e  t o t a l  g l a s s  c y l i n d e r  s u r f a c e  i s  
assumed t o  b e  exposed  t o  w a t e r .  I t  was f u r t h e r  assumed, ad  hoc ,  
t h a t  t h e  g roundwate r  c i r c u l a t e s  i n  a  c l o s e d  l o o p .  The s o i l  
f i l t e r s  t h e  w a t e r ,  r e s u l t i n g  i n  a  f i l t e r  f a c t o r  F,.  F i n a l l y  
t h e  assumpt ion  i s  made t h a t  p e o p l e  would have t o  u s e  t h e  ground- 
w a t e r  f o r  d r i n k i n g  f o r  t e n  y e a r s ,  t h e  p e r i o d  needed f o r  a p p r o p r i a t e  
measures  t o  s t o p  g roundwate r  c i r c u l a t i o n  by t e c h n i c a l  means. 
Given a l l  t h e s e  a s s u m p t i o n s ,  t h e  r e s u l t i n g  n o r m a t i v e  a c c i d e n t  
p r o b a b i l i t y  is  t h e  one  o f  T a b l e  V I I - 1 1 1 .  

These  assumpt ions  a r e  f a i r l y  a r b i t r a r y .  But t h i s  r e a s o n i n g  
may h e l p  t o  p o i n t  t o  t h e  i n h e r e n t  n e c e s s i t y  o f  s c e n a r i o s  f o r  
r e f e r e n c e  p u r p o s e s .  I n  f a c t ,  t h e  d e s i g n  b a s i s  a c c i d e n t  (DBA) 
r e l a t e d  t o  t h e  d e s i g n  b a s i s  c r i t e r i a  a s  d i s c u s s e d  i n  t h e  above 
s u b s e c t i o n s  f u l f i l l s  t h i s  f u n c t i o n  f o r  t h e  r e a c t o r .  As t h e  
r e a c t o r  a c c i d e n t  i s  t o  b e  c o n t a i n e d  w i t h i n  t h e  r e a c t o r  b u i l d i n g ,  
a l l  f e a t u r e s  o f  t h e  s c e n a r i o  r e f e r  t o  t e c h n i c a l  equ ipment ,  
measures  o r  e v e n t s  w i t h i n  t h e  r e a c t o r  b u i l d i n g  and  a r e ,  t h e r e f o r e ,  
s t r i c t l y  w i t h i n  t h e  s c o p e  o f  t h e  r e a c t o r  d e s i g n  work. I n  t h e  
c a s e  o f  f i n a l  w a s t e  d i s p o s a l ,  and  t o  a  lesser e x t e n t  a l s o  f o r  
some of  t h e  o t h e r  p a r t s  o f  t h e  f u e l  c y c l e ,  such  c o n c e i v i n g  o f  
s c e n a r i o s  c a n n o t  b e  c o n f i n e d  t o  t h e  i n t e r i o r  o f  a  b u i l d i n g .  



One must  d e f i n e  a  d e s i g n  b a s i s  s c e n a r i o  t h a t  d o e s  r e f e r  t o  
e n v i r o n m e n t a l  and g e o l o g i c  f e a t u r e s  o f  a n  a c t u a l  c a s e .  
Because o f  t h i s  v e r y  f a c t ,  it i s  n o t  p o s s i b l e  t o  draw c o m p e l l i n g  
c o n c l u s i o n s  f rom t h i s  s u b s e c t i o n .  I t  i s ,  n e v e r t h e l e s s ,  f e l t  
t h a t  p r o c e d u r e s  f o r  d o i n g  s o  have  been o u t l i n e d ,  and above ,  
c e r t a i n  i n d i c a t i o n s  have been  g i v e n  by T a b l e  V I I - I 1 1  [VII-901. 

The f u e l  c y c l e  o f  f i s s i o n  r e a c t o r s  i s  s p r e a d  o u t  i n  s p a c e .  
T h i s  i s  a  consequence  o f  t h e  law o f  s c a l e .  Chemical  r e p r o c e s s i n g ,  
f o r  i n s t a n c e ,  becomes commerc ia l ly  r e a s o n a b l e  above t h e  l e v e l  o f  
p e r h a p s  1500 t / y r  f o r  one s i n g l e  p l a n t .  T h i s  t h r o u g h p u t  s e r v i c e s  
a b o u t  4 5  G W ( e )  a n d ,  b e c a u s e  o f  i t ,  c h e m i c a l  r e p r o c e s s i n g  must  
be  c e n t r a l i z e d .  T h i s  i s  n o t  a l w a y s  t h e  c a s e :  t h e  d e s i g n  o f  
t h e  EBR-I1 f a c i l i t y  i n c o r p o r a t e s  a  c l o s e d  f u e l  c y c l e ,  and i n  
t h e  c a s e  o f  t h e  m o l t e n  s a l t  r e a c t o r  t h e  c l o s e d  f u e l  c y c l e  i s  
a n  i n t e g r a l  p a r t  o f  t h e  c o n c e p t .  

The n e c e s s i t y  o f  c e n t r a l i z e d  r e p r o c e s s i n g  f a c i l i t i e s  and 
o f  a  d e c e n t r a l i z e d  deployment  o f  n u c l e a r  power s t a t i o n s  r e l a y s  
a  c e r t a i n  d i s p a r i t y  w i t h i n  t h e  n u c l e a r  power c o n c e p t .  Thus s i z e  
o f  e l e c t r i c a l  power s t a t i o n s  i n  g e n e r a l  i s  a  r e s u l t  o f  t h r e e  
compet ing  i n f l u e n c e s :  ( a )  t h e  s i z e  o f  t h e  g r i d  which p r o v i d e s  
t h e  s c a l e  o f  t h e  power s t a t i o n s ,  ( b l  t h e  s t r i v i n g  f o r  a v a i l a b i l i t y  
which t e n d s  t o  f a v o r  s m a l l  power s t a t i o n s ,  a n d  ( c l  l a w - o f - s c a l e  
i n c e n t i v e s  which t e n d  t o  push f o r  l a r g e  power s t a t i o n s .  Opt imal  
s i z e s  seem t o  b e  a round  1 0 %  o f  t h e  g r i d  c a p a c i t y .  The g r i d  
c a p a c i t y  i n  t u r n  i s  d e t e r m i n e d  by t h e  c o n s t r a i n t s  o f  t h e  t r a n s p o r t  
o f  e l e c t r i c  power. With t o d a y ' s  and  tomorrow 's  t e c h n o l o g y ,  
t h e  a v e r a g e  d i s t a n c e  o f  t r a v e l  o f  o n e  kwh i s  a t  100 km a n d ,  
a c c o r d i n g l y ,  a n  o p t i m a l  n u c l e a r  power s t a t i o n  s i z e  i s  o n l y  a t  
1  G W ( e )  i n  c o n t r a s t  t o  t h e  s i z e  o f  a  r e p r o c e s s i n g  p l a n t .  I f  
e l e c t r i c i t y  c a n n o t  be  t r a n s p o r t e d  t h e  n u c l e a r  f u e l ,  f r e s h  o r  
i r r a d i a t e d ,  must  b e  t r a n s p o r t e d .  
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F i g u r e  VII-9:  P a r t i t i o n i n g  and F i n a l  U s e  o f  Secondary Energy (FRG) 



One must now r e a l i z e  t h a t  n u c l e a r  power does  n o t  n e c e s s a r i l y  
have t o  produce e l e c t r i c i t y .  I n  f a c t ,  t h e  s o - c a l l e d  ene rgy  
problem r a t h e r  a s k s  f o r  a  n o n - e l e c t r i c ,  gaseous  secondary  ene rgy  
c a r r i e r ,  a s  o u t l i n e d  i n  F i g u r e  VII-9 [VII-911. G a s i f i e d  c o a l ,  
s p l i t  methane [ADMI + EVA [VII-921) , ammonia and ,  above a l l ,  
hydrogen a r e  c a n d i t a t e s  f o r  such  a  n o n - e l e c t r i c  secondary  ene rgy  
c a r r i e r .  What i s  impor t an t  i n  t h i s  r e a son ing  i s  t h e  f a c t  t h a t  
a  ga seous  secondary  ene rgy  c a r r i e r  c an  be f a r  more e a s i l y  
t r a n s p o r t e d  t h a n  e l e c t r i c i t y .  While e l e c t r i c i t y  t r a n s p o r t a t i o n  
i s  d e  f a c t o  r e s t r i c t e d  t o  a  few G W ( e )  and a  few hundred km, 
t h e  t r a n s p o r t a t i o n  of  g a s e s  i n  p i p e l i n e s  i s  c a p a b l e  o f  t r a n s -  
p o r t i n g  dozens  of  GW ove r  s e v e r a l  thousand  k i l o m e t e r s  [VII-931. 
T h i s  o b s e r v a t i o n  now l e a d s  u s  t o  a  n a t u r a l  p a r t i t i o n  o f  t a s k s :  
Normal n u c l e a r  power s t a t i o n s ,  based  on U235 f u e l i n g  and a l o n g  
t h e  l i n e s  o f  t h e  t e c h n i c a l  e x p e r i e n c e  now a v a i l a b l e ,  would 
c o n t i n u e  t o  f u n c t i o n  a s  e l e c t r i c  power s t a t i o n s  on a  d e c e n t r a l i z e d  
b a s i s .  The i r r a d i a t e d  f u e l  e l emen t s  would be  t r a n s p o r t e d  t o  
c o l l o c a t i o n s ,  and t h e  Pu would n e v e r  l e a v e  t h e s e  energy  c e n t e r s .  
I n s t e a d ,  f t  would f u e l  r e a c t o r s  t h a t  would p robab ly  produce 
main ly  t h e  p r o c e s s  h e a t  f o r  s y n t h e s i z i n g  a  ga seous  secondary  
ene rgy  c a r r i e r  w i t h  subsequent  e a s y  t r a n s p o r t a t i o n  i n  an  ( a l r e a d y  
e x i s t i n g ? )  p i p e l i n e  system. Of c o u r s e ,  w e  do  n o t  want t o  exc lude  
e l e c t r i c i t y  g e n e r a t i o n  i n  such  ene rgy  c e n t e r s ,  where a p p r o p r i a t e .  

One a r r i v e s ,  t h e r e f o r e ,  a t  a  sequence of modes f o r  t h e  
g e o g r a p h i c a l  deployment  of  n u c l e a r  ene rgy  a s  shown i n  F i g u r e  VII-10 
[VII-901. A s  t i m e ,  and w i t h  i t ,  t h e  c a p a c i t y  o f  a  modern ene rgy  
system e v o l v e s ,  w e  a r e  now, a f t e r  t h e  t r a n s i t i o n  from c o a l  t o  o i l ,  
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b e g i n n i n g  t o  see t h e  t r a n s i t i o n  t o  l o c a l  n u c l e a r  p l a n t s  on t h e  
b a s i s  o f  U235 f u e l .  The n u c l e a r  community now f a c e s  t h e  problem 
o f  a p p r o p r i a t e  u s e s  o f  l a r g e  p l u t o n i u m  amounts .  W e  h e r e  s u g g e s t  
a s  a  f u r t h e r  t r a n s i t i o n  u s i n g  t h i s  wlutonium i n  comprehensive 
c o l l o c a t i o n s ,  i . e .  i n  l a r g e  c e n t r a l i z e d  e n e r q y  c e n t e r s .  

The r e a s o n i n g  g i v e n  th rows  a  l i g h t  upon n u c l e a r  f i s s i o n  
power a s  a  whole:  I t  i n h e r e n t l y  f i t s  w i t h  l a r g e - s c a l e  p r o d u c t i o n  
and t r a n s p o r t a t i o n ;  i t  f i t s  b e t t e r  i n t o  t h e  TW domain t h a n  i n t o  
t h e  GW domain. Thus n u c l e a r  f i s s i o n  power a l l o w s  f o r  c o l l o c a t i o n s  
o f  n u c l e a r  f a c i l i t i e s ,  p a r t i a l l y  o r  t o t a l l y  e l i m i n a t i n g  t r a n s p o r t -  
a t i o n .  Judgments  on t h e  s a f e t y  o f  t h e  n u c l e a r  f u e l  c y c l e  t h u s  
depend v e r y  s t r o n g l y  upon t h e  p a t t e r n s  o f  l a n d  u s e ,  d e g r e e  o f  
c e n t r a l i z a t i o n ,  and t h e  u n d e r l y i n g  i n f r a s t r u c t u r e  f o r  s e c o n d a r y  
e n e r g i e s .  C o n t r a r y  t o  t h e  c a s e  o f  n u c l e a r  r e a c t o r s ,  c o n s i d e r a t i o n s  
c a n n o t  be  r e s t r i c t e d  t o  t h e  i n s i d e  o f  c o n t a i n m e n t s .  

2 .  NON-ROUTINE RELEASES--FUSION 

T h i s  p a r t i c u l a r  t o p i c  i s  v e r y  d i f f i c u l t  t o  t r e a t  f o r  f u s i o n  
p l a n t s ,  b e c a u s e  t h e y  have n o t  a c t u a l l y  gone t h r o u g h  a  c o m p l e t e  
and d e t a i l e d  e n g i n e e r i n g  d e s i g n .  The b e s t  one c a n  d o  a t  t h i s  
t i m e  i s  t o  a n a l y z e  t h e  c u r r e n t  p o i n t  d e s i g n s  f o r  g e n e r a l  f e a t u r e s  
t h a t  c o u l d  p o s e  p rob lems .  I n  a l l  l i k e l i h o o d ,  many o f  t h e s e  
p rob lems  w i l l  be s o l v e d  a s  t h e  e n g i n e e r i n g  d e s i g n  becomes more 
s o p h i s t i c a t e d .  There  have been f i v e  d e t a i l e d  a t t e m p t s  a t  en-  
v i r o n m e n t a l  s t u d i e s ,  f o r  t h e  UWMAK-I, U W M A K - 1 1 ,  and U W M A K - I 1 1  
[VII-94 t o  VII-951,  LASL-ANL T h e t a  P i n c h  [VII-971,  and t h e  
BNL r e a c t o r s  [VII-981. R e c e n t l y  a  r e s e a r c h  g r o u p  a t  t h e  
U n i v e r s i t y  of  C a l i f o r n i a ,  Los A n g e l e s ,  h a s  a t t e m p t e d  a n  i n d e -  
p e n d e n t  a n a l y s i s  o f  t h e  UWMAK-I r e a c t o r .  I t  i s  i n t e n d e d  t o  
combine t h e i r  work w i t h  t h e  work on UWMAK-I1 and U W M A K - I 1 1  
[VII-991,  I n  o r d e r  t o  g e t  some qualitative p l c t u r e  o f  what  t o  
e x p e c t  i n  a  TOKAMAK d e s i g n .  

P r e l i m i n a r y  a n a l y s e s  r e v e a l  t h a t  t h e r e  a r e  f o u r  main s o u r c e s  
o f  h a z a r d  t o  t h e  p u b l i c  o u t s i d e  t h e  r e a c t o r .  (Obvious  h a z a r d s  
t o  t h e  o p e r a t i n q  p e r s o n n e l  i n s i d e  t h e  r e a c t o r ,  s u c h  a s  f i r e ,  
e x p l o s i o n s ,  s t eam-p ipe  r u p t u r e s ,  and o t h e r  " c o n v e n t i o n a l  
a c c i d e n t s " ,  a r e  n o t  d i s c u s s e d  h e r e . )  

The h a z a r d s  t o  t h e  p u b l i c  a r e :  

- r e l e a s e  o f  t r i t i u m ;  

- r e l e a s e  o f  r a d i o a c t i v e  c o r r o s i o n  and s p u t t e r e d  p r o d u c t s  
e n t r a i n e d  i n  t h e  c o o l a n t ;  

- r e l e a s e  o f  r a d i o a c t i v e  s t r u c t u r a l  and b r e e d i n g  
m a t e r i a l ,  n e u t r o n - m u l t i p l y i n g ,  r e f l e c t i n g ,  s h i e l d -  
i n g ,  e l e c t r i c a l  and o r g a n i c  m a t e r i a l s ;  

- r e l e a s e  of  n o n - r a d i o a c t i v e  b u t  t o x i c  m a t e r i a l s .  

I n  what f o l l o w s  w e  f i r s t  examine t h e  a c c i d e n t  pathways 
t h a t  c o u l d  l e a d  t o  t h e  m a n i f e s t a t i o n  o f  t h e s e  h a z a r d s ,  and 
t h e n  c o n s i d e r  t h e  p o t e n t i a l  consequences .  



2.1 Accident  Chains f o r  Fusion Reac to r s  

Without c a r e f u l  e v a l u a t i o n  of more d e t a i l e d  r e a c t o r  d e s i g n s  
t h a n  t h o s e  y e t  a v a i l a b l e ,  a  d e t a i l e d  q u a n t i t a t i v e  examina t ion  
of  a c c i d e n t  p r o b a b i l i t i e s  f o r  f u s i o n  r e a c t o r s  i s  n o t  p o s s i b l e .  
Neve r the l e s s ,  some u s e f u l  o b s e r v a t i o n s  can be  made on t h e  b a s i s  
o f  t h e  amounts o f  energy l i k e l y  t o  be s t o r e d  i n  v a r i o u s  p a r t s  
of  f u s i o n - r e a c t o r  sys tems ,  and i n  t h e  pathways p o t e n t i a l l y  
a v a i l a b l e  f o r  t h e  r e l e a s e  o f  such  energy .  

The amounts o f  energy  s t o r e d  i n  a  TOKAMAK r e a c t o r  based 
on r e c e n t  concep tua l  d e s i g n s  a r e  summarized i n  Table  V I I - I V .  

Table  V I I - I V :  S to r ed  Energy i n  a  1000 MW(e) TOKAMAK Fusion 
Reac tor  

A r a p i d  r e l e a s e  of  t h e  n u c l e a r  energy  r e p r e s e n t e d  by t h e  
f u e l  con t a ined  i n  t h e  plasma a t  any g iven  t ime  seems exceed ing ly  
u n l i k e l y  on t h e  b a s i s  of  p r e s e n t  knowledge o f  plasma behavior .  
I t  i s  conce ivab l e  t h a t  ma l func t i ons  could  t e m p o r a r i l y  i n c r e a s e  
t h e  r e a c t i o n  r a t e ,  by v i r t u e  of  i n c r e a s e d  t empera tu re  o r  mag- 
n e t i c  f i e l d ,  b u t  t h e  d e l i c a t e  ba l ance  o f  c o n d i t i o n s  r e q u i r e d  
f o r  t h e  plasma conta inment  means t h a t  t h e  f i n a l  r e s u l t  o f  any 
d e p a r t u r e s  from normal o p e r a t i n g  c o n d i t i o n s  would be  r a p i d  
quenching of  t h e  r e a c t i o n ,  due  t o  l o s s  o f  plasma t o  t h e  w a l l s .  
I f  somehow t h e  e n t i r e  q u a n t i t i y  o f  f u e l  i n  t h e  plasma d i d  r e a c t ,  
t h e  l e s s  t h a n  hundred g i g a j o u l e s  t h a t  evolved would r a i s e  t h e  
b l a n k e t  t empera tu re  by on ly  about  1  OOOc [VII-1001 . 

K i n e t i c  Energy i n  Plasma 

Complete Fusion o f  Fue l  i n  Plasma 

Magnet ic  Energy 

Energy S t o r e d  i n  Maintenance of  
Vacuum 

Chemical Energy i n  Liquid  Li thium 

The k i n e t i c  energy  of t h e  h o t  plasma i s  two t o  t h r e e  o r d e r s  
of magnitude s m a l l e r  t han  t h e  p o t e n t i a l  n u c l e a r  energy .  I f  an 
i n s t a b i l i t y  were t o  cause  t h e  e n t i r e  h o t  plasma t o  be d e p o s i t e d  
on a  s m a l l  s e c t i o n  o f  t h e  vacuum w a l l ,  a  l o c a l  burn-throush 
cou ld  r e s u l t  [VII-99, and VII-1001. Such an e v e n t  would n a t u r a l l y  
be d i s r u p t i v e  and expens ive  f o r  t h e  o p e r a t o r s  o f  t h e  r e a c t o r ,  
b u t  it cou ld  on ly  produce s e r i o u s  e x t e r n a l  consequences i f  i t  
l e d  t o  a  major  l i t h i u m  f i r e ,  a s  d i s c u s s e d  below. 

S to red  Energy 
(GJ) 

0.1 t o  3 

7 0  

240 

16 

64,000* 

* T h i s  cou ld  be  reduced by t h e  u s e  of s o l i d  b r e e d e r s .  



A v e r y  s u b s t a n t i a l  q u a n t i t y  o f  e n e r g y ,  hundreds  o f  G J ,  i s  
s t o r e d  i n  t h e  s u p e r c o n d u c t i n g  magne t s  t h a t  c o n f i n e  t h e  f u s i o n  
plasma.  Concern i s  somet imes e x p r e s s e d  t h a t  t h e  sudden r e -  
l e a s e  o f  t h i s  e n e r g y ,  owing t o  a  magnet t r a n s i t i o n  f rom t h e  
s u p e r c o n d u c t i n g  t o  t h e  normal  s t a t e ,  would r e p r e s e n t  a n  i m -  
p o r t a n t  a c c i d e n t  c h a i n  f o r  f u s i o n  r e a c t o r s ,  and c o n s i d e r a b l e  
a n a l y s i s  o f  t h e  q u e s t i o n  h a s  been done [VII-99,  and  VII-1011. I t  
seems a  r e l a t i v e l y  s t r a i g h t f o r w a r d  m a t t e r ,  however,  t o  d e s i g n  
magne t s  i n c o r p o r a t i n g  normal c o n d u c t o r s  a s  a l t e r n a t e - c u r r e n t  
p a t h s ,  a l o n g  w i t h  a d e q u a t e  e n e r g y  s i n k s  f o r  t h e  a s s o c i a t e d  
j o u l e  h e a t i n g ,  s o  t h a t  a n  e x p l o s i v e  e n e r g y  r e l e a s e  from a  magnet 
" g o i n g  normal"  i s  p r e c l u d e d  [VII-1 01 1 . 

I t  w i l l  r emain  t r u e ,  o f  c o u r s e ,  t h a t  l a r g e  s u p e r c o n d u c t i n g  
magnets  i n  o p e r a t i o n  a r e  s u b j e c t  t o  v e r y  l a r g e  f o r c e s  (on t h e  
o r d e r  o f  l o 5  t ) ,  s o  t h a t  c a t a s t r o p h i c  s t r u c t u r a l  f a i l u r e  p e r h a p s  
c a n n o t  b e  e n t i r e l y  r u l e d  o u t .  Such a  f a i l u r e  c o u l d  p roduce  
e n e r g e t i c  m i s s i l e s ,  r a i s i n g  t h e  p o s s i b i l i t y  o f  s e v e r e  damage 
t o  o t h e r  r e a c t o r  components,  p e n e t r a t i o n  o f  c o n t a i n m e n t  s t r u c -  
t u r e s ,  and i n i t i a t i o n  o f  l i t h i u m  f i r e s .  

E n e r g e t i c  m i s s i l e s ,  w i t h  t h e  same p o s s i b l e  consequences ,  
c o u l d  a l s o  be  produced by sudden vacuum-system f a i l u r e ,  by 
h e l i u m  o v e r p r e s s u r e  i n  t h e  magne t -coo l ing  s y s t e m ,  by " e x t e r n a l "  
e v e n t s  s u c h  a s  e a r t h q u a k e s ,  t o r n a d o s ,  a i r c r a f t  i m p a c t ,  and 
s a b o t a g e ,  and o f  c o u r s e  by c o m b i n a t i o n s  o f  t h e s e  pathways [VI I -  
99,  and VII-941. 

An i m p o r t a n t  a c c i d e n t  c h a i n  f o r  a l l  n u c l e a r  s y s t e m s  i s  
l o s s  o f  c o o l a n t ,  o r  l o s s  o f  c o o l a n t  f l o w .  C a l c u l a t i o n s  made 
f o r  t h e  UWMAK-I/TOKAMAK c o n c e p t u a l  d e s i g n  i n d i c a t e  t h a t  
c o m p l e t e  l o s s  o f  c o o l a n t  f l o w  d u r i n g  t h e r m o n u c l e a r  b u r n ,  
accompanied by f a i l u r e  t o  s h u t  down t h e  f u s i o n  r e a c t i o n ,  would 
c a u s e  t h e  f i r s t  w a l l  t o  r e a c h  a  t e m p e r a t u r e  o f  6 0 0 ' ~  i n  a b o u t  
10 sec; e m b r i t t l e m e n t  f rom f o r m a t i o n  o f  h e l i u m  b u b b l e s  i n  t h e  
m e t a l ,  which o c c u r s  around 6 5 0 ' ~ ~  c o u l d  t h e n  l e a d  t o  f a i l u r e  o f  
t h e  w a l l ,  r e l e a s e  o f  l i t h i u m  i n t o  t h e  vacuum chamber,  and con-  
s e q u e n t  quench ing  o f  t h e  f u s i o n  r e a c t i o n  [VII-1021. L i k e  s o  
many o t h e r  f u s i o n  a c c i d e n t  c h a i n s  c o n s i d e r e d  h e r e ,  t h i s  one  
would b e  d i s r u p t i v e  and e x p e n s i v e  b u t  n o t  c a t a s t r o p h i c  u n l e s s  
s e c o n d a r y  e v e n t s  produced a  major  f i r e  and /or  b r e a c h  o f  con- 
t a i n m e n t .  

Loss  o f  t h e  c o o l a n t  i t s e l f  ( a s  opposed t o  m e r e  l o s s  o f  
f l o w ) ,  a s  c o u l d  o c c u r  owing t o  p i p e  b r e a k s ,  would p r o d u c e  t h e  
same r e s u l t  a s  l o s s  o f  f l o w  somewhat more r a p i d l y ,  a g a i n  assuming 
t h a t  t h e  f u s i o n  r e a c t i o n  were  n o t  immedia te ly  s h u t  down. I f ,  
on t h e  o t h e r  hand ,  t h e  r e a c t i o n  i s  s h u t  down, t h e  c o n c e r n  be-  
comes t h e  r a d i o a c t i v e  d e c a y - h e a t  t h a t  r e s u l t s  f rom a c t i v a t i o n  
p r o d u c t s  i n  t h e  f i r s t  w a l l .  The i n i t i a l  d e c a y - h e a t  power 
d e n s i t i e s  i n  t h e  f i r s t  w a l l  a t  shut-down f a l l  i n  t h e  r a n g e  o f  
0 . 5  t o  1 .0  w / c m 3  f o r  t h e  main a l t e r n a t i v e  s t r u c t u r a l  m a t e r i a l s  
[VII-1011, and t h e  i n i t i a l  a d i a b a t i c  t e m p e r a t u r e  rise i n  a  
TOKAMAK s y s t e m  h a s  been c a l c u l a t e d  t o  be  on t h e  o r d e r  o f  



O.lOc/sec [VII-941. These values are more than an order of 
magnitude lower than the corresponding figures for fission 
fuel, and they suggest that heat removal by radiation, con- 
duction, and natural convection will suffice to prevent melting 
of the wall. 

The largest source of stored energy in fusion-reactor 
designs relying on liquid lithium for cooling and breeding of 
tritium is the chemical energy represented by the lithium it- 
self; and for such reactors, a lithium fire--whether initiated 
by internal or external events--may well represent the "maxi- 
mum hypothetical accident". Lithium reacts vigorously and 
exothermically both with air and with water; like sodium, 
it also reacts with concrete (actually, with the water liberated 
from concrete by endothermic dehydration). Although the kin- 
etics of these reactions are not well established experimentally, 
calculated maximum flame temperatures for both the lithium-air 
and lithiumLconcrete reactions are in the range of 2400 to 
2500 K [VII-1031. These temperatures are below the melting 
points of refractory metals, such as niobium and TZM (titanium- 
zirconium-molybdenum), that might be used in fusion-reactor 
structures, but above the melting points of other potential 
structural materials, such as series SS 300. The refractory 
metals, although they would not melt, could be rather rapidly 
consumed at such temperatures by formation and volatilization 
of their oxides [VII-1031. The high temperatures and large 
energy releases potentially associated with lithium fires, 
therefore, pose the two-edged possibility of: (a) breaching 
multiple containment barriers between the reactor core and the 
public, and ( b )  augmenting the volatile tritium inventory that 
could escape through such breaks by converting activation 
products and toxic non-radioactive metals to volatile form. 

The volatility of oxides of refractory metals can also 
pose problems under conditions much less extreme than those 
of a major lithium fire. Any malfunction that allows air to 
come into contact with structural refractory metals at their 
standard operating temperature of 8 0 0 ~ ~  will lead to the 
oxidation of these materials, including their activated com- 
ponents, and their dispersal within the plant. 

It must be emphasized, of course, that the existence of 
potential chains for the occurence of accidents--including 
some rather severe ones--does not necessarily mean that such 
accidents will occur frequently, or even at all. The relatively 
unfinished conceptual designs now available for fusion reactors 
already incorporate many features that are designed to minimize 
the probability of accidents, and to reduce the consequences 
if one occurs. These include double-walled piping, to reduce 
the chance of leaks and breaks; multiple separate lithium 
loops, to reduce the quantity that can be lost in any one break; 
stainless steel liners, to prevent spilled lithium from coming 
into contact with concrete; multiple, widely separated storage 
bunkers for tritium, to reduce the amount that could be lost in 



a single event; and multiple containment barriers between 
stored energy sources and the outside world. 

The value of increasingly detailed safety analyses at the 
early stages of design, of course, is that the designs can 
then evolve to cope with the most serious accident chains that 
are identified. The apparent flexibility of fusion in this 
respect is considerable, especially since passive systems seem 
capable of handling most if not all of the stored energy 
sources. The use of liquid lithium as a coolant and breeding 
medium for tritium--which produces the largest stored-energy 
threat in many fusion-reactor designs--has of course been 
questioned. Unfortunately, the alternatives are not without 
their own difficulties. Use of helium as a coolant in con- 
junction with breeding in lithium solids, for example, nor- 
mally requires the use of beryllium as a neutron multiplier*; 
this material is extremely toxic, thus producing additional 
threats to occupational and public health, and it is scarce 
and expensive. Use of fluorine-lithium-beryllium molten salt 
(FLIBE) as an alternative coolant and breeding material, on 
the other hand, leads to materials compatibility problems, and 
to the production of a particularly dangerous form of hydro- 
fluoric acid (wherein the hydrogen is tritium, and the fluorine 
is the two-hour half-life F18). Clearly, much additional work 
will be required to determine how much the apparen t  flexibility 
of fusion with respect to coolant and breeding media can 
a c t u a l  l y  be exploited to maximize safety. 

2.2 Release of Non-radioactive but Toxic Substances 

There are several elements in the current fusion reactor 
designs which would represent an inhalation hazard if they 
were to be spread throughout the atmosphere. The probability 
of such an event is extremely small, and the reader should 
realize that a quantitative assessment of this problem cannot  
bz taken too seriously at this time. However, in order to 
obtain a qualitative picture of how toxic these elements are, 
we will use the same approach as is used in the subsection on 
radioactivity in order to calculate the required dilution 
factors. Again, the reader is cautioned that such numbers are 
only good in a relative sense. 

A list of potentially toxic elements is given in Table 
VII-V, along with the representative inventory in selected 
reactors, the industrial threshold limit value (TLV), and the 
inventory divided by the TLV. The latter ratio represents the 
required dilution volume if a l l  of the elements in the nuclear 
island were uniformly spread out into the atmosphere. 

* assuming that a breeding ratio greater than 1.1 is required, 
and approximately 10 to 20 per cent of the wall area is un- 
available for breeding. 



Table VII-V: Relative Chemical Inhalation Toxicity of Some 
Materials in Fusion Reactor Designs 

:s Not s p e c i f i e d .  

Element 

Be 

B  

Cr 

Cu 

The numbers in Table VII-V can be compared to those for 
radioactive species. The first point to note is that the di- 
lution factor for the toxic substances is at least three orders 
of magnitude less than for the radioactive species. The second 
important point is that the potential dispersal of Be repre- 
sents the most serious problem, while the hazards of Pb and Li 
cannot be neglected. The third point to note is that, once the 
hazard potential for the dispersal of Hg was recognized, re- 
actor designs stopped using mercury diffusion pumps. 

The problem with Be is normally connected to the use of 
solid breeders, and it is not inherent to fusion power if liquid 
Li is used as a breeder. The extreme toxicity and the potential 
for release due to some of the mechanisms outlined in subsection 
VII.2.1 suggest that one should carefully weigh the advantages 
and disadvantages of its use in high temperature environments. 

Pb 14 12 18 - 0.2 7 

Li 1.2 0.2 ( a s  LiOH) 6 .lo-' 
0.025 ( a s  LiH) 5 

H9 0.002 None - 0.05 ( n o n - a l k y l )  
0.01 ( a l k y l  corn- 8 

pounds)  

MO 0.39 0.24 ( i n s o l u b l e  1 .lo-Q 
compound) 

5 ( s o l u b l e  2 .lo-* 
compound) 

( N i  o r  con- 3 .lo-' 
pound)  

UWMAK-I 

None 

1.1 

3.4 

5.1 

3. WARFARE AND OTHER HYPOTHETICAL EVENTS 

3.1 Thinking About the Unthinkable 

UWMAK-I1 

0.3 

2.5 

2.3 

6.1 

However small the probability of a major accident may be 
or may seem to be, it is an important part of risk analysis to 

UWMAK-I11 

None 

0.47 

0.81 

0.65 

LA5 L- 
ANL 

0.01 

- 
- 

2.3 

I n d u s t r i a l  
Thresho ld  L imi t  

Va 1 ue 
(ms/m3) 

0.002 

15 (B203) 

0.5 ( s o l i d  
compound) 

0.1 (fume) 

PPPL 

0.4 

- 
0.82 

1.6 

!laximum 
I n v e n t o r y  

(kg:i( kW(e) ) 

0.2 

1.6.10-' 

7 - 1 0 - 3  

6 



identify the boundaries of the consequences of such events 
wherever possible. That is, it is not irrational (as has 
sometimes been asserted) to include in risk evaluation and 
comparison not only the expected consequences (i.e. the sum 
over all possible events of the probability of the event 
times the consequences of that event) but also the magnitude 
of the worst event, almost irrespective of its probability. 
The reasons why a rational analysis includes the latter are 
two- f old. 

First, there are external events that can neither be 
readily incorporated into probabilistic analysis nor be de- 
fended against with absolute certainty. Sabotage and warfare 
come in mind. These may be capable of causing releases larger 
than any conceivable technological failure. Because of this 
possibility, any computation of the expected value of casualties 
from accidents is liable to be misleadingly incomplete. 

Second, the social disruption and trauma caused by a 
single large and improbable event may be much larger than 
would be associated with a distributed set of events for which 
the expected number of casualties is the same. Consider the 
standard example of automobile fatalities in the USA of about 
50,000 per year. A (hypothetical) type of event that killed 
one million Americans outright every 20  years would contribute 
exactly the same toll expected per year as the automobiles in 
a probabilistic analysis, but would be regarded by most people 
as a more horrifying possibility. Accordingly, they would be 
prepared to give up more in order to avoid entirely the risk 
of this event than they would be prepared to give up to avoid 
the risk of automobiles. This is in fact not irrational, and 
so it becomes necessary to face the task of calculating con- 
sequences of even highly improbable events. 

3.2 Large Releases in Fission and Fusion Systems 

In this section, we suppose for the sake of argument that, 
hypothetically, a mechanism has been identified whereby the 
principal barriers between the radioactive inventories in a 
fission or fusion system and the environment could be breached. 
The initiating event might be an aircraft impact or natural 
disaster more severe than the design capability of the facility, 
an act of war or sabotage, or a chain of events not anticipated 
by the designers. It is now important to emphasize the logical 
place of these considerations. 

For fission, the distinction between realistic accidents 
and hypothetical accidents was made (see subsection VII.1.3). 
One hypothetical accident chain was evaluated, that was not 
known by a broader public to be inconceivable, and it was con- 
cluded that the fast breeder community considers this hypo- 
thetical accident chain as now proven to be inconceivable. 
Also, the chain of accidental events leading to the design basls 



accident was evaluated and considered as ultimately conceivable 
but of very low probability, and design measures can make this 
very low probability to be below a preconceived level. In the 
case of the design basis accident the containment remains 
intact. 

For fusion this ordering is necessarily less explicit as 
only conceptual designs exist. But it is equally reasonable 
to assume for fusion that for the design basis accident and 
beyond the containment would remain intact. 

The viewpoint of this Section is to examine maximum hypo- 
thetical consequences of a major release of inventories; we 
intentionally do not go into an analysis of the underlying 
causes. We only have to specifiy that the mechanisms envisaged 
do break open the containment structures and thus severely 
damage the systems. The most obvious although not only case 
to refer tp is warfare. 

A second observation must be made. In Chapter V (Figure 
V-l), four levels of consideration are outlined that lead to 
injury of humans: 

( 1 )  total inventory of radioisotopes in the reactor; 

( 2 )  the maximum biological hazard potential in the reactor; 

( 3 )  the actualization of the biological hazard potential 
by movement of materials along pathways into and 
through the environment; 

( 4 1  injury to humans. 

The first two levels are discussed in Chapter V. It is 
indeed important to distinguish between levels ( 2 )  and ( 3 ) .  
This can be most strikingly exemplified for actinides in the 
case of fission. At the end of Subsection VII.1.5, accidents 
beyond the design basis accident are considered ad hoc; it is 
assumed that up to 60 per cent of the core plutonium would be 
released in the form of fuel aerosols. Coagulations and sedi- 
mentations would lead to the settlement of most of the aerosols, 
and only 20 mg/m3 can stay airborne for longer periods, and 
could be subject to leakages and releases by reventing. As 
explained there, the resulting irradiation dose at the fence of 
the reactor plant would be less than one rem total. Another 
example along these lines, but for fusion, involves the formation 
of volatile refractory metal oxides (i.e. Mo03), which may plate 
out on cold surfaces before being widely dispersed. Thus the 
mechanisms of aerosols or vapors to stay airborne introduce a 
significant difference between levels ( 2 )  and ( 3 ) ;  this 
exemplifies the caution to be taken if only maximum biological 
hazard potentials (BHP) are being considered. This caution 
was advised throughout Chapter V. 

The present example for differentiating between levels ( 2 )  and 
( 3 ) ,  of course, must refer to a certain scenario for both the acci- 
dent and the pathways for actualization of the biological hazard 



potential into and through the environment. More generally, 
not only aerosol mechanisms have to be taken into account in 
other scenarios. This explains the difficulty of such investi- 
gations and related controversies. It is felt that compre- 
hensive studies in depth of levels ( 3 1  and ( 4 1  are very much 
needed for the assessment of the nuclear fission and fusion 
options. We maintain that a comparison of fusion and fission 
must be made on level ( 4 1 .  

Nevertheless, several studies of the consequences of very 
large, hypothetical fission-reactor accidents have been pub- 
lished (see, e.g. [VII-104 to VII-1071. These studies state 
or imply numbers of early fatalities, ranging from zero under 
scenarios of favorable conditions of meteorology and population 
distribution, to tens of thousands under scenarios with more 
adverse circumstances. "Early fatalities" are those occurring 
in the first month or two after the event as a direct result of 
acute radiation exposure. Other damages for scenarios consi- 
dered in some of these studies include early non-fatal radiation 
injuries, delayed incidence of cancer and thyroid nodules, 
production of genetic defects, destruction of crops, and with- 
drawal of land from habitation and food production. 

The most elaborate of the fission-accident studies pub- 
lished to date is the US Nuclear Regulatory Cornrnisssion's 
Reactor Safety Study (popularly known as the "Rasmussen Reportn, 
and referred to in the following as RSS), which considered 
light-water reactors of about 1000 MW(e) [VII-1071. The worst 
accident scenario considered there involved 3300 early fatalities, 
45,000 early injuries, 45,000 cancer deaths in the forty years 
subsequent to the accident, 240,000 thyroid nodules, 28,000 
genetic defects over the next several generations, about 14 
billion dollars in property damage, and required the evacuation 
of 75,000 hectares of land. (The estimated probability of this 
event was lo-' per reactor per year, excluding warfare and 
sabotage). 

Several critiques of RSS have claimed that the "worst case" 
just described actually underestimates the possible consequences, 
supporting this view both with specific criticism of the RSS 
methodology and by noting the roughly tenfold higher estimates 
of early fatalities derived in earlier work [VII-108 to VII-1101. 
Nevertheless, it is instructive here to use some of the RSS 
methodology to arrive at relative hazard estimates for fission 
and fusion, wherein the principal assumptions are the same for 
both cases. Employing the RSS methodology and reducing the 
attention to relative hazard estimates is, for the moment, the 
best that can be done in analyzing levels ( 3 1  and ( 4 1  in view 
of a comparison of fission and fusion. More specifically, this 
analysis must involve the following steps: 



- evaluation of the fraction of inventories released and 
the form of released materials; 

- analysis of the dispersion of released materials in the 
environment; 

- relation of environmental concentrations of radionuclides 
to absorbed doses of radiation in critical organs; and 

- use of dose-response relations and population densities 
exposed by various pathways, to estimate expected 
casualties. 

Significant uncertainties exist at each step. 

Radioactive inventories were considered above in Chapter V, 
together with the measure of maximum biological hazard potential 
one obtains by dividing inventories (curies) by the maximum 
permissible concentrations (MPC) in air (ci/m3). Here we des- 
cribe the remaining steps of an accident analysis--in the se- 
quence just given--following the RSS methodology for computation 
of "critical doses" to persons in the vicinity of the accident. 
The critical dose with which we are concerned here is that which 
is relevant to determining early fatalities and, to some extent, 
early injuries. We have not carried out a comparison of late 
effects and property damage for hypothetical fission and fusion 
accidents, owing to the limited time available for this study; 
such a comparison should have high priority in future work. 

The RSS group determined that the dose governing early 
fatalities was that which is delivered to the bone marrow; 
doses to the lungs and gastrointestinal tract might, in some 
cases, produce early injuries not predicted from the bone- 
marrow dose, but the latter seems to be the best single pre- 
dictor of early effects. The RSS defined the "critical dose" 
to bone marrow, for the purpose of predicting these early 
effects, to be equal to the sum of (RSS Appendix VI, Chaper 9): 

( a )  external (y-ray) dose from passing cloud; 

( b )  external (y-ray) dose from emitters deposited on ground; 

(c) internal dose received during the first seven days 
from radionuclides inhaled during cloud passage; and 

( d l  one half of the internal dose received from day 8 
through day 30 from radionuclides inhaled during 
cloud passage. 

The external dose from contaminated ground was truncated 
in the RSS after four hours for individuals within 25 miles 
(40 km) of the reactor, owing to the presumed success of eva- 
cuation procedures. Beyond 25 miles the ground dose was 
truncated at seven days for purposes of this "critical dose" 
calculation. 



C a l c u l a t i o n s  o f  t h e  c r i t i c a l  dose  j u s t  d e s c r i b e d  f o r  l a r g e  
r e l e a s e s  o f  mixed f i s s i o n  p r o d u c t s  a r e  e s p e c i a l l y  d i f f i c u l t  
because  d i f f e r e n t  combina t ions  o f  i s o t o p e s  a r e  dominant  i n  
de t e rmin ing  t h e  d i f f e r e n t  components o f  t h e  dose :  i o d i n e ,  
and k ryp ton  dominate  t h e  e x t e r n a l  c l o u d  dose ;  t e l l u r i u m ,  
s t r o n t i u m ,  bar ium, and cesium govern  t h e  i n h a l e d  dose .  The 
RSS c a l c u l a t e d  a c c i d e n t  consequences f o r  a v a r i e t y  o f  d i f f e r e n t  
a c c i d e n t  modes, l a b e l e d  PWR-1, PWR-2, ..., BWR-1, BWR-2, . -  - I  

which a r e  c h a r a c t e r i z e d  by v a r i o u s  combina t ions  of  r e l e a s e  
f r a c t i o n s  f o r  v a r i o u s  c l a s s e s  o f  i s o t o p e s .  The o n l y  c a l c u l a t i o n  
p r e s e n t e d  i n  RSS i n  a way t h a t  q u a n t i t a t i v e l y  d i s a g g r e g a t e s  
t h e  c o n t r i b u t i o n s  of d i f f e r e n t  i s o t o p e s  t o  d i f f e r e n t  dose  pa th -  
ways, however, co r r e sponds  t o  none of  t h e  t a b u l a t e d  r e l e a s e  
c a t e g o r i e s .  (The r e l a t i v e  r e l e a s e  f r a c t i o n s  of  v a r i o u s  c l a s s e s  
o f  i s o t o p e s  f o r  t h i s  sample c a l c u l a t i o n - - d e s c r i b e d  i n  RSS 
Appendix V I ,  Chapte r  13 a s  a " l a r g e ,  c o l d ,  g round- leve l  re- 
l e a s e u - - a r e  n o t  s t a t e d  t h e r e  e x p l i c i t l y ,  b u t  t h e y  can be de- 
duced from d e t a i l s  of t h e  c a l c u l a t i o n  t h a t  a r e  p r o v i d e d . )  I f  
t h e  deduced r e l a t i v e  r e l e a s e  f r a c t i o n s  f o r  t h e  RSS sample 
c a l c u l a t i o n  a r e  s c a l e d  t o  produce a n  a b s o l u t e  r e l e a s e  f r a c t i o n  
o f  0 . 4  f o r  i o d i n e ,  one o b t a i n s  an  a c c i d e n t  s i g n i f i c a n t l y  less 
s e v e r e  t h a n  PWR-1 o r  BWR-1, and somewhat more s e v e r e  t h a n  PWR-3 
o r  BWR-3 (see Table  V I I - V I )  . 

T h i s  sample consequence c a l c u l a t i o n ,  i n  t h e  f o l l o w i n g  re- 
f e r e d  t o  a s  RSS-VI-13, i s  t h e  o n l y  one i n  RSS t h a t  p r o v i d e s  
enough d e t a i l  t o  p e r m i t  a d i r e c t l y  comparable  c a l c u l a t i o n  o f  
f u s i o n  a c c i d e n t  consequences;  s o  w e  u se  it h e r e .  Two p o i n t s  
shou ld  be  emphasized,  however. 

F i r s t ,  RSS-VI-13 i s  by no means t h e  most s e v e r e  r e l e a s e  
imaginab le  i n  a l i g h t  wa t e r  r e a c t o r ;  PWR-1, PWR-2, BWR-1, and 
BWR-2 a r e  a l l  more s e v e r e ,  a s  Table  V I I - V I  i n d i c a t e s ,  and some 
c r i t i c s  of t h e  RSS have a rgued  t h a t  even PWR-1 and BWR-1 a r e  
n o t  t h e  most s e v e r e  r e l e a s e s  imaginab le  [VII-1 1 p ]  . Second, t h e  
i n v e n t o r i e s  and r e l e a s e  f r a c t i o n s  i n  t h e  w o r s t  LMFBR a c c i d e n t  
w i l l  no doubt  d i f f e r  somewhat from t h o s e  used i n  RSS f o r  LWR 
a c c i d e n t s .  The LWR i n v e n t o r i e s  used i n  RSS f o r  t h e  i s o t o p e s  
t h a t  dominate  t h e  " c r i t i c a l  dose"  c a l ' c u l a t i o n  a r e  summarized 
i n  Tab l e  V I I - V I I .  These may be compared w i t h  t h e  LMFBR in -  
v e n t o r i e s  i n  Chapte r  V above. Re lease  f r a c t i o n s  f o r  some i s o -  
t o p e s  may d i f f e r  more s u b s t a n t i a l l y .  A d i f f e r e n c e  i n  i n v e n t o r i e s  
between LMFBR and LWR appea r s  i f  t h e  LWR i s  assumed t o  be w i th -  
o u t  Pu r e c y c l i n g .  I n  t h a t  c a s e  t h e  LMFBR Pu i n v e n t o r y  i s  t h r e e  
t i m e s  l a r g e r .  I f  t h e  LWR w i t h  Pu r e c y c l i n g  i s  c o n s i d e r e d ,  t h e  
d i f f e r e n c e  i s  l e s s  t han  a f a c t o r  o f  two ( s e e  Table  V I I - V I I I ) .  
The RSS s t u d y  assumes a r e l e a s e  f r a c t i o n  f o r  t h e  a c t i n i d e s  o f  
0 .5  p e r  c e n t .  Th i s  conf i rms  t h e  d i f f e r e n c e  mentioned above 
between t h e  maximum b i o l o g i c a l  hazard  p o t e n t i a l  i n  t h e  r e a c t o r  
and t h a t  a c t u a l l y  go ing  i n t o  t h e  environment  ( d i f f e r e n c e  b e t -  
ween l e v e l s  ( 2 )  and (3)). With such  a r e l e a s e  r a t e  t h e  c r i t i c a l  
dose  f o r  e a r l y  f a t a l i t i e s  w i l l  n o t  i n c r e a s e  a p p r e c i a b l y ,  and w e  
assume t h e  same f o r  t h e  LMFBR. (But even w i t h  t h e  same r e l e a s e  
f r a c t i o n  a s  f o r  LWRs, t h e  i n c r e a s e d  a c t i n i d e  i n v e n t o r y  i n  



T a b l e  VII-VI: R e l e a s e  F r a c t i o n s  f o r  V a r i o u s  C l a s s e s  o f  I s o -  
t o p e s  i n  D i f f e r e n t  S e v e r e  H y p o t h e t i c a l  A c c i d e n t s  
i n  L i g h t  Water R e a c t o r s ,  a s  T r e a t e d  i n  t h e  
R e a c t o r  S a f e t y  s t u d y a  

a Rasmussen R e p o r t  o r  RSS [VII-1071; 

I n c l u d e s  Ru, Rh, Co, Mo, Tc; 

R e l a t i v e  r e l e a s e  f r a c t i o n s  were d e r i v e d  f rom RSS, Appendix 
VI ,  F i g u r e s  VI-13-1 and VI-13-2, and T a b l e  VI-D-2. These 
were t h e n  s c a l e d  t o  g i v e  an a b s o l u t e  r e l e a s e  f r a c t i o n  f o r  
i o d i n e  o f  0.4;  

A c c i d e n t  

Sample c a l -  
c u l a t i o n  i n  
Appendix VI 
C h a p t e r  13 

PWR- 1  
d 

PWR-2 
d 

d 
PWR-3 - 
BWR- 1 d 

BWR- 2  d 

BWR- 3  d 

d 
Taken d i r e c t l y  f rom RSS, Appendix VI ,  T a b l e  VI-2-1. 

LMFBRs would g r e a t l y  a f f e c t  t h e  number o f  l a t e n t  c a n c e r s  p r o -  
duced  by a  l a r g e  a c c i d e n t .  For  t h i s  r e a s o n  and o t h e r s ,  f o c u s s i n g  
o n l y  on e a r l y  d e a t h s ,  a s  we d o  h e r e ,  may g i v e  a  d i s t o r t e d  
compar i son  o f  t h e  f i s s i o n  and f u s i o n  c a s e s .  W e  emphas ize  a g a i n ,  
t h e r e f o r e ,  t h e  d e s i r a b i l i t y  o f  a  more comprehens ive  c a l c u l a t i o n . )  

Ruthenium b 

0.03 

0.4 

0 .02 

0.03 

0 .5  

0 .03 

0.02 

I o d i n e  

0.4' 

0 .7  

0.7 

0 .2  

0.4 

0.9 

0.1 

Cesium- 
Rubidium 

0.2  

0.4 

0 .5  

0 .2  

0.4 

0 .5  

0 .1  

The a t m o s p h e r i c  d i s p e r s i o n  model used  i n  t h e  RSS a s  t h e  
n e x t  s t e p  a f t e r  t h e  d e t e r m i n a t i o n  o f  r e l e a s e  f r a c t i o n s  i s  a  
v e r s i o n  o f  t h e  well-known G a u s s i a n  plume model.  The i n t e -  
g r a t e d  g r o u n d - l e v e l  c l o u d  e x p o s u r e  e x p e r i e n c e d  i n  t h e  p a t h  o f  
t h e  r e l e a s e  ( o f  assumed h a l f - h o u r  d u r a t i o n )  i s  g i v e n  i n  t h e  
s i m p l e s t  c a s e  ( c o l d  r e l e a s e  a t  g round  l e v e l )  by  (RSS, Appendix 
VI ,  p a g e  4 - 1 ) :  

T e l l u r i u m -  
Antimony 

0.4  

0 .4  

0 . 3  

0 . 3  

0'. 7 

0 . 3  

0 .3  

Barium- 
S t r o n t i u m  

0.05 

0.05 

0.06 

0.02 

0 .05 

0 .10 

0.01 



Table VII-VII: Inventories of Dominant ~ission Products in a 
1000 MW(e) PWR at Accident Initiation* 

* RSS, Appendix VI, Table VI-3-1 [VII-1071 . 

Table VII-VIII: Radioactive Inventories of Fission Reactors 
af ter Shut-down 
(Ci/kW (th) ) 

Specific Inventory 
(Ci/kW (th) ) 

2 3 

3 1 

4 0 

1 1  

2 8 

4 0 

5 7 

5 0 

2.5 

1.6 

5 3 

5 3 

Nuclide 

Krypton 88 

Strontium 89 

Tellurium 132 

Antimony 129 

Iodine 131 

Iodine 132 

Iodine 133 

Iodine 135 

Cesium 134 

Cesium 137 

Barium 140 

Lanthanum 140 

Inventory 
(MCi) 

6 8 

9 4 

120 

3 3 

8 5 

120 

170 

150 

7.5 

4.7 

160 

160 

Note: LWR means LWR with a U:Pu power ratio of 0.7:0.3, and 
Pu239:Pu240:Pu241:Pu242 = 0.59:0.26:0.12:0.03, and 
a rating of 1 MW(th)/kg fissile material; 

LWR 
Pu241 

LMFBR 

LWR 
p u  

239-242 LMFBR 

LMFBR means LMFBR with Pu as fuel in natural uranium and 
Pu239:Pu240:Pu241:Pu242 = 0.69:0.25:0.04:0.02, and 
a rating of 1 MW(th)/kg fissile material. 

Time After Shut-down 
103sec 

3.9 

7.3 

3.9 

7.5 

10'sec 

3.9 

7.3 

3.9 

7.5 

108sec 

3.3 

6.2 

3.4 

6.4 

. 101Osec 

- 
- 

0.03 

0.17 



where 

x is downwind distance from the accident (m) ; 

Q is the number of Ci released; 

U is mean wind speed (m/sec) ; 

o (x) is the cross-wind dispersion coefficient; and 
Y 

o (x) is the vertical dispersion coefficient. 

The RSS employs a numerical fit to the empirically deter- 
mined Pasquill-Gifford values of the cross-wind and vertical 
dispersion coefficients for different atmospheric stability 
conditions. (Several approaches to this aspect of the pro- 
blem are described in RSS, Appendix VI, pages A-4 to A-6; a 
clear statement on which one was actually used appears in 
Appendix VI, page 4-2.) The vertical coefficient is not allowed 
to exceed 0.8 of the atmospheric mixing height (typically 
250 to 3000 m, Appendix VI, page 5-6). The exposure given by 
equation (1) is assumed to be uniform across a plume width of 
3oy, at the boundaries of which it drops to zero. 

For all but noble gases, equation (1) is modified to account 
for the depletion of the cloud by dry fall-out by replacing Q 
with Q-f (x) , where the depletion correction f (x) is approximated 
for ground-level releases by 

The dry deposition velocity vd is an' empirically determined 
parameter; it is taken by RSS to be lo-' m/sec for all isotopes 
(other than. noble gases, for which vd = 0 ) .  RSS gives an un- 
certainty of a factor of ten larger or smaller on this parameter 
(RSS, Appendix VI, page B-9). Most of the consequence calcula- 
tions in RSS also correct equation (1) for bouyant plume rise 
owing to the thermal energy c~ntent of the release (RSS, 
Appendix VI, page A-8), and for the effect of the reactor 
buildings on plume aerodynamics at short distances (page A-12). 
In the present work, we have included dry deposit.ion but neg- 
lected thermal plume rise and building-wake effects. The latter 
should be added when more thorough comparisons are made. 



Use of equations (1) and (2) for a given atmospheric 
stability condition yields X values for each released radio- 
nuclide as a function of x. Number of curies inhaled by an 
individual within the band of width of 3ay spenned by the plume 
is then obtained as the product of X with the breathing rate, 
taken by RSS to be B = 2.66 lo-' m3/sec for adults. Curies 
of a given isotope inhaled can then be converted into absorbed 
7-day and 30-day bone-marrow doses by multiplying them by the 
dose-conversion factors D (in rem/Ci), in RSS Appendix VI, 
Table VI-D-2 (page D-8). 

As pointed out in RSS, Appendix VI, Chapter 13, the r e l a t i v e  
contributions of all isotopes and pathways (inhalation, cloud 
y dose, ground y dose) to thc critical dose do not vary with 
atmospheric conditions or distance for times that are short 
enough so that differences in half-life do not matter, as long 
as all isotopes have the same deposition velocity (vd). Thus, 
if the relative contributions to the critical dose are known 
at one point, it suffices to follow a single isotope acd path- 
way (we chose inhaled Te132), and scale the others to itr uslng 
the known fixed ratios. The assumptions are not met perfectly: 
the noble gas Kr88 is important in governing the external-cloud 
y dose, and it has a deposition velocity (zero) that is different 
from those of the other important isotopes; for low wind speed 
and long distances downwind, differential depletion by radio- 
active decay of a few isotopes is of some significance. But the 
errors should be modest in the first few tens of kilometers, 
where the "critical dose" to bone marrow is high enough to 
produce early fatalities or early injuries. 

For sample release RSS-VI-13, examination of Figure VI-13-1 
in RSS Appendix VI shows that the 30-day bone marrow dose due 
to inhaled Te132 is equal to 10.4 per cent of the critical dose 
to bone marrow as defined above. (Total cloud dose = 484 units, 
7-day dose from inhalation = 245 units, half of 8-day to 30-day 
dose from inhalation = 40 units, 4-hour ground dose = 383 units; 
sum = critical dose = 1152 units; 30-day dose from Te132 in- 
halation = 120 units = 10.4 per cent of 1152.) Thus, the criti- 
cal dose at all distances and atmospheric conditions of interest 
can be obtained for release RSS-VI-13 by computing X from equa- 
tions (1) and (2) for a release of Q = 0.4 120 lo6 Ci of 
Te132, obtaining the 30-day inhalation dose as X B D (with 
D = 1000 rem/Ci from RSS Table VI-D-2), divided by 0.104. For 
our reference conditions we take atmospheric stability condition 
Pasquill F (very stable), and mean wind speed U of 1 m/sec. 
There follow the values of X, 30-day inhalation dose for Te132, 
and the "critical dose" to bone marrow given in Table VII-IX. 

If we assume that the "critical dose" to bone marrow in 
the fusion case is dominated by the release of tritium, the 
corresponding calculation is relatively straightforward. Tritium 
emits only a soft 0 particle (average energy 5.7 keV, maximum 
18 keV); since this radiation cannot penetrate the skin, the 
only dose to bone marrow is from tritium taken in as tritiated 



Table VII-IX: Critical Doses to Bone Marrow from Fission 
Product Release RSS-VI-13 [VII-107 I * 

* Atmospheric stability Pasquill F, mean wind 1 m/sec, 
vd = lo-' m/sec. 

water and incorporated into body water. Taking the biological 
half-life of tritium in humans to be 12 days [VII-1111, the 
relative biological effectiveness of tritium's f3 radiation as 
1.0 [VII-1121, and assuming uniform irradiation of body tissues 
having a mass of 70 kg, the dose commitment is readily calcu- 
lated as 77 rem per Ci of tritium taken in as tritiated water. 
(Tritium as hydrogen gas is by orders of magnitude less dan- 
gerous, as almost none is absorbed when it is inhaled.) The 
"critical dose" by the RSS formula (7-day dose plus half of 
8-day to 30-day dose) is 45 rem per Ci of tritiated water taken 
in. 

Critical Dose 
to Bone Marrow 

(rem) 

3.01-lo6 

7.75.10' 

1 .29*105 

3.76-10" 

1 .04*lo4 

1 .86-lo3 

3.96-10' 

6.93-10' 

1 .99*10° 

2.74.10-' 

x 
(km) 

0.1 

0.2 

0.5 

1 .O 

2.0 

5.0 

10.0 

20.0 

50.0 

100.0 

We have used the identical plume formulas and deposition 
velocity as for the fission case to calculate the X values for 
a release of 10' Ci of tritiated water in a fusion accident. 
This corresponds to 0.4 of the tritium inventory of a 2500 MW(th) 
fusion reactor at 10 kg tritium per 1000 MW(th) (see Chapter V 
above). Whether so large a release of tritium as the oxide in 
a short time period must really be considered is questionable, 
but assuming this fraction gives a somewhat satisfying com- 
parison with the fission case, where release fractions for 
iodine and tellurium isotopes have also been taken to be 0.4 
In converting X to the critical dose from tritium we account 
for skin absorption as well as for inhalation; this adds 

Te132 

(ci*sec/m3) 

1.18-lo6 

3.03*105 

5.04*104 

1.47010~ 

4.06.103 

7.27.10' 

1 .55*102 

2.71 -10' 

7.80-10-' 

1.07*10-~ 

30-day Inhalation 
Dose from Te132 

(rem) 

3.13*105 

8.06*104 

1.34*104 

3.91-lo3 

1 .08*103 

1.93*102 

4.12-10' 

7.21 *lo0 

2.07-10-' 

2.85-10-~ 



2.3 m3/sec to the effective breathing rate, giving 
B = 5 m3/sec for this case. The pathways through food 
and water are not considered in this "critical dose" calculation 
fcr the same reason why they were excluded in the corresponding 
calculation in RSS: individuals in the narrow path of the plume 
would be most unlikely to find food and water whose exposure 
history was nearly as unfortunate as their own. In computing 
the lower doses received by much larger populations at longer 
distances, these pathways of course would have to be considered 
in both the fission and fusion cases. 

The critical doses to bone marrow for the tritium case are 
given in Table VII-X. The land areas corresponding to each dose 
are given in the last column of that table; these have been 
obtained from the assumption (verified graphically) that the 
computed plume is approximately triangular, hence for any down- 
wind distance it has an area of 1.5 x*u (x). The same areas 
correspond to the same downwind distancgs in the fission case, 
since the plume calculations are identical. 

Critical dose to bone marrow versus area is plotted for 
the fission and fusion cases in Figure VII-11, based on the data 
in Tables VII-VII and VII-X. RSS estimates that the LD50,60 

Table VII-X: Critical Doses to Bone Marrow from Release of 
10 Curies of HTO* 

* Atmospheric stability Pasquill F, mean wind speed 1 m/sec, 
deposition velocity 10" m/sec. 

Area Receiving This 
Dose or Greater 

(km2) 

0.0006 

0.0024 

0.015 

0.054 

0.21 

1.2 

4.5 

16.5 

105. 

360. 

Critical Dose 
to Bone Marrow 

(rem) 

5.51 * l o 4  

1.42.10' 

2.63.10~ 

6.91.10~ 

1 .90.102 

3.40-lo1 
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x 
( ~ i  *sec/m ) 

2.45010~ 

6.32-lo5 

1.05*105 

3.07-lo4 

8.46-lo3 

1.51 * l o 3  
3.22*102 

5.64*101 

1.62*10° 

2.42.10-~ 



Figure V I I - 1 1 :  C r i t i c a l  Dose versus  Area f o r  Severe Releases  
i n  F i s s i o n  and Fusion Systems 



(magnitude of critical dose to bone marrow at which, with only 
minimal medical treatment, half the victims will die within 
60 days) is 340 rad (RSS Appendix VI, page 9-3). (Rad is the 
same as rem if the relative biological effectiveness (RBE) is 
1.0, as is the case for the radiation of importance in both 
cases here.) The LD50/60with intensive supportive medical 
treatment was estimated by RSS to be 510 rad. The dose at 
which one per cent would die within 60 days with minimal medi- 
cal treatment was about 200 rad. 

From the figure one finds that the fission release delivers 
the LD50 over 5 km2, and the LD1/60 over about 8 km2, areas 
that ark @O to 50 times larger than those in the fusion case. 
By choosing a number for population density, one can transform 
these figures into estimates for actual numbers of early fa- 
talities; at 300 people/km2, the highest density considered in 
RSS but by no means the highest possible, the number will be 
some tens of people in the fusion case, and on the order of one 
thousand in the fission case. 

It is important to emphasize that the relative magnitudes 
are more significant here than the absolute numbers. We have 
analyzed very severe releases but not necessarily the most 
severe possible, and the methodology of RSS may not yield an 
accurate consequence estimate in absolute terms. But by 
applying the same methodology to both fission and fusion, one 
obtains a first instructive comparison of relative consequences 
Within all the constraining assumptions explained above, we now 
conclude that, for releases of large parts of the inventories 
of fusion or fission reactors by catastrophic events such as 
warfare, the fusion reactor is better off by a factor of 40 to 
50 if compared to a fission reactor. 

One weakness in our comparison is the failure to consider 
doses organ by organ (lung, gastrointestinal tract, etc.). 
Assuming RSS is correct in saying that the bone-marrow dose 
dominates fatalities, it is nevertheless true that the high 
doses delivered to individual organs by certain isotopes (ru- 
thenium to the lung, strontium to the mineral bone, tellurium 
to the gastrointestinal tract) will cause early injuries and 
delayed cancers out of proportion to the bone-marrow dose. 
Since tritium is uniformly distributed in the body and causes 
no such disproportionate effects, leaving out the organ-by- 
organ dosimetry tends to understate fusion's advantage. Leaving 
out long-term doses from surface contamination and pathways 
to man through food chains may also understate fusion's 
advantage, because tritiated water is dispersed quickly and 
does not reconcentrate. The effect of this difference on 
late effects might not be very large if the linear hypothesis 
holds, because then a small dose to a large number of people 
(e.g., delivered by dispersed tritium) will cause the same 
number of adverse effects as the same number of person-rem de- 
livered as larger doses to fewer people (e.g., by concentrated 
cesium 137); this aspect requires closer investigation. 



Another  major  weakness is  t h a t  t h e  s i z e  o f  t h e  c o n s i d e r e d  
r e l e a s e s  i s  less w e l l  e s t a b l i s h e d  f o r  f u s i o n  t h a n  f o r  f i s s i o n .  
S i n c e  f u s i o n - r e a c t o r  d e s i g n s  a r e  s t i l l  o n l y  c o n c e p t u a l ,  one 
knows a c c u r a t e l y  n e i t h e r  t h e  t o t a l  t r i t i u m  i n v e n t o r y  n o r  t h e  
f r a c t i o n  t h a t  c o u l d  r e a l l y  b e  r e l e a s e d  a s  HTO by t h e  l a r g e s t  
d i s a s t e r s .  They depend on t h e  a c t u a l  d e s i g n .  The f i s s i o n -  
p r o d u c t  i n v e n t o r y  i n  a  f i s s i o n  r e a c t o r  o f  s p e c i f i e d  s i z e ,  by 
c o n t r a s t ,  i s  f i x e d  by laws  o f  p h y s i c s ;  one  c a n n o t  r e d u c e  it 
by b e i n g  c l e v e r .  Moreover,  r e l e a s e s  more s e v e r e  t h a n  t h a t  o f  
RSS VI-13 a r e  c e r t a i n l y  conce ivab le - -as  no ted  e a r l i e r ,  t h e  
e v e n t s  PWR-1 and BWR-1 c o n s i d e r e d  i n  RSS a r e  s i g n i f i c a n t l y  
worse .  

I t  may b e  a r g u e d ,  on t h e  o t h e r  hand,  t h a t  o u r  comparison 
o v e r s t a t e s  f u s i o n ' s  a d v a n t a g e  by l e a v i n g  o u t  t h e  p o t e n t i a l  
r e l e a s e  o f  s t r u c t u r a l  a c t i v a t i o n  p r o d u c t s  i n  t h e  f u s i o n  a c c i d e n t .  
T h i s  may be so .  According t o  C h a p t e r  V.3 above ,  t h e  b i o l o g i c a l  
h a z a r d  p o f e n t i a l  o f  t h e  b e s t  d e s i  n s  f rom t h e  a c t i v a t i o n  s t a n d -  
p o i n t  is  i n  t h e  v i c i n i t y *  o f  10 kmq o f  a i r  p e r  k W ( t h ) ;  10'  C i  
o f  t r i t i u m  p e r  1000 MW(th) amounts t o  a  BHP o f  o n l y  0 .5  km3 o f  
a i r  p e r  kW(th) .  Thus, i f  more t h a n  one p e r  c e n t  o f  t h e  a c t i -  
v a t i o n  p r o d u c t s  c o u l d  be r e l e a s e d ,  t h e y  might  be a  b i g g e r  h a z a r d  
t h a n  t h e  t r i t i u m .  Some o f  t h e  i m p o r t a n t  a c t i v a t i o n  p r o d u c t s  
a r e  r e f r a c t o r y  m e t a l s ,  hence presumably h a r d  t o  r e l e a s e ;  b u t  
even some of t h e s e  can form o x i d e s  t h a t  a r e  v o l a t i l e  a t  a c c i d e n t  
t e m p e r a t u r e s .  The q u e s t i o n  o f  r e l e a s e  f r a c t i o n s  f o r  f u s i o n -  
r e a c t o r  a c t i v a t i o n  p r o d u c t s  r e q u i r e s  much c l o s e r  a t t e n t i o n ,  and 
t h i s  i s  c o n s i s t e n t  w i t h  what was observed  e a r l i e r  t h a t ,  i n  any 
e v e n t ,  r e l e a s e  mechanisms and pathways i n t o  and t h r o u g h  t h e  
env i ronment  must be  more f u l l y  i n v e s t i g a t e d .  Only t h e n  c a n  
a  more t h o r o u g h  comparison between f u s i o n  and f i s s i o n  be made. 

4 .  CONCLUSIONS 

E a r l y  c o n c e r n s  a b o u t  t h e  s a f e t y  of  LMFBR f o c u s e d  on c o n t r o l  
c h a r a c t e r i s t i c s  and t h e  p o s s i b i l i t y  of  c o r e  recompac t ion  i n  
a c c i d e n t s  t h a t  b e g i n  w i t h  sodium b o i l i n g  and l o c a l  f u e l  m e l t i n g .  
These c o n c e r n s  were a c c e n t u a t e d  by t h e  emphas i s  on compact c o r e s  
and m e t a l l i c  f u e l  e l e m e n t s  i n  b r e e d e r  d e s i g n s  o f  t h e  1950s and 
e a r l y  1960s.  For  t h e  c a s e  o f  t h e  l a r g e  c o r e s  and mixed-oxide 
f u e l s  t y p i c a l  of  a l l  p r o t o t y p e  and commercial LMFBR d e s i g n s  i n  
t h e  1970s,  it i s  now known t h a t  i n  t h e i r  c r u c i a l  r e s p e c t s  t h e  
c o n t r o l  c h a r a c t e r i s t i c s  a r e  s u b s t a n t i a l l y  s i m i l a r  t o  t h o s e  o f  
t h e  LWR. Moreover,  a  l a r g e  and growing body o f  t h e o r e t i c a l  and 
e x p e r i m e n t a l  e v i d e n c e  s u p p o r t s  t h e  view t h a t  t h e  p r o p a g a t i o n  o f  
l o c a l  f u e l  f a i l u r e s  i n  a  way t h a t  l e a d s  t o  recompac t ion  i n  t h e  
l a r g e - c o r e ,  mixed-oxide f u e l e d  LMFBR would r e q u i r e  c o m b i n a t i o n s  
o f  e v e n t s  and d e g r e e s  o f  s p a t i a l  and t e m p o r a l  c o h e r e n c e  t h a t  a r e  
n o t  p h y s i c a l l y  r e a l i s t i c .  

The l a r g e  LMFBR p r o t o t y p e s  t h a t  a r e  i n  o p e r a t i o n  i n  F r a n c e  
and i n  advanced s t a g e s  o f  c o n s t r u c t i o n  i n  t h e  FRG have undergone 
l i c e n s i n g  r e v i e w s  a s  s t r i n g e n t  w i t h  r e s p e c t  t o  s a f e t y  a s  t h e  



ones that are applied to the LWR. The design basis accidents 
(DBA) for these large LMFBR encompass the possibility of failure 
of both independent shut-down systems, following a hypothetical 
large insertion of reactivity or coast-down of the main sodium 
pumps. The calculated consequences of melting and core dis- 
assembly in these maximum hypothetical accidents define the 
design characteristics of the containment systems required for 
licensing (strength of reactor vessel and primary piping; 
strength and leak rates of surrounding double steel and concrete 
containment structures). In addition to the pressure loads during 
a DBA, large commercial LMFBR would also have to cope after a DBA 
with long-term cooling of large masses of molten and dispersed 
fuel. While this capability appears to be at hand for the 300 
MW(e) class LMFBR, additional development work is needed for 
larger LMFBR power stations. Meeting these design requirements, 
which as the French and German experience indicates can be done 
with reasonable technical effort, can restrict radiation doses 
to 1 rem or less at the plant boundary in the event the DBA 
occurs. The overall conclusion is that the LMFBR can meet the 
same predetermined safety standards as are applied to other 
fission reactors. This will also hold for the LMFBR fuel cycle 
(fabrication and reprocessing plants) [VII-1131. 

In the case of fusion, reactor safety analysis is necessa- 
rily much more primitive because the technology cannot yet be 
described in detail. Examination of stored energies and po- 
tential pathways for energy release in conceptual controlled 
tnermonuclear reactor (CTR) designs indicates that sudden failures 
of the magnet support and vacuum systems could produce enough 
mechanical energy to severely'damage the reactor. Loss of 
coolant or coolant flow coupled with failure to shut down the 
fusion reactor could cause local interior structural damage. 
The characteristics of fusion plasmas and the very small amount 
of fuel present in the reaction chamber at any time mean that 
reactivity accidents will not be an important concern. Decay- 
heat due to neutron activation of structural materials is small 
enough in most designs to be substantially easier to handle than 
in fission reactors. For CTR designs where liquid lithium 
serves as breeding medium and coolant, the very large chemical 
energy stored in this coolant and the high flame temperature 
of the lithium-air and lithium-water reactions (somewhat worse 
in both respects than the sodium in a comparable LMFBR) prob- 
ably represent fusion's most important vulnerability to 
accidents capable of releasing sizable quantities of radioacti- 
vity. Both LMFBRs and liquid-lithium cooled CTRs require careful 
design of steam generators to handle safely the possibility 
of leaks that bring water into contact with liquid metal. 

Many of the possible accident pathways for CTR can be 
minimized in importance by intelligent design, which includes 
the apparent possibility o f  tritium breeding in ceramic lithium 
compounds, and cooling with pressurized helium instead of liquid 
lithium. Such an approach may also be able to reduce the in- 



ventory of blanket tritium that could be released in an accident, 
but other sources of tritium in proximity to the blanket (i.e. 
vacuum pumps, diverter collector plates, etc.) will not be 
affected by the change to solid breeders. Enthusiasm about the 
potential flexibility in CTR designs must be tempered with the 
recognition that there may be important trade-offs--for example, 
the probable need to use toxic and relatively scarce beryllium 
for neutron multiplication if solid breeders are employed in 
realistic blanket designs. Designers of fusion systems can 
anticipate that the approaches they devise to control energy 
release from magnets, vacuum systems, coolant, and so on will 
doubtless be subjected to much the same critical scrutiny and 
demand for high reliability experienced now in fission-reactor 
licensing proceedings. 

It is possible to make a very crude comparison of fission 
and fusion reactors with respect to the consequences of events 
worse than the design basis accidents--resulting, for example, 
from acts of war, sabotage, or hypothetical events exceeding the 
design capabilities of the safety systems. Applying the conse- 
quence model of the Reactor Safety Study (Rasmussen Report) of 
the US Nuclear Regulatory Commission shows that hypothetical 
release of a substantial fraction of the fission products and 
0.5 per cent of the actinides in an LWR (release PWR-1 in the 
Reactor Safety Study) would produce roughly 100 times more 
early deaths under adverse meteorological conditions than a 
release of 10' Ci of tritium oxide from a CTR under the same 
conditions. Much in need of further investigation is what 
fraction of the activation products in a CTR and of the actinides 
in an LMFBR could be released in such hypothetical events, as 
these could significantly affect the calculated outcomes. Com- 
parative examination of delayed as opposed to early casualties 
is also needed. 

In the CTR most of the fuel cycle is within the reactor con- 
tainment structure in the form of the tritium cycling systems. 
For the LMFBR there must exist in addition fuel reprocessing and 
fuel fabrication plants, and the potential for accidents on the 
way to or at these facilities needs careful examination. Such 
analysis is not yet nearly as refined as that of the LMFBR 
itself. Both LMFBR and CTR will require some form of radio- 
active waste management facilities, for which accident analysis 
will also have to be done. 
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V I I I .  SAFEGUARDS 

W. H a f e l e ,  J.P. Holdren 

1.  INTRODUCTION 

Of i n t e r e s t  h e r e  a r e  t h e  p o s s i b l e  c o n n e c t i o n s  between t h e  
u s e  o f  n u c l e a r  r e a c t o r s  and a s s o c i a t e d  f a c i l i t i e s  on t h e  one 
hand,  and t h e  p r o d u c t i o n  o f  n u c l e a r  weapons ( e x p l o s i v e  o r  
r a d i o l o g i c a l )  on t h e  o t h e r .  To a d d r e s s  t h i s  c o m p l i c a t e d  i s s u e  
s y s t e m a t i c a l l y  it i s  n e c e s s a r y  t o  e s t a b l i s h  c l e a r l y  a  number of  
d i s t i n c t i o n s .  S p e c i f i c a l l y ,  one  s h o u l d  d i s t i n g u i s h  between t h e  
s p r e a d  o f  weapons- re la ted  knowledge and t h e  s p r e a d  of  weapons- 
r e l a t e d  m a t e r i a l s ;  between t h e  t h r e a t  o f  weapons p r o d u c t i o n  by 
governments  and by s u b n a t i o n a l  g roups ;  between d e t e c t i o n  o f  
d i v e r s i o n  o f  m a t e r i a l  o r  knowledge and p h y s i c a l  p r o t e c t i o n  
a g a i n s t  d i v e r s i o n ;  between e x p l o s i v e  and r a d i o l o g i c a l  weapons; 
and between t h e  t h r e a t  o f  d i v e r s i o n  i t s e l f  and t h e  t h r e a t  ( o r  
c o s t s )  t h a t  migh t  b e  c r e a t e d  by s a f e g u a r d s  measures .  Here we 
wish  n o t  o n l y  t o  compare f i s s i o n  and f u s i o n  i n  t h e s e  r e s p e c t s  
b u t  a l s o  t o  d e t e r m i n e  whe ther  s i g n i f i c a n t  d i f f e r e n c e s  a r i s e  from 
t h e  approach  t a k e n  within f i s s i o n  o r  f u s i o n  ( t h a t  i s ,  f o r  example,  
LMFBR v e r s u s  LWR i n  f i s s i o n ,  m a g n e t i c  conf inement  v e r s u s  l a s e r -  
p e l l e t  sys tems  i n  f u s i o n ) .  A l l  o u r  d i s c u s s i o n s  h e r e  a r e  based. 
e n t i r e l y  on t h e  u n c l a s s i f i e d  l i t e r a t u r e .  

2. NUCLEAR EXPLOSIVES 

I t  i s  w i d e l y  r e p o r t e d  i n  t h e  u n c l a s s i f i e d  l i t e r a t u r e  t h a t  
t h e  t e c h n i c a l  knowledge r e q u i r e d  t o  d e s i g n  a  fission bomb is  by 
now w i d e s p r e a d ,  which means t h a t  many n a t i o n a l  governments  
a l r e a d y  have t h i s  knowledge and t h a t  many more c o u l d  a c q u i r e  it 
i f  t h e y  c h o s e  t o  do  s o .  S i m i l a r l y ,  it i s  g e n e r a l l y  a g r e e d  t h a t  
a  modest d e g r e e  o f  i n d u s t r i a l  s o p h i s t i c a t i o n  s u f f i c e s  f o r  a  
n a t i o n  a c t u a l l y  t o  c o n s t r u c t  such  a  bomb ( t o  b e  d i s t i n g u i s h e d  
from mere ly  d e s i g n i n g  one)  i f  it p o s s e s s e s  t h e  n e c e s s a r y  f i s s i l e  
m a t e r i a l s  [VII I -1 ,  VIII-21.  I t  i s ,  t h e r e f o r e ,  f a i r  t o  s a y  t h a t  
t h e  i n t e r n a t i o n a l  s p r e a d  o f  f i s s i o n  weapons ( p r o l i f e r a t i o n )  a t  
t h e  p r e s e n t  t i m e  i s  l i m i t e d  by some combina t ion  o f  n a t i o n a l  
i n t e n t i o n s  ( n a t i o n s  choos ing  n o t  t o  make weapons) ,  r e l u c t a n c e  
t o  commit t h e  n e c e s s a r y  r e s o u r c e s  o f  manpower and money, and  
l a c k  o f  f i s s i l e  m a t e r i a l s  (which u n t i l  r e c e n t l y  have been  produ- 
c i b l e  i n  q u a n t i t y  o n l y  by t h e  most advanced i n d u s t r i a l  n a t i o n s ) .  



Thus there is no threat that the spread of fission reactors 
will spread dangerous knowledge, for that spread has already 
taken place. There is a threat, however, that the spread of 
reactors will give access to fissile materials to nations that 
do not now have such access; some may choose to use this 
opportunity to construct bombs. (Moreover, nations that do not 
do so at once may be tempted to do so under different political 
circumstances in the future). This international proliferation 
of nuclear weapons by way of commercial nuclear power is the 
phenomenon which the Treaty on the Non-Proliferation of Nuclear 
Weapons (NPT) and associated International Atomic Energy Agency 
(IAEA) safeguards are designed to prevent (see below). The main 
controversies on this specific aspect of the diversion problem 
can be summarized by the following questions: ( 1 1  How effective 
are the NPT/IAEA safeguards at detecting diversion? ( 2 )  Would 
nations that wish to have nuclear weapons be deterred from using 
reactor-produced materials for this purpose even if detection 
and international censure were certain? ( 3 1  Are other means of 
obtaining fissile materials (e.g. enrichment of uranium with 
centrifuges, nozzles, or lasers) becoming so widely available 
that the spread of nuclear reactors is unimportant by comparison? 

The problem of production of fission bombs by subnational 
groups--organized crime, terrorists, etc.--is even more contro- 
versial. At issue here is: ( 1 )  whether such groups could design 
and construct a bomb that would work, given the materials, and 
( 2 1  whether existing and foreseeable physical protection measures 
could prevent determined groups from obtaining these materials. 
On the first point, T.B. Taylor has argued forcefully that a 
technically sophisticated group with a few thousand dollars 
worth of equipment could succeed [VIII-31. The US Nuclear 
Regulatory Commission argues, on the other hand, that there are 
many more wrong ways of making a fission bomb than right ways, 
and that the most likely outcome is that the individuals trying 
it would kill themselves but no one else [VIII-41. No meaningful 
assessment of the p r o b a b i l i t y  of a successful bomb (given the 
materials) has come out of this debate, and none is likely to. 

Not in dispute among informed observers, however, are 
several relevant technical facts. The easiest material for 
relatively unsophisticated bomb-makers to use is highly enriched 
uranium. Plutonium is more difficult, and plutonium with the 
high plutonium 240 content associated with LWR fuel cycles 
("reactor-grade" plutonium) is more difficult still. Use of the 
oxides is more difficult than use of the metals. With increasing 
sophistication on the part of the bomb-makers, however, all of 
these materials can be used to make workable nuclear explosives 
[VIII-3, VIII-51, although the common chemical form, plutonium 
nitrate, cannot be used. Moreover, in some of the cases that 
matter, the explosive yield will be quite unpredictable, but 
this is probably not so important for the purposes of terrorists, 
blackmailers, etc. Thus, one must conclude that a safeguards 
problem already exists for light-water reactors; indeed, it is 
a feature of nuclear fission power in general, not one specific 



t o  t h e  f a s t  b r eede r  r e a c t o r .  

Concerning adequacy of p h y s i c a l  p r o t e c t i o n  measures,  t h e r e  
i s  g e n e r a l  agreement t h a t  t h e  measures i n  e f f e c t  i n  t h e  e a r l y  
1970s i n  t h e  United S t a t e s  ( a t  l e a s t )  would n o t  have been 
adequate  t o  p reven t  a  determined group from s e i z i n g  bomb q u a n t i -  
t i e s  o f  f i s s i l e  m a t e r i a l s  [VII I -3 ,  VIII-61.  Whether t h e  much 
more s t r i n g e n t  and e l a b o r a t e  measures now coming i n t o  e f f e c t  
w i l l  be  adequate  i s  c o n t r o v e r s i a l ;  f o r  obvious r ea sons ,  t h e  
f u l l  d e t a i l s  of  such measures have n o t  been pub l i shed  i n  t h e  
open l i t e r a t u r e  and a r e  n o t  l i k e l y  t o  be.  The p u b l i c ' s  dilemma 
is  t h u s  two-fold: How can it be c o n f i d e n t  i n  a  system t h a t  
cannot  be desc r ibed?  I f  t h e r e  i s  a  f i n i t e  r e s i d u a l  p r o b a b i l i t y  
of a  s u c c e s s f u l  n u c l e a r  exp los ion  by c r i m i n a l  e l emen t s ,  do t h e  
b e n e f i t s  of n u c l e a r  power j u s t i f y  t h i s  k i n d  of r i s k ?  These a r e  
of cou r se  s o c i o - p o l i t i c a l  q u e s t i o n s  and no t  s t r i c t l y  t e c h n i c a l  
ones.  ( C l e a r l y ,  t h e  magnitude of  t h e  r i s k  can be  i n f luenced  by 
t e c h n i c a l  means; s e e  below.) 

The l i n k  between f u s i o n  and bombs i s  d i f f e r e n t .  Fusion 
bombs a r e  unques t ionably  h a r d e r  t o  des ign  and c o n s t r u c t  t han  
a r e  f i s s i o n  bombs, and t h e  sp read  o f  f u s i o n  bombs has  n o t  been 
l i m i t e d  a t  a l l  by l a c k  of  f u s i o n  f u e l s  b u t  r a t h e r  by l a c k  of 
knowledge and t e c h n i c a l  s o p h i s t i c a t i o n .  A s  f a r  a s  can be  d e t e r -  
mined from t h e  u n c l a s s i f i e d  l i t e r a t u r e ,  a l l  s u c c e s s f u l  f u s i o n  
bombs have r e q u i r e d  t h e  u se  of a  f i s s i o n  bomb f o r  a  t r i g g e r  
[VIII-71.  I t  i s  f a i r  t o  assume t h a t  t h e  des ign  o f  a  "pure 
fu s ion"  bomb is  a  much more d i f f i c u l t  t a s k  t han  t h e  a l r e a d y  ha rd  
one of  making a  f u s i o n  bomb w i t h  a  f i s s i o n  t r i g g e r .  I n  any 
e v e n t ,  any group o r  n a t i o n  s o p h i s t i c a t e d  enough t o  des ign  and 
f a b r i c a t e  a  workable f u s i o n  e x p l o s i v e ,  w i t h  o r  w i thou t  a  f i s s i o n  
t r i g g e r ,  w i l l  a lmost  c e r t a i n l y  be  s o p h i s t i c a t e d  enough t o  
produce any f u s i o n  f u e l s  it needs w i thou t  having acces s  t o  a  
f u s i o n  r e a c t o r .  ( I t  is  a t  l e a s t  conce ivable  i n  p r i n c i p l e ,  
however, t h a t  a c c e s s  t o  t r i t i u m  from a  f u s i o n  r e a c t o r  might 
s i m p l i f y  t h e  t a s k  enough t o  make i t s  d i v e r s i o n  o r  t h e f t  worth- 
wh i l e .  ) 

One p o s s i b l e  connect ion  between f u s i o n  r e a c t o r s  and f i s s i l e  
m a t e r i a l s  must be  mentioned. Once a  working f u s i o n  r e a c t o r  i s  
i n  hand, it probably  w i l l  n o t  be d i f f i c u l t  t o  u s e  it f o r  t h e  
p roduc t ion  o f  f i s s i l e  plutonium by bombarding n a t u r a l  uranium 
w i t h  t h e  e n e r g e t i c  f u s i o n  neu t rons  ( s e e  a l s o  t h e  d i s c u s s i o n  of 
f i s s i o n - f u s i o n  h y b r i d s ,  Appendix B ) .  I n  t h e  i n t e r n a t i o n a l  
s a f egua rds  deba t e  t h i s  problem has  been d e s c r i b e d  a s  " t h e  
d i v e r s i o n  of  neut rons" .  T h i s  could  only  be done wi th  t h e  
knowledge and f u l l  coope ra t ion  o f  t h e  f u s i o n  r e a c t o r ' s  o p e r a t o r s ,  
o f  c o u r s e ,  and it would be  imposs ib le  t o  concea l  i f  t h e  r e a c t o r  
were s u b j e c t  t o  any s o r t  of n a t i o n a l  o r  i n t e r n a t i o n a l  i n s p e c t i o n .  

With r e s p e c t  t o  t h e  sp read  of  knowledge  r e l a t e d  t o  f u s i o n  
bombs, a  d i s t i n c t i o n  must be made between t h e  magnetic-confinement 
approach t o  c o n t r o l l e d  f u s i o n  and t h e  i n e r t i a l  confinement  approach.  
I t  seems c l e a r  on b a s i c  p h y s i c a l  grounds t h a t  magnetic-confinement 



a p p r o a c h e s  a r e  n o t  r e l e v a n t  t o  t h e  problem o f  d e s i g n i n g  a  f u s i o n  
bomb, and t h u s  t h a t  t h e  s p r k a d  of  magnet ic-confinement  f u s i o n  
t e c h n o l o g y  p o s e s  no r e a l i s t i c  t h r e a t  of s p r e a d i n g  dangerous  
knowledge. Magnet ic-confinement  f u s i o n  r e s e a r c h  was d e c l a s s i f i e d  
by a n  i n t e r n a t i o n a l  agreement  i n  1958 and h a s  remained u n c l a s s i -  
f i e d  i n  a l l  c o u n t r i e s .  By c o n t r a s t ,  one  may s u r m i s e ,  from t h e  
f a c t  t h a t  much i n e r t i a l  conf inement  r e s e a r c h  remains  c l a s s i f i e d  
i n  t h e  major  c o u n t r i e s  p u r s u i n g  it, t h a t  it h a s  some r e l e v a n c e  t o  
t h e  d e s i g n  of  f u s i o n  weapons. Thus it i s  a l s o  c o n c e i v a b l e  t h a t  
t h e  s p r e a d  o f  a  s u c c e s s f u l  i n e r t i a l  conf inement  r e a c t o r  techno-  
l o g y  c o u l d ,  by means o f  d i f f u s i o n  o f  s p e c i f i c  k i n d s  o f  t e c h n i c a l  
knowledge, f a c i l i t a t e  t h e  i n t e r n a t i o n a l  s p r e a d  o f  the rmonuc lear  
weapons c a p a b i l i t y .  

3 .  RADIOLOGICAL WEAPONS 

F o r  p u r p o s e s  o f  b l a c k m a i l  and t e r r o r i s m ,  s u b n a t i o n a l  g roups  
may f i n d  it e a s i e r  t o  u s e  n u c l e a r  m a t e r i a l s  a s  r a d i o l o g i c a l  
p o i s o n s  t h a n  t o  d e s i g n  and manufac ture  n u c l e a r  e x p l o s i v e s .  Of 
g r e a t e s t  c o n c e r n  a r e  p lu ton ium i n  t h e  c a s e  o f  f i s s i o n  sys tems  
and tritium i n  t h e  c a s e  o f  f u s i o n .  (Other  r a d i o a c t i v e  m a t e r i a l s ,  
such  a s  f i s s i o n  p r o d u c t s  and a c t i v a t i o n  p r o d u c t s ,  c o u l d  a l s o  b e  
u s e d ,  b u t  t h e s e  would b e  much more d i f f i c u l t  f o r  s u b n a t i o n a l  
g r o u p s  t o  t r a n s p o r t  and t o  h a n d l e . )  

S c e n a r i o s  f o r  how such  r a d i o l o g i c a l  p o i s o n s  c o u l d  be 
d i s p e r s e d  and e s t i m a t e s  o f  t h e  consequences  have been deve loped  
e l s e w h e r e  [VII I -7 ,  VIII-81 . I t  s u f f i c e s  t o  s a y  h e r e  t h a t  t h e  
r e a d i l y  a t t a i n a b l e  consequences  seem l e s s  t h a n  t h e  consequences  
o f  a  s u c c e s s f u l  n u c l e a r  e x p l o s i o n  i n  a  c i t y ,  b u t  l a r g e  enough 
t o  n e c e s s i t a t e  v e r y  s t r i n g e n t  s a f e g u a r d s  a g a i n s t  d i v e r s i o n  even 
o f  q u a n t i t i e s  o f  m a t e r i a l  much t o o  s m a l l  t o  make a  bomb. 

I t  i s  p e r h a p s  i m p o r t a n t  t o  a s k  whe ther  o t h e r ,  non-nuclear  
methods o f  p o i s o n i n g  p e o p l e  a r e  s o  e a s y  t o  p e r f o r m  t h a t  r a d i o -  
l o g i c a l  t e r r o r i s m  adds  l i t t l e  t o  s o c i e t y ' s  o v e r a l l  v u l n e r a b i l i t y ,  
b u t  we d o  n o t  p ropose  t o  t r y  t o  r e s o l v e  t h i s  q u e s t i o n  h e r e .  We 
r e s t r i c t  o u r s e l v e s  i n s t e a d  t o  a  b r i e f  comparison of  t h e  c h a r a c -  
t e r i s t i c s  of p lu ton ium and t r i t i u m  a s  r a d i o l o g i c a l  p o i s o n s .  

Some of  t h e  d a t a  r e q u i r e d  t o  a s s e s s  t h e  r e l a t i v e  magni tudes  
of t h e s e  t h r e a t s  a r e  summarized i n  Tab le  V I I - I .  The maximum 
p e r m i s s i b l e  c o n c e n t r a t i o n s  (MPC) f o r  p lu ton ium i s o t o p e s  a r e  
much lower  t h a n  t h o s e  o f  t r i t i u m  (measured a s  c i /m3) ,  b u t  t h e  
s p e c i f i c  a c t i v i t y  o f  t r i t i u m  (Ci/gram) i s  much h i g h e r  t h a n  f o r  
p lu ton ium [VIII-91.  The r e s u l t  i s  t h a t  t h e  b i o l o g i c a l  h a z a r d  
p o t e n t i a l s  (BHP) a s s o c i a t e d  w i t h  t h e  i n v e n t o r y  p e r  G W ( e )  o r  f low 
p e r  GM(e) -yr  o f  t r i t i u m  and r e a c t o r - g r a d e  p lu ton ium work o u t  a s  
f o l l o w s :  t r i t i u m  i s  less dangerous  t h a n  p lu ton ium by two t o  
f i v e  o r d e r s  o f  magni tude w i t h  r e s p e c t  t o  c o n t a m i n a t i o n  of  a i r ,  
b u t  t h e  two a r e  a p p r o x i m a t e l y  e q u a l  w i t h  r e s p e c t  t o  c o n t a m i n a t i o n  
of  w a t e r .  Some d e g r e e  o f  consensus  a p p e a r s  t o  b e  emerging 



T a b l e  V I I I - I :  R a d i o l o g i c a l  H a z a r d s  o f  p l u t o n i u m  a n d  T r i t i u m  
( q u a n t i t i e s  n o r m a l i z e d  where  a p p r o p r i a t e  t o  
1  G W ( e )  o f  c a p a c i t y )  

(a )  At  b r e e d i n g  r a t i o  = 1  .25 ;  
( b )  C o n t a i n s  Pu238,  Pu239,  Pu240,  Pu241,  Pu242; 
( c )  Based  o n  f l o w  o u t s i d e  r e a c t o r ;  
( d l  R e a c t o r - g r a d e  Pu d i s p e r s e d  i n  i n s o l u b l e  fo rm,  t r i t i u m  d i s p e r s e d  

as T  g a s ;  
( e l  R e a c t o r - g r a d e  Pu d i s p e r s e d  i n  s o l u b l e  form,  t r i t i u m  d i s p e r s e d  

a s  HTO v a p o r ;  
( f )  Based  o n  i n v e n t o r i e s  o u t s i d e  b l a n k e t s .  
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t h a t  t h e  MPCs f o r  plutonium a r e  t o o  h igh  by a  f a c t o r  of f i v e  
t o  t e n  ( i n  a  r e l a t i v e  s ense ,  t h e  comparison be ing  i n  t h i s  c a s e  
w i t h  radium) [VIII-10, VIII-111, and t h e r e  i s  some reason  t o  
t h i n k  t h e  MPCs f o r  t r i t i u m  may be t o o  low by f a c t o r s  of two 
t o  f o u r  ( s e e  d i s c u s s i o n  above) .  I nco rpo ra t ion  of such c o r r e c -  
t i o n  f a c t o r s ,  i f  t hey  a r e  v a l i d a t e d ,  would change t h e  foregoing  
comparison t o  make t r i t i u m  l e s s  dangerous t han  plutonium by one 
o r d e r  of magnitude w i t h  r e s p e c t  t o  contaminat ion  of w a t e r ,  and 
t o  g i v e  t r i t i u m  an advantage of  t h r e e  t o  s i x  o r d e r s  of magnitude 
w i t h  r e s p e c t  t o  contaminat ion  of a i r .  I n  te rms  of p o t e n t i a l  
a c c e s s  t o  t h e  m a t e r i a l  by m a l e f a c t o r s ,  f u s i o n  has  an advantage  
because t h e r e  i s  no need t o  t r a n s p o r t  t r i t i u m  beyond t h a t  needed 
f o r  i n i t i a l  i n v e n t o r i e s  of new r e a c t o r s .  

4 .  HISTORY AND PROSPECTS OF FISSION POWER SAFEGUARDS 

Safeguard ing  of n u c l e a r  energy has  been a  concern s i n c e  t h e  
beginning  of t h e  u se  o f . n u c l e a r  power [VIII-121. B.M. Baruch, 
t hen  ambassador of t h e  US t o  t h e  United Na t ions ,  a s  e a r l y  a s  
1945-1946 proposed t o  make a l l  n u c l e a r  a c t i v i t i e s ,  m i l i t a r y  a s  
w e l l  a s  c i v i l i a n ,  s u b j e c t  t o  i n t e r n a t i o n a l  s a f egua rds  under  t h e  
a u s p i c e s  of  t h e  United Nat ions .  Th i s  p l a n  f a i l e d ;  t h e  US 
e s t a b l i s h e d  t h e  Atomic Energy Act of  1946 w i t h  t h e  i n t e n t i o n  of 
a s s i s t i n g  arms c o n t r o l  by c o n t a i n i n g  n u c l e a r  power a s  much a s  
p o s s i b l e ;  t h i s  was a  f i r s t  r i g i d  s t e p  of  n o n - p r o l i f e r a t i o n .  
A f t e r  t h e  succes s  o f  t h e  weapons program o f  t h e  USSR, a  new 
approach t o  c o n t r o l  n u c l e a r  weapons was sought .  The i d e a  was 
t o  e s t a b l i s h  an i n c e n t i v e  f o r  t h e  t r a n s f e r  of  n u c l e a r  m a t e r i a l  
away from t h e  m i l i t a r y  domain by launching  a  v a s t  program f o r  
t h e  peace fu l  u se  of n u c l e a r  power. To f a c i l i t a t e  t h i s  aim US 
Congress passed  t h e  Atomic Energy Act of  1954. I n t e r n a t i o n a l l y ,  
t h e  foundat ion  of  t h e  ' I n t e r n a t i o n a l  Atomic Energy Agency ( IAEA)  
i n  Vienna was meant t o  suppor t  and, a t  t h e  same t ime ,  broaden 
t h i s  development. I t  was, t h e r e f o r e ,  very  much c o n s i s t e n t  w i th  
t h i s  i n t e n t i o n  when t h e  IAEA e a r l y  e s t a b l i s h e d  a  s a f egua rds  
system [VIII-131 which was meant t o  evo lve  w i t h  t h e  t r a n s f e r  of 
n u c l e a r  m a t e r i a l  from t h e  m i l i t a r y  t o  t h e  c i v i l i a n  domain. 

I n  t h e  middle of  t h e  s i x t i e s ,  t h e  concept  of  t h e  T rea ty  on 
t h e  Non-Pro l i f e r a t i on  of Nuclear  Weapons (NPT) a r o s e .  I t  i s  no t  
t h e  purpose of t h i s  d i s c u s s i o n  t o  e l a b o r a t e  on t h e  s u b t l e  a s p e c t s  
of  arms c o n t r o l  and t h e  r o l e  of  n o n - p r o l i f e r a t i o n .  T h i s  has  been 
done e l sewhere  [VIII-141. Rather ,  t h e  p o i n t  of r e l evance  i n  t h i s  
c o n t e x t  i s  t h e  fo l lowing:  On t h e  occas ion  o f  t h e  NPT and i t s  
wide i n t e r n a t i o n a l  n e g o t i a t i o n s ,  t h e  concept  and t h e  f e a t u r e s  of 
t h e  s a f egua rds  system t h a t  was meant t o  be an o p e r a t i o n a l  p a r t  
of t h i s  t r e a t y  were more s p e c i f i c a l l y  de f ined .  The IAEA became 
t h e  i n s t i t u t i o n  t o  o p e r a t e  t h i s  NPT sa fegua rds  system. I n  1970 
and 1971 t h e  IAEA Safeguards  Committee, w i t h  t h e  p a r t i c i p a t i o n  
of  about  f i f t y  n a t i o n s ,  n e g o t i a t e d  a  document t h a t  o u t l i n e s  "The 
S t r u c t u r e  and Content  of  Agreements between t h e  Agency and S t a t e s  
Required i n  Connection w i t h  t h e  T rea ty  on t h e  Non-Pro l i f e r a t i on  
of  Nuclear  Weapons" [VIII-151. Th i s  d e t a i l e d  document c l a r i f i e s  



the function of international NPT safeguards. The objective of 
NPT safeguards is defined in 528 of that document as follows: 

. . .  t h e  o b j e c t i v e  o f  s a f e g u a r d s  i s  t h e  t i m e l y  
d e t e c t i o n  o f  d i v e r s i o n  o f  s i g n i f i c a n t  q u a n t i t i e s  
o f  n u c l e a r  m a t e r i a l  f rom p e a c e f u l  n u c l e a r  a c t i v i t i e s  
t o  t h e  m a n u f a c t u r e  o f  n u c l e a r  weapons  o r  o f  o t h e r  
n u c l e a r  e x p l o s i v e  d e v i c e s  o r  f o r  p u r p o s e s  unknown, 
and d e t e r r e n c e  o f  s u c h  d i v e r s i o n  b y  t h e  r i s k  o f  
e a r l y  d e t e c t i o n .  

It is important to realize the following: 

(a) NPT safeguards is an agreement between governments, 
and the NPT as a whole is designed to avoid the 
proliferation of nuclear weapons on a governmental 
level; 

(b) The NPT safeguards system concentrates on nuclear 
material and not on the peaceful application of 
nuclear power as such, because it is the nuclear 
material that establishes the link between the 
military and the civilian domains; 

(c) The NPT safeguards system concentrates on the 
detection of diversion of nuclear material and not 
its physical protection. This is consistent with 
the observation that the NPT is a treaty between 
states designed to avoid proliferation of nuclear 
weapons on a governmental level. 

The essential components of the NPT safeguards system 
are [VIII-161 : 

- materials accountability; 

- containment; 

- surveillance. 

The emphasis is clearly on accountability. For the vast majority 
of nuclear facilities, namely nuclear power stations with 
heterogeneous cores (that is, distinct fuel elements), this is 
an efficient and satisfactory solution to the problem in question. 
This observation includes the fast breeder reactor. 

Since the NPT has become effective (1969), the concern for 
safeguards has broadened to the extent that not only proliferation 
on the governmental level but also on the level of illegal groups 
[VIII-171 is now considered. In this case it is protection rather 
than detection which is of interest. In Table VIII-I1 we try to 
outline the safeguards problem accordingly. 

With respect to both detection and protection, it is mostly 
the fuel cycle facilities other than the reactors themselves 
which deserve attention. Table VIII-I11 gives a breakdown of 
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It is not self-protecting but requires enrichment for explosive 
applications. Fair amounts of such material are already in use. 
The third class consists of Pu and U233. These materials are 
not really self-protecting and no enrichment is needed; they 
therefore do require significant physical protection. The large 
amounts of such material come timewise after the reprocessing of 
irradiated material. The fourth class obviously comprises 
uranium enriched to 90%, which requires high degrees of physical 
protection. 

The large fuel cycle to be envisaged if a significant share 
of future energy demand is met by nuclear power raises the 
question of the sequence of the decisions that are still pending. 
It is, therefore, appropriate here to consider the decision tree 
for the truly large scale deployment of nuclear energy. The 
decision tree is outlined in Figure VIII-1. The first decision 
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Figure VIII-1: Decision Tree for the Deployment 
of Peaceful Nuclear Energy 



is  whether  o r  n o t  t o  employ n u c l e a r  power. The n e x t  d e c i s i o n  
i s  whether  o r  n o t  t o  r e p r o c e s s  i r r a d i a t e d  m a t e r i a l .  I f  n o t ,  
s t o r a g e  t h a t  can a f t e r  a l l  b e  o f  o n l y  i n t e r m e d i a t e  n a t u r e  must 
be  chosen;  i f  y e s ,  t h e  d e c i s i o n  whether  o r  n o t  t o  u se  Pu must 
b e  f aced .  I f  n o t ,  Pu must be s t o r e d .  I f  f o r  economic a s  w e l l  
a s  e c o l o g i c a l  r e a s o n s  t h i s  i s  cons ide r ed  t o  b e  i n f e a s i b l e  and 
unwise,  Pu must be used and Pu f u e l  e l emen t s  must be  f a b r i c a t e d .  
T h e r e f o r e ,  t h e  n e x t  q u e s t i o n  i s  t h e  c o - l o c a t i o n  of  such  Pu f u e l  
f a b r i c a t i o n  p l a n t s  w i t h  r e p r o c e s s i n g  f a c i l i t i e s .  I f  t h e  answer 
i s  no,  r e f i n e d  Pu must be  t r a n s p o r t e d .  I t > i s  m a t e r i a l  o f  c l a s s  3 
of t h e  f o u r  c l a s s e s  of p h y s i c a l  p r o t e c t i o n .  I f  t h e  answer i s  
p o s i t i v e ,  t h e  n e x t  q u e s t i o n  i s  whether  o r  n o t  a l s o  t o  e l i m i n a t e  
t h e  t r a n s p o r t  o f  f a b r i c a t e d  (and  t o  t h a t  e x t e n t  p r o t e c t e d )  Pu 
f u e l  e lements .  The d e c i s i o n  tree shown f o l l o w s  b o t h  o p t i o n s .  
I f  t h e  d e c i s i o n  i s  t o  t r a n s p o r t  newly f a b r i c a t e d  Pu f u e l  
e l emen t s  ( c l a s s  31, adequa te  p h y s i c a l  p r o t e c t i o n  must be  pro-  
v ided  f o r  them on t h e i r  way t o  t h e  n u c l e a r  power s t a t i o n s  which 
produce two forms of  secondary  ene rgy ,  e l e c t r i c i t y  and g a s .  I n  
t h e  long  run ,  it may be  i n t e r e s t i n g  t o  c o n s i d e r  t h e  s t a t u s  of  
t h e  imp l i ed  a l l o c a t i o n  of  t h e  f u e l  c y c l e .  I t  cou ld  be  n a t i o n a l ,  
m u l t i n a t i o n a l  o r  even i n t e r n a t i o n a l .  Going back t o  t h e  o t h e r  
b r anch  o f  t h e  d e c i s i o n  tree, t h e  o t h e r  o p t i o n  would be t o  
e l i m i n a t e  t r a n s p o r t  o f  a l l  c l a s s  3 m a t e r i a l s .  T h i s  would 
n e c e s s i t a t e  t h e  co - loca t i on  n o t  on ly  o f  t h e  f u e l  c y c l e  f a c i l i t i e s  
b u t  a l s o  o f  r e a c t o r s  t h a t  a r e  de s igned  f o r  t h e  u s e  of Pu. Then 
a  t y p e  of  r e a c t o r  must be chosen t h a t  a c c e p t s  t h e  Pu produced 
a n n u a l l y .  

The p o i n t  t o  be  made i n  t h i s  c o n t e x t  i s  t h a t  t h e  deployment 
o f  a  l a r g e  commercial f u e l  c y c l e  f o r  f i s s i o n  r e a c t o r s  i s  s t i l l  
t o  come. The a p p l i c a t i o n  o f  n u c l e a r  power o t h e r  t h a n  f o r  e l e c -  
t r i c i t y  g e n e r a t i o n  [VIII-181 i s  a  p o s s i b i l i t y ;  a c c o r d i n g l y ,  
c o n s i d e r a t i o n  must be  g iven  t o  t h e  l a r g e - s c a l e  deployment o f  t h e  
n u c l e a r  f u e l  c y c l e  [VIII-191 f o r  f i s s i o n  r e a c t o r s  i n  g e n e r a l  and 
f a s t  b r e e d e r  r e a c t o r s  i n  p a r t i c u l a r .  

Sa f egua rds  e f f o r t s  a r e  u s u a l l y  unde re s t ima t ed ,  p a r t i c u l a r l y  
t h o s e  f o r  n u c l e a r  power s t a t i o n s  and r e s e a r c h  r e a c t o r s ,  on b o t h  
a  n a t i o n a l  and an i n t e r n a t i o n a l  b a s i s .  One can e n v i s a g e  a  
v a r i e t y  of f u r t h e r  p o s s i b i l i t i e s  o f  s a f e g u a r d i n g  t h e  f u e l  c y c l e  
and of c o n f r o n t i n g  t h e  q u e s t i o n  o f  p h y s i c a l  p r o t e c t i o n  more 
comprehens ive ly .  For  example, t h e  concept  o f  n u c l e a r  f u e l  c y c l e  
p a r k s ,  i f  a ccep t ed  and p r o p e r l y  implemented, would g r e a t l y  
a l l e v i a t e  t h e  s a f egua rds  problem. The i n c e n t i v e  f o r  do ing  s o  
shou ld  be  l a r g e ,  n o t  o n l y  because  s a f e g u a r d s  cou ld  be improved 
b u t  a l s o  f o r  r e a sons  of t h e  p o t e n t i a l  economical  and manager ia l  
advantages  and t h e  f a c i l i t a t i o n  o f  n o n - e l e c t r i c  a p p l i c a t i o n .  
Whether s a f e g u a r d s  w i l l  f i n a l l y  be cons ide r ed  adequa t e  and 
p o l i t i c a l l y  s a t i s f a c t o r y  remains a  problem o f  judgment. 



5. CONCLUSIONS 

Understanding and comparing sa fegua rds  a s p e c t s  o f  f i s s i o n  
and f u s i o n  can be f a c i l i t a t e d  by making s e v e r a l  impor tan t  
d i s t i n c t i o n s :  

- spread  of  knowledge vs .  sp read  of  n u c l e a r  m a t e r i a l ;  

- e x p l o s i v e  v s  . r a d i o l o g i c a l  t h r e a t s  ; 

- v u l n e r a b i l i t y  o f  power r e a c t o r s  v s .  t h a t  o f  t h e  
r e s t  of t h e  f u e l  c y c l e ;  

- d i v e r s i o n  (countered  by d e t e c t i o n )  v s .  t h e f t  
(countered  by p r o t e c t i o n )  ; 

- o f f e n s e s  by governments v s .  o f f e n s e s  by p r i v a t e  groups;  

- n a t i o n a l  vs .  i n t e r n a t i o n a l  c o n t r o l s .  

A s  f i s s i o n  power s p r e a d s ,  t h e  a s s o c i a t e d  sp read  o f  bomb- 
r e l a t e d  m a t e r i a l  i s  more impor tan t  t han  t h e  sp read  of  bomb-related 
knowledge. (Th i s  i s  a  problem o f  a l l  forms of  f i s s i o n ,  n o t  j u s t  
b r e e d e r s . )  I f  f u s i o n  power s p r e a d s ,  t h e  a s s o c i a t e d  spread  of 
bomb-related knowledge ( i n  t h e  i n e r t i a l  confinement approach) would 
be  more impor tan t  t han  t h e  spread  of  bomb-related m a t e r i a l .  
However, neu t rons  from any D-T f u s i o n  r e a c t o r  could  be used by 
t h e  o p e r a t o r s  t o  produce f i s s i l e  m a t e r i a l ;  t h i s  r a i s e s  t h e  
q u e s t i o n  of  " sa fegua rd ing  neu t rons" .  

Misuse of n u c l e a r  m a t e r i a l  a s  a  r a d i o l o g i c a l  r a t h e r  t han  an  
e x p l o s i v e  weapon i s  a  t h r e a t  a s s o c i a t e d  wi th  both  f i s s i o n  and 
f u s i o n .  (Here f u s i o n ' s  hazard  i s  from t h e  t r i t i n m  a s s o c i a t e d  
w i t h  a l l  approaches ,  no t  j u s t  t h e  i n e r t i a l  confinement  approach . )  
With r e s p e c t  t o  a i r b o r n e  d i s p e r s a l  of plutonium o r  t r i t i u m ,  f u s i o n  
appea r s  t o  have a  q u a n t i t a t i v e  advantage  ove r  f i s s i o n  of  two t o  
f i v e  o r d e r s  of magnitude,  depending on t h e  chemical  form o f  t h e  
m a t e r i a l s ;  w i t h  r e s p e c t  t o  waterborne  d i s p e r s a l ,  t h e  two a r e  
approximate ly  even. 

I n  t h e  c a s e  o f  f i s s i o n  power, s a f egua rd ing  o t h e r  s t e p s  i n  
t h e  f u e l  c y c l e  i s  a  g r e a t e r  problem than  sa fegua rd ing  power 
s t a t i o n s .  Moreover, t h e  f i s s i o n  f u e l  c y c l e  i s  sp read  o u t  
( r e q u i r i n g  t r a n s p o r t a t i o n  o f  n u c l e a r  m a t e r i a l s ) ,  and it w i l l  
remain s o  u n l e s s  n u c l e a r  energy c e n t e r s  become t h e  norm. I n  t h e  
c a s e  o f  f u s i o n ,  t h e  t r i t i u m  remains f o r  t h e  most p a r t  i n  t h e  
power s t a t i o n s ;  t r a n s p o r t a t i o n  i s  neces sa ry  on ly  when new power 
s t a t i o n s  a r e  be ing  s t a r t e d  up. 

The d e t e c t i o n  o f  d i v e r s i o n  o f  n u c l e a r  m a t e r i a l  i s  of  concern 
between governments, and t h e  Non-Pro l i f e r a t i on  T r e a t y  i s  addressed  
t o  t h i s  i s s u e ;  it c a l l s  more f o r  i n t e r n a t i o n a l  t han  n a t i o n a l  
c o n t r o l s .  The p r o t e c t i o n  of  n u c l e a r  m a t e r i a l  from t h e f t  i s  a  
problem f o r  i n d i v i d u a l  n a t i o n s  and c a l l s  more f o r  n a t i o n a l  t han  
i n t e r n a t i o n a l  c o n t r o l s .  



For  a  s t a t e ,  t h e  most d i r e c t  r o u t e  t o  t h e  f a b r i c a t i o n  o f  
a  few c r u d e  n u c l e a r  e x p l o s i v e  d e v i c e s  i s  p r o b a b l y  t h e  c o n s t r u c t i o n  
o f  c e n t r i f u g e s ;  it is n o t  t h e  deployment  o f  e c o n o m i c a l l y  
s i g n i f i c a n t  c i v i l i a n  n u c l e a r  f i s s i o n  power. Wi thou t  a d e q u a t e  
s a f e g u a r d s ,  t h e  l a t t e r  may, however ,  b e  a  permanent  t e m p t a t i o n  
t o  d i v e r t  some n u c l e a r  m a t e r i a l ,  p o s s i b l y  a t  a  f u t u r e  d a t e .  

T e c h n i c a l ,  m a n a g e r i a l  and i n s t i t u t i o n a l  measures  c a n  i n c r e a s e  
t h e  e f f i c i e n c y  o f  s a f e g u a r d s .  E s t a b l i s h i n g  an e q u i l i b r i u m  o f  
any k i n d  between r i s k s ,  b e n e f i t s  and c o s t s  i s ,  i n  t h e  f i r s t  
a n a l y s i s ,  a  s t e p  t h a t  e n t a i l s  s o c i a l  and p o l i t i c a l  c o n s i d e r a t i o n s  
a s  w e l l  a s  t e c h n i c a l  i n s i g h t s .  The q u e s t i o n  h a s  been r a i s e d  
w h e t h e r  a d e q u a t e  s a f e g u a r d s  would e n t a i l  t o o  heavy s o c i a l  c o s t s ,  
f o r  i n s t a n c e  i n f r i n g e m e n t s  o f  c i v i l  l i b e r t i e s  [VIII-201.  W e  have 
n o t  f e l t  c a p a b l e  o f  p r o p e r l y  a d d r e s s i n g  t h i s  i s s u e  h e r e .  
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I X .  MATERIALS, AND IMPACT OF RADIATION DAMAGE 

G. Kessler, G.L. K u l c i n s k i  

1 .  FISSION REACTORS 

1.1 I n t r o d u c t i o n  

When t h e  m a t e r i a l s  development  f o r  f a s t - b r e e d e r  r e a c t o r s  
s t a r t e d  i n  t h e  e a r l y  1960s,  f u e l - c l a d d i n g  and c o r e - s t r u c t u r e  
m a t e r i a l  were c o n s i d e r e d  n o t  t o  b e  much of  a  problem.  LWR f u e l  
c l a d d i n g s  were known t o  undergo low- tempera ture  e m b r i t t l e m e n t  
phenomena under  i r r a d i a t i o n .  However, t h e  s p e c i a l  m a t e r i a l  
phenomena o c c u r r i n g  i n  a  f a s t - r e a c t o r - c o r e  env i ronment  ( h i g h  
t e m p e r a t u r e ,  f a s t  n e u t r o n  spec t rum,  and h i g h  n e u t r o n  f l u e n c e s )  
were found o n l y  a f t e r  a  few y e a r s  o f  o p e r a t i n g  e x p e r i e n c e  w i t h  
f a s t  t e s t  r e a c t o r s  l i k e  RAPSODIE, DFR, EBR-11, and BR-5 i n  t h e  
l a t e  1960s,  and i n v e s t i g a t e d  t h e r e a f t e r .  

The f i r s t  s m a l l  f a s t  t e s t  r e a c t o r s  (Tab le  Ix-I) had been 
d e s i g n e d  and b u i l t  t o  i n v e s t i g a t e  p h y s i c s  phenomena o f  f a s t  
r e a c t o r s .  They s t i l l  had r a t h e r  d i f f e r e n t  f u e l ,  c l a d  and c o r e -  
s t r u c t u r e  m a t e r i a l s .  I t  was n o t  p o s s i b l e  t o  d o  m a t e r i a l  re- 
s e a r c h  w i t h  them because  t h e y  were n o t  b u i l t  a s  power r e a c t o r s  
and t h u s  c o u l d  n o t  r e a c h  h i g h  n e u t r o n  f l u e n c e s  ( i . e .  h i g h  
n e u t r o n  f l u x e s  o v e r  l o n g  t i m e  p e r i o d s ) .  M a t e r i a l  r e s e a r c h  a t  
f i r s t  c o n c e n t r a t e d  on f a s t - r e a c t o r  f u e l  i n  t h e r m a l  t es t  r e a c t o r s  
o f  t h e  MTR and D I D O  t y p e s ,  and i n  mixed-spectrum tes t  r e a c t o r s  
l i k e  t h e  BR-2 (Belgium).  

T a b l e  I X - I :  E a r l y  Small  F a s t  T e s t  R e a c t o r s ,  B u i l t  Between 
1946 and 1956 

R e a c t o r  

C l e m e n t h e  (US) 

EBR-I (US) 

BR-2 (USSR) 

F i r s t  
O p e r a t i o n  

1 9 4 9  

1951 

1 9 5 6  

Power F u e l / C l a d  

P u  m e t a l ,  
steel  

U235 m e t a l ,  
Zry-2 c l a d  

P u  m e t a l ,  
steel  

Mw(th) 

0 . 0 2 5  

1 . 2  

0 . 1 - 0 . 2  

C o o l a n t  

Hg 

NaK 

Hg 

MW(e) 

- 

0 . 2  

- 



About 1960 it was recognized that low fuel-cycle costs for 
fast reactors could be reached only with mixed-oxide Pu02-U02 
at burn-up rates of more than 100,000 MW(th)-day/t. The 
advanced fuel mixed-carbide PuC-UC was considered to become the 
long-run alternative because of its potential for low core in- 
ventories, high breeding ratios and, consequently, low doubling 
times. From 1960 onwards fast reactors of the intermediate 
phase (Table IX-11) were built with Pu02-U02 mixed-oxide fuel, 
since the fabrication processes for mixed-oxide fuel were al- 
ready available from LWR fuel technology. Originally, these 
intermediate-phase fast reactors were built and used primarily 
as a test bed for the statistical proof of fuel rods. 

Table IX-11: Fast Test Reactors of the Intermediate Phase, 
Built Between 1956 and 1965 

A new phase of material research was initiated when in 
1967 irradiation from the DFR [IX-11 led to steel swelling. 
In the following intense research phase, it was necessary to 
investigate cladding and structural-steel properties such as 
high temperature embrittlement [IX-2, IX-31, in-pile creep 
phenomena [IX-41, and steel swelling as a function of tempera- 
ture and neutron fluence [IX-5 to IX-91. For porous mixed- 
oxide fuel then new phenomena became particularly interesting: 
Pu-redistribution [IX-101, density changes due to fuel sinter- 
ing, irradiation-induced creep [IX-111, as well as corrosion 
inside the cladding by oxidation and fission-product attack, 
and fuel-cladding mechanical interaction at high burn-up 
[IX-121. 

During this material development phase, it was also found 
that prototypical-material test parameters for the cladding and 
other core-structural materials cannot be fully reached in 

C o o l a n t  

Na 

NaK 

Na 

Na 

Na 

Na 

F u e l / C l a d  

Pu0,-UO, a n d  
PuC-UC, s tee l  

U235-Mo a l l o y ,  
Va a n d  N b  

U  m e t a l  a n d  
U0,-PuO,, s tee l  

u235-10-Mo 
a l l o y ,  Z r  c l a d  

U O Z - P U O ~ ,  s tee l  

Pu0,-UO,,  s tee l  

R e a c t o r  

BR-5 (USSR) 

DFR (UK) 

EBR-I1 (US)  

EFFBR (US) 

RAPSODIE ( F r a n c e )  

BOR 6 0  (USSR) 

F i r s t  
O p e ~ d t i o n  

1 9 5 9  

1 9 6 3  

1 9 6 5  

1 9 6 6  

1 9 6 7  

1 9 6 9  

P o w e r  
M W ( ~ - , )  

5  

7 2  

6 2 . 5  

200 

2 0  

6 0  

MW ( e )  

- 

1 5  

2  0  

6 6  

- 
1 2  



sma l l  f a s t  t e s t  r e a c t o r s .  Such test c o n d i t i o n s  w i l l  o n l y  be 
ach i eved  i n  p r o t o t y p e  fast-power r e a c t o r s  of t h e  300 M W ( e )  c l a s s ,  
and l a t e r  i n  l a r g e  commercial LMFBRs (Table  I X - 1 1 1 ) .  One under- 
s t a n d s  why by comparing t h e  maximum f u e l  burn-up and t h e  neu t ron  
f l u e n c e s  t o  t h e  c l a d d i n g  f o r  t h r e e  d i f f e r e n t  r e a c t o r  s i z e s ,  a s  
g iven  i n  Table  I X - I V .  Whereas a  p r o t o t y p i c a l  f u e l  burn-up can  
be r eached  i n  s m a l l  f a s t  t e s t  r e a c t o r s  (RAPSODIE F o r t i s s i m o ) ,  
t h e  h i g h  neu t ron  f l u e n c e  o f  3 . 1 0 ~ ~  n/cm2 i s  o n l y  reached  i n  
SUPERPHENIX, w i t h  PHENIX r e p r e s e n t i n g  an i n t e r m e d i a t e  s t e p .  

1.2 S t a t u s  of Fue l  Development 

Design s t u d i e s  and c o n s t r u c t i o n  e x p e r i e n c e  w i th  p r o t o t y p e  
f a s t  r e a c t o r s  r e s u l t  i n  r e a c t o r  m a t e r i a l - c o r e  compos i t i ons  of  
abou t  30 p e r  c e n t  f u e l  ( f i s s i l e  and f e r t i l e ) ,  20 p e r  c e n t  s teel  
( c l a d ,  s p a c e r s ,  and c o r e  s t r u c t u r e ) ,  and 50 p e r  c e n t  c o o l a n t  
(see Chapte r  I V ) .  The f u e l  c o n t a i n s  abou t  12 t o  35 p e r  c e n t  
p lu ton ium ( f i s s i l e )  mixed w i th  U238 ( f e r t i l e  m a t e r i a l ) .  Plu-  
tonium enr ichment  depends upon t h e  s i z e  o f  t h e  c o r e  ( i .e .  t h e  
c r i t i c a l i t y  c o n d i t i o n s ) .  Usua l l y  d i f f e r e n t  r a d i a l  enr ichment  
zones i n  t h e  c o r e  a r e  used i n  o r d e r  t o  o b t a i n  a  f l a t  r a d i a l  
power p r o f i l e  o v e r  t h e  c o r e .  I f  t h e  f u e l  i s  r ep roce s sed  i n  
a  p u r e  f a s t - r e a c t o r  f u e l  c y c l e ,  t h e  Pu - i so top i c  a n a l y s i s  is  
75 p e r  c e n t  of Pu239, 22 p e r  c e n t  o f  Pu240, 2 .5  p e r  c e n t  o f  
Pu241, and 0.5 p e r  c e n t  o f  Pu242. It  d i f f e r s  s l i g h t . 1 ~  i f  
t h e  f u e l  is  t aken  from an LWR f u e l  c y c l e .  

With t h e s e  b a s i c  c h a r a c t e r i s t i c s  t h e  s p e c i f i c  power of t h e  
f a s t  r e a c t o r  c o r e  r e a c h e s  a  l e v e l  o f  0 .7  t o  1  MW(th)/kg f i s s i l e  
m a t e r i a l .  The f u e l  i s  f i l l e d  i n t o  s t a i n l e s s - s t e e l  t u b e s  i n  t h e  
form of c y l i n d r i c a l  p e l l e t s .  Before  t h e  end c a p s  o f  b o t h  ends  
of  t h e  canning  t u b e s  a r e  welded, he l ium i s  f i l l e d  i n  t o  i n c r e a s e  
t h e  h e a t  t r a n s f e r  between f u e l  p e l l e t s  and steel  c l a d d i n g .  Fue l  
p e l l e t s  a r e  f a b r i c a t e d  i n  a  p r e s s i n g  and s i n t e r i n g  p r o c e s s  
which--because o f  a - r a d i a t i o n  and r a d i o t o x i c i t y  o f  plutonium-- 
must t a k e  p l a c e  i n  l e a k - t i g h t  boxes. Each f u e l  r o d  c o n t a i n s  a  
p e l l e t  s e c t i o n  w i t h  f i s s i l e  m a t e r i a l ,  and two s e c t i o n s  w i t h  
f e r t i l e  f u e l  (U238). A t  t h e  upper  o r  lower end o f  t h e  f u e l  
r o d ,  gaseous  f i s s i o n  p r o d u c t s  a r e  c o l l e c t e d  i n  a  f i s s i o n  g a s  
plenum. Gas p r e s s u r e s  up t o  70  atm can be reached  w i t h i n  t h e  
f u e l  r od  a t  t h e  end of  t h e  i r r a d i a t i o n  t i m e .  Each f u e l  e lement  
c o n t a i n s  between 61 and 323 f u e l  r o d s ,  h e l d  e i t h e r  by s p i r a l  
w i r e s  o r  s p a c e r  g r i d s  w i t h i n  t h e  f u e l  e lement  box. 

I n  o r d e r  t o  s e l e c t  a  s u i t a b l e  f u e l  a l t e r n a t i v e  f o r  f a s t -  
r e a c t o r  c o r e s ,  t h e  fo l l owing  c r i t e r i a  have t o  be d i s c u s s e d :  

- f u e l  d e n s i t y ;  

- m e l t i n g  p o i n t ,  the rmal  c o n d u c t i v i t y ,  h e a t  c a p a c i t y ,  and 
a t t a i n a b l e  s p e c i f i c  f u e l - r o d  power; 

- f u e l  c r y s t a l l o g r a p h i c  s t r u c t u r e ,  t he rma l  expans ion ,  and 
t h e  Doppler c o e f f i c i e n t  ( f o r  s a f e t y  r e a s o n s )  ; 



Table I X - 1 1 1 :  Prototype Fas t  Power Reactors 

a together with Belgium and the Netherlands; 

or 1 5 0  MW(e) and 120 ,000  m3/day freshwater. 

Table I X - I V :  Comparison of Maximum Fuel Burn-up and To ta l  Neutron 
Fluence t o  Clad, f o r  Three Di f fe ren t  S izes  of Fas t  
Power Reactors:  RAPSODIE For t i ss imo,  PHENIX, and 
SUPERPHENIX 

Material 
Fuel/Clad 

Pu02-UO*, 
SS 316  

PuOz-UOI, 
SS 316  

Pu02-UOz, 
SS 1  .U970 

Pu02-U02, 
SS 316 

Pu02-U02, 
SS 3 1 6  

Pu02-UOz, 
SS 

Pu0,-UO,, 
SS 

PuOz-U02, 
SS 3 1 6  

PuOz-UOI, 
SS 

Reactor 

PHENIX 

PFR 

SNR 300  

CRBR 

MONJU 

BN 3 5 0  

BN 6 0 0  

SUPERPH~NIX 

CFR- 1  

Current Status 

In operation 
since 1 9 7 3  

In operation 
since 1 9 7 5  

Start of oper- 
ation 1982  

start of con- 
struction 1 9 7 7  

Start of con- 
struction 1978  

In operation 
since 1 9 7 3  

Start of oper- 
ation 1977  

Start of con- 
struction 1976  

Start of con- 
struction 1978  

Country 

France 

UK 

FRG a 

US 

Japan 

USSR 

USSR 

France 

UK 

Fuel Element Design Data 

Number of pins per fuel 
element 

Clad material 

Clad outer diameter mm 

Gas plenum (length) mm 

Pin length mm 

Max. linear porrer W/cm 

Max. clad temperature O C  

Nominal burn-up MW(th).day/t 
X 

Total fluence at nominal 
burn-up 10'' nyt - 

Cool- 
ant 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Power 
(MW (el ) 

250  

254  

282  

3 6 0  

3 0 0  

350b  

6 0 0  

1200  

1 2 5 0  

Fuel 
Burn-up 

WW(th1 .day/t) 

50,000 

70 ,000  

55 ,000  

70 ,000  

80 ,000  

50,000 

90 ,000  

70 ,000  

,70,000 

SUPERPHENIX PHENIX RAPSODIE 

Fuel En- 
richment 

( $ 1  

17 /24  

19/25 

2 5 / 3 5  

(as of Sept. 
197U)  

Fortissimo 

- 
2 7 1  

SS 316  

8.50 

lower ( 8 5 0 )  

2700  

U50 

6 2 0  

70,000 
8  

3  

2 7 1  

SS 3 1 6  

6 .55  

lower (UUO) 

1 7 9 3  

430  

6 5 0  

50 ,000  
6.4 

2  

6  1  

SS 316 

5 .10  

lower ( 1 0 0 )  

531 .5  

1100 

6 5 0  

65 ,000  
8.1 

0 .65  



- fission gas and swelling behavior; 

- maximum attainable burn-up; 

- compatibility with steel cladding; 

- fuel fabrication process (in economic terms), and re- 
processing of irradiated fuel. 

Tables IX-V, IX-VI, and IX-VII compare some of the typical 
properties of metallic and ceramic U-Pu fuel alternatives [IX- 
241. Uranium-plutonium metal has a high density and a good 
thermal conductivity, but its melting point is relatively low. 
In addition, several of its metallic phases are in the tempera- 
ture range which can occur in fast-reactor cores (the coolant 
temperatures are between 350 and 550°c). For lack of micro- 
structural stability and because of heavy tlssion gas swelling, 
U-Pu metal cannot reach the required high burn-ups. 

Table IX-V: Characteristic Properties of ~etallic and Ceramic 
Fuels [IX-13 to IX-181 

Table IX-VI: Thermal Conductivity and Maximum Fuel Rod Power 
for Metallic and Ceramic Fuels [IX-19, and IX-201 

I Maximum Fuel Rod Power I 'loo 

1 5 5 0  2 3 0 0  1 9 0 0  I 
(W/cm f u e l  l e n g t h )  I 

UC 

1 3 . 6 3  

2 4 0 0  

1 1  

T h e o r e t i c a l  
Densi ty  
(q/cm3 ) 

Melt ing  
Point  ( O C )  

Expansion 

PU Metal 

1 9 . 8 6 - 1 6 . 5 1 ,  
6  m e t a l l i c  
phases 

6 4 0  

a = 6 7  
8 = 4 1  
y = 35 
y = -8 .5  
y = - 5 9 6  
E = 1 5  

U Metal 

1 9 . 0 4 - 1 8 . 0 ,  
3  m e t a l l i c  
phases 

1 1 3 2  

a = 1 7  

PUC 

1 3 . 6 0  

1 6 5 0  

1 0 . 8  

y = 1 7  

00, -PuO, 

1 

UC-PuC 

7  R e l a t i v e  Thermal 
Conduct iv i ty  (U0,-PuO, 
c o n d u c t i v i t y  = 1 )  

U 0 2  

1 0 . 9 6  

2 8 0 0  

1 0 . 5  

ON-PUN 

7 

U-Pu Metal 

1 2  

UN 

1 4 . 3 2  

2 8 5 0  

1 0 . 1  

PuO 2 

1 1 . 4 6  

2 2 9 0  

1 1 . 4  

PUN 

1 4 . 2 5  

2 7 5 0  

1 1 . 2  



Table IX-VII: Compatibility of Ceramic Fuel with Na and Steel 
at Zero Burn-up [IX-21 to IX-231 

Only ceramic fuel can be irradiated to a burn-up of more 
than 100,000 MW(th)-day/t. As compared to Pu02-U02, both PuC-UC 
and PUN-UN have higher densities, better fuel conductivities, 

Table IX-VIII: Fuel Pin Data for Sodium Cooled Fast Power 
Reactors [IX-251 

Compatibility with Na 

Compatibility with Steel 

UC 

Good up to 
6OO0c 

Reaction at 
1000°~ 

UN, PUN 

Good up to 
800°c 

Good up to 
1 0 0 0 ~ ~  

U0,-PuO, 

Good up to 
680'~ 

Good up to 
14OO0c 

Reactor Power ~ ~ ( t h )  

Fuel Pin Diameter mm 

Total length mm 

Fuel Material 

Length mm 

Diameter mm 
Bulk density %th.d. 

Smeared den- 
sity %th.d. 

Cladding Material 

Wall Thickness mm 

Linear Rod Power, 
max.b W/cm 

Cladding Temperature, 
max. b., C Oc 

Burn-up, Local, 
max. MW(th) .day/kg 

Pins Per Subassembly Fuel 
Element 

Pitch to Diameter Ratio 

Spacer Type 

PuC 

Good up to 
430°c 

Reaction at 
1000°~ 

CRBR 

950 

5.84 

2911 

UOz -Pu02 

914 

SS 316 

0.38 

475,' 

640,' 

150 

2 17 

1.25 

Wire (Grid) 

EBR-I1 
Test S/A 

62.5 

5.84 

U O Z - P U O ~ ~  

343 

4.94 

90.4 

85.5 

SS 316 

0.38 

450,' 

630/ 

80 

6 1 

BOR 60 

6 0 

6.1 

1100 

uOza 

400 

5.1 

93.5 

SS 316 

0.40 

550,' 

/800 

100 

3 7 

1.10 

Wire 

USA 

FETE 

400 

5.84 

2380 

UOz-Pu02 

9 14 

4.94 

90.4 

85.5 

SS 316 

0.38 

425,' 

610/750 

8 0 

217 

Wire 

USSR 

BN 350 

1000 

6.1 

1140 

~ 0 2  a 

1060 

4.82 

95.8 

73.0 

SS 316 

0.35 

440/500 

50 

169 

1.15 

Wire 



and t h e  p o t e n t i a l  f o r  h igher  fuel-rod powers. However, t h e  
f u e l  f a b r i c a t i o n  process  f o r  PuC-UC i s  no t  y e t  f u l l y  developed. 
More i n t e n s e  PuC-UC i r r a d i a t i o n  programs w i l l  be s t a r t e d  i n  
t h e  coming years .  So f a r ,  s t i l l  much l e s s  r e sea rch  and develop- 
ment work has been done f o r  PUN-UN. 

On t h e  o t h e r  hand, a l ready a t  t h e  beginning of t h e  f a s t -  
r e a c t o r  f u e l  development, Pu02-U02 benef i t ed  from t h e  experience 
i n  a well-known f a b r i c a t i o n  and reprocess ing process  which had 
been gained with t h e  LWR f u e l  technology. I t s  physico-chemical 
p r o p e r t i e s  a r e  good enough t o  guarantee economical fue l -cycle  
c o s t s  and a s a f e  core  behavior.  From 1 9 6 0  onwards, t h e r e f o r e ,  
a l l  f a s t  r e a c t o r  p r o j e c t  groups used Pu02-U02 mixed oxide a s  
r e fe rence  f u e l  (Tables I X - I 1 1  and I X - V I I I ) .  

USSR 

BM 6 0 0  

1 4 8 0  

6 . 9  

2 4 4 5  

u02 a 

7 5 0  

5 .9  

9 5 . 2  

SS 316 

5 3 0 / 6 9 0  

/ 6 9 0  

1 0 0  

1 2 7  

1 . 1 7  

Wire 

RAPSODIE 
Fortissimo 

40 

5 .1  

5 3 2  

U O ~ - P U O ~ ~  

3 2 2  

4.23 

SS 3 1 6  

4 3 0 /  

6 5 0 / 7 1 0  

6  0  

6  1  

Wire 

DFR 
Test S/A 

7  2  

5 . 8 4  

5 3 2  

u02-pu02~ 

3 0 4  

8  0  

SS M316  

0 . 3 8  

"430,' 

/ 7 0 0  

1 0 0  

7  7  

1 . 2 6  

Grid 

rrance 

PHENIX 

5 6 3  

6.55 

1 7 9 3  

uo2-pu02 

8 5 0  

5 . 5 0  

85  

SS 3 1 6 L  

0 . 4 5  

430,' 

6 4 0 / 6 9 0  

6  0  

27  1  

Wire 

UK 

PFR 

6 0 0  

5 .84  

2 2 6 0  

uo2-Pu02 

9 1 4  

8 0  

SS M316  

0 . 3 8  

450,' 

/ 7 0 0  

7  5  

3 2 5  

1 .26  

Grid 

SUPER- 
PHENIX 

2 9 1 0  

8 . 6 5  

UO2-pu02 

a 1 0 0 0  

7 . 0  

450,' 

6 2 0 / 7 0 0  

1 0 0  

2 7 1  

CFR- 1  

2 9 0 0  

5 .84  

2 1 1 2  

uoz-Pu02 

1000  

/ 7 0 0  

1 0 0  

3 2 5  

1 . 2 6  

Grid 



Table I X - V I I I :  Fue l  P in  Data f o r  Sodium Cooled F a s t  Power 
Reac tors  [Ix-251 (Cont ' d )  

1.3 Behavior of  Mixed Oxide Fuel  Under I r r a d i a t i o n  

Reactor Power MW(th) 

Fuel Pin Diameter mm 

Total length mm 

Fuel Material 

Length nun 

Diameter nun 

Bulk density %th.d. 

Smeared den- 
sity %th.d. 

Cladding Material 

Wall Thickness nun 

Linear Rod Power, 
max.b W/cm 

Cladding Temperature, 
max. b.. c c 

Burn-up, Local, 
max. HW(th) .day/kg 

Pins Per Subassembly Fuel 
Element 

Pitch to Diameter Ratio 

Spacer Type 

A t  h igh  burn-up and h igh  s p e c i f i c  power t h e  Pu02-U02 mixed- 
ox ide  f u e l  cons ide rab ly  changes i t s  physico-mechanical and 
chemical  behavior .  A s  shown i n  F igu re  IX-1, a  c e n t r a l  channel  
and s e v e r a l  r a d i a l  c r acks  b u i l d  up a f t e r  i r r a d i a t i o n  a t  h igh  
s p e c i f i c  power. A t  t h e  same t ime r a d i a l  d e n s i t y  changes occur  
w i t h i n  t h e  p e l l e t .  Two competing e f f e c t s  a c t  on t h e  p e l l e t  
d i ame te r :  t h e  p e l l e t  d iameter  d e c r e a s e s  w i t h  t h e  s i n t e r i n g  
e f f e c t s  w i t h i n  t h e  p e l l e t  by induced i r r a d i a t i o n  [IX-26 t o  
IX-281; and f u e l  swe l l i ng  con t inuous ly  i n c r e a s e s  t h e  d i ame te r ,  
s o  t h a t  t h e  l i m i t e d  s i n t e r i n g  e f f e c t  i s  overcome. Fue l  s w e l l i n g  
i s  caused  by s o l i d  f i s s i o n  p roduc t s  (mainly ce s ium) ,  and a l s o  
by gaseous  f i s s i o n  p roduc t s  (xenon and k r y p t o n ) ,  which i n  t h e  
form of g a s  bubbles  p a r t l y  remain i n  minute p o r e s  o r  i n  t h e  
c r y s t a l  l a t t i c e  of  t h e  f u e l  [IX-29 t o  IX-311. Depending upon 
f u e l  tempera ture  and burn-up, a lmost  a l l  o f  t h e  gaseous f i s s i o n  
p r o d u c t s  a r e  r e l e a s e d  e i t h e r  i n t o  l a r g e r  open f u e l  spaces  ( c r acks  

Italy 

PEC 

1 3 0  

6 . 7  

a 
uo2-Pu02 

6 5 0  

SS 3 1 6  

0 . 4 0  

3 9 0 /  

6 4 0 /  

9  1  

1 .18  

FRG 
with 

KNK-I1 
Test S/A 

5 8  

6 . 0  

1 5 9 1  

U O ~ - P U O Z ~  

6 0 0  

5 . 0 9  

86 .5  

80 

SS 1.49.. 

0 . 3 5  

4 6 0 / 5 7 0  

/ 6 7 0  

9 0  

2 1 1  

1 . 3 2  

Grid 

SNR-2 

7 .6  

1 2 0 0  

0 . 5 0  

450,' 

1 1 5  

2 7 1  

1 . 1 6  

Belgium and the Netherlands 

I 
SNR 3 0 0  

MARK-Ia Mark-I1 

I 
7 3 6  

1 2 4 7 5  

UO rPuO 

9 5 0  

5 .09  

8 6 . 5  

80 .0  

SS 1 . 4 9 7 0  

0 .38  

3 7 0 / 4 5 5  

6 2 0 / 6 7 0  

9 0  

1 6 9  

1 . 3 2  

Grid 

2 

9 5 0  

86.5 

8 0 . 0  

SS 1 . 4 9 7 0  

0 .50  

4 4 0 / 5 4 0  

6 2 0 / 6 7 0  

9  0  

1 2 7  

1 . 1 6  

Grid (wire) 



Uranium enriched in U235; 

Nominal condition/hot- 
spot condition; 

In some cases cladding 
midwall temperature. 

India 

FBTR 

5.1 

532 

SS 316 

Japan 

JOY0 

100 

6.3 

1910 

u 0 2 - ~ u 0 2 ~  

600 

5.4 

93.5 

S S  316 

0.35 

o r  c e n t r a l  c h a n n e l ) ,  o r  i n t o  t h e  f i s s i o n  g a s  plenum a c t i n g  a s  
i n t e r n a l  p r e s s u r e  on t h e  c l add ing .  High c o n t a c t  p r e s s u r e s  b e t -  
ween f u e l  p e l l e t  and c l a d d i n g  r a t e l y  deve lop  under  s t e a d y - s t a t e  
o p e r a t i n g  c o n d i t i o n s  because  of  i r r a d i a t i o n - i n d u c e d  c r e e p  e f f e c t s  
w i t h i n  t h e  f u e l  p e l l e t .  However, i t  seems t h a t  s t r o n g  mechanica l  
i n t e r a c t i o n  between f u e l  and c l a d  can  occu r  d u r i n g  fue l - rod  power 
changes ,  and pe rhaps  a l s o  i f  v o l a t i l e  f i s s i o n  p r o d u c t s  l o c a l l y  
accumula te  a t  h i g h  burn-ups [IX-321. 

Wire Wire 

MONJU 

714 

6.5 

2740 

U02-PuO2 

900 

5.4 

8 5 

S S  316 

0.45 

457/ 

80 

The chemica l  behav io r  o f  i r r a d i a t e d  mixed-oxide Pu02-U02 
f u e l  i s  de te rmined  by t h e  f a c t  t h a t  f i s s i o n e d  PuOz r e l e a s e s  
oxygen and g e n e r a t e s  f i s s i o n  p roduc t s .  These phenomena o c c u r  
i n  a  v e r y  s t e e p  r a d i a l  t empe ra tu r e  g r a d i e n t  of t h e  p e l l e t ,  which 
f i n a l l y  l e a d s  t o  bo th  a h i g h e r  oxygen p o t e n t i a l  w i t h i n  t h e  
p e l l e t  and space-dependent  c o n c e n t r a t i o n s  of  p lu ton ium,  oxygen 
and f i s s i o n  p r o d u c t s  ( t h e r m o - d i f f u s i o n ) .  Among t h e  s o l i d  
f i s s i o n  p r o d u c t s ,  i t  i s  mainly cesium which can a t t a c k  t h e  
c l a d d i n g  by i n s i d e  c o r r o s i o n  [IX-32 t o  IX-361. T h i s  i n s i d e -  
c o r r o s i o n  p r o c e s s  depends on t h e  t empe ra tu r e  and i s  of  impor tance  



Figure IX-1: Fuel Structure in a Pu02-U02 Fuel Rod After a 
Burn-up of 5% at a Rod Power of 500 W/cm 

at temperatures above 600'~. Such temperatures are usually 
reached at the upper end of the fuel pins with the highest rate. 

All these physico-mechanical and chemical effects have been 
measured in special fuel-irradiation experiments in every fast- 
reactor project. The experimental data available form the basis 
of the fuel-pin design and of specifications for the fabrication 
process. Many mixed-oxide fuel pins have already been irradi- 
ated up to between 120,000 and 170,000 MW(th)-day/t in irradi- 
ation experiments in RAPSODIE, EBR-11, DFR and BOR 60 [IX-37 
to IX-411. In the first cores of PHENIX, the French prototype 
fast reactor, and the Russian BN 350, the highest rated fuel 
pins have up to now reached burn-ups of 60,000 MW(th)-day/t 
without any fuel-pin failure. It is expected to have higher 
burn-ups after there has been more operating experience with 
these prototype power reactors. 

Conditions 

For considerations related to safety design, one must know 
the behavior of fuel rods under off-normal operating conditions. 
Off-normal operating conditions of a fast reactor core are 



d e s c r i b e d  a s  c y c l i c  power changes ,  power t r a n s i e n t s ,  and l o s s  
o f  c o o l i n g  c o n d i t i o n s .  Wi th in  t h e  l a s t  f i v e  y e a r s ,  e ach  o f  
t h e s e  problem a r e a s  h a s  been covered  and i n v e s t i g a t e d  by s p e c i a l  
expe r imen t a l  programs i n  r e s e a r c h  r e a c t o r s  l i k e  TREAT i n  t h e  
US [IX-421, CABRI  i n  France [Ix-431, and HFR i n  t h e  Nether-  
l a n d s  [IX-441. I t  h a s  been p o s s i b l e  t o  measure t h e  behav io r  
o f  t h e  f u e l  even under  b u r s t  o r  melt-down c o n d i t i o n s ,  a s  w e l l  
a s  t he rma l  i n t e r a c t i o n  phenomena o f  molten f u e l  w i t h  Na a s  
c o o l a n t .  These d a t a  a r e  t h e  b a s i s  o f  l i c e n s i n g  p rocedu re s  
f o r  p r o t o t y p e  f a s t  r e a c t o r s .  S p e c i a l  f u e l - s a f e t y  expe r imen t s  
w i l l  be  ex tended  w i t h i n  t h e  n e x t  t e n  y e a r s ,  s o  t h a t  comprehensive 
s a f e t y  i n fo rma t ion  f o r  t h e  l i c e n s i n g  of  l a r g e  commercial 
f a s t  r e a c t o r s  w i l l  be a v a i l a b l e  around 1985 t o  1990. 

1 .5  Development o f  Mixed Carb ide  PuC-UC Fue l  

A s  can  be s e e n  from Tab l e s  I X - V  and I X - V I ,  Pu-U monocarbide 
ha s  a  h i g h e r  f u e l  d e n s i t y  and a  b e t t e r  t he rma l  c o n d u c t i v i t y  
t h a n  Pu02-U02. These p r o p e r t i e s  a l l ow  f o r  a  h i g h e r  rod power 
of t h e  f u e l  p i n ,  h ighe r  b r eed ing  r a t i o s ,  a  lower f u e l  i n v e n t o r y ,  
and lower doub l i ng  t i m e s  f o r  f a s t  r e a c t o r  c o r e s  [IX-451. 

Mixed PuC-UC f u e l  i s ,  t h e r e f o r e ,  cons ide r ed  an a l t e r n a t i v e  
advanced f u e l  f o r  f u t u r e  f a s t  b r e e d e r s .  F u e l  f a b r i c a t i o n  and 
i r r a d i a t i o n  programs a r e  pursued by a l l  f a s t - r e a c t o r  p r o j e c t s .  

With a  h i g h e r  f i s s i l e  d e n s i t y  and a  lower o p e r a t i o n a l  t e m -  
p e r a t u r e ,  i r r a d i a t i o n - i n d u c e d  s w e l l i n g  of PuC-UC f u e l  has  been 
found t o  be r e l a t i v e l y  h igh .  I n s i d e - c o r r o s i o n  phenomena by 
f i s s i o n  p r o d u c t s  a s  found i n  Pu02-U02 f u e l  r o d s  a r e  n o t  expec t ed  
[IX-461. 

F a b r i c a t i o n  p r o c e s s e s  f o r  PuC-UC f u e l  and f u e l  r ods  a r e  
s t i l l  be ing  developed.  He-bonded and Na-bonded f u e l  and f u e l  
rod  concep t s  a r e  a c t i v e l y  t e s t e d  i n  expe r imen t a l  programs 
[IX-47 t o  IX-1191). For a  number o f  c a r b i d e  f u e l  r o d s ,  burn-up 
r a t e s  up t o  10 p e r  c e n t  have a l r e a d y  been o b t a i n e d  w i thou t  
f a i l u r e .  However, r e p r o c e s s i n g  f o r  t h e  PuC-UC f u e l  s t i l l  ha s  
t o  be  deve loped .  Most o f  t h e  R & D  programs f o r  t h e  PuC-UC 
f u e l ,  t h e r e f o r e ,  f o l l o w  schedu l e s  by which c a r b i d e  f u e l  e lement  
c o n c e p t s  r ~ o u l d  be prov ided  by 1985 t o  1990. 

The f u e l  c l a d d i n g  of  0.4 t o  0 .5  mm t h i c k n e s s  and an o u t e r  
d i a m e t e r  o f  6  t o  8 .5  mm (Table  I X - V I I I )  can be cons ide r ed  t h e  
most s t r a i n e d  p a r t  of t h e  f a s t - r e a c t o r  c o r e .  I n  a  t empe ra tu r e  
range  of  3 5 0 ' ~  t o  about  7 0 0 ~ ~ ~  it i s  s u b j e c t e d  t o  i n t e r n a l  
mechanica l  l o a d s  by f i s s i o n - g a s  p r e s s u r e s  and f u e l  s w e l l i n g ,  
i n s i d e - c o r r o s i o n  a t t a c k  by f i s s i o n  p r o d u c t s ,  and e x t e r n a l  
c o r r o s i o n  due t o  sodium i m p u r i t i e s .  Most of  t h e s e  phenomena 
a r e  a  f u n c t i o n  o f  t empera ture  and i r r a d i a t i o n  t ime  (neu t ron  
f l u e n c e  > l o z 3  n/cm2) ( s ee  F igu re  IX-2) [IX-12, IX-50, and IX-511. 
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As can be seen from Figure IX-3, the favorite cladding 
material must have an optimal combination of required 
properties. This narrows the choice among the different 
materials available to a very small selection window. 

When the development of fast-reactor fuel cladding began 
in the early 1 9 6 0 ~ ~  the main selection criteria were: 

- a small neutron absorption cross-section to keep the 
breeding ratio high; 

- sufficient corrosion resistance against the coolant, 
sodium; 

- good creep-rupture properties at high temperatures; 

- good weldability. 

Table IX-IX shows the absorption cross-sections for metals 
and alloy elements of interest at 0.1 MeV in a fast neutron 
spectrum [IX-521. The various metals and elements are subdivided 

Table IX-IX: Absorption Cross-sections for Metals and Alloy 
Elements 
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into three groups. For fast-reactor cores an absorption cross- 
section of about 10 mb is considered acceptable, which narrows 
the selection down to Group 1 and half of Group 2. Out of the 
remaining metals only iron (austenitic steels), nickel (nickel- 
base-alloys), and vanadium (vanadium-base alloys) are of rele- 
vance here. Aluminum does not have sufficient high-tempera- 
ture strength properties. Chromium or chromium alloys are 
too brittle, and cobalt must be excluded because of its Co60 
isotope (which has a high y-activity, and a long lifetime). 

Table IX-X and Figure IX-4 compare the absorption cross- 
sections and creep-rupture-stress properties of austenitic 
steels, nickel-base alloys, and vanadium alloys [IX-51, IX-521. 
In all three groups alloys can be found whose required Cree B - rupture-stress properties were above 10 to 15 kg/mm2 at 650 C. 
Some of the nickel-base alloys and also of the vanadium alloys 
have a better high-temperature strength than austenitic steels. 
But they also have higher absorption cross-sections, which would 
decrease the breeding ratieo. The development of vanadium alloys 
is still in its very initial phase. The nickel-base alloys do 
not have the same high corrosion resistance against sodium with 
its impurities (02, H2) as austenitic steels. Considerable 
mass-transport phenomena from hot to cold parts of the primary- 
cooling circuits of LMFBRs have been found with nickel-base 
alloys [IX-531. In addition, some of the nickel-base alloys 
have shown a higher tendency to high-temperature embrittlement, 
which is caused by He-bubble formation at grain boundaries 
[IX-12, IX-511. 

For these and a number of other reasons, all fast-reactor 
projects in the US, the UK, France, the FRG together with 
Belgium and the Netherlands, Japan, and the USSR have chosen 
austenitic steels as reference material for the clad and other 
core-structural materials. They have been found to represent 
the best alternative for the required combination of properties 
shown in Figure IX-3. 

Whereas in the US, the UK, France, and Japan unstabilized 
steels of the type SS 31 6 are preferred, the German/Belgian/Dutch 
SNR project chose a titanium-stabilized austenitic steel as re- 
ference material for the cladding, and a niobium-stabilized 
austenitc steel for other core-structural material. Stabilized 
austenitic steels are also used in the USSR. 

Since 1967, when British experts reported about the irra- 
diation behavior of steel under high neutron doses [IX-11, the 
problem of steel swelling has been actively studied. Steel 
swelling is caused by irradiation damage (void formation by 
vacancy condensation) at neutron fluences beyond lo* nvt. It 
depends upon the irradiation temperature and the neutron fluence 
(see Figure IX-5 and IX-6), and can lead to a high increase in 
volume [IX-12, IX-50, IX-541. This has to be accounted for when 
clearances and tolerances are fixed in the design of fuel ele- 
ments and the entire core structure. Steel swelling is also 
dependent upon the composition (i.e. the alloy components) of 



~n 0 - 3  o m m  
N ~ n f m  m  r - = T  . . . . . . .  
I- m m m  w  m m  

7 

- c o o  
r - f  7 . . .  
m f  r- - 7 

W N N  0 
. a .  . 0 

r . - -  m  m  

o m  o . . .  
m m o  

7 

o o m  0 . . .  
c m w +  m  
7 7 

m  m  
. - 0 - 7 . -  . . . . .  
0 0 0 0 0  

0 
m  

o r - x w m  
0 - N 
W X  X r - U Y  

0  
d d d d d  
a, c u d  m m  
L I : L I : m L I : c  
0 0 ~ 0 0  
U U m U U  
LI: C  a C  LI: 
H H Z H H  

- 
0 
m  

w  m o a  > m  0 9 

H 
O f  H W B  

m C, -Pz 





c.w =COLD WORKED I 
0.L ! 

3 L 5 6 7 8 9 1 0  15 
NEUTRON FLUENCE ( nlcrn2,~>0.1 MeV 

Figure IX-5: Volume Increase of Steel (Swelling Effect) as 
a Function of Neutron Fluence (Irradiation 
Temperature Constant at 550 OC) 

Figure IX-6: Volume Increase of Type 316 Stainless Steel 
(Swelling Effect) as a Function of Irradiation 
Temperature 

800 

L 

3 

s 

-. w 3 w U) Q 2 1.- - -  

z 

w Z 
3 0.- P 

- 1  - 

TEMPERATURE OF ImADIATION ( O C 

FRANCE-9 .102%/c m2 

- -  E 
1 \ 

p - 6 . 1 0 % / c m 2  

/- USA 8 . 1 0 ~ ~ n / c m ~  

I 1 

300 LOO 500 600 700 



the austenitic steel in question (see Figure IX-31, and can be 
decreased by 20 per cent cold working during fabrication of the 
cladding tubes. This also increases the high-temperature 
strength properties of some austenitic steels such as, for 
instance, the titanium-stabilized austenitic steel used in the 
SNR project. 

Unfortunately, there is still another irradiation effect- 
high-temperature embrittlement--that must be accounted for 
[IX-51, IX-551. High-temperature embrittlement is mainly 
caused by the formation of He-bubbles at grain boundaries when 
(N,a) reactions with different alloy elements occur at neutron 
fluences beyond 10*nvt. Another initiating effect is radiation 
damage by displacements. It is mainly effective above tempera- 
tures of 600'~. High-temperature embrittlement becomes worse 
when cold wo~king of the cladding is applied. However, this 
can be balanced by a temperature treatment (annealing) of the 
steel tubes after fabrication and cold working [IX-511. 

Two other irradiation-damage effects have been found: low- 
temperature embrittlement, and irradiation-induced creep. Low- 
temperature embrittlement starts at very low radiation 
doses (approximately 10" n/cm2). It increases with increasing 
neutron dose and obviously reaches saturation at neutron doses 
of about 5 to 10-10" n/cm2, depending upon irradiation tempera- 
ture. Irradiation-induced creep phenomena can also lead to 
dimensional changes of the cladding or other core-structure 
parts. Both phenomena occur below 5~50 to 600'~ and are not 
easy to improve by changing the alloy composition of austenitic 
steel nor by cold working. Irradiation-induced creep is 
linearly dependent on stress and is obviously correlated to 
swelling. Both phenomena have to be accounted for in calculating 
the claddding thickness (internal fission-gas pressure) and 
the design of the fuel element boxes. The lower parts of the 
fuel element boxes undergo high stresses due to inside coolant 
pressure, thermal expansion, and thermal gradients in the fast- 
reactor core [IX-501 . 

Outside corrosion at the austenitic steel cladding has 
been measured to be dependent upon sodium temperature, sodium 
velocity, and oxygen content. Sodium corrosion acts on the 
outside of the cladding by dissolving some of the alloy com- 
ponents of the austenitic steel from a thin surface layer at 
corrosion rates of about cm/yr [IX-56 to IX-581. These 
radioactive corrosion products can be transported within the 
primary coolant circuits to colder parts in the heat exchangers, 
where they may render repair and maintenance work more diffi- 
cult [IX-591 . 

In summarizing the present status of steel development for 
fast-reactor cores it can be stated that: All fast-reactor 
projects in the various countries have collected the necessary 
data for material damage phenomena induced by irradiation. 
Reference steels are either nonstabilized or stabilized 



a u s t e n i t i c  s t e e l s  w i t h  20 p e r  c e n t  c o l d  working and subsequent  
t empe ra tu r e  t r e a t m e n t .  The o p e r a t i o n  of  t h e  p r o t o t y p e  f a s t -  
r e a c t o r s ,  e s p e c i a l l y  o f  PHENIX i n  France and t h e  BN 350 i n  t h e  
USSR, h a s  p rov ided  e x p e r i e n c e  w i t h  t h e  s e l e c t e d  r e f e r e n c e  s t e e l s  
a t  neu t ron  dose s  up t o  l oz3  n/cmZ. 

Wi th in  t h e  n e x t  few y e a r s  much more d a t a  w i l l  become a v a i l -  
a b l e  f o r  h i g h e r  neu t ron  d o s e s  and f o r  a l t e r n a t i v e  s t e e l s  i n  
r e a c t o r s  such a s  PFR, BN 600, SNR 300, e tc .  The f u t u r e  deve lop-  
ment w i l l  aim a t  a l t e r n a t i v e  s t e e l s  o f  s w e l l i n g  r a t e s  and neu- 
t ron- induced  c r e e p  r a t e s  t h a t  a r e  s t i l l  lower ,  a s  w e l l  a s  f o r  even 
b e t t e r  h igh- tempera ture  s t r e n g t h  p r o p e r t i e s .  T h i s  development 
i s  n e c e s s a r y  s i n c e  f u t u r e  l a r g e  commercial LMFBRs of more t h a n  
2000 M W ( e )  r e q u i r e  maximum neu t ron  dose  r a t e s  t h a t  a r e  a lmos t  
double  t h o s e  of  t o d a y ' s  p r o t o t y p e  LMFBR ( s e e  F igu re  IX-7).  A s  
r e g a r d s  a l t e r n a t i v e  c l a d d i n g  and s t r u c t u r a l  m a t e r i a l s ,  f e r r i t i c  
s teels ,  Fe-Cr-Ni ( a  n i cke l -ba se  a l l o y ) ,  and vanadium a l l o y s  pe r -  
haps  w i l l  have t o  be i n v e s t i g a t e d .  

F igu re  IX-7: Swe l l i ng  Behavior  o f  Var ious  S t e e l s  and I r r a d i a t i o n  
Doses Reached i n  D i f f e r e n t  LMFBRs 



1.7 Materials for LMFBR Heat Transfer Systems 

For reactor vessels, primary and secondary coolant circuits, 
heat exchangers, valves, etc., an austenitic steel of the AISI 
304 type is used in LMFBRs. Reactor-vessel steel is exposed 
to maximum neutron fluences of 10'' n/cm2, which leads to a 
reduction of the time-to-rupture properties of this steel. 
The other parts of the plant are hardly subject to radiation 
damage. Problem areas are mainly hi h-temperature strength and 4 creep data up to temperatures of 550 C for normal operation, 
and up to 850'~ for special safety considerations. Three- 
dimensional stress problems for valves or other components have 
to be handled for temperature shock and other ASME case con- 
ditions [IX-601. 

Respective R6D programs for the collection of these data 
have already been carried out, or are still underway. 

2. FUSION REACTORS 

2.1 General Requirements 

In contrast to fission reactors where there are perhaps 
four or five different classes of s o l i d  materials to worry about 
(fuel, cladding, and core restraint, reflectors, control rods, 
and pressure vessels), there may be as many as ten in fusion 
reactors. These general classes are listed below: 

- low Z liners; 

- electrical insulators; 

- structure; 

- solid tritium breeder material*; 

- fissile breeder material*; 

- neutron multipliers* ; 

- reflectors; 

- shielding material; 

- magnets*; and 

- optical systems*. 

The functions of these materials have been reviewed before [IX-61 
to IX-631, and we will only briefly summarize the results here. 

* only required in some systems. 



TOWIAKs may require low-atomic-weight liners for plasma- 
physics reasons (mainly to insure that excessive power is not 
leaked from the plasma by radiation from impurity atoms) [IX-64, 
IX-651. Such materials are placed in the vacuum region between 
the plasma and the first solid wall, and therefore will be sub- 
jected to the most extreme temperature, charged-particle, photon, 
and neutron environments in the reactor. It is important that 
they last at least as long as the first structural walls in 
order to allow for some chance of economical commercial operation. 

Electrical insulators will be required in all magnetically 
confined systems in one form or another, and in inertially con- 
fined systems using electron beams. Both Mirrors and TOKAMAKs 
will require fueling systems (either beams or pellets) which 
will probably rely on electrostatic acceleration. It will be 
difficult to shield such systems from the direct bombardment 
of neutrons and the associated damage to dielectric properties. 
Auxiliary heating in TOKAMAKs may utilize radiofrequency sources, 
which could contain dielectrics to reduce the size of the wave- 
guides [IX-661. Unfortunatley, such waveguides must "see" the 
plasma, and therefore be subjected to all the radiation eman- 
ating from the plasma. Theta Pinch reactors will require 
electrical insulators which can maintain dielectric strengths 
of up to 100 kV/cm while being pulsed some 3 to 10 million times 
per year [IX-671. This insulator must function at temperatures 
approaching 1000 'C while being bombarded with copious amounts 
of atomic hydrogen and neutron fluences of up to 1 0 ~ ~ n / c m ~  per 
year. Finally, the electrodes of E-beam reactors will be sub- 
jected to very high fluxes, and the associated degradation of 
properties has not been completely appreciated at this time. 

The needs for structural vessels which provide vacuum 
tightness and are pulsed anywhere from 10 to 10' times per year 
are fairly well established and extremely demanding. Reflectors 
are required for efficient neutron utilization and protection of 
components outside the reactor. Shields are absolutely 
essential to prevent excessive radiation levels from occuring 
outside the reactor, and to prevent damage to components not 
directly involved in the extraction of energy (i.e. magnets, 
lasers, fueling devices, etc. . 

Breeding is, of course, absolutely essential for all the 
D-T systems. If liquid lithium is not used, then solid lithium 
containing compounds as LizO, Li7Pb2, LiA103, or LiSi02 must 
be utilized [IX-68, and IX-591. We will see later that these 
compounds have many of the same problems now facing us for 
fission reactor fuels with a few added features which could be 
quite difficult to overcome. For example, these materials have 
high volumetric heating rates, which promote high temperatures 
and severe temperature and swelling gradients in ceramics. In 
order to avoid large tritium inventories, the tritium must be 
constantly removed from the breeder. If radiation damage and 
high temperatures interfere with the diffusivity and/or the 
diffusion path of the tritium, very high tritium inventories 
could occur. 



The use of solid breeding compounds will almost invariably 
require the use of neutron multipliers such as beryllium*. 
Ignoring the high cost per kg of Be and the lack of extensive 
Be reserves in the world for the moment [IX-701, one finds that 
severe dimensional problems could occur at high temperature due 
to high helium-gas generation rates. It has even been proposed 
to surround the plasma with a blanket containing fissionable 
and/or fertile material [IX-711. Presently it seems that the 
latter is more attractive, and this would mean that the asso- 
ciated dimensional problems of U and Th compounds need to be 
considered, along with radioactive fission products and asso- 
ciated safety questions. 

The critical properties of superconducting magnets for 
TOKAMAKs and Mirrors and of conventional magnets for Theta 
Pinches must be maintained. In the first case, the critical 
currents, temperatures, and fields of superconducting filaments 
must not be'significantly reduced over long time periods by 
bombardment with neutrons. The cryogenic stabilizers must re- 
tain a low resistivity value to insure safe operation in the 
event of a quench in the superconductor. The compression coils 
of a Theta Pinch reactor will be subjected to high neutron 
fluxes and operate above room temperature. Significant trans- 
mutation reactions and displacement rates will result in changes 
in resistivity over long periods of time. Finally, one must 
be concerned about the non-current carrying components of magnets, 
such as electrical insulators or thermal insulators. Failure 
of any of these components could require costly repairs and 
unacceptable down times. 

The optical systems for laser reactors (such as Mirrors and 
Windows) must maintain extreme dimensiona1,stability (to within 
a quarter of the wavelength or about 3000 A) over long periods 
of time in a commercial system. Very little is presently known 
about the effects of neutron damage on the surface roughness, 
and the subsequent effects on the efficiency of pellet com- 
pression, or the rate at which implosions can take place. This 
area is almost completely devoid of prior information, and it 
is difficult to even estimate how serious a problem may be 
encountered. In the worst case, the ultimate viability of a 
laser reactor could critically hinge on the successful solution 
of such problems. 

An attempt to summarize the preceding discussion has been 
made in Table IX-XI, where the potential materials, their 
functions, and their critical properties are listed. A detailed 
discussion of these numbers is not warranted here because the 
quantitative numbers are somewhat design-dependent. However, 
the reader will note the wide range of materials involved in 
fusion systems, and he can draw his own conclusions about the 
extent of the research problem to establish engineering feasibi- 
lity of CTR reactors. 

$ See Chapter V.3. 



Table IX-XI: Summary of Materials Requirements in the Nuclear 
Island Portion of D-T Fusion Reactors 

a R e f e r s  t o  a l l  m a t e r i a l s  c o n s i d e r e d  f o r  t h i s  f u n c t i o n :  
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a l l o y s  
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L i  
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2.2 Operat ing Environment f o r  Fusion Reactor  Ma te r i a l s  

There a r e  a t  l e a s t  fou r  unique f e a t u r e s  about  t h e  i r r a d i -  
a t i o n  environment i n  a  f u s i o n  r e a c t o r  compared t o  a  f i s s i o n  
r e a c t o r .  These a r e :  

- neut ron  spectrum; 

- charged p a r t i c l e  f l u x ;  

- r a t e  a t  which damage i s  genera ted;  and 

- photon f l u x .  

The f i r s t  t h r e e  f e a t u r e s  a r e  t h e  most impor tant  w i th  r e s p e c t  t o  
m a t e r i a l s  performance, and we w i l l  now p o i n t  o u t  t h e  major con- 
sequences of t h e s e  e f f e c t s .  The r eade r  i s  r e f e r r e d  t o  t h e  lit- 
e r a t u r e  f o r  a  more d e t a i l e d  d i s c u s s i o n .  

2.2.1 Spectrum E f f e c t s  

The inc reased  energy of t h e  D-T neut ron  (14.1 MeV) over  
t h o s e  t y p i c a l  of a  f i s s i o n  spectrum makes t h e  quo ta t ion  of  
s imple  neut ron  f l u x e s  i n  Table I X - X I  somewhat mis leading ,  be- 
cause  t h e  displacement r a t e s  a r e  d i f f e r e n t  and t h e r e  a r e  many 
more p o t e n t i a l  nuc lea r  r e a c t i o n s  t o  contend wi th  ( f o r  example 
( n , n l p )  , (n , n ' a )  , and (n ,2n) ) . An a p p r e c i a t i o n  of  t h e  s p e c t r a l  
d i f f e r e n c e s  can be gained from F igure  IX-8, where t h e  neut ron  
s p e c t r a  from a f i s s i o n  r e a c t o r  [IX-721, a  t y p i c a l  f u s i o n  r e a c t o r  
[IX-731 , a D-T neut ron  source  [IX-741 , and a D-Li s t r i p p i n g  
sou rce  [IX-751 a r e  g iven .  (The l a t t e r  s p e c t r a  a r e  impor tant  
f o r  t es t  f a c i l i t i e s . )  These numbers a r e  p l o t t e d  on an abso lu t e  
s c a l e  s o  a s  t o  r e f l e c t  t h e  f l u x  l e v e l  a s  w e l l  a s  t h e  energy  
spread  of  neut rons  i n  t h e s e  systems.  The fus ion  spectrum has 
t h e  t r a d i t i o n a l  peak a t  14 MeV, fol lowed by a down-scat tered 
spectrum t h a t  peaks over  s e v e r a l  hundred keV. This  i s  con- 
t r a s t e d  t o  t h e  f i s s i o n  spectrum, where t h e  neu t rons  a r e  emi t t ed  
wi th  a  mean energy of  approximately one MeV.  Current  D-T 
neut ron  sou rces  a r e  unable t o  provide  s u f f i c i e n t  backsca t t e r ed  
neu t rons  t o  cause  a s i g n i f i c a n t  d e v i a t i o n  from t h e  monoenerget- 
i c  sou rce ,  wh i l e  s t r i p p i n g  sou rces  such a s  D-Be o r  D-Li provide  
a broad range of e n e r g i e s  which depend on t h e  i n c i d e n t  deuterium 
energy.  For a  3 3  MeV deuterium ion  on Be t h e  neut ron  energy 
v a r i e s  from a maximum of about  3 3  MeV t o  below 1 MeV wi th  a  
maximum i n  f l u x  a t  about  18 MeV. 

The importance of such s p e c t r a l  e f f e c t s  on one p a r t i c u l a r  
n u c l e a r  r e a c t i o n  i s  given i n  Table I X - X I I .  There t h e  s p e c t r a l  
averaged c ros s - sec t ion  f o r  t h e  helium gas  r e a c t i o n s  i n  me ta l s  
a r e  l i s t e d  f o r  a  fu s ion  r e a c t o r  and a l i g h t  water  f i s s i o n  
r e a c t o r .  This  t a b l e  r e v e a l s  t h a t  t h e  range of  average s p e c t r a l  
(n , a )  c ros s - sec t ion  f o r  t h e  me ta l s  examined h e r e  i s  100 t o  
1000 t imes  h ighe r  i n  fus ion  r e a c t o r s  than  i n  f i s s i o n  systems. 
(This  i s  r eve r sed  f o r  N i  con ta in ing  a l l o y s  f o r  reasons  ex- 
p l a ined  e lsewhere  [IX-77, IX-781 . )  The r a t i o  i s  even h ighe r  



LETHARGY 

F i g u r e  IX-8: T y p i c a l  Neu t ron  S p e c t r a  f o r  V a r i o u s  N u c l e a r  
F a c i l i t i e s  

f o r  t h e  ( n , 2 n j  r e a c t i o n  i n  a l l  m e t a l s .  Such l a r g e  d i f f e r e n c e s  
a r e  p a r t i a l l y  compensated f o r  by a  f l u x  i n  f i s s i o n  r e a c t o r s  
t h a t  i s  a n  o r d e r  o f  magni tude  h i g h e r ,  b u t  t a k i n g  b o t h  f l u x  
and  s p e c t r u m  i n t o  a c c o u n t  w e  f i n d  t h a t  t h e  magni tude  o f  g a s  
g e n e r a t i o n  i s  s t i l l  much h i g h e r  i n  f u s i o n  r e a c t o r s  ( s e e  T a b l e  
I X - X I I I ) .  T h i s  i s  a l s o  t r u e  f o r  many o t h e r  t r a n s m u t a t i o n s  t o  
non-gaseous i s o t o p e s .  

2.2.2 Charged P a r t i c l e s  

F u e l  p a r t i c l e s  l e a k i n g  from t h e  p lasma ,  a s  w e l l  a s  r e a c t i o n  
p r o d u c t s  s u c h  a s  h e l i u m ,  w i l l  s t r i k e  t h e  f i r s t  s o l i d  s u r f a c e  
w i t h  c o n s i d e r a b l e  e n e r g y .  The D and T e n e r g i e s  w i l l  r a n g e  
f rom a round  0.1  t o  20 keV, w h i l e  t h e  h e l i u m  e n e r g y  c a n  be a s  
h i g h  a s  3 . 5  MeV. Normal ly ,  most  o f  t h e  h e l i u m  w i l l  be  therma-  
l i z e d  i n  a  m a g n e t i c a l l y  c o n f i n e d  plasma s o  t h a t  t h e  a v e r a g e  
e n e r g y  w i l l  b e  a b o u t  100 keV, o r  even  less. However, i n  l a s e r  
s y s t e m s ,  t h e r e  may be q u i t e  h i g h  e n e r q y  i o n s  from t h e  p e l l e t ,  
Up t o  h u n d r e d s  o f  keV w i t h  Z e q u a l i n g  6  t o  60. The p a r t i c l e  f l u G e s  
v a r y  n o t  o n l y  w i t h  t h e  r e a c t o r  c o n c e p t  b u t  a l s o  w i t h i n  a  g i v e n  
d e s i g n .  F o r  example ,  whe ther  o r  n o t  a  TOKAMAK h a s  a  d i v e r t o r  



Table IX-XII: Effect of Neutron Spectrum on Helium Production 
Cross-section--Spectral Averaged Cross-section 
(mb 

a/ High flux isotope reactor (HFIR) , 
core center- [ IX-761 ; 

UWMAK-I [IX-731, first wall; 

Due to thermal (n,a) reaction in Ni59 
[IX-771, the value given here is valid 
after one year of exposure. 

Element 

No 

Nb 

V 

SS 316 

A1 

Table IX-XIII: Helium Production Rates in Various Potential 
CTR Mate5ials 
(appm/yr 

L W R ~  

0.046 

0.026 

0.06 

~60' 

0.28 

a 100% plant factor, see [IX-781; 

UWMAK-I spectrum [IX-731 , 1 !TW/m2 ; 

' EBR-I1 spectrum [IX-721. 

C T R ~  

4.53 

2.37 

5.24 

20.4 

32.5 

~ission' 

2 

1 

0.3 

8 

5 

3 4 

Mo 

Nb 

V 

A1 

SS 316 

C 

Fusion b 

4 7 

2 4 

5 7 

330 

2 10 

3000 



can make a difference of one to three orders of magnitude in 
the particle flux. Similarly, if a Mirror reactor makes use 
of direct energy conversion, the charged-particle flux to 
various components can vary by several orders of magnitude. 
Ty ical ?article fluxes in TOKAMAKs might vary from 10'~to E 10 p/cm .set. Mirrors will have fluxes to the first walls on 
the upper side of this scale as will Theta Pinch machines. 
Fluxes from laser reactors will actually be even higher, if 
the results are normalized on the basis of 1 M W / ~ ~  of neutrons 

2.2.3 Burn Cycle and Neutron Flux Effects 

It is difficult to make general statements about this 
kind of effect because there are several potential (at least 
five) avenues to fusion reactors, and they all represent 
drastically different burn cycles. We will try to put all of 
these cycles in perspective with respect to the following 
quantities (see Table IX-XIV) : 

- time over which neutrons are produced; 

- time in which damage is done in materials; and 

- time between burns. 

The information in Table IX-XIV shows that the neutrons can 
be produced in burns which last from lo-' to lo6 sec separated 
by times of 0.01 to lo5 sec. For all systems in which the 
burn time exceeds the neutron slowing-down time (approximately 
a psec), the damage rate is constant over the burn time. How- 
ever, in electron beam or laser systems, the neutrons are pro- 
duced in times much shorter than the slowing-down time, and 
consequently the damage occurs at a relatively long time after 
the initial burst of neutrons. 

In principle, the Mirror system could run in a steady 
state so that a precise assessment of burn dynamics is not 
meaningful. However, it is unlikely that any system as complex 
as a fusion reactor could run continuously for more than a 
month without a mechanical failure which would require a shut- 
down of the reactor. Therefore, we have somewhat arbitrarily 
chosen 3 lo6 sec as a typical operating time. 

The situation for TOKAMAKs is somewhat unclear at the 
present time depending on the rate of buildup of impurities 
in the plasma, or the amount of flux swing that can be reason- 
ably incorporated into the transformer coils. It is quite 
possible that if impurity confinement times are significantly 
longer than the confinement times of fuel atoms, the D-T burn 
cycle could be limited to as little as 100 sec in a reactor. 
On the other hand, if the impurities diffuse out of the plasma 
at a sufficiently rapid rate, then economic limitations of in- 
corporating flux swings of more than 500 Vsec may limit the 
length of the burn to a few thousand sec before the magnets 
would need to be reset. 



Theta  P inch  and s o l e n o i d  r e a c t o r s  l i m i t  t h e i r  burn t i m e s  
t o  a  few hundred msec due t o  a  complex t r a d e o f f  between s i z e  
o f  t h e  plasma column, r e a s o n a b l e  magne t ic  f i e l d s  and r a t e s  o f  
f i e l d  b u i l d u p ,  and assumpt ions  on burn  dynamics. I t  i s  u n l i k e l y  
t h a t  t h e  burn t i m e s  would be g r e a t e r  t h a n  one s e c ,  and v a l u e s  
o f  less than  10 msec may be uneconomical i n  a  m a g n e t i c a l l y  
con f ined  system. 

I f  one assumes t h a t ,  nomina l ly ,  a  t ime-averaged 1  MW/m2 
w a l l  l oad ing  is  r e q u i r e d  f o r  economical  r e a c t o r  o p e r a t i o n ,  
t h e n  one can o b t a i n  a  rouqh approximat ion  o f  t h e  i n s t a n t e n o u s  
14 MeV n e u t r o n  f l u x  ( i n  n /cm2*sec)  t o  t h e  f i r s t  w a l l .  T h i s  
r a n g e s  from approximate ly  5 1013 f o r  M i r r o r s  and TOKAMAKs, 
t o  approximate ly  4 lo1' n/cm s e c  f o r  The t a  P inch  and s o l e n o i d  
r e a c t o r s ,  t o  a s  h i g h  a s  4  10" t o  4  10" n/cm2 *set f o r  
l a s e r  and e l e c t r o n  beam r e a c t o r s .  Of c o u r s e ,  i f  b a c k s c a t t e r e d  
n e u t r o n s  a r e  i n c l u d e d ,  t h e s e  v a l u e s  would have t o  be i n c r e a s e d  
by f a c t o r s  o f  roughly  5 t o  g e t  t o t a l  neu t ron  f l u x e s .  We have 
i n c l u d e d  t y p i c a l  v a l u e s  f o r  f i s s i o n  r e a c t o r s  i n  Tab l e  I X - X I V ,  
which i n c l u d e  a l l  t h e  f a s t  (E  > 0.1 MeV) n e u t r o n s .  Even i f  
t h e  TOKAMAK and Mi r ro r  numbers were a d j u s t e d  t o  i n c l u d e  back- 
s c a t t e r e d  n e u t r o n s ,  we would f i n d  t h a t  t h e  t o t a l  neu t ron  f l u x  
i s  c o n s i d e r a b l y  lower t han  i n  a  f a s t  r e a c t o r .  However, we 
s h a l l  s e e  l a t e r  t h a t  spec t rum e f f e c t s  a l t e r s  t h i s  p i c t u r e  i n  
ways which a r e  m a t e r i a l  dependent .  

A somewhat i m p e r f e c t  b u t  more r e a s o n a b l e  way of  comparing 
t h e  p o t e n t i a l  damage r a t e s  i n  f i s s i o n  and f u s i o n  r e a c t o r s  is  
t o  c a l c u l a t e  t h e  t h e o r e t i c a l  f r a c t i o n  o f  atoms d i s p l a c e d  p e r  
u n i t  t i m e  o f  exposure  t o  t h e  i r r a d i a t i o n  environment .  T h i s  
u n i t ,  c a l l e d  t h e  dpa f o r  d i s p l a c e m e n t s  p e r  atom, d o e s  n o t  i n -  
c l u d e  t r a n s m u t a t i o n  e f f e c t s ,  o r  t h e  amount o f  spontaneous  and 
t he rma l  recombina t ion  o f  t h e  p o i n t  d e f e c t s .  However, it does  
accoun t  f o r  t h e  p r o b a b i l i t y  t h a t  r e a c t i o n s  w i l l  t a k e  p l a c e  
i n i t i a l l y ,  and f o r  t h e  amount o f  ene rgy  which w i l l  e v e n t u a l l y  
be t r a n s f e r r e d  t o  t h e  l a t t i c e  atoms i n  n u c l e a r  e n c o u n t e r s .  
' Seve ra l  a u t h o r s  have c a l c u l a t e d  d i sp l acemen t  c r o s s - s e c t i o n s  
[IX-79 t o  IX-821 and have no t ed  t h a t  14 MeV n e u t r o n s  have dpa  
c r o s s - s e c t i o n s  which a r e  abou t  4  t i m e s  t h o s e  o f  1  MeV n e u t r o n s .  
They a l s o  f i n d  t h a t  t h e  a b s o l u t e  magnitude o f  t h e  dpa c r o s s -  
s e c t i o n  f o r  heavy e l emen t s  d i f f e r  by less than  20 p e r  c e n t .  
The s i t u a t i o n  f o r  t h e  low Z e l emen t s  ( f o r  example C ,  o r  A l )  
i s  somewhat d i f f e r e n t ,  i n  t h a t  t h e r e  i s  r e l a t i v e l y  l i t t l e  
d i f f e r e n c e  between 14 MeV and 1  MeV n e u t r o n s  w i t h  r e s p e c t  t o  
dpa  v a l u e s .  T h i s  r e s u l t s  from t h e  predominance of low-angle 
s c a t t e r i n g  and t h e  low t h r e s h o l d  f o r  i o n i z a t i o n  l o s s e s  i n  t h e s e  
e l emen t s .  Such an  e f f e c t  means t h a t ,  n e g l e c t i n g  t h e  s p a t i a l  
d i s t r i b u t i o n  of d e f e c t s  on a  m ic ro scop i c  s c a l e  and t r a n s m u t a t i o n s ,  
1  MeV n e u t r o n s  a r e  n e a r l y  a s  damaging a s  14 MeV n e u t r o n s ,  and 
f i s s i o n  r e a c t o r s  p robab ly  make good s i m u l a t i o n  d e v i c e s  f o r  
d i sp l acemen t  damage i n  low Z e l emen t s .  

W e  c an  u se  t h e  concep t  o f  d i sp l acemen t  c r o s s - s e c t i o n  t o  
c a l c u l a t e  t h e  damage r a t e s  i n  v a r i o u s  f u s i o n  concep t s ,  For  
example,  w e  know t h a t  t h e  dpa r a t e s  i n  TOKAMAKs a r e  approximate ly  
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lo - '  dpa / sec  p e r  M P J / ~ ~ ,  and r o u g h l y  t h e  same f o r  M i r r o r  r e a c t o r s .  
However, t h e  i n s t a n t a n e o u s  dpa  r a t e s  i n  a  T h e t a  P i n c h  a r e  a b o u t  
10 t o  100 t i m e s  h i g h e r ,  and t h o s e  i n  a  l a s e r  s y s t e m  a r e  a b o u t  
10 t i m e s  h i g h e r .  T h i s  s i t u a t i o n  (and t h e  v a r i a t i o n  t h r o u g h o u t  
a  b l a n k e t  model o f  a p p r o x i m a t e l y  one m e t e r  t h i c k n e s s )  a r e  
summarized i n  F i g u r e  IX-9 f o r  SS 316. The d i s p l a c e m e n t  r a t e s  
i n  t h e  EBR-I1 r e a c t o r  a r e  a l s o  i n c l u d e d  i n  F i g u r e  IX-9, and 
t h e  maximum i s  h i g h e r  t h a n  a l l  of t h e  v a l u e s  f o r  t h e  TOKAMAK, 
b u t  a c t u a l l y  a n  o r d e r  of magni tude  lower  t h a n  t h o s e  i n  T h e t a  
P i n c h  f i r s t  w a l l s ,  and s i x  o r d e r s  o f  magni tude  s m a l l e r  t h a n  
i n  l a s e r  ( o r  e l e c t r o n  beam) f u s i o n  r e a c t o r  b l a n k e t s .  

F i g u r e  IX-9: I n s t a n t a n e o u s  Neutron Disp lacement  R a t e s  i n  
D-T CTR F i r s t  W a l l s  



The e f f e c t  o f  damage r a t e s  on p h y s i c a l  p r o c e s s e s  s u c h  a s  
v o i d  f o r m a t i o n ,  c r e e p  r a t e s ,  f a t i g u e ,  e t c .  i s  n o t  v e r y  w e l l  
known a t  t h e  p r e s e n t  t i m e .  I t  c a n  b e  d a n g e r o u s  t o  t h i n k  t h a t  
one  i s  s i m u l a t i n g  p u l s e d  damage i n  a  f i s s i o n  r e a c t o r ,  which 
c a n  i n  f a c t  p roduce  t h e  d e s i r e d  t o t a l  d p a  l e v e l s  b u t  o n l y  i n  
a  s t e a d y - s t a t e  f a s h i o n .  W e  s h o u l d  b e  s e n s i t i v e  n o t  o n l y  t o  
t h e  f a c t  t h a t  some i n s t a n t a n e o u s  d p a  r a t e s  i n  f u s i o n  r e a c t o r s  
a r e  l o 5  t o  l o 6  h i g h e r  t h a n  i n  f i s s i o n  r e a c t o r s ,  b u t  a l s o  t h a t  
some a r e  a c t u a l l y  a  f a c t o r  o f  10 o r  more l o w e r  ( i . e .  TOKAMAK 
b l a n k e t s ,  s h i e l d s ,  and m a g n e t s ) .  

Recen t  t h e o r e t i c a l  work [IX-83 t o  IX-851 shows t h a t  n o t  
o n l y  d o e s  t h e  r a t e  o f  p r o d u c i n g  damage a l t e r  s u c h  phenomena 
a s  t h e  n u c l e a t i o n  and g rowth  o f  v o i d s ,  b u t  t h e s e  phenomena a r e  
a l s o  q u i t e  s e n s i t i v e  t o  t h e  downtime ( a n n e a l i n g  t i m e )  between 
p u l s e s .  A t  t h e  p r e s e n t  t i m e ,  t h e r e  a r e  no a c c e p t a b l e  f a c i l i t i e s  
i n  t h e  w o r l d  t o  tes t  even t h e  s i m p l e s t  o f  t h e  r a t e  t h e o r i e s ,  
l e t  a l o n e  t r y  t o  i n c o r p o r a t e  t h e  e f f e c t s  o f  t h e  t h e r m a l l y  i n -  
duced  s t r e s s e s .  The l a s e r  and  e l e c t r o n  beam r e a c t o r  c o n c e p t s  
a r e  t h e  most v u l n e r a b l e  i n  t h i s  r e s p e c t ,  and e n t i r e l y  new 
r a d i a t i o n  damage t h e o r i e s  need  t o  be  d e v e l o p e d  f o r  t h e s e  
c o n c e p t s  . 

2 . 3  E f f e c t s  o f  F u s i o n  R e a c t o r  Env i ronment  on  t h e  P r o p e r t i e s  

o f  M a t e r i a l s  

I t  w i l l  n o t  b e  p o s s i b l e  t o  d i s c u s s  i n  t h i s  s u b s e c t i o n  a l l  
o f  t h e  p rob lems  r e l a t e d  t o  b u l k  r a d i a t i o n  damage t h a t  have  been  
i d e n t i f i e d  t h u s  f a r .  However, w e  w i l l  a t t e m p t  t o  men t ion  what 
we t h i n k  a r e  t h e  most  i m p o r t a n t  p r o b l e m s ,  and t r y  t o  show how 
t h e y  may a f f e c t  t h e  normal  o p e r a t i o n  o f  a  f u s i o n  p l a n t .  I t  i s  
c o n v e n i e n t  t o  d i s c u s s  them i n  t h r e e  s e p a r a t e  g r o u p s :  d i m e n s i -  
o n a l  s t a b i l i t y ,  m e c h a n i c a l  p r o p e r t i e s ,  and p h y s i c a l  p r o p e r t i e s .  

2 .3 .1  Dimens iona l  S t a b i l i t y  

A s  w i t h  most  complex d e v i c e s ,  c l o s e  t o l e r a n c e s  and h i g h  
q u a l i t y  a s s u r a n c e  w i l l  be  r e q u i r e d  t o  a s semble  a  f u s i o n  r e a c t o r .  
Once i n  o p e r a t i o n ,  it w i l l  b e  i m p o r t a n t  t h a t  t h e s e  d i m e n s i o n s  
a r e  c l o s e l y  m a i n t a i n e d  f o r  vacuum t i g h t n e s s  and t h a t  u n r e a s o n -  
a b l e  s t r e s s e s  a r e  p r e v e n t e d .  Because  o f  t h e  s h e e r  s i z e  o f  
f u s i o n  d e v i c e s  ( i . e .  one t o  two s q u a r e  m e t e r s  o f  i n t e r n a l  
s u r f a c e  a r e a  f o r  e v e r y  M W ( e )  g e n e r a t e d ) ,  e v e n  s m a l l  p e r c e n t a g e  
c h a n g e s  c a n  r e s u l t  i n  l a r g e  d i m e n s i o n a l  v a r i a t i o n s .  I n  t h e  
U M K  s e r i e s  o f  TOWIAK r e a c t o r s ,  one  f i n d s  t h a t  a  0.1 p e r  c e n t  
d i m e n s i o n  change  on  t h e  o u t e r  b l a n k e t  s t r u c t u r e  c a n  r e s u l t  i n  
a  10 c m  change  i n  c i r c u m f e r e n c e .  While  t h e  s t r u c t u r e  would 
have  t o  b e  b u i l t  t o  accommodate s u c h  s t r a i n s  (which migh t  
e a s i l y  b e  imposed by t h e r m a l  e x p a n s i o n ) ,  it i s  o b v i o u s  t h a t  
a d d i t i o n a l  e x p a n s i o n s  o r  c o n t r a c t i o n s ,  which may he a  f u n c t i o n  
o f  t i m e ,  w i l l  b e  e x t r e m e l y  d i f f i c u l t  t o  p r e d i c t ,  accommodate, 
and c o n t r o l .  



la) Swelling Due to Voids 

There is one major dimensional instability associated 
with metals when they are irradiated at temperatures of approxi- 
mately 25 to 55 per cent of their melting point. The generation 
of vacancies at temperatures above which they are mobile, and 
the preferential absorption of the associated interstitials at 
dislocations, produce a situation where the vacancies become 
highly supersaturated and tend to precipitate into voids. 
The metals then decrease in density with the net result that 
significant swelling can occur. Values up to 120 per cent have 
been reported for steels. This phenomena is rather general 
as shown in Table IX-XV, where we list some of the materials 
in which voids have been observed. Unfortunately, Table IX-XV 
includes all the potential CTR materials proposed for fusion 
applications so that one must prudently plan on some limited 
swelling if the irradiation temperature is high enough and if 
the ddmage level exceeds a few dpa. The exact magnitude of 
swelling to be expected may be found elsewhere for fission- 
neutron studies [IX-86, IX-871. The basic questions for fusion- 
reactor designers with regard to voids in metals are the 
following: 

- What level of uniform swelling can be tolerated without 
compromising the vacuum integrity, or causing the flow 
of coolant to be reduced? 

Table IX-XV: Metals and Alloys in Which Neutron Produced 
Voids Bave Been Observed ~ f t e r  High Temper- 
ature Irradiation 

Pure 
Metals 

A1 

C u 

Fe 

Ni 

V 

Nb 

Mo 

Ta 

W 

Pt 

C 0 

Mg 

Alloys 

2024-A1, 6061 -A1 

SS 304, 316, 321, 347, 348 

NiA1, Ni-Cu, Incoloy, Inconel 

V-Ti, V-Cr-Ti 

Nb-1 Zr 

TZPI, Mo-0.5Ti 



- What level of non-uniform (remember the dpa gradients) 
swelling can be tolerated in a fusion blanket without 
compromising the safe operation of that reactor? 

- What effect will high helium generation rates have on 
the data already obtained from fission-reactor studies? 

- What effect will lower (TOKAMAK and Mirror reactors) or 
higher (Theta Pinch, electron-beam, or laser reactors) 
dpa rates have on the nucleation and growth or voids 
(compared to fission reactors)? 

- What effect will periodic "anneals" between burns have 
on the resulting microstructure? 

- What effect will the solid transmutation products have 
in the formation of voids? 

- What effect will stress and/or the cyclic application 
of stress have on the resulting propensity to form 
voids? 

None of the above questions have been satisfactorily answered, 
or even addressed in some cases. Such gaps in our knowledge 
will be very costly and time consuming to fill. 

f b )  Swelling Due to Gas Bubbles 

The generation of insoluble gases (in this particular case, 
He) inside metals at high temperatures has been known to pro- 
mote bubble formation and dimensional changes. This is not 
too serious in most metals (except for perhaps steels and A1) 
because the amount of gas generated is relatively low. On the 
other hand, there are certain materials which have been pro- 
posed for non-structural applications in fusion devices which 
could have serious problems with bubbles. Some of these in- 
clude, Be, BbC, C, and Li compounds such as Li20, LiA102, 
Li7Pb2, or LiSi02 for example. Table IX-XVI lists the helium 
generation rate in these materials at different positions in 
a typical fusion blanket. The important points to note are 
the very high helium generation rates, several thousand to 
>15,000 appm per year in LiA102. The'BkC is unlikely to be 
that close to the first wall except in special "burner" designs, 
so that values at approximately 100 cm are more appropriate. 
Even at that spacing, several thousand ppm of helium would be 
generated per year of operation. The effect of such high helium 
contents on the dimensional stability can be estimated as a 
function of bubble size and temperature from the following 
expression : 



Table IX-XVI: Summary of Helium Production Rates in Non- 
structural CTR Materials 
(for 1 MW/m2 wall loading) 

, a Use UWMAK-I11 reactor, 100% plant factor; 

In shield 100 cm from first wall. 

Material 

Be 

C 

B4C 

LiAlOz 

PREDICTED SWELLING IN LiA 10, 

appm/yr a 

3,050 

2,760 

3, 600b 

15,500 

1000 

100 

(3 

3 W 

5 
* lo 

1 year - UWMAK II 

L- 
I10 100 1000 loo00 

0 

BUBBLE RADIUS A 

Figure IX-10: Calculated Effect of Bubble Size, Temperature, 
and Irradiation Time on the Helium Gas Induced 
Swelling in LiA102 



where 

N = number of gas atoms per cm3; 

r = bubble radius; 

T = temperature; 

k = Boltzmann constant; 

y = surface energy; 

b = Van der Waals constant. 

One can get an idea of how serious this problem might be 
by calculating the swelling in LiA102 after one year of UWMAK-I1 
exposure. Figure IX-10 shows that even if the gas atoms collect 
relatively few vacancies, swelling values of around 10 per cent 
might be the characteristic after one year. Since LiA102 is 
not a structural component but rather contained in cans, a 
10 per cent volume change is probably not serious, but 50 per 
cent may be hard to incorporate into an economical design. 
In any case, swelling of non-structural materials could be an 
economic problem in that the reactor would have to be shut 
down to periodically replace swollen components. 

(cl Growth 

With the increased use of carbon in D-T fusion reactors 
for ( 1 )  impurity control [IX-651, (2) radiation damage re- 
duction [IX-88 to IX-901, and 1 3 )  neutron reflection, it is 
important to understand the nature of the irradiation-induced 
growth mechanism in that material. There have been several 
reviews on the effects of fission neutron irradiation on the 
dimensional stability of graphite [IX-91, IX-921, and even a 
few assessments of how these data might be translated to fusion 
reactors [IX-93 to IX-951. In general, neutron irradiation of 
carbon at elevated temperatures initially causes some shrinkage 
followed by expansion which eventually approaches a "run away" 
rate. Some typical data on nuclear grade graphite are shown 
in Figure IX-11. For purposes of calibrations, 1.4 loz1 n/cm2 
(fission) is equal to 1 dpa. This figure shows that useful 
lifetimes are typically 10 to 20 dpa at high temperatures 
(1000 to 1 4 0 0 ~ ~ )  . 

Figure IX-12 shows the present status of experimental data 
from fission reactors. Also included in that figure are damage- 
temperature regimes that might be required for reflectors, plas- 
ma shields, or neutron spectral shifters. Note that current 
fission data (available from fission-reactor graphite) are 
sufficient to almost cover the needs of the reflectors. How- 
ever, only limited data are available for 1200 to 1 4 0 0 ~ ~  carbon 
curtain concepts (roughly two years of equivalent dpa levels), 



DIMENSIONAL CHANGES IN TYPE 9640 GRAPHITE 
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F i g u r e  IX-11: E f f e c t  o f  Molding D i r e c t i o n  on Length Changes 
o f  9640 Type G r a p h i t e  [IX-951 
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and t h e r e  a r e  no d a t a  a v a i l a b l e  f o r  t h e  v e r y  h i g h  t e m p e r a t u r e  
ISSEC c o n c e p t s  [IX-88 t o  IX-901. Such i n f o r m a t i o n  must be  
g e n e r a t e d  b e f o r e  t h e s e  i d e a s  can  b e  implemented i n  r e a l  r e a c t o r  
d e s i g n s .  I n t u i t i v e l y ,  one migh t  t h i n k  t h a t  a s  t h e  i r r a d i a t i o n  
t e m p e r a t u r e  i s  r a i s e d  above 1 3 0 0 ~ ~  t h e  i n c r e a s e d  a n n e a l i n g  
would r e d u c e  t h e  r e s i d u a l  damage. However, a  r e c e n t  p a p e r  by 
M.  Van Den Berg e t  a l .  [IX-961 s u g g q s t s  t h a t  such  a  t r e n d  may 
n o t  be  c o r r e c t  f o r  a l l  g r a p h i t e s ,  and i n  f a c t  t h e y  f i n d  i n -  
c r e a s i n g  damage r a t e s  up t o  1 4 0 0 ~ ~  i n  some s p e c i a l  g r a d e s .  
These r e s u l t s  a r e  a t  odds w i t h  t h e  d a t a  i n  F i g u r e  IX-11 and t h e  
b u l k  o f  p r e v i o u s  s t u d i e s  on g r a p h i t e .  T h e r e f o r e ,  c a r e f u l  re- 
s e a r c h  i s  needed t o  u n d e r s t a n d  t h i s  d i s c r e p a n c y .  

- 
- 

I I 

I t  s h o u l d  a l s o  be s t r e s s e d  t h a t  t h e  fo rms  o f  ca rbon  used  
f o r  f u s i o n  r e a c t o r s  may be c o n s i d e r a b l y  d i f f e r e n t  from t h o s e  
t e s t e d  f o r  f i s s i o n  r e a c t o r  a p p l i c a t i o n s .  Carbon c l o t h s  [IX-651, 
t h r e e - d i m e n s i o n a l  weaves [IX-651, and s o l i d  ca rbon  w a l l s  
[IX-88 t o  IX-90, IX-971 have a l l  been proposed .  The r e a c t i o n s  
of  t h e s e  forms o f  ca rbon  t o  h i g h - t e m p e r a t u r e  n e u t r o n  i r r a d i a t i o n  
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Figure IX-12: Comparison of Required Irradiation Data for 
Carbon in UWUiK-I11 to Data Available from 
Fission Reactors 
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may be considerably different from those for fuel-particle 
coatings (pyrocarbons), or forms extruded from anisotropic 
graphite. An entirely new irradiation program will be required 
to address these materials, and methods--which are largely 
unknown now--must be found to correctly simulate CTR con- 
ditions until suitable CTR neutron test facilities can be 
built . 
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2.3.2 Mechanical Property Changes That Could Be Important in 

CTR Materials 
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This is again one of those areas which is extremely diffi- 
cult to summarize in the limited space available here. To be 
complete one should cover irradiation effects on such properties 
as : 

- yield strength; 

- ultimate strength; 

- total elongation; 



- uni form e l o n g a t i o n ;  

- d u c t i l e  t o  b r i t t l e  t r a n s i t i o n  t e m p e r a t u r e s ;  

- f r a c t u r e  t o u g h n e s s  ; 

- c r e e p ;  

- f a t i g u e .  

While a l l  of  t h e s e  p r o p e r t i e s  a r e  i m p o r t a n t ,  w e  w i l l  t r y  
t o  b r i e f l y  r e l a t e  un i fo rm e l o n g a t i o n ,  c r e e p ,  and f a t i g u e  t o  
t h e  performa'nce o f  a  f u s i o n  r e a c t o r .  

( a )  D u c t i l i t y  

I t  i s  a b s o l u t e l y  e s s e n t i a l  t h a t  any mass ive  s t r u c t u r e s  s u c h  
a s  f u s i o n  r e a c t o r s  have t h e  a b i l i t y  t o  a b s o r b  a  c e r t a i n  amount 
o f  s t r a i n  e n e r g y  w i t h o u t  p l a s t i c  y i e l d i n g  o r  f r a c t u r i n g .  T h i s  
w i l l  b e  r e q u i r e d  t o  o f f s e t  t h e r m a l  e x p a n s i o n  between burn  c y c l e s ,  
f i n i t e  amounts o f  non-uniform s w e l l i n g ,  o r  s i m p l e  f a b r i c a t i o n  
d e f e c t s .  The f a c t  t h a t  t h e  r e a c t o r  w i l l  be  e x t r e m e l y  r a d i o -  
a c t i v e  and t h e r e f o r e  i n a c c e s s i b l e  e x c e p t  f o r  remote t e c h n i q u e s ,  
c o u p l e d  w i t h  t h e  h i g h  c o s t  of  h a v i n g  an  e n t i r e  power p l a n t  o f f  
t h e  l i n e  b e c a u s e  o f  a  s i n g l e  component f a i l u r e ,  mean t h a t  t h e  
d e s i g n e r s  w i l l  need a s  b i g  a  " s a f e t y  marg in"  a s  p o s s i b l e  t o  
keep  t h e  p l a n t  r u n n i n g .  I t  i s  n o t  e a s y  t o  e s t a b l i s h  what t h a t  
margin w i l l  be u n t i l  a  v e r y  d e t a i l e d  r e a c t o r  d e s i g n  i s  a v a i l a b l e .  
However, w e  can  t a k e  some l e s s o n s  from t h e  LMFBR program; t h e r e  
it i s  d e t e r m i n e d  t h a t  t h e  component must b e  changed when t h e  
p r o p e r t i e s  o f  t h e  f u e l  c l a d d i n g  a r e  degraded  s u c h  t h a t  a  s t r a i n  
o f  more t h a n  0.4  p e r  c e n t  e x c e e d s  t h e  un i fo rm e l o n g a t i o n  l i m i t .  
I t  would be n a i v e  t o  s i m p l y  assume t h a t  t h e  same l i m i t  a p p l i e s  
t o  p e r h a p s  a  f i r s t  w a l l  o f  a  f u s i o n  r e a c t o r ,  which must main- 
t a i n  a b s o l u t e  vacuum t i g h t n e s s  o v e r  a  1000 m 2  i n  t h e  f a c e  o f  
c h a n g i n g  magne t ic  f i e l d s ,  t e m p e r a t u r e s ,  f low r a t e s ,  damage 
r a t e s ,  and env i ronments .  The p r o b a b i l i t i e s  f o r  f a i l u r e  a r e  
g r e a t e r ,  and t h e  t i m e  r e q u i r e d  t o  c o r r e c t  t h e  f a u l t  w i l l  b e  
l o n g e r  i n  f u s i o n  r e a c t o r s  t h a n  t h o s e  r e q u i r e d  t o  p u l l  o u t  a  
d e f e c t e d  f u e l  e l e m e n t  i n  a  f i s s i o n  r e a c t o r .  I n t u i t i v e l y ,  we 
would e x p e c t  t h e  d e s i g n  l i m i t  o f  a  f u s i o n  r e a c t o r  t o  be much 
more l i b e r a l  t h a n  t h a t  of  a  f i s s i o n  r e a c t o r ,  a l l o w i n g  p e r h a p s  
f o r  a  un i fo rm e l o n g a t i o n  o f  a s  h i g h  a s  one  p e r  c e n t ,  b u t  no  
one c a n  s a y  w i t h  c e r t a i n t y  what it might  be t o d a y .  

There  i s  o n l y  one m e t a l l i c  s t r u c t u r a l  m a t e r i a l  f o r  which 
we have enough d a t a  t o  e s t i m a t e  what n e u t r o n  i r r a d i a t i o n  a t  
e l e v a t e d  t e m p e r a t u r e  might  d o  t o  t h e  un i fo rm e l o n g a t i o n .  Tha t  
m a t e r i a l  i s  SS 316. There  a r e  f a s t  r e a c t o r  d a t a  up t o  a p p r o x i -  
m a t e l y  20 dpa  ( o n l y  a  few appm H e )  a t  t e m p e r a t u r e s  up t o  6 5 0 ' ~ ~  
a s  p l o t t e d  i n  F i g u r e  IX-13. I t  can be s e e n  t h a t  o p e r a t i o n  up 
t o  r o u g h l y  20 dpa  would r e s u l t  i n  un i fo rm e l o n g a t i o n  (U.E.) 
v a l u e s  o f  a p p r o x i m a t e l y  0.5 p e r  c e n t .  These d a t a  ( w i t h o u t  t h e  
a p p r o p r i a t e  he l ium,  however) a l s o  show t h a t  t h e  one  p e r  c e n t  
l i m i t  would b e  r e a c h e d  i n  o n l y  a  few y e a r s  o f  1  W / m 2  e x p o s u r e .  



F i g u r e  IX-13: E f f e c t  o f  Neutron Damage on Uniform E l o n g a t i o n  
of  SS 316 
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A v e r y  f i n e  exper iment  h a s  been conduc ted  a t  ORNL t o  e s t a b -  
l i s h  t h e  e f f e c t  o f  v e r y  h i g h  he l ium ( s e v e r a l  thousand  appm), 
h i g h  dpa (up t o  r o u g h l y  90) and h i g h  t e m p e r a t u r e s  (up t o  6 5 0 ' ~ )  
on t h e  un i fo rm e l o n g a t i o n  of  SS 316 [IX-981. These r e s u l t s  a r e  
a l s o  d i s p l a y e d  i n  F i g u r e  IX-13. U n f o r t u n a t e l y ,  i t  shows con- 
s i d e r a b l e  s c a t t e r  w i t h  some d a t a  p o i n t s ,  p r e d i c t i n g  an  0.5 p e r  
c e n t  d u c t i l i t y  a t  H e  l e v e l s  o f  <50 appm H e  a t  5 7 5 ' ~ ~  and o t h e r s  
showing t h e  same o r  b e t t e r  d u c t i l i t y  a t  r o u g h l y  90 dpa  and 
6000 appm H e .  T h e r e f o r e ,  it i s  d i f f i c u l t  t o  p l a c e  a  d e f i n i t i v e  
w a l l  l i f e ,  u n l e s s  one were t o  u s e  t h e  most p e s s i m i s t i c  d a t a .  
Such a n  approach  would y i e l d  a  l i f e  o f  two t o  t h r e e  months i n  
a  r e a c t o r  l i k e  UWMAK-11. I f  one u s e s  t h e  U.E. d e s i g n  l i m i t  of 
one p e r  c e n t ,  t h e  s i t u a t i o n  becomes much worse.  I n  f a c t ,  it i s  
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quite possible that the wall life would be less than two years 
even with the optimistic data. Above 650'~ essentially no 
ductility remains after 90 dpa and 6000 appm. 

The whole point of this exercise is to point out again 
that the high helium generation rate will probably place an 
upper temperature limit on the first wall life, regardless of 
the corrosion or creep behavior of the material. Secondly, 
it says that even for the only material on which we have data, 
the choice of design limit can only change an impossible situ- 
ation (wall life is less than two months) into a difficult one 
(wall life is of only a few years), depending on the assumptions 
of tolerable ductility. 

No such information on high helium contents exists for 
the other engineering materials (Al, Mo, Nb, V, etc.), because 
there is no corresponding quirk of nature such as the large 
therma,l (n,cl) cross-section for Ni59 in the other metals [IX-771. 
Therefore, we must again come up with techniques that as to 
now are not known for testing these materials, to provide a 
backup for the only material on which we have some high-helium- 
content data. This is not a very comfortable position to be 
in, and it could require a great acceleration of the construction 
of D-T neutron-source facilities in order to solve the problem. 

( b )  Potential Creep Problems in D-T Fusion Reactors 

As with any new energy source, fusion must demonstrate, 
among other things, that it can produce energy cheaper and with 
less environmental impact than fossil fuels and fission reactors. 
The desire for high efficiency normally means high temperatures, 
and each new design of a fusion reactor pushes its structural 
material to the stress limit. It is well known that the com- 
bination of high temperatures (close to half the melting point) 
and high stresses will cause materials to plastically deform 
over long periods of time. It has also been recently demon- 
strated that a superposition of neutron irradiation can increase 
the deformation (creep) rate over the thermal values [IX-991. 
Hence, all three ingredients required for gross deformation are 
present in a fusion reactor blanket, and we should expect that 
creep-rupture lives of candidate materials will have to be 
further lowered over their unirradiated values. 

E.E. Bloom and F.W. Wiffen [IX-981 have found that creep- 
rupture lives of SS 316 were reduced by 50 per cent after 
575-625'~ irradiation compared to their non-irradiated values, 
and there is no particular reason to expect that this would be 
different with the refractory metals. Therefore, if we want to 
have at least a two-year wall life (around 17,000 h) then 
stresses should be <10,000 psi in stainless steel. When 
appropriate safety factors are included (i.e. factors of roughly 
two) it is questionable whether a material like SS 316 can 
withstand the thermally induced stresses in the first walls. 



Even if the first walls and coolant pipes did not rupture, 
a deformation of 0.5 per cent may significantly complicate 
maintainance procedures. For example, current reactor designs 
rely on periodic changing of the first walls due to radiation 
damage. This requires that modules can be easily removed and 
replaced remotely. A 0.5 per cent shape deformation (e.g. 5 nun 
in a panel of 1 m length) may cause first wall panels to 
"stick", or may make insertion of a new one an impossible job. 

Since, at the present time, there are absolutely no irradi- 
ation-creep data for 14 MeV neutron bombardment of any material, 
one must ask the following questions and set up research programs 
to answer these questions: 

- What will be acceptable creep levels in TOKAMAK, Mirror, 
Theta Pinch, electron-beam and laser reactors? 

- What is the effect of the dpa rate (from approximately 
lo-' per sec steady state to approximately 10-5and 
one per sec instantaneously in pulsed systems) on the 
thermal creep rate in potential CTR metals and alloys? 

- Will the high helium generation rate associated with 
fusion significantly reduce the creep rate in metals? 

- What effect will solid transmutation products have on 
creep rates? 

- How much of a safety factor ought one apply to creep- 
rupture lives (once they are determined) for fusion 
reactors where downtimes could be much longer to re- 
place failed components, and more expensive than in 
fission reactors? 

One last comment on the generation of data to answer the 
above questions. It is relatively worthless to spend a great 
deal of money on post-irradiation creep studies. Of all the 
critical mechanical properties, this one should be measured 
in-situ. Unfortunately, there are very few fission reactors 
where even one position in the core is instrumented to per- 
form such tests. The costs of capsule design and associated 
equipment are also quite expensive, which makes the cost per 
data point truly enormous. A successful irradiation creep 
study program, first of all, needs a realistic neutron source 
(there are none at this writing except for perhaps thermal 
neutron reactors for Ni containing alloys); secondly, large 
sums of research money (a million dollars for a capsule asso- 
ciated equipment, and personnel for a few months of testing 
of one material is not unreasonable); and thirdly, years of 
time are required to cover all the experimental conditions 
and materials. Such a program has not even begun as of 1976 
and may represent a severe bottleneck to high power reactors 
(for example, FERF, or EPR) operation during the next decade 
(see Chapter 111). 



(c) F a t i g u e ,  P e r h a p s  t h e  A c h i l l e s  H e e l  o f  P u l s e d  F u s i o n  R e a c t o r  
Concepts  

F a t i g u e ,  l i k e  c r e e p ,  i s  r e c o g n i z e d  by e v e r y o n e  a s  a  p o t e n -  
t i a l  problem f o r  f u s i o n  r e a c t o r s .  U n f o r t u n a t e l y ,  we know even 
l e s s  a b o u t  t h e  b a s i c  mechanisms o f  f a t i g u e  and t h e  e f f e c t  o f  
i r r a d i a t i o n  on it t h a n  a b o u t  c r e e p ,  and t h e r e  a r e  even  less 
d a t a .  

I t  i s  f a i r l y  c l e a r  where t h e  f a t i g u e  p rob lems  s t e m  f rom 
i n  TOKAMAKs (5 ,000  t o  10,000 p u l s e s  p e r  y e a r ) ,  T h e t a  P i n c h e s  
( 2  t o  3  m i l l i o n  p u l s e s  p e r  y e a r ) ,  o r  l a s e r  and e l e c t r o n  beam 
r e a c t o r s  (30 t o  300 m i l l i o n  p u l s e s  p e r  y e a r ) .  These stresses 
and s t r a i n s  a r e  i n h e r e n t  i n  t h e  p lasma-phys ics  o f  t h e  c o n c e p t ,  
and o n l y  t h e  M i r r o r  h a s  t h e  p o t e n t i a l  f o r  a  r e l a t i v e  s t e a d y -  
s t a t e  o p e r a t i o n .  U n f o r t u n a t e l y ,  t h e  q u a n t i t a t i v e  stress and 
s t r a i n  c y c l e s  f o r  t h e s e  r e a c t o r  c o n c e p t s  have n o t  been c l e a r l y  
d e f i n e d ,  s o  t h a t  a  d e t a i l e d  a n a l y s i s  o f  t h i s  problem c a n n o t  be 
made t o d a y .  

F i n a l l y ,  t h e  d a t a  f o r  f a t i g u e  l i v e s  s h o u l d  come from i n -  
s i t u  t e s t s ,  o r  tests which c l o s e l y  resemble  t h e  o p e r a t i n g  con- 
d i t i o n s  of  p a r t i c u l a r  r e a c t o r  c o n c e p t s .  Such tests w i l l  a g a i n  
be c o s t l y ,  t ime-consuming, and d i f f i c u l t  t o  s i m u l a t e  u s i n g  
non- fus ion  n e u t r o n  s o u r c e s .  There  a r e  v e r y  few LMFBR o r  LWR 
d a t a  t o  b u i l d  on h e r e ,  i n  c o n t r a s t  t o  t h e  c a s e  f o r  c r e e p ,  
d u c t i l i t y ,  v o i d  s w e l l i n g ,  growth,  e tc .  T h e o r e t i c a l  background 
i s  a l m o s t  c o m p l e t e l y  l a c k i n g  and s t a n d a r d s  f o r  c o n d u c t i n g  and 
a s s e s s i n g  i r r a d i a t i o n - f a t i g u e  tests a r e  l a r g e l y  unknown. I n  
s h o r t ,  t h e r e  i s  s t i l l  a  l o n g  way t o  g o  i n  t h i s  a r e a ,  and l a c k  
o f  s u c c e s s  c o u l d  p r e v e n t  some f u s i o n  c o n c e p t s  from e v e r  s u r -  
p a s s i n g  t h e  p r o o f  o f  p r i n c i p l e  p h a s e .  

2 . 3 . 3  Some P h y s i c a l  P r o p e r t i e s  o f  CTR M a t e r i a l s  Tha t  Depend 

on R a d i a t i o n  Damage 

N e a r l y  a l l  o f  t h e  p h y s i c a l  (and t h e r m a l )  p r o p e r t i e s  o f  
CTR m a t e r i a l s  w i l l  change somewhat because  o f  14 MeV n e u t r o n  
bombardment. However, o n l y  a  few o f  them have been i d e n t i f i e d  
a s  s i g n i f i c a n t  ( p e r h a p s  b e c a u s e  o n l y  a  few have been  i n v e s t i -  
g a t e d  w i t h  f i s s i o n  n e u t r o n s ,  l e t  a l o n e  14 MeV n e u t r o n s ) .  W e  
w i l l  make o n l y  a  few comments h e r e  and f u l l y  e x p e c t  t h a t  re- 
s e a r c h  i n  t h e  n e x t  few y e a r s  w i l l  uncover  new prob lems ,  and 
p e r h a p s  some s o l u t i o n s .  

(a) E l e c t r i c a l  R e s i s t i v i t y  

T h i s  p r o p e r t y  is  main ly  i m p o r t a n t  f o r  i n s u l a t o r s  and o n l y  
o f  m a r g i n a l  impor tance  f o r  m e t a l s .  A  comprehensive r e v i e w  o f  
t h e  s t a t e - o f - t h e - a r t  f o r  i n s u l a t o r s  h a s  been r e c e n t l y  r e l e a s e d  
[IX-1001; it h a s  been conc luded  t h a t  ( 1 )  t h e r e  i s  a  g e n e r a l  
l a c k  o f  d a t a  on i n - s i t u  r e s i s t i v i t y  changes  f o r  f i s s i o n  n e u t r o n  



bombardment, and a  comple te  l a c k  o f  d a t a  f o r  14 MeV n e u t r o n s ;  
121  i s o t r o p i c  c r y s t a l  s t r u c t u r e s  s e e m  t o  be  less s u s c e p t i b l e  t o  
p r o p e r t y  d e g r a d a t i o n  t h a n  h i g h l y  a n i s o t r o p i c  s t r u c t u r e s ;  ( 3 1  
r a t e  e f f e c t s  have n o t  been  e s t a b 1 i s h e d ; a n d  ( 4 1  n o  i n f o r m a t i o n  
i s  a v a i l a b l e  on t h e  e f f e c t s  o f  h i g h  h e l i u m  c o n t e n t s  o r  on t h e  con-  
s e q u e n c e s  o f  g e n e r a t i n g  s i g n i f i c a n t  s o l i d  t r a n s m u t a t i o n  p r o d u c t s .  

E l e c t r i c a l  i n s u l a t o r s  a r e  a b s o l u t e l y  n e c e s s a r y  f o r  T h e t a  
P i n c h  r e a c t o r s  t o  p r e v e n t  e x c e s s i v e  power l o s s  i n  t h e  f i r s t  
w a l l s .  M i r r o r s  and TOKAMAKs w i l l  a l s o  r e q u i r e  i n s u l a t o r s  f o r  
neu t ra l -beam i n j e c t o r s  o r  p e l l e t  i n j e c t o r s .  I t  i s  n o t  c l e a r  
how much o f  a  n e u t r o n  e x p o s u r e  t h e s e  i n s u l a t o r s  w i l l  e x p e r i e n c e ,  
b e c a u s e  t h e r e  may be  a  p o s s i b i l i t y  o f  some s h i e l d i n g  o r  p l a c i n g  
l i n e  o f  s i g h t  i n s u l a t o r s  f a r  back i n t o  t h e  b l a n k e t ,  where t h e y  
would i n t e r c e p t  a  r e l a t i v e l y  s m a l l  s o l i d  a n g l e .  There  may be  
a n o t h e r  i n s u l a t o r  r e q u i r e m e n t  f o r  TOKAMAKs i f  t h e y  u s e  r a d i o  
f r e q u e n c y  (RF) h e a t i n g .  F i l l i n g  t h e  waveguides  w i t h  d i e l e c t r i c s  
c a n  s i g n i f i c a n t l y  r e d u c e  t h e i r  s i z e ,  b u t  s u c h  e f f e c t s  a s  h i g h  
t e m p e r a t u r e  g r a d i e n t s  i n  t h i c k  i n s u l a t o r  b l o c k s  remain t o  be  
i n v e s t i g a t e d  [ IX-1011 . 

The f i e l d  o f  i r r a d i a t i o n  e f f e c t s  on d i e l e c t r i c s  by h i g h  
e n e r g y  n e u t r o n s  i s  n o t  v e r y  w e l l  e s t a b l i s h e d  o r  c o o r d i n a t e d ,  
c e r t a i n l y  n o t  a t  t h e  l e v e l  r e q u i r e d  f o r  f u l l  f u s i o n - r e a c t o r  
deve lopment .  T h e o r i e s  a r e  e s s e n t i a l l y  n o n - e x i s t e n t  f o r  t h e  
e f f e c t s  o f  he l ium on t h e  d i e l e c t r i c  s t r e n g t h .  ( T h i s  i s  impor- 
t a n t  b e c a u s e  most i n s u l a t o r s  c o n t a i n  oxygen which h a s  a  h i g h  
( n , a )  c r o s s - s e c t i o n . )  Lack o f  a p p r o p r i a t e  n e u t r o n  s o u r c e s  and 
i n - s i t u  f a c i l i t i e s  g r e a t l y  hamper a  s u c c e s s f u l  program i n  t h i s  
a r e a .  

The e l e c t r i c a l  r e s i s t i v i t y  o f  m e t a l s  i s  o f  i n t e r e s t  a s  it 
would n o t  b e  d e s i r a b l e  t o  have l a r g e  power d i s s i p a t i o n s  i n  t h e  
f l u x  s h i e l d s  f o r  t o r o i d a l  f i e l d  magnets  i n  TOKAMAKs d u r i n g  t h e  
b u r n  c y c l e .  T h i s  is  a l s o  t r u e  f o r  t h e  w a l l s  o f  waveguides  i n  
RF c a v i t i e s .  Few h i g h  t e m p e r a t u r e - h i g h  f l u e n c e  r e s i s t i v i t y  
d a t a  a r e  a v a i l a b l e  f rom f i s s i o n  f a c i l i t i e s ,  and a g a i n  none f rom 
h i g h e r  n e u t r o n  f a c i l i t i e s .  J. Moteff  e t  a l .  [IX-1021 have 
measured t h e  p o s t - r a d i a t i o n  r e s i s t i v i t y  i n c r e a s e  i n  Mo i r r a d i -  
a t e d  t o  loz2 n/cm2 a t  t e m p e r a t u r e s  f rom 400 t o  1 2 0 0 ' ~ .  I t  was 
found t h a t  a t  t h a t  e x p o s u r e  l e v e l ,  t h e  i r r a d i a t i o n - i n d u c e d  
r e s i s t i v i t y  i n c r e a s e  was <1 micro-ohm*cm, which i s  < 3  p e r  c e n t  
o f  t h e  e l e c t r i c a l  r e s i s t a n c e  d u e  t o  t h e r m a l  v i b r a t i o n s  a t  
1 0 0 0 ' ~ .  Hence, it a p p e a r s  t h a t  t h e  p r o d u c t i o n  o f  v o i d s  and 
d i s l o c a t i o n  l o o p s  a t  t h e s e  e x p o s u r e s  d o e s  n o t  c a u s e  a n  un- 
manageable  r e s i s t a n c e  i n c r e a s e .  

One word o f  c a u t i o n  b e f o r e  we l e a v e  t h i s  a r e a :  The e lect r i -  
c a l  r e s i s t i v i t y  o f  m e t a l s  a t  h i g h  t e m p e r a t u r e  s h o u l d  b e  s u b j e c t  
t o  t r a n s m u t a t i o n s ,  and t h e s e  a r e  n o t  a d e q u a t e l y  s i m u l a t e d  by 
f i s s i o n  n e u t r o n s .  Doping s t u d i e s  ( i n  t h e  a b s e n c e  o f  i r r a d i a t i o n )  
may h e l p  t o  u n d e r s t a n d  t h e s e  e f f e c t s .  



( b l  Radiation Damage to Superconducting Magnet Materials 

This problem, which is peculiar to fusion, luckily is 
solvable by increased shielding in the case of TOKAMAKs and 
Mirrors. Of course, this means higher capital costs, and 
adversely affects the fusion-power economy. Hence, a relative- 
ly straightforward compromise between damage to magnets and 
cost of increased shielding and larger magnets will have to 
be made in these reactors. 

The radiation damage susceptibility of at least five 
materials will have to be examined for superconducting magnets 
as they are now envisioned: 

- superinsulation (e-g. mylar) ; 

- structural material (e.g. austenitic steel or A1 alloys); 

- stabilizer (e.g. Cu, or Al) ; 

- superconductor (e.g. NbTi, or Nb3Sn); 

- electrical insulator (e. g. epoxy) . 
Previous analysis of these problems reveals that the super- 

insulation and stabilizer are the most sensitive to radiation 
effects; A15 compounds like Nb3Sn follow closely behind. NbTi 
has a rather good resistance to property degradation, as will 
be shown later. 

The problem with organics such as mylar is that they be- 
come brittle and crumble. They could lose the ability to uni- 
formly cover the cold magnets, and hence lead to larger re- 
frigeration losses. Thresholds for observable effects are in 
the lo7 rad range, and'a 25 per cent reduction in ductility 
occurs at 10' rad [IX-1031. A recent analysis [IX-1011 of a 
TOKAHAK reactor shows that a 1.5 m blanket "leaks" lo6 rad per 
year, obviously leaving enough lifetime for even the most pessi- 
mistic designer. However, leakage of neutrons down beam or 
fueling ports, or out of divertor slots may cause local problems. 

The irradiation of pure metals at liquid helium tempera- 
tures, for some time has been known to cause an increase in 
electrical resistance of these metals. Since the main function 
of a stabilizer in a magnet is to temporarily carry the current 
without significant heating in the event that a superconducting 
element goes n-ormal, the increased resistance counteracts that 
objective. The rates of resistivity increase for pure A1 and 
pure Cu have been determined by J.A. Horak and T.H. Blewitt 
[IX-1041 and are rlotted in Figure IX-14. Note that it requires 
approximately 10- to dpa before the radiation damage re- 
sistance is of the same order of magnitude as the residual re- 
sistance due to impurities, imperfections, and lattice vibra- 
tions at 4.2 K. Somewhat arbitrary design considerations 
might state that one should remove the damage (by annealing at 
a higher temperature) when the irradiation induced resistance 
exceeds the residual resistance by 10 per cent. This time period 



Figure IX-14: Radiation Induced Resistivity of Copper and 
Aluminum 



can  range  from 1 t o  6 0  y e a r s  i n  v a r i o u s  r e a c t o r  d e s i g n s .  

The n e x t  a r e a  t o  c o n s i d e r  i s  t h e  e f f e c t  o f  neu t ron  
i r r a d i a t i o n  on t h e  c r i t i c a l  p r o p e r t i e s  o f  supe rconduc to r s .  
There  a r e  u s u a l l y  two t y p e s  of  d a t a  t h a t  a r e  r e p o r t e d  i n  t h i s  
r e g a r d :  ( 1 )  samples  which have been i r r a d i a t e d  a t  room 
t empe ra tu r e  ( o r  above)  and t h e n  t e s t e d  a t  l i qu id -he l i um t e m -  
p e r a t u r e s  o u t s i d e  t h e  r e a c t o r  a f t e r w a r d s ;  and ( 2 1  samples  
which have been i r r a d i a t e d  a t  l i qu id -he l i um t empe ra tu r e s  and 
t e s t e d  a t  t h e  same t empe ra tu r e s  w i t h o u t  i n t e r m i t t e n t  warm-up 
t o  room t empe ra tu r e .  U n f o r t u n a t e l y ,  t h e r e  a r e  v e r y  few of  t h e  
l a t t e r  d a t a ,  and t h o s e  of  c a s e  ( 1 )  a r e  n o t  a lways r e p r e s e n t a t i v e  
of  t h e  t r u e  damage s t a t e .  Not o n l y  a r e  t h e r e  fewer  d e f e c t s  
t h a t  remain a f t e r  t h e  h i g h e r  t empe ra tu r e  i r r a d i a t i o n ,  b u t  t h e  
i n c r e a s e d  m o b i l i t y  a t  h i g h e r  t empe ra tu r e  w i l l  c ause  t h e  d e f e c t s  
t o  form c l u s t e r s  o r  l oops  which might  n o t  be p r e s e n t  i n  t h e  
" r e a l "  c a s e  o f  i r r a d i a t i o n  a t  l i qu id -he l i um t empe ra tu r e .  

Two p r o p e r t i e s  a r e  o f  pr ime impor tance  f o r  superconduc tor  
i n  CTR magnets ;  t h e s e  a r e  t h e  c r i t i c a l  t empe ra tu r e  ( T C ) ,  and 
t h e  c r i t i c a l  c u r r e n t  d e n s i t y  ( J c ) .  The e f f e c t s  o f  f i s s i o n  

+ NbTi 
0 Nb,Sn 

lo4k lo17 i i b l 0  i i 9  e 

Fluence 4 I ( E > O . I  M ~ V )  (n/cmZ) 

F i g u r e  IX-15: E f f e c t  o f  Neutron I r r a d i a t i o n  on t h e  C r i t i c a l  
C u r r e n t  i n  NbTi and NbsSn 



neutron irradiation on the J, of ~ b T i  and Nb,Sn are shown as 
a function of displacement dama e in Figure IX-15 [IX-1051 . 

99 (For purposes of comparison, 10 n/cm2 in fission equals roughly 
0.004 dpa.) Considering the typical dpa rates (approximately 
adjusted for different atomic weights), one concludes that the 
J, is changed by less than 10 per cent for both alloys in 
typical fusion environments (approximately 10'~ to lo-' dpa) . 

The effect of irradiation on the Tc of several alloys and 
compounds has been studied by A.R. Sweedler et al. [IX-1061 
and is given in Figure IX-16. For practically all the A15 
compounds, a significant drop in the T, occurs at dpa. 
Since NbTi is much more resistant to such degradation, it is 
not expected to pose a significant problem in fusion reactors. 

In summary, appropriate blanket and shield design can re- 
duce and even eliminate radiation damage which was a major 
problem in CTR superconducting magnets. However, the price 
paid is the extra cost of materials and the larger magnet de- 
sign. A special effort must be made to verify these tradeoffs 
in integral tests at liquid helium temperatures. 

r"'"""' " " " " '  ""'"" "'""" l r ' l ' l l  

Figure IX-16: Effect of Ambient Temperature Irradiation on 
the Critical Temperature of Various A15 
compounds 



2.4 Discussion of _the Importance of Neutron Radiation Damage 

on Commercial CTR Power Plants 

The degradation of materials properties by neutrons 
results in at least the six following major effects: 

111 reduced efficiency; 

121 reduced plant factors; 

131 increased capital costs; 

(41 increased operating costs; 

151 increases in the volume of radioactive waste which 
must be processed and stored; and 

161 demand on scarce elements. 

111 Reduced efficiency. The generation of helium gas 
tends to reduce the maximum temperature at which structural, 
breeder, and neutron multiplier materials of CTRs can operate 
for long periods of time. This in turn reduces allowable 
coolant temperatures, which in turn will lower the overall 
plant efficiency? 

12) Reduced plant factors. The fact that certain components 
of the reactor will have to be replaced before the full lifetime 
of the plant is reached, means that costly shut-downs must occur. 
The exact downtime is a function of many complex considerations, 
but some perspective on the costs can be obtained if one re- 
members that the revenue from a 2000 MW(e) plant is approxima- 
tely $ 1,000,000 per day at 20 mill/kWh'(e). Estimates for 
some reactor designs predict that approximately 30 days per 
year may be lost due to radiation damage, and changing the first 
walls costs approximately 30 million dollars per year per 
2000 MW(e) plant in downtime alone [IX-1071 . 

(3) Increased capital costs. Spare modules must be pur- 
chased at the start of the plant to replace those involved in 
the first change-out (thereafter, the costs are included in 
operating costs). Increased remote-handling equipment will be 
necessary to minimize the time involved in plant shut-dawn. 
Added hot-cell facilities may also be required. Shielding 
requirements for gamma rays emitted from damaged components 
(or good ones, for that matter) will also increase the overall 
plant costs. Wagte storage facilities will have to be expanded 
beyond those required for components which fail for "conventi- 
onal" reasons such as corrosion, machining faults, etc. 

14) Increased operating costs. Items (I), 12/, and (3) 
combine with other costs to raise the cost of electricity as 
measured in mills per kwh. A rough idea of the sensitivity 
of this number to first-wall lifetime is shown in Figure IX-17 
[IX-1071. This analysis, which is detailed elsewhere for 
UWMAK-I and 11, reveals that if the first-wall lifetime is 
less than two years (at a nominal wall loading of 1.2 M W / ~ ~ ) ,  



WALL LIFE TIME ( yr ) 

Figure IX-17: Effect of Wall Lifetime on Electricity Costs 
in UWMAK-I and I1 

the average cost of electricity rises dramatically. It also 
shows that the increased cost of lowering the wall life from 
8 to 4 ~ ~ . ~ r / m '  is only approximately 10 per cent of the total. 

( 5 )  Increases in the volume of radioactive waste which 
must be processed and stored. Most of the major reactor studies 
to date have made some assumptions about the first-wall life- 
time. These are listed in Table IX-XVII, along with the metal 
system and the amount of material to be replaced per MW(e).yr. 
This number is surprisingly constant considering the variation 
in design group, materials, and reactor power level. A rea- 
sonable average is approximately 0.4 t/MW(e) -yr. If we ever 
do get into a large-scale fusion reactor economy, such as 
lo6 MW(e) by 2020 [IX-1081, then this means that approximately 
400,000 t of radioactive waste would be generated per year. 
Clearly such a number represents a potential problem in waste 
management. 



T a b l e  IX-XVII: Summary o f  R a d i o a c t i v e  Waste Amounts f o r  
V a r i o u s  CTR R e a c t o r  Des igns  

( 6 1  Demand on s c a r c e  e l e m e n t s .  When components become 
d e f e c t i v e  and r a d i o a c t i v e  a t  t h e  same t i m e ,  it i s  u s u a l l y  more 
e c o n o m i c a l  t o  compact ,  p r o c e s s ,  and s t o r e  them u n t i l  t h e  r a d i o -  
a c t i v i t y  d e c a y s  t o  s a f e  l e v e l s ,  t h a n  t r y  t o  r e f a b r i c a t e  them. 
However, we see from F i g u r e  IX-18 t h a t  t h e  decay  t i m e s  c a n  
t a k e  h u n d r e d s ,  i f  n o t  t h o u s a n d s  o f  y e a r s .  Hence, f o r  a l l  
i n t e n t s  and p u r p o s e s ,  t h e  r e p l a c e m e n t  o f  t h e s e  components w i l l  
have  t o  come from new e l e m e n t s .  The d i s p o s a l  o f  p e r h a p s  
400,000 t / y r  o f  SS 316 means t h a t  a p p r o x i m a t e l y  70,000 t o f  
Cr must  be  s u p p l i e d  p e r  y e a r ,  a l o n g  w i t h  a p p r o p r i a t e  amounts 
o f  Mn and N i .  I n  some c a s e s ,  e . g .  Be, t h e r e  may be  no c h o i c e  
b u t  t o  r e p r o c e s s  t h e  r a d i o a c t i v e  and c o n t a m i n a t e d  m e t a l ,  b e c a u s e  
w o r l d  r e s e r v e s  a r e  n o t  a d e q u a t e  f o r  a  " th row away" economy. 

Even i f  a l l  t h e  components had t h e  same l i f e  a s  t h e  r e a c t o r ,  
t h e r e  would be  t h e  p rob lem o f  what  o n e  d o e s  w i t h  t h e  r a d i o a c t i v e  
s t r u c t u r e  when t h e  p l a n t  becomes o b s o l e t e  and a  new one  must  
be  b u i l t .  The b l a n k e t ,  s h i e l d ,  magne t s ,  s u p p o r t s ,  and a l l  
equ ipment  w i t h i n  t h r e e  m e t e r s  o f  s o l i d  m a t e r i a l  f rom t h e  plasma 
w i l l  be  t o o  r a d i o a c t i v e  t o  d i s p o s e  o f  i n  a  c o n v e n t i o n a l  manner.  
These  masses  t y p i c a l l y  amount t o  a p p r o x i m a t e l y  50 t / M W ( e ) ,  and 
w i l l  a l s o  p l a c e  a  s e v e r e  s t r a i n  on o u r  l i m i t e d  r e s o u r c e s  a s  
t h e  s e c o n d ,  t h i r d ,  f o u r t h ,  e t c .  g e n e r a t i o n  p l a n t s  a r e  phased  o u t  
i n  t h e  2 1 s t  c e n t u r y .  

- 

R e a c t o r  

UWMAK- I 

UWMAK-I1 

UWMAK-I11 

ORNL 

BNL 

LASL-ANL 

P r e d i c t e d  
Wall  L i f e  
(MW- y r / m 2 )  

2 .5  

2 . 3  

3.4 

> l o  

3.8 

10 

System 
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S S 3 1 6  

TZM 

Nb- 1  Z r  

A 1 

Nb- 1  Z r 

M a t e r i a l  
Replacement  
( t / M W ( e )  - y r )  

0.69 

0.49 

0.31 

0.41 

0 .27 

0 .33 



TIME AFTER SHUTDOWN f sec) 

Figure IX-18: Radioactivity in Fusion Reactor First Walls 
After Shut-down 



2.5 Summary 

This has been a rather broad look at the neutron-damage 
problems currently envisaged for D-T reactors. Not all the 
problems have been discussed and, indeed, a whole class of 
conditions for fission-fusion concepts has been left out. 
However, it is hoped that the reader will begin to appreciate 
the concern of the materials-science community over the growing 
list of problems to be solved in the field of fusion energy. 
Undoubtedly more problems will be identified in the future. 
We must, therefore, reluctantly conclude that, next to the 
plasma physics problems, radiation damage is the second most 
serious obstactle to the commercialization of fusion power. 

3. NORMALIZED MATERIALS CONSUMPTION 

3.1 Introduction 

The recent concern about the worldwide energy crisis, and 
the current optimism about demonstrating the technological 
feasibility of different energy systems, have prompted many 
scientists to examine the long-range effects of such energy 
systems. Such a long-range concern can be helpful in the 
early stage of development, because it may point out desirable 
(and undesirable) features of such an electrical economy, and 
give an estimate on the amount of materials to be made avail- 
able in the next few decades. 

While the choice of materials to be used in LMFBRs is 
rather definite now (except for modest improvements in future 
years), it is too early to make a definite choice on all the 
materials in the field of fusion research. But one must be 
sensitive to parameters such as thermal pollution (hence, the 
need for materials that can operate at high temperatures to 
increase efficiency); land despoilment (hence, the need 
for easily minable and readily available minerals); air 
pollution (relating to refining techniques); induced radio- 
activity, and the potential for its release; the demand to 
recource ratio (hence, the need for readily obtainable materials); 
local self-sufficiency (such that every country can have access 
to its supply of minerals); and finally cost. 

It is the purpose of this subsection to present what we 
currently think will be the needs for materials in fission 
breeders and fusion reactors and then to compare these needs 
against the known reserves and resources. The reader must 
clearly recognize that, for fusion reactors, this assessment 
is only applicable to the state-of-the-art as of 1976, and that 
in five years the picture might have changed dramatically. 



3.2 Fast Breeder Reactors 

As of now, six prototype liquid-metal-cooled, fast-breeder 
reactors of the 250 to 350 MW(e) class are either under con- 
struction or already in operation. Detailed designs are avail- 
able for the 600 MW(e) BN 600, and the 1200 MW(e) plants 
SUPERPHENIX and CFR, as well as conceptual design studies for 
plants in the power range of 1600 to 2000 MW(e). In addition, 
several conceptual design studies for gas-cooled fast-breeder 
reactors are known. 

This gives a clear picture of the amount of materials 
needed for the construction and operation of fast breeders. 
Since all fast-breeder-reactor designs, known so far, are not 
dramatically different among themselves, the following pre- 
sentation of the materials needs of liquid-metal-cooled fast- 
breeder reactors mainly uses data from SUPERPHENIX [IX-1091 
and SNR-2 [Ix-1101. 

Materials requirements fall into two basic categories, 
the nuclear part and the conventional part of the plant. 

For a liquid-metal-cooled fast-breeder reactor, these 
categories can be subdivided further as follows: 

N u c l e a r  p a r t  o f  t h e  p l a n t :  

- core fuel (enriched Pu02-U02 mixed oxide); 

- blanket fuel (depleted UOz); 

- steel for fuel cladding and structural parts of the 
core ; 

- coolant (sodium) ; 

- control material (boron carbide); 

- reflector and shielding material; 

- core support, and coolant vessel internals (steel); 

- coolant vessel, and vessel cover or roof with rotating 
shield plugs for refueling; 

- fuel transfer and handling machines; 

- primary-coolant circuits including pumps, valves, tubes, 
and intermediate heat exchangers. 

C o n v e n t i o n a l  p a r t  of t h e  p l a n t :  

- secondary-coolant circuits including pumps, valves, 
expansion tanks, and tubes; 

- sodium-water steam generators; 

- conventional water-steam part; 

- turbines; 

- generators. 
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The conventional part of the plant is self-explanatory 
and therefore not discussed here. 

In fast reactors, the Pu02-U02 mixed oxide must operate 
between temperatures of several 1 0 0 ~ ~  and 2 8 0 0 ~ ~  for about 2 
to 2.5 years until roughly 10 to 15 per cent of the original 
fuel atoms are fissioned. The fuel cladding and core-structure 
steel operate between 150 and 650'~ up to neutron doses of two 
to three times loz3 n/cm2, or up to 150 displacements per atom 
(dpa). Core-support and coolant-circuit materials do not 
operate under such high neutron irradiation, but will have to 
resist thermal stresses, creep, and low-cycle fatigue loads. 

In a typical 1200 MW(e) liquid-metal-cooled, fast-breeder 
reactor, the core fuel elements, together with their axial 
blanket zones and the absorber elements, are exchanged after 
2 to 2.5 years. The radial breeder-blanket elements are 
discharged after six to eight years. All other components 
are designed to reamin in operation over 30 years, the full 
lifetime of the plant: the core and blanket-support structures, 
shielding structures, the reactor vessel with rotating shield 
plugs and refueling machines, the primary and secondary coolant 
circuits, etc. Under these assumptions, the material consumption 
rates as given in Table IX-XVIII must be considered. 

There are five different categories of materials: 

I - fuel which is recycled in the fuel cycle; 

I - control and cladding materials which must be put 
to waste storage facilities; 

I - structure materials which must be stored until their 
radioactive isotopes have decayed away and recycling 
can be considered; 

I V  - steel structural material which can be recycled 
after the entire plant has been decommissioned 
and decontaminated; 

V  - sodium coolant which could be recycled after 
appropriate clean-up and decay of around 30 years. 

Table IX-XIX lists these categories of materials and their 
consumption rates. 

Taking the data from Table IX-XVIII, and the composition of 
the various materials, one can list the consumption rates of 
non-fuel elements of the periodic table (see Table IX-XX). 
About one to two per cent of the plutonium is lost during fuel 
fabrication and reprocessing, and the rest is recycled by re- 
processing. For control material it is assumed that boron 
carbide (BsC) is used, whereas. SS 316 and SS 304, respectively 
are used as cladding and structural steels. 
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Table I X - X I X :  Ca t ego r i e s  of M a t e r i a l s  Consumption 

The r e a d e r  should recognize  t h a t ,  whi le  t h e  numbers i n  
Table I X - X X  f o r  t h e  "nuc l ea r  i s l a n d "  a r e  probably  f a i r l y  a c c u r a t e ,  
t h o s e  f o r  t h e  "ba lance  of p l a n t "  (BOP) a r e  c e r t a i n l y  lower l i m i t s ,  
because t hey  do no t  i nc lude  i tems  such a s  t u rb ine -gene ra to r ,  
b u i l d i n g  m a t e r i a l s ,  s t e e l  l i n e r s ,  e t c .  

I t  can be seen  from t h e  t a b l e  t h a t  about  s i x  t o n s  of non- 
f u e l  m a t e r i a l s  a r e  r equ i r ed  p e r  MW(e) f o r  t h e  n u c l e a r  i s l a n d ,  
and a t  l e a s t  two more t o n s  pe r  MW(e) can be r e a d i l y  i d e n t i f i e d  
wi th  c l o s e l y  a s s o c i a t e d  equipment, Roughly h a l f  of t h e s e  
amounts a r e  due t o  sodium, t h e  o t h e r  h a l f  be ing  due t o  s t e e l  
components. The re fo re ,  a t  l e a s t  e i g h t  t o n s  of c r i t i c a l  e l e -  
ments a r e  r equ i r ed  p e r  i n s t a l l e d  MW(e). 

Consumption r a t e  
(kg/MW(e) . y r )  

3 2 

0.5 

6 9  

119 

6 6  

168 

C l a s s i f i c a t i o n  

Category I 

Category I1 

Category I11 

Category I V  

Category V 

I f  t h e  m a t e r i a l s  i nven to ry  and m a t e r i a l s  consumption f i -  
g u r e s  a r e  averaged over  a  30 y e a r  l i f e t i m e  (80 p e r  c e n t  p l a n t  
f a c t o r ) ,  one a r r i v e s  a t  a  m a t e r i a l s  commitment of approximate ly  
0 . 2 2  t /MW(e)-yr .  Adding a  few of t h e  BOP v a l u e s  would r a i s e  t h i s  
t o  roughly  0. 4 t / M W  ( e )  Syr. The s i g n i f i c a n c e  of t h e s e  numbers 
w i l l  be  appa ren t  when we cons ide r  t h e  r e sou rce  p i c t u r e .  

Reactor  ) !a te r ia l  

F i s s i l e  and f e r t i l e  Fuel 

Cont ro l  m a t e r i a l  

Cladding m a t e r i a l  

P r imary -c i r cu i t  s t r u c t u r a l  
s t e e l  (cannot  be r ecyc l ed  
u n t i l  a f t e r  a t  l e a s t  100 
y e a r s  s t o r a g e )  

Seconda ry -c i r cu i t  
s t r u c t u r a l  s t e e l  (can  be 
r ecyc l ed  a f t e r  u s e )  

Sodium c o o l a n t  (can be 
r ecyc l ed  a f t e r  clean-up 
and around 30 y e a r s  o f  
decay ) 

One may compare t h e s e  m a t e r i a l s  needs t o  t h e  world r e -  
sou rces  f o r  d i f f e r e n t  e lements  t o  de te rmine  t h e  upper l i m i t  
of energy  MW(e)-yr which c o u l d . b e  genera ted .  Table I X - X X I  
compares world r e sou rces  [IX-111, IX-112], and t h e  m a t e r i a l s  
needs l i s t e d  i n  Table I X - X X ,  apply ing  t h e  same assumptions 
a s  used f o r  f u s i o n  r e a c t o r s  i n  Sub-sect ion IX.3.3.4. 



Table IX-XX: Summary of Original Non-fuel Requirements for 
Fast Breeder Reactors 

a Total commitment of 30 year life; 

Everything inside and including pressure vessel; 

' Balance of plant (including pumps, heat exchangers, etc.) 
but not buildings, turbines, generators, etc.; 

80 per cent plant factor. 

Element 

B 

C 

C r 

Fe 

Mn 

Mo 

N i 

Na 

Subtotal 

U 

Pu 

Subtotal 

Total 

The amount of MW(e)-yr to be generated can be calculated 
by the following simple expression: 

Material ~equirement~ 
(t/MW (e 1 

Nuclear 1slandb 

0.001 

0.00 2 

0.56 

2.0 

0.06 

0.0 6 

0.44 

2.8 

5.9 

0.09 

0.004 

0.094 

6.0 

Materials Commitment 
(t/MW(e) -yr) 

BOP' 

- 
- 

0.26 

0.9 

0.03 

0.03 

0.2 

1.3 

2.7 

- 
- 
- 

2.7 

Nuclear 1slandb 

4 . 1 0 - ~  

1 • 

0.C33 

0.1 

0.003 

0.003 

0.014 

0.12 

0.28 

0.004 

N A 

0.004 

0.28 

BOP' 

- 
- 

0.015 

0.07 

0.002 

0.002 

0.0111 

0.06 

0.16 

- 
- 

- 

0.16 



( R e s o u r c e s  L i m i t  a t  P r e s e n t  P r i c e s )  

I n i t i a l  M a t e r i a l  .- 1  Makeup M a t e r i a l  
(Charge i n  t / M W  (el} iq yr) + ( i n  t/MW(e) - y r  

An 80 p e r  c e n t  p l a n t  f a c t o r  i s  u s e d ,  i . e .  30 y e a r s  p l a n t  
l i f e  c o r r e s p o n d  t o  24 y e a r s  o f  c o n t i n u o u s  o p e r a t i o n .  

T a b l e  I X - X X I :  Summary o f  Maximum P o s s i b l e  Ene rgy  G e n e r a t i o n  
and  M a t e r i a l s  R e q u i r e m e n t s  f o r  F a s t  B r e e d e r s  
Under R e s o u r c e  L i m i t a t i o n s  

a V a l u e s  f o r  n u c l e a r  i s l a n d  a n d  b a l a n c e  cf p l a n t  e x c l u e i n a  
t u r b i n e s ,  g e n e r a t o r s ,  and  b u i l d i n g s ;  

[IX-1 1 1 ,  a n d  IX-1121 w o r l d  e s t i m a t e s  a s  o f  1976.  

Maximum E n e r g y  
G e n e r a t e d  f rom 

R e s o u r c e  
L i m i t a t i o n s  

( M W ( e )  . y r )  

4  l o l o  

4  . l o 9  

1  0  l2 

8  1C12 

1 . 5  l o 9  

5 l o 8  

l a r g e  

10  l3 

2  • l o 9  

I f  o n e  were  t o  a c c o u n t  f o r  t h e  t o t a l  b a l a n c e  o f  p l a n t  f i -  
g u r e s  o f  t h e  LMFBR p l a n t ,  o n e  would have  t o  a p p l y  a  f a c t o r  o f  
p e r h a p s  two t o  t h e  f i g u r e s  i n  T a b l e  I X - X X I .  

World R e s e r v e s  

( l o b  t a t  
p r e s e n t  p r i c e s )  

2  o 
3 7  0  

276 ,000  

72 ,000  

1 3  

2 4  

l a r g e  

181 

s e e  C h a p t e r  I1 

One c a n  c o n c l u d e  f rom T a b l e  I X - X X I  t h a t  w i t h  t h e  e x c e p t i o n  
o f  n i c k e l ,  a l l  e l e m e n t s  l e a d  t o  a  h i g h e r  p o t e n t i a l  e n e r g y  
g e n e r a t i o n  t h a n  u ran ium.  Bu t  o n l y  a b o u t  t e n  p e r  c e n t  o f  t h e  
s t ee l  s t r u c t u r e  o f  t h e  LMFBR p l a n t  i s  u s e d  w i t h i n  o r  i n  t h e  
v i c i n i t y  o f  t h e  c o r e .  A p p r o x i m a t e l y  90 p e r  c e n t  o f  t h e  s tee l  
would n o t  become r a d i o a c t i v e  a n d  c o u l d  be  r e c y c l e d .  The u s e  
o f  f e r r i t i c  s t ee l s ,  wh ich  i s  p o s s i b l e  f o r  LMFBR p l a n t  componen t s ,  
would improve  t h i s  p i c t u r e  e v e n  f u r t h e r .  

M a t e r i a l s  
Commitment 

(t/PIW (e)  y r )  

4  I O - ~  

2.0118 

0.17 

(3.005 

9 .005  

0.028 

- 
- 

1 . 5  • I O J  

E lemen t  

B 

Cr 

Fe 

Mn 

Mo 

N i 

N a  

T i  

U 

Maximum 
~ e ~ u i r e m e n t ~  

( t / b 3 9  ( e )  ) 

0.001 

0 . 8 2  

2 .9  

0 . 0 9  

0 . 0 9  

0. 64 

4.1 

0.0001 

0.09 



For a more general discussion and a comparison with the 
materials requirements of fusion-reactor systems, see Sub- 
section IX.3.3.4. 

3.3 Fusion Reactors 

3.3.1 Methodology 

Even so there have been at least 21 large-scale reactor 
designs (see Chapter IV. 2) , attempts to tabulate the materials 
required have been made for only seven of them. The major 
feature of those reactors are given in Table IX-XXII. For 
more details, the reader is urged to consult the main reports 
from which these data were extracted. 

The materials requirements fall into two basic divisions, 
nuclkar island and balance of plant (BOP), which are then sub- 
divided as follows: 

Table IX-XXII: Major Features of CTR Reactors Which List Materials 
Requirements 

R e a c t o r  

BNL-I [IX-1131 

ORNL [IX-1141 

PPPL [ Ix-1151 

UWMAK-I [IX-1111 

UWMAK-I1 [IX-1121 

UWMAK-I11 [IX-1161 

LASL-ANL [IX-1171 

C o o l a n t  

He 

L i  

He 

L i  

He 

L i  

L i  

Power  
(MW(e) ) 

1605 

5 1 8  

2030 

1 4 7 3  

1 7 1 6  

1985 

4130 

B r e e d e r  

L i A l  

L i  

FLIBE 

L i  

LiAlO? 

L i  

L i  

Maximum 
S t r u c t u r e  

T e m p e r a t u r e  
( O C )  

Z200 

1 0 5 0  

640 

500  

650  

1 0 0 0  

7 5 0  

N e u t r o n  
M u l t i p l i e r  

Be 

n o n e  

(Be)  

n o n e  

Be 

n o n e  

Be 

S t r u c t u r e  
M a t e r i a l  

A1 (SAP) 

N b l Z r  

PE 16  

SS 316 

SS 316 

TZM 

N b l Z r  



N u c l e a r  i s l a n d  

- s t r u c t u r a l  m a t e r i a l s ;  
- c o o l a n t ;  
- b r e e d e r ;  
- n e u t r o n  m u l t i p l i e r ;  
- r e f l e c t o r s ;  
- s h i e l d ;  
- e l e c t r i c a l  i n s u l a t o r ;  
- magnet;  
- t h e r m a l  i n s u l a t o r s ;  
- o p t i c a l  m a t e r i a l s ;  

Balance  o f  p l a n t  (BOP) 

S t r u c t u r a l :  - p i p i n g ;  
- t a n k s ;  
- h e a t  exchangers ;  - b u i l d i n g s  ; 

Equipment : 
- pumps; 
- c o o l a n t ;  
- c l e a n - u p  u n i t s ;  
- t u r b i n e s ;  

E l e c t r i c a l :  
- g e n e r a t o r s ;  
- t r a n s f o r m e r s ;  - w i r i n g .  

The c a t e g o r i e s  under  " b a l a n c e  o f  p l a n t "  a r e  s e l f - e x p l a n a t o r y  
and w i l l  n o t  b e  expanded h e r e .  Those under  " n u c l e a r  i s l a n d "  
c o v e r  a  wide range  of  m a t e r i a l s  and r e q u i r e m e n t s  ( s e e  T a b l e  
I X - X X I I ) .  The i n t e r e s t i n g  f e a t u r e  a b o u t  f u s i o n  r e a c t o r s  i s  t h a t ,  
a t  l e a s t  w i t h  m a g n e t i c a l l y  c o n f i n e d  s y s t e m s ,  m a t e r i a l s  must 
o p e r a t e  from l i q u i d  he l ium t e m p e r a t u r e s  t o  t e m p e r a t u r e s  a s  
h i g h  a s  1 0 0 0 ~ ~ .  The needs  range  from p u r e  m e t a l s  t o  a l l o y s ,  
c e r a m i c s ,  c o v a l e n t  and m o l e c u l a r  bonded m a t e r i a l s  a n d ,  f i n a l l y ,  
t o  non-metals .  

The o t h e r  f e a t u r e  a b o u t  f u s i o n  r e a c t o r s  ( a t  l e a s t  magnet i -  
c a l l y  c o n f i n e d  s y s t e m s )  i s  t h e i r  low power d e n s i t i e s .  T h i s  
r a n g e s  from one t o  f i v e  M W / ~ ~  i n  TOKAMAK, T h e t a  P i n c h ,  o r  
M i r r o r  b l a n k e t s ,  w h i l e  f o r  f i s s i o n  r e a c t o r s  t h e  power d e n s i t y  
may b e  a s  h i g h  a s  100 M W / ~ ~ .  T h i s  means t h a t  f o r  a  g i v e n  s i z e  
o f  power p l a n t ,  f u s i o n  r e a c t o r s  w i l l  u s e  more m a t e r i a l s  t h a n  
f i s s i o n  p l a n t s .  S i n c e  t h e  rest o f  t h e  b a l a n c e  o f  p l a n t  i s  
r o u g h l y  t h e  same f o r  f i s s i o n  and f u s i o n ,  t h e  e x t r a  c o s t  o f  t h e  
f u s i o n  n u c l e a r  i s l a n d  must b e  o f f s e t  by o t h e r  p a r t s  o f  t h e  
sys tem ( i .e .  f u e l  c o s t s ) .  Economic s t u d i e s  a r e  j u s t  now r e a -  
l i z i n g  how c r i t i c a l  t h i s  f e a t u r e  i s  t o  f u s i o n  power. 



There are two other topics which should be examined in 
this section; these are: 

- the use of solid breeders and the effect on types of 
materials required in the blanket; 

- the use of enriched Li to increase breeding ratios. 

The use of liquid Li as a breeding material as well as 
coolant results in rather large tritium inventories (of approxi- 
mately ten kg) in the blankets which was thought undesirable. 
J.R. Powell [IX-1131 proposed that one could use solid breeder 
materials (LiA1, LiA102, Li20, etc.), which would allow the 
tritium to diffuse out as soon as it is bred. It was shown 
that by this technique tritium inventories in blankets could be 
reduced to less than 100 g. There was one drawback, however, 
the addition of other elements in the breeding zone reduced the 
number of neutrons available for breeding as well as the average 
neutron energy. As a net result, the Li6 fraction in the breeding 
zone has to be increased from its natural level of around 7.5 
to roughly 90 per cent, in order to breed with the lower-energy 
neutron spectra. It was also found that, in order to compen- 
sate for the parasitic absorption and the reduction in the 
high-energy Li7 (n,Tn)-He reaction, one has to incorporate a 
neutron multiplier near the plasma. Such a requirement led to 
the inclusion of large amounts of Be or U in the blankets, both 
of which raise serious implications, one from reserves [IX-701 
and the other from radiological considerations. Hence, In 
attempting to solve one problem, several more were generated. 
The more recent proposals to use Pb or Zr as neutron-multiplying 
media have yet to be closely examined in realistic systems. 

3.3.2 Platerials Inventory Per Reactor 

The stated requirement for the seven reactors considered 
here are given in Table IX-XXIII for the "nuclear island", 
and in Table IX-XXIV for "BOP". All the results are quoted 
there as a function of elemental requiremehts, and do not ( ! )  
include replacement or burn-up amounts over an assumed plant 
life of 30 years. These will be treated later. 

The results in Table IX-XXIII show a wide variance in 
requirements, which is mainly attributable to the detail with 
which the analyses were carried out. It is known that the 
UWMAK values include many components not considered by the 
other design groups, and therefore would be expected to yield 
the largest mass requirements. This is especially true in 
Table IX-XXIV, where the requirements for the nuclear island 
are normalized on the basis of ton per MW(e). The UWMAK numbers 
are consistently higher, owing to the more detailed nature of 
the study and the conservative nature of the power-cycle design. 
It is interesting to note that, except for the Theta Pinch re- 
actor (where the true nuclear island is not well defined), the 
average material inventory is approximately 28 t/EIW(e). 



Table IX-XXIII: Summary of Original Materials Requirements-- 
Nuclear Islanda 
(t/MW (e) ) 

a Assuming that all nuclear-island components last for the life- 
time of the reactor,and no burn-up is accounted for; 

Using UWMAK-I magnet system; 

Natural equivalent. 

The halance of plant numbers for the UWMAK systems are 
also given in Table IX-XXIV, as well as the summary of the 
toatl plant requirements for the UPJMAK systems, on a per MW(e) 
basis. It is felt that these three reactors cover a sufficiently 

LASL-ANL 

0 . 0 1  

0.16 

0.87 

2.25 

0 .30  

0.38 

0 . 0 7  - 

4 

Element 

A1 

Be 

B 

C 

C r 

Nb 

C u 

He 

Fe 

Pb 

~i 

Mn 

H9 
Mo 

N i 

Ti 

S n 

Z r 

F 

Total 

ORNL 

2.12 

0 .07  

- 1 . 9 3  

0 .87  

0 . 0 0 2  

1 2 . 4  

1 0 . 3 3  

0 .89  

0 .05  

1 .24  

3  0  

B N L ~  

1.70 

0 .12  

3 .61  - 
1.96 

2 .26  

0 . 0 7  

4 .59  

0.04 

7 .76  

- 
0 .05  

0 . 2 5  

0 .002  

0 .23  

1 . 7 3  

0 . 0 0 4  

2  4  

PPPL 

0 . 0 1  

0.43 - 

0.62 

0 . 8 2  

0 . 0 5  

1 . 6 1  

0 .06  - 
5.87 

0 . 2 9  

0 . 0 8  

0.14 

0 .81  

0 . 0 1  

0.02 

2 .62  

1 3  

I 

0 .24  

- 
1 .07  

0 . 3 0  

3.72 - 
0 . 0 7  

5 .06  

0 .04  

1 2 . 7 9  - 
1 3 . 9 0  - 
- 1.15 

0 . 4 1  - 
0 . 0 0 2  

0 . 3 9  

- 2 . 8 6  

0 .04  

none 

none 

4  2  

UWMAK 

I I 

1.33 

0 . 2 5  

2.50 

1.47 

2.33 

0.09 

6.11 
0 .04  

7.96 

11 .6  

0.35 

0 . 2 5  

none 

0 .24  

1 . 7 3  

0 .05  

none 

none 

3  6  

I1 I 

2.42 
- 

0.47  

8.95 
0 .77  

0.05 

0.65 

2 .56  

1 . 8 2  

0.20 

0 .09  

none 

2.82 
0 . 4 6  

0.04 

none 

0.01 

2  1 



Table IX-XXIV: Summary of Original Materials Requirements for 
UWIAK Reactors a 
(t/Mbl (el 1 

a Assuming that all components last for the lifetime of the 
reactor. 

Element 

A1 

Be 

B 

C 

cr 

Nb 

Cu 

He 

Fe 

Pb 

L i 

Mn 

H9 

Elo 

Ni 

Na 

Ti 

Sn 

Y 

Z r 

Pd 

Co 

Total 

I 

0.30 
- 
- 
- 

4.20 

0.03 

2.21 

0.05 

65.03 
- 
- 

0.41 
- 

0.01 

3.05 

11.99 

0.0 1 
- 
0.003 

0.07 
- 
- 

87 

I 

0.54 
- 
1.07 

0.30 

7.92 

0.10 

7.27 

0.09 

77.82 

13.90 

1.15 

0.82 

0.002 

0.40 

5.91 

11.99 

0.05 
- 

0.003 

0.07 

- 
- 

129 

Balance of Plant 
UFJMAK 
I1 

0.01 

- 
- 
- 

2.11 

0.004 

0.40 

0.01 

45.92 

- 
- 
0.21 

- 
0.05 

1.45 

5.74 

0.02 
- 
0.002 

0.06 

" 

- 

5 6 

Total 

I1 I 

- 
- 
- 
- 
0.31 

0.008 

0.33 

0.04 

57.72 

- 
0.04 

0.37 
- 
1.26 

0.21 

1 .O 

0.01 
- 

<lo'' 
0.002 

<0.001 

0.003 

6 1 

UWMAK 
I I 

1.34 

0.25 

2.50 

1.47 

4.44 

0.10 

6.54 

0.05 

53.88 

11.6 

0.35 

0.46 

- 
0.29 

3.18 

5.74 

0.07 
- 
0.002 

0.06 
- 
- 

9 2 

, 
I11 

2.42 
- 

0.47 

8.95 

1.08 

0.06 

0.98 

0.06 

60.28 

1.82 

0.24 

0.46 

- 
4.08 

0.67 

1 .O 

0.05 
- 

0.01 

<0.001 

0.003 

8 3 



wide range of  TOKAMAK r e a c t o r  des igns ,  from l i thium-cooled 
s t a i n l e s s  s t e e l  t o  helium-cooled s t a i n l e s s  steel wi th  s o l i d  
b reede r s  a s  w e l l  a s  Li-cooled r e f r a c t o r y  meta l  systems,  s o  
t h a t  t h e  average numbers a r e  n o t  s o  system-dependent. Here we 
f i n d  t h a t  BOP numbers average roughly 6 8  t/MW(e), and t o t a l  
p l a n t  numbers a r e  an average of  roughly 1 0 0  t/tIInl(e). 

The envelope of maximum m a t e r i a l s  requi rements  f o r  t h e  
c o n s t r u c t i o n  of  D-T r e a c t o r s  is  g iven  i n  Table IX-XXV f o r  t h e  

Table IX-XXV: Envelope of Maximum M a t e r i a l  Requirements f o r  
D-T Fusion Reactors  a 

a I f  a l l  components l a s t e d  f o r  t h e  l i f e t i m e  of t h e  r e a c t o r ;  

Nuclear i s l a n d  v a l u e s  only .  

System 

U W M A K - 1 1 1  

PPPL 

BNL 

UWMAK-I I I 

U W M A K - I 1 1  

UWMAK-I 

PPPL 

ORNL 

UWMAK-I 

LASL-ANL 

UWmK - I 
UBPU4K-I 

UWMAK - I 
UWMAK-I 

PPPL 

UWMAK-111 

UWMAK- I 

UWMAK- I 

ORNL 

LASL-ANL 

UTJMAK - I 
UFPU4K-I 

Element 

A 1 

Be 

B 

C 

Co 

C r  

F 

N b  

Cu 

He 

Fe 

Pb 

Li 

Mn 

H9 

Mo 

N i  

N a  

T i  

Sn 

Y 

Z r  

Requirement 
( t / M W  ( e )  ) 

2 . 4 2  

0 .  4 3 b  

3 . 6 1 b  

8 . 9 5  

0 . 0 0 3  

7 . 9 2  

7 . 6 2 b  

1 . 9 3 ~  

7 . 2 7  

0 . 3 0 ~  

7 7 . 8 2  

1 3 . 9 0  

1 . 1 5  

0 . 8 2  

0 . 0 2 ~  

4 . 0 3  

5 . 9 1  

1 1 . 9 9  

1 . 2 b b  

0 . 0 7 ~  

0 . 0 0 3  

0 . 0 7  



seven designs considered here. It should be noted that this 
column represents a worse case, and not all of these require- 
ments would be present at the same time. On the other hand, 
those requirements for reactors other than the UWMAK series 
represent only the nuclear island values, and thereby may be 
lower limits. 

3 . 3 . 3  Replacement, Enrichment, and Burn-up Requirements 

It is generally accepted now that the first structural 
walls of CTR blankets will not last for all the lifetime of 
the plant. These walls will be damaged by the high-intensity- 
charged-particles neutron flux from the plasma, and will lose 
mechanical integrity in a matter of a few years. The following 
integral first-wall lifetimes have been assumed by the various 
design teams: 

PPPL 

ORNL 

LASL-ANL 1 0  

BNL 3 . 8  

Based on the various wall lifetimes and fuel-atom burn-up 
rates, we have calculated the annual replacement amounts on a 
ton per MW(e)-yr basis, and these are given in Table IX-XXVI. The 
low numbers in the ORNL case come from the assumption of long 
wall-life, and those for the Theta Pinch result from the assumed I 

long wall-life and an extremely large power plant size. 

It is interesting to note that both the BNL and UWMAK-I1 
designs require the Be to be replaced and reprocessed in its I 
radioactive state, and to be reinserted into the blanket. Hence, I 
the replacement amounts here are mainly due to burn-up of the 
Be atoms and losses during processing. The BNL design also 

I 
assumed that the solid breeder material will be reprocessed 
and refabricated to be reinserted into the blanket. The UWMAK-I1 
study assumes that it will be too costly to reprocess such 
contaminated and radioactive material (impurities alone will 
make the ceramics extremely radioactive). It is also assumed 
that new, enriched, breeder material must be inserted into the 
reactor during each wall change. The numbers in the tables 
indicate the amount of naturaZ Li which is required to supply 
this system, even so less enriched lithium will actually be in 
the reactor. Because of the high enrichment factor, this number 
actually exceeds the amount of lithium required in natural- 
liquid-lithium cooled systems over the anticipated 30  year plant 

' 
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l i f e  by a f a c t o r  o f  a lmos t  two. Hence, it i s  obv ious  t h a t  t h e  
u s e  o f  s o l i d  b r e e d e r s  may r e q u i r e  more l i t h i u m  t o  be mined from 
t h e  ground t h a n  i s  r e q u i r e d  f o r  t h e  l i q u i d  L i  c a s e .  

3.3.4 P r o j e c t e d  M a t e r i a l s  Needs 

W e  have summarized t h e  r e s u l t s  o f  t h i s  a n a l y s i s  i n  Table  
I X - X X V I I ,  and a l s o  l i s t e d  t h e  world r e s o u r c e s  o f  t h e  v a r i o u s  
e l emen t s .  One cannot  s imply  a s s e s s  t h e  r e s o u r c e s  a g a i n s t  t h e  
needs ,  u n t i l  t h e  amount o f  power gene ra t ed  by f u s i o n  i s  s p e c i -  
f i e d .  O r ,  t u r n i n g  it around ,  one might  s p e c i f y  t h e  number o f  
MW(e)-yr t h a t  cou ld  be  gene ra t ed  by sys tems  u s i n g  t h o s e  e l e m e n t s ,  
i f  a few s i m p l i f y i n g  assumpt ions  a r e  made. These a r e  l i s t e d  
below: 

- 30 y e a r  p l a n t  l i f e ;  

- A l l  components o f  t h e  n u c l e a r  i s l a n d  need t o  be r e p l a c e d  
a f t e r  30 y e a r s ,  because  t h e y  a r e  e i t h e r  r a d i o a c t i v e ,  o r  
have worn o u t ;  m a t e r i a l  i n  t h e  BOP can  be used ;  

- A l l  components t h a t  a r e  r e p l a c e d  due t o  r a d i a t i o n  damage 
cannot  be r e c y c l e d  economica l l y ,  w i t h  t h e  e x c e p t i o n  of  
Be ; 

- The o n l y  makeup f o r  B e  i s  t h e  burnup of  t h e  atoms them- 
s e l v e s  and f o r  two p e r  c e n t  l o s s  d u r i n g  f a b r i c a t i o n ;  

- Requirements  f o r  L i  a r e  f o r  t h e  n a t u r a l  compos i t ion  o n l y ;  

- Helium can  be r e u s e d ;  

- The t o t a l  r e s e r v e  p i c t u r e  remains  t h e  same a s  it was i n  
1976, t h a t  i s ,  consumption of  m e t a l s  i s  j u s t  ba lanced  
by d i s c o v e r i e s ;  

- Only r e s e r v e s  a r e  c o n s i d e r e d  a t  p r e s e n t  p r i c e s .  

The amount o f  MW(e)Ryr t h a t  cou ld  be g e n e r a t e d  can be 
c a l c u l a t e d  by t h e  fo l l owing  s imp le  e x p r e s s i o n  ( excep t  f o r  Be 
and H e )  * : 

(Resource L imi t  a t  P r e s e n t  P r i c e s )  

I n i t i a l  M a t e r i a l  Makeup M a t e r i a l  
Charge i n  t/Ml?(e) i n  t / M W  (e)  • y r  

* T h i s  a n a l y s i s  w i l l  u s e  a n  80 p e r  c e n t  p l a n t  f a c t o r ,  i . e .  a 
30 y e a r  p l a n t  l i f e  co r r e sponds  t o  211 y e a r s  o f  con t i nuous  elec- 
t r i c i t y  g e n e r a t i o n .  W e  a l s o  assume t h a t  a l l  n o n r a d i o a c t i v e  
components c an  be  r e c y c l e d .  



T a b l e  I X - X X V I I :  Summary o f  Maximum M a t e r i a l s  Requ i rements  f o r  
D-T F u s i o n  R e a c t o r s  

a These  a r e  t h e  maximum r e q u i r e m e n t s  a s  d e t e r m i n e d  from t h e  
e n v e l o p e  o f  v a l u e s  f o r  r a d i o a c t i v e  m a t e r i a l s  from T a b l e s  
I X - X X I I I  and I X - X X V I ;  

R e f e r e n c e s  [IX-1 1 1 , and 1 1  21 , wor ld  e s t i m a t e s  a s  of  1976; 

Maximum Energy 
Genera ted  from 
~ e s ' o u r c e  Limi- 

t a t i o n s g  
(MW ( e l  - y r )  

8 lo9 
1.4 lo6 
1.3 . 10' 

Long 

1.5 . lo9 
2.5 . lo7 
7 • lo8 

1 . logd 
3 . 1011 
4 lo8 

1.4 - lo9 
1 lo8 
3 10" 

3 . lo8 
7 . lo7 
1.3 10' 

Long 

4 lo9 

1.3 . lo9 
2.4 . 10" 

I 

I n c l u d e s  burn-up 2 p e r  c e n t  r e p r o c e s s i n g  l o s s ;  

Leakage o n l y ;  

R e f e r e n c e  [IX- 1 18 1 ; 
Burn-up o n l y .  

Wi thou t  r e c y c l e  of  r a d i o a c t i v e  components.  

World 
R e s e r v e s  
(10 t a t  
p r e s e n t  
p r i c e s )  

2,000 

0.04 

2 0 

Large  

370 

7 

3 7 0 

~ . 4 4 ~  

276,000 

219 

71.3 

72,000 

0.25 

13 

2 4 

Large  

181 

3.7 

717 

Maximum 
Makeupa 

( t / M W ( e )  * y r )  

0.157 

0.011~ 

0 

0.24 

0.088 

0.193 

0.27 

0.004~ 

0.304 
- 

2 . 
0.147 

0.01 
- 

0.069 

0.069 

- 
.- 
- 
- 

Element 

A 1  

Be 

B 

C 

Cr 

Nb 

Cu 

He 

Fe 

Pb 
L i  

( l i q u i d )  
( s o l i d )  

Mn 

H g  
MO 

N i 

Na 

T i  

S n  

Z r 

Maximum 
~ e ~ u i r e m e n t ~  

( t / ~ ~ ( e )  ) 

2.42 

0.43 

3.61 

8.95 

3.72 

1.93 

6.11 

0.30 

12.79 

13.90 

1.15 
0.35 

0.41 

0.02 

2.82 

2.86 

11.99 

3 -24 

0.07 

0.07 



These v a l u e s  a r e  a l s o  g i v e n  i n  T a b l e  IX-XXVII. We can  
c l a s s  t h e  r e s u l t s  o f  t h i s  c r u d e  a n a l y s i s  w i t h  t h r e e  c a t e g o r i e s  
a s  g i v e n  below: 

( 1 )  Those e l e m e n t s  which would a l l o w  one t o  g e n e r a t e  
> l o 6  MW(e) f o r  o v e r  100 years--All  B ,  C, C r ,  Cu, H e ,  
Hg, Fe ,  Pb, L i * ,  M n ,  N i ,  Na, Sn, T i ,  and Z r ;  

( 2 )  Those e l e m e n t s  which would l i m i t  t h e  100 y e a r  e n e r g y  
g e n e r a t i o n  t o  p r e s e n t  world  e l e c t r i c a l - g e n e r a t i o n  
l e v e l  (5 l o 5  MW(e))--Nb, and 110; 

( 3 1  Those e l e m e n t s  which may b e  s e v e r e l y  l i m i t i n g  t o  t h e  
long- te rm g e n e r a t i o n  o f  f u s i o n  power--Be. 

There  a r e  t h r e e  main comments t o  be made h e r e .  F i r s t  o f  
a l l ,  t h e  r e s e r v e  p i c t u r e  f o r  t h e  2 1 s t  c e n t u r y  i s  comple te  
s p e c u l a t i o n ;  t h e r e  may be more o r  less r e s e r v e s  depending  on 
n e w ' d i s c o v e r i e s  and consumption r a t e s .  However, one migh t  be 
f o r c e d  t o  t a k e  t h e  p o s i t i o n  t h a t  o n l y  r o u g h l y  10 p e r  c e n t  o f  
t h e  r e s e r v e s  s h o u l d  be a l l o c a t e d  t o  any  one f i e l d ,  i n  which 
c a s e ,  B, Cu, N i ,  Hg, and Pb f a l l  i n t o  t h e  second c l a s s ,  w h i l e  
Nb, and Mo f a l l  i n t o  t h e  c r i t i c a l  c a s e .  

The second comment h a s  t o  do w i t h  t h e  a l l o w a n c e  f o r  p r i c e  
e s c a l a t i o n ,  and t h u s  t h e  open ing  o f  much l a r g e r  r e s o u r c e s  t o  
t h e  f u s i o n  f i e l d .  T h i s  c o u l d  c e r t a i n l y  s o l v e  t h e  problem f o r  
s o l i d - L i  b r e e d i n g  s y s t e m s ,  b e c a u s e  r e s o u r c e s  a r e  t h r e e  t i m e s  
t h e  r e s e r v e  l e v e l s .  But it would n o t  s i g n i f i c a n t l y  change 
t h e  problem f o r  Be. The t h i r d  comment h a s  t o  do  w i t h  l o c a l  
s h o r t a g e s  o f  c e r t a i n  c r i t i c a l  e l e m e n t s .  For  example,  t h e  
US h a s  e s s e n t i a l l y  no Cr r e s e r v e s  s o  t h a t ,  w h i l e  t h e  s i t u a t i o n  
l o o k s  r e a s o n a b l e  from a  worldwide s t a n d p o i n t ,  t h e  f o r m a t i o n  o f  
c a r t e l s  by c o u n t r i e s  c o n t r o l l i n g  Cr would g e n e r a t e  problems 
v e r y  s i m i l a r  t o  t h e  p r e s e n t  o i l  s i t u a t i o n .  Much t h e  same 
c o u l d  be s a i d  a b o u t  e v e r y  e l e m e n t ,  i n  t h a t  no s i n g l e  c o u n t r y  
abounds w i t h  them a l l  s o  t h a t  it c a n  s a t i s f y  i t s  l o n g  t e r m  
e n e r g y  needs .  Such a  s o b e r i n g  o u t l o o k  i s  n o t  l i m i t e d  t o  f u s i o n  
a l o n e ,  and we e x p e c t  t h a t  s i m i l a r  p rob lems  w i l l  e x i s t  f o r  a l l  
t h e  new and o l d  e n e r g y  s o u r c e s .  

3 . 4  Comparison Between F i s s i o n  and Fus ion  R e a c t o r s  

I t  i s  now o f  i n t e r e s t  t o  p l a c e  some p e r s p e c t i v e  on t h e  
m a t e r i a l s  r e q u i r e m e n t s  f o r  f u s i o n  and f i s s i o n .  W e  have a l r e a d y  

* Note t h a t  t h e r e  i s  a  f a c t o r  o f  a b o u t  t h r e e  t o  f o u r  more 
e l e c t r i c i t y - g e n e r a t i o n  p o t e n t i a l  w i t h  l i q u i d - L i  s y s t e m s ,  even 
i f  one d o e s  n o t  r e u s e  t h e  l i q u i d  i n  s u b s e q u e n t  r e a c t o r s .  How- 
e v e r ,  it s h o u l d  b e  r e l a t i v e l y  e a s y  t o  c l e a n  up t h e  l i t h i u m  
a f t e r  a p p r o p r i a t e  decay  o f  c o n t a m i n a n t s ,  and r e u s e  it .  T h i s  
would e x t e n d  t h e  r e s o u r c e  i n t o  t h e  r a n g e  o f  4 . 10'' MW(e).yr. 



treated the question of uranium reserves in Chapter 11, and 
will not expand on that here. Furthermore, since the BOP for 
both the LMFBR and CTR should be comparable, we will focus our 
attention on the non-fuel materials requirements of the nuclear 
island. 

We will assume a 30 year plant life for both systems, and 
replacement quantities as given in Tables IX-XVIII and IX-XXVI. 
Only major critical elements will be considered, and we will 
ignore the requirements for concrete, carbon, etc. The first 
comparison is given in Table IX-XXVIII, and reveals three major 
points : 

Table IX-XXVIII: Comparison of Critical Materials Requirements 
for the Nuclear Islands of Fission and Fusion 
Reactors 

a Initial amount only, only critical elements in nuclear island; 

Average over entire plant lifetime at 80 per cent plant factor. 

Total Commitment 
Over Lifetime of 
Nuclear Island 

(t/MW(e) 
, 

4.8 

2 . 8  

0.01 

7.6 

5 3 

4 2 

1 4  

1 5  

3 0 

2 5 

3 0  

Fission 

Steel 

Sodium 

Control Mat. 

Total 

Fusion 

UWMAK- I 

UWMAK- I I 

UWPIAK- I I I 

PPPL 

ORNL 

BNL 

Average 

Initial 
Requiremen: 
(t/MW(e) 

3.1 

2 .81  

0 . 0 0 1  

6 . 0  

4 2 

3 4 

12 

1 3  

2 8 

2 2 

2 5 

Average 
Makeup 

(t/MW(e). yr)b 

0.072 

- 
0.0004 

0 .072  

0.46 

0 .35  

0 .064  

0.092 

0 .10  

0 .14  

0 .20  



( 1 )  The initial materials requirements for the fission 
reactor is 6 t/MW(e) versus an average of 25 t/MW(e) 
for the six fusion-reactor systems considered. In 
the UWMAK series, each reactor was designed to re- 
quire less material per MW(e) with UWMAK-I11 re- 
quiring only twice that of the LMFBR. 

(2) The structural materials makeup for the LMFBR is 
more than a factor of three less than for the average 
of the six fusion reactors which is approximately 
0.2 t/MW(e)-yr. However, recent reactor designs 
have addressed this problem, and in the UWMAK-I11 
values were projected that are comparable to an LMFBR. 

( 3 )  The total amount of material (initial plus makeup) re- 
quired over the 30 year life of the nuclear island 
ranges from 7.2 t/MW(e) for fission, to an average 
of 30  t/MW(e) for fusion reactors. Again, some re- 
cent fusion-reactor designs require only twice as 
much material as fission systems. 

The obvious conclusion to draw from the above discussion-- 
i.e., that fusion reactors may require two to seven times more 
material per MW(e) in the nuclear island than fission breeder 
reactors--is a direct result of the low-energy density in mag- 
netically confined plasma devices. It is probably safe to 
say that there is no conceivable way that fusion reactors will 
require less material per MW(e) than fission reactors, even 
accounting for the possibility of higher thermal efficiencies. 

The above numbers are tempered somewhat when the BOP values 
are added, which could range from 1.5 to 3 times the nuclear- 
island values. If we assume that, on the average, the materials 
in the nuclear island account for only one-third of the total 
materials requirement (see Table IX-XXIV) , that fission and 
fusion BOP quantities are comparable, and that the building 
requirements are the same--the ratio of materials required for 
fission to those required for fusion ranges from 1.3 to 3 
(an average of approximately 1.5). Such a ratio can have a 
significant effect on the cost of electricity through increased 
capital expenditures, as we shall see later. 

Aside from the sheer mass requirements, it is also infor- 
mative to examine the elemental requirements. This is espe- 
cially vital for the nuclear island, where practically all the 
components will become activated or contaminated and may be re- 
moved from the reserve picture for thousands of years (see 
Chapter V). 

The only non-fuel elements that appear to be critical in 
the LMFBR deployment are Cr, Ni, and Mo. Based on the reserve 
values in Table IX-XXI we find the following maximum energy 
limitations in the LMFBR scenario: 



Cr:  8  l o 9  MW(e)*yr 

Of t h e s e  e l e m e n t s ,  o n l y  N i  seems t o  b e  m i l d l y  c o n s t r a i n i n g  
(remember t h a t  t h e r e  w i l l  be  o t h e r  demands on t h e  N i  r e s o u r c e s ,  
and it i s  u n l i k e l y  t h a t  any e n e r g y  s o u r c e  w i l l  b e  a b l e  t o  t a k e  
more t h a n  roughly  t e n  p e r  c e n t  o f  t h e  t o t a l  r e s o u r c e s  a v a i l a b l e ) ,  
and even t h a t  c o u l d  b e  o f f s e t  by e x t r a c t i n g  N i  f rom o r e s  which 
a r e  uneconomical  t o  mine a t  p r e s e n t .  The concern  a b o u t  l o c a l  
s h o r t a g e s  is  s t i l l  v a l i d  however,  s i n c e  t h e  above e l e m e n t s  a r e  
n o t  s c a t t e r e d  u n i f o r m l y  around t h e  wor ld .  N i c k e l ,  molybdenum, 
o r  chromium c a r t e l s  c o u l d  c a u s e  a  s i g n i f i c a n t  problem. 

F i n a l l y ,  t h e  i n c r e a s e d  demand f o r  m a t e r i a l s  i n  f u s i o n  
r e a c t o r s  coupled  w i t h  n e u t r o n  a c t i v a t i o n  c a n  have a  s i g n i f i c a n t  
e f f e c t  on t h e  c o s t  o f  e l e c t r i c i t y  from t h i s  e n e r g y  s o u r c e .  For  
example,  t h e  p r e s e n t  c o s t  of  h i g h - q u a l i t y ,  n u c l e a r - g r a d e ,  
s t a i n l e s s - s t e e l  components i n s t a l l e d  i n  LMFBRs i s  r o u g h l y  20 t o  
30 $ p e r  kg. At  an  i n i t i a l  i n v e n t o r y  o f  3.1 t / M W ( e ) ,  t h i s  
amounts t o  a p p r o x i m a t e l y  80 $ p e r  kW(e) f o r  t h e  n o n - f u e l  p a r t  
o f  t h e  n u c l e a r  i s l a n d  a l o n e .  Assuming t h a t  t h i s  a v e r a g e  $/kg 
number i s  a l s o  t y p i c a l  o f  a l l  t h e  mass i n  a  s t a i n l e s s - s t e e l  
f u s i o n  r e a c t o r * ,  one migh t  e x p e c t  a p p r o x i m a t e l y  300 t o  600 $ p e r  
kW(e) f o r  t h e  same n u c l e a r  i s l a n d  i n  a  f u s i o n  r e a c t o r .  Such 
a  c h a l l e n g e  w i l l  b e  h a r d  t o  overcome i n  view o f  wor ld  marke t  
p r i c e s  f o r  some e l e m e n t s ,  and f u t u r e  r e a c t o r  d e s i g n s  s h o u l d  
keep t h i s  i n  mind. 

4 .  CONCLUSIONS 

I t  i s  c l e a r  t h a t  one of  t h e  major  f a c t o r s  l i m i t i n g  t h e  
e f f i c i e n c y  and economic v i a b i l i t y  o f  b o t h  f i s s i o n  and f u s i o n  
r e a c t o r s  i s  t h e  d e g r a d a t i o n  o f  m a t e r i a l s  performance i n  t h e  
r e a c t o r  env i ronment .  The r e d u c e  component l i f e t i m e  a f f e c t s  
t h e  economies  o f  n u c l e a r  power p l a n t s  i n  s i x  major  a r e a s :  

( a  ) reduced  t h e r m a l  e f f i c i e n c y  ( lower  o p e r a t i n g  
t e m p e r a t u r e )  ; 

Ib l  reduced  p l a n t  f a c t o r s  ( t o  change damaged components ) ;  

I c l  i n c r e a s e d  c a p i t a l  c o s t s  ( f o r  remote h a n d l i n g  e q u i p m e n t ) ;  

( d )  i n c r e a s e d  o p e r a t i n g  c o s t s  ( f o r  component r e p l a c e m e n t  
and manpower) ; 

( e l  i n c r e a s e d  volume o f  r a d i o a c t i v e  w a s t e s ;  

f f l  i n c r e a s e d  demand f o r  s c a r c e  e l e m e n t s .  

* Some components migh t  be c h e a p e r  ( i . e .  P b ) ,  b u t  o t h e r s  would 
be much more e x p e n s i v e  ( i . e .  ~ b , T i ,  Be,Mo, f a b r i c a t e d  ~i com- 
pounds,  e t c .  ) . 



These problems have been s t u d i e d  f o r  o v e r  2 0  y e a r s  f o r  t h e  
LMFBR and r e s u l t e d  i n  t h e  cho i ce  of  Pu02/U02 a s  a  f u e l ,  SS 316  
a s  a  c l a d d i n g  and c o r e  s t r u c t u r a l  m a t e r i a l ,  and B9C a s  a  c o n t r o l  
r o d  m a t e r i a l .  However, it is  q u i t e  p robab l e  t h a t  even t h e s e  
m a t e r i a l s  w i l l  n o t  be s u f f i c i e n t  f o r  a  comp le t e ly  economical  
b r e e d e r  economy, and c a r b i d e  f u e l s  and h i g h  n i cke l -ba se  a l l o y s  
a r e  b e i n g  i n v e s t i g a t e d  f o r  p o s s i b l e  long-term a p p l i c a t i o n .  

The p r o c e s s  o f  s e l e c t i n g  t h e  optimum s t r u c t u r a l  m a t e r i a l s  
f o r  f u s i o n  r e a c t o r s  i s ,  by comparison,  i n  i t s  i n f a n c y .  E a r l y  
r e a c t o r  d e s i g n s  a lmos t  e x c l u s i v e l y  used Nb a l l o y ,  b u t  p r e s e n t  
t h i n k i n g  s t r o n g l y  s u g g e s t s  t h e  u s e  o f  a u s t e n i t i c  s t e e l s  a t  
l e a s t  f o r  t h e  f i r s t  g e n e r a t i o n  of  power r e a c t o r s .  However, due  
t o  t h e  h i g h  he l ium p roduc t i on  r a t e s ,  t h e  p u l s e d  n a t u r e  o f  most 
v i a b l e  r e a c t o r  concep t s ,  and t h e  ex t reme r e l i a b i l i t y  t h a t  w i l l  
b e  demanded on t h e  r e a c t o r  components w i t h  r e s p e c t  t o  vacuum 
l e a k s  and d imens iona l  s t a b i l i t y ,  it i s  now wide ly  accep t ed  t h a t  
most o f  t h e  r e a c t o r  components w i l l  n o t  l a s t  t h e  l i f e t i m e  o f  
t h e  power p l a n t .  The n e c e s s i t y  t o  q u i c k l y  r e p l a c e  damaged 
components i n  a  v e r y  h i g h  r a d i a t i o n  environment  w i l l  p u t  a  
s e v e r e  s t r a i n  on t h e  d e s i g n  o f  a  f u s i o n  power p l a n t .  

Both f i s s i o n  and f u s i o n  s t r u c t u r a l  components and f u e l s  
s h a r e  some of  t h e  same i n t r i n s i c  rad ia t ion-damage  problems.  
Void s w e l l i n g  i n  m e t a l s  i s  p robab ly  more impor t an t  i n  LMFBR 
because  of  t h e  c l o s e  t o l e r a n c e s  f o r  c o o l a n t  f l ow ,  b u t  high-  
t e m p e r a t u r e  he l ium e m b r i t t l e m e n t  w i l l  d e f i n i t e l y  be  a  g r e a t e r  
problem f o r  D-T f u s i o n  r e a c t o r s  t h a n  f o r  f i s s i o n  because  of  t h e  
h i g h e r  energy  neu t ron  spectrum. I r r a d i a t i o n  c r e e p  w i l l  p rove  
t o  be a  major  problem i n  b o t h  t y p e s  o f  r e a c t o r s  because  o f :  
( a )  h i g h  d i sp l acemen t  r a t e s  i n  t h e  LMFBR, and ( b )  t h e  h i g h  
t h e r m a l  stresses i n  a  f u s i o n  r e a c t o r .  F a t i g u e  i s  l i k e l y  t o  be 
more s e v e r e  i n  f u s i o n  r e a c t o r s ,  e s p e c i a l l y  i n  i n e r t i a l l y  con- 
f i n e d  sys tems .  

Sugges t i ons  have been made t o  u se  a l l o y s  o t h e r  t h a n  t h e  
a u s t e n i t i c  s teels i n  f u s i o n  r e a c t o r s ,  main ly  f o r  t h e  purpose  o f  
r educ ing  t h e  r a d i a t i o n  l e v e l s  i n  t h e  was t e s .  However, e s s en -  
t i a l l y  a l l  o f  t h e  proposed a l l o y s  s u f f e r  from one o r  more 
s e r i o u s  d e f i c i e n c i e s  i n  t h e  f u s i o n  r e a c t o r  env i ronment .  Alu- 
minum a l l o y s  a r e  s u b j e c t  t o  even more modest t empe ra tu r e s .  
The r e f r a c t o r y  m e t a l s  Nb and V o f f e r  h i g h e r  t empe ra tu r e  o p e r a t i o n  
w i t h  less i r r a d i a t i o n  induced e m b r i t t l e m e n t ,  b u t  t h e y  a r e  e x t r e -  
mely s u s c e p t i b l e  t o  pick-up of  i n t e r s t i t i a l  i m p u r i t y  a toms,  
which a l s o  c a u s e s  e m b r i t t l e m e n t ,  and t h e y  s u f f e r  from a  l a c k  of  
a  commercial  i n d u s t r y  t o  supp ly  a  mature  f u s i o n  economy. 
Molybdenum a l l o y s  a r e  p robab ly  t h e  b e s t  s u i t e d  of  t h e  r e f r a c t o r y  
m e t a l s  b u t  r e q u i r e  major  advances i n  j o i n i n g  of l a r g e - s c a l e  
r e a c t o r  components. For  t h e s e  and o t h e r  r e a s o n s ,  it i s  of  
d e b a t a b l e  v a l i d i t y  t o  compare f u s i o n - r e a c t o r  sys tems  based  on 
t h e s e  u n t e s t e d  and i l l - u n d e r s t o o d  m a t e r i a l s  t o  workable  LmBR 
r e a c t o r s .  For  t h e  f o r e s e e a b l e  f u t u r e ,  f u s i o n  r e a c t o r s  based 
on a u s t e n i t i c  s teels w i l l  p robab ly  be  t h e  s t a n d a r d .  



Because of the low power density in the blankets of all 
fusion reactors (not just the TOKAMAK), the nuclear-island 
requirement for materials is likely to range from 10 to 40 t/ 
MW(e) of steel versus 3 t/MW(e) in fission breeder reactors. 
In addition, the replacement of damaged structural components 
may range from 0.1 to 0.5 t/MW(e).yr of steel for fusion, com- 
pared to 0.06 t/MW(e)'yr for fission breeder reactors. These 
large material resource requirements for sometimes rather scarce 
materials will certainly be a greater problem in a fusion 
economy than in a fission economy. Careful attention will have 
to be paid to methods of reducing those requirements for fusion, 
or they could prove to be the limiting factor to the amount of 
energy that can be produced by fusion, despite essentially 
unlimited fuel resources. For example, one material which has 
been proposed for fusion reactors utilizing solid breeder 
blankets is beryllium. If this element is required, the 
ultimate amount of fusion generating capacity that can be built 
could be limited to as little as a few TW(e), and the electricity 
generated to a few hundred TW(e).yr. (Total world generating 
capacity in 1976 is around 1.5 TW(e), and annual use around 
0.8 TW(e)-yr.) 

We conclude that materials problems are much more diverse 
and severe in fusion reactors than in fission reactors. With- 
out intensive long-range development programs it is possible 
that fusion may never transcend the engineering feasibility 
phase into a commercial regime. 
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X .  WHAT WOULD BE REQUIRED FOR COMMERCIALIZATION? 

PROGRAMS, TIMING, AND FUNDING 

W .  H a f e l e ,  G. Kessler, G.L. K u l c i n s k i  

1 .  FAST BREEDERS--THE DEVELOPMENT OF THE ENTIRE FAST BREEDER 

SYSTEM 

Timing and f u n d i n g ,  a s  w e l l  a s  t h e  c o n s t r u c t i o n  and o p e r a -  
t i c n  o f  t e s t  f a c i l i t i e s  f o r  a c h i e v i n g  s c i e n t i f i c ,  e n g i n e e r i n g ,  
a n d ,  e v e n t u a l l y ,  commercia l  f e a s i b i l i t y  a r e  t h e  main e l e m e n t s  
o f  a development  s t r a t e g y  f o r  a new e n e r g y  s y s t e m  s u c h  a s  t h e  
. f a s t  b r e e d e r .  The t a r g e t  d a t e s  f o r  e n t e r i n g  commercia l  f e a s i -  
b i l i t y  may d i f f e r  f o r  v a r i o u s  c o u n t r i e s ,  b e c a u s e  t h e y  depend 
on t h e  d i f f e r e n t  e n e r g y  r e s o u r c e s  a v a i l a b l e  t o  them,  and t h e y  
must  d e c i d e  f o r  t h e m s e l v e s  how t o  u s e  t h e s e  r e s o u r c e s  d u r i n g  
t h e  n e x t  d e c a d e s .  F o r  example ,  t h e r e  seems t o  be  a c l e a r - c u t  
d i f f e r e n c e  between Western European c o u n t r i e s  and J a p a n  on t h e  
o n e  hand ,  which have a l m o s t  n o  o i l  o r  uranium o r e s  o f  t h e i r  
own, and t h e  USA and  t h e  USSR on t h e  o t h e r ,  which d o  have 
t h e i r  own c o a l ,  o i l ,  and uranium r e s o u r c e s .  

D e s p i t e  s u c h  d i f f e r e n t  a s p e c t s ,  however,  t h e r e  seems t o  b e  
t h e  unanimous v iew o f  a l l  c o u n t r i e s  i n  which f a s t - b r e e d e r  re- 
a c t o r s  a r e  d e v e l o p e d  t h a t  t h e  l i q u i d  m e t a l  f a s t  b r e e d e r  r e a c t o r  
(LMFBR) s y s t e m  s h o u l d  e n t e r  i t s  commercia l  p h a s e  between 1990 
and 2000. The rest o f  t h e  f u e l  c y c l e  i s  e x p e c t e d  t o  f o l l o w  
w i t h  a d e l a y  o f  10 t o  15 y e a r s .  T h i s  h a s  been r e c o n f i r m e d  i n  
r e c e n t  US [X-l]  and European s t u d i e s  [X-2 t o  X-41. 

With t h i s  t a r g e t  d a t e  o f  1990 t o  2000 i n  mind, we now d i s -  
c u s s  F i g u r e  X-1, which g i v e s  t h e  t i m i n g  and c o n s t r u c t i o n  o f  b o t h  
tes t  f a c i l i t i e s  and power r e a c t o r s  f rom t h e  e a r l y  b e g i n n i n g  i n  
1944. I n  d o i n g  s o ,  we must  c o v e r  t h e  whole f u e l  c y c l e  o f  f a s t -  
b r e e d e r  s y s t e m s  and ,  c o n s e q u e n t l y ,  c o n s i d e r  t h e  f o l l o w i n g  f i e l d s  
o f  r e s e a r c h  and development :  

- f a s t  r e a c t o r  p h y s i c s ;  

- f a s t  r e a c t o r  s a f e t y ;  

- sodium-component t e c h n o l o g y  ; 

- p o w e r - r e a c t o r  development ;  





- materials development; 

- fuel fabrication; 

- reprocessing; 

- waste disposal. 

The principle of breeding was already recognized in the 
very beginning of nuclear reactor development. As early as 
in 1944 [X-51, E. Fermi and W.H. Zinn began to design a fast- 
breeder concept. Then (see Figure X-11, small physics and 
reactor test facilities were built (EBR-I, BR-5, and ZPR-111) 
to demonstrate the principles of fast-reactor physics and liquid- 
metal cooling. This demonstration phase for the scientific 
feasibility of fission breeding lasted for roughly 15 years, 
that is, until 1960. It was described in more detail in Chapter 
111. 

Originally it was hoped to go on to power reactors by 
essentially one step. One must remember: In the mid-fifties, 
the normal commercial power station was not very large, it was 
only around 100 MW(e) . It therefore seemed to make sense to 
head for the EBR-I1 and the Enrico Fermi fast-breeder reactor 
(EFFBR) in the US, and for the DFR in the UK. One must also 
recall that, under W. Cisler, foresighted utility groups were 
engaged in the construction and operation of the EFFBR. Their 
approach was also based on metallic fuel elements. The aware- 
ness of the limitations of that fuel concept coincided with the 
awareness of the rapidly growing unit sizes for commercial power 
stations. This led to the second generation of fast breeders. 
These fast reactors from the fifties and early sixties still 
exist and are now considered to be small. They were then used 
as test facilities and often converted to mixed oxides or 
carbide fuels. In this context, the early pioneering work of 
the Soviet BR-5 reactor must be mentioned. After early changes 
the French RAPSODIE reactor started right away with mixed 
oxides as fuel, and then followed the versatile test reactor 
BOR 60 in the USSR. The German/Belgian/Dutch program did not 
have such an experimental facility. But its participation 
in the multinational SEFOR project and operation of the liquid- 
metal-cooled thermal reactor KNK, which later was converted into 
the fast reactor KNK 11, made up for that deficiency of the 
program. Significantly enough, it was felt necessary even with 
the Japanese program, which started much later, to build the 
Japanese JOY0 reactor, an experimental reactor of that class. 

For all fast-reactor groups of the world, the next target 
was then the design, construction, and operation of prototype 
reactors of the 300 MW(e) class. This required a broadening 
and sophistication of the various programs. 

A number of zero-power physics test facilities were built 
(VERA, ZPR-VI, ZPR-IX, MASURCA, SNEAK, ZPPR, and FCA) for the 
further investigation of fast-neutron physics such as critica- 
lity effects and the sodium-void and Doppler phenomena, as 



w e l l  a s  f o r  t h e  measurement of  c r o s s - s e c t i o n s  and b r e e d i n g  r a t i o s .  
Each c o u n t r y  d e c i d e d  t o  b u i l d  a  zero-power test  f a c i l i t y  o f  i t s  
own. T h i s  was accompanied by t h e  development  o f  r e l a t e d  l a r g e -  
s c a l e  s o f t w a r e  s u c h  a s  computer programs and c r o s s - s e c t i o n  s e t s ,  
which were needed f o r  t h e  l a t e r  d e s i g n  o f  300 MW(e) p l a n t s .  

A s p e c i a l  c a s e  was t h e  SEFOR p r o j e c t .  The German/Belgian/ 
Dutch f a s t - b r e e d e r  p r o j e c t ,  i n  i t s  a s s o c i a t i o n  w i t h  EURATOM, 
j o i n e d  f o r c e s  w i t h  t h e  US Genera l  E l e c t r i c ,  17 u t i l i t y  companies 
known a s  t h e  South-West Atomic Energy A s s o c i a t e s  (SAEA), and t h e  
fo rmer  USAEC. The o b j e c t i v e  o f  t h a t  program was t o  measure 
t h e  Doppler  c o e f f i c i e n t  a s  a  p r i n c i p a l  s a f e t y  f e a t u r e  of  f a s t -  
b r e e d e r  r e a c t o r s  o f  t h e  second g e n e r a t i o n  under  o p e r a t i n g  con- 
d i t i o n s  o f  a  power r e a c t o r .  But t h e  o b j e c t i v e  meant more. I t  
was g e a r e d  n o t  o n l y  t o  t h i s  measurement b u t  a l s o  t o  t h e  demon- 
s t r a t i o n  o f  t h e  s a f e t y  f e a t u r e ,  and t o  t h e  e x p e r i e n c e  of  re- 
l a t e d  l i c e n s i n g  p r o c e d u r e s .  The SEFOR program was s u c c e s s -  
f u l l y  completed i n  1971 (see C h a p t e r s  111.1 and V I I .  1 ) .  

While t h e  f i r s t  power r e a c t o r s  (EBR-11, RAPSODIE, e tc . )  
had been b u i l t  w i t h o u t  p r i o r  m a t e r i a l  t es t  programs,  it soon 
t u r n e d  o u t  t h a t  t h e  f a s t - n e u t r o n  i r r a d i a t i o n  and h i g h  n e u t r o n  
f l u e n c e s  o f  t h e  e n v i s a g e d  second-genera t ion  p r o t o t y p e  r e a c t o r s  
r e q u i r e d  s p e c i a l  m a t e r i a l  t e s t i n g  and development .  T h i s  was 
somehow accompl i shed  i n  t h e  power r e a c t o r s  o f  t h e  f i r s t  gene- 
r a t i o n ,  which t h e n  were c o n v e r t e d  i n t o  t es t  f a c i l i t i e s  f o r  
Pu2/U02 f u e l ,  c o r e - s t r u c t u r a l  s teel  and a b s o r b e r  m a t e r i a l .  
Know-how f o r  Pu02/U02 f u e l  f a b r i c a t i o n  was t o  some e x t e n t  
t a k e n  o v e r  f rom LWR t e c h n o l o g y .  Reprocess ing  RED work f o r  
Pu02/U02 f u e l  was done i n  v e r y  s m a l l  l a b o r a t o r y  f a c i l i t i e s .  
The l a s t  s t e p  towards  d e m o n s t r a t i o n  o f  t h e  t e c h n o l o g i c a l  
f e a s i b i l i t y ,  c o n s t r u c t i o n ,  and o p e r a t i o n  o f  t h e  300 M W ( e )  
c l a s s  of  fas t -power  b r e e d e r  r e a c t o r s ,  c o u l d  o n l y  be t a k e n  
a f t e r  s u f f i c i e n t  e x p e r i e n c e  w i t h  f u e l - e l e m e n t  i r r a d i a t i o n .  
The RAPSODIE i r r a d i a t i o n  e x p e r i e n c e  i n  France  i s  one example.  
Before  t h e  c o r e  o f  PHENIX went i n t o  o p e r a t i o n ,  a b o u t  20,000 
f u e l  p i n s  were i r r a d i a t e d  t o  maximum burn-ups o f  a b o u t  15 
p e r  c e n t .  There  were s i m i l a r  r e q u i r e m e n t s  i n  o t h e r  c o u n t r i e s .  
While it was p o s s i b l e  t o  i n v e s t i g a t e  t h e  p h y s i c s  problems w i t h  
t h e  zero-power tes t  f a c i l i t i e s  o f  t h e  m i d - s i x t i e s ,  l i c e n s i n g  
d i s c u s s i o n s  o f  t h e  300 MW(e) p l a n t s  l e d  t o  numerous ou t -o f -  
p i l e  tes t  l o o p s  f o r  t h e  i n v e s t i g a t i o n  of  sodium b o i l i n g ,  sodium 
f u e l  i n t e r a c t i o n ,  a e r o s o l  b e h a v i o r  i n  c o n t a i n m e n t s ,  i n c o r e  
i n s t r u m e n t a t i o n ,  e t c .  I n  a d d i t i o n ,  i n - p i l e  programs i n  
t r a n s i e n t  t es t  r e a c t o r s  l i k e  TREAT and CABRI had t o  b e  i n i -  
t i a t e d .  The t r e n d  t o  r e q u e s t  p r o o f i n g  e x p e r i m e n t s  f o r  li- 
c e n s i n g  p u r p o s e s  h a s  been expanding  e v e r  s i n c e .  

For  t h e  d e s i g n  and c o n s t r u c t i o n  o f  f a s t - b r e e d e r  r e a c t o r s  
of  t h e  300 M W ( e )  c l a s s ,  it was n e c e s s a r y  t o  engage i n d u s t r i a l  
g r o u p s .  Large sodium-component tes t  f a c i l i t i e s  f o r  pumps, 
h e a t  e x c h a n g e r s ,  and s team g e n e r a t o r s  w e r e  needed and t e s t e d  
p r i o r  t o  t h e i r  o p e r a t i o n  w i t h i n  a  300 M W ( e )  p l a n t .  T h e i r  
s i z e  i s  w e l l  w i t h i n  t h e  r a n g e  o f  e a r l i e r  power s t a t i o n s ,  
namely around 30 t o  70 MW(th) . 



The funds  r e q u i r e d  up t o  t h e  end o f  t h i s  s t e p ,  i n c l u d i n g  
t h e  s t a r t  o f  o p e r a t i o n  o f  a  300 M W ( e )  p l a n t ,  a r e  e s t i m a t e d  t o  
be r o u g h l y  $ 1.8 l o 9  f o r  t h e  German/Belgian/Dutch f a s t - b r e e d e r  
p r o j e c t  [X-61. The c o s t s  o f  t h e  US LMFBR p r o j e c t  a c t i v i t i e s  
u n t i l  commissioning of  t h e  350 M W ( e )  c l i n c h  R i v e r  b r e e d e r  
r e a c t o r  (CRBR) a r e  e s t i m a t e d  t o  be up t o  $ 7  l o 9  [X-7, and X-81. 
C o s t s  o f  t h e  o t h e r  LMFBR programs may r a n g e  i n  between. The 
h i g h e r  c o s t s  o f  t h e  US LMFBR p r o j e c t  a r e  main ly  due t o  i t s  
e x t e n d e d  t i m e  s c h e d u l e  ( e a r l y  s t a r t ,  l a t e  t a r g e t  d a t e s ,  e .g .  
f o r  t h e  o p e r a t i o n  o f  t h e  CRBR) and i t s  broad  b a s i s  t h a t  In -  
c l u d e s  numerous t es t  f a c i l i t i e s  and programs.  

While F r a n c e  and t h e  UK a r e  p r e p a r i n g  f o r  t h e  l a s t  s t e p  up 
t o  a  1200 o r  1500 M W ( e )  LMFBR p l a n t ,  t h e  USSR i s  c o n t i n u i n g  
w i t h  a n o t h e r  i n t e r m e d i a t e  s t e p ,  t h e  RN 600. C o n s t r u c t i o n  o f  
t h e  SUPERPHENIX p l a n t  i n  F r a n c e  i s  s c h e d u l e d  t o  b e g i n  a t  t h e  end 
o f  1976. N e w  component tes t  f a c i l i t i e s  a r e  p lanned  f o r  t h i s  
s t e p ,  s i n c e  t h e  e x t r a p o l a t i o n  f a c t o r  f o r  i t s  power o u t p u t  i s  
a b o u t  f i v e  a s  compared t o  PHENIX. The p h y s i c s  and s a f e t y  
q u e s t i o n s  a r e  supposed t o  be covered  by e x p e r i m e n t a l  programs 
under  way i n  a l r e a d y  e x i s t i n g  f a c i l i t i e s .  

Wi th in  t h e  n e x t  two d e c a d e s  t h e  rest of  t h e  f u e l  c y c l e  
h a s  t o  b e  deve loped  f u r t h e r .  Today a l l  f a s t - r e a c t o r  p ro-  
j e c t s  have  s m a l l  f u e l - f a b r i c a t i o n  l i n e s  f o r  P U O ~ / U O ~  mixed- 
o x i d e  f u e l .  I n  F r a n c e ,  t h e  p r e s e n t  s m a l l  f u e l - f a b r i c a t i o n  
l i n e  f o r  PHENIX w i l l  be  expanded t o  p roduce  f u e l  f o r  t h e  1200 
M W ( e )  SUPERPHENIX p l a n t .  T h i s  f u e l - f a b r i c a t i o n  p l a n t  w i l l  
s e r v e  t o  produce up t o  20 t o f  mixed-oxide f u e l  p e r  y e a r ,  
s t a r t i n g  i n  1979/80. I n  t h e  U K ,  t h e  f u e l - f a b r i c a t i o n  
p l a n t  f o r  t h e  250 M W ( e )  PFR h a s  an  a n n u a l  p r o d u c t i o n  c a p a c i t y  
o f  f i v e  t o  t e n  t o n s  o f  mixed-oxide f u e l .  I n  t h e  US, f a b r i c a t i o n  
l i n e s  f o r  f a s t - b r e e d e r  f u e l  o f  a b o u t  f i v e  t o n s  p e r  y e a r  a r e  
a v a i l a b l e .  S i m i l a r  c a p a c i t i e s  e x i s t  i n  t h e  FRG, Belgium, and 
Japan .  

These f a b r i c a t i o n  l i n e s  of 5  t o  20 t p e r  y e a r  w i l l  be  
c a p a b l e  o f  p roduc ing  t h e  f u e l  f o r  t h e  r u s t  1 2 0 0  M W ( e )  p l a n t .  
As soon a s  more o f  t h e s e  1200 MW(e) u n i t s  a r e  b e i n g  b u i l t  be.- 
tween 1980 and 1990, t n e  f u e l  f a b r i c a t i o n  l i n e s  w i l l  have t o  b e  
expanded. As a  r u l e ,  it c a n  b e  assumed t h a t  a  1000 M W ( e )  p l a n t  
needs  30 t o f  Pu02/U02 c o r e  f u e l  e v e r y  2  t o  2 .5  y e a r s ,  which 
l e a d s  t o  a  f a s t - f u e l  f a b r i c a t i o n  c a p a c i t y  o f  12 t o  15 t p e r  
GW(e) -yr .  I n  a d d i t i o n ,  15 t o  20 t o f  U 0 2  p e r  GW(e) 'yr  w i l l  b e  
needed f o r  t h e  a x i a l  and r a d i a l  b l a n k e t s .  D e c i s i o n s  on c a r b i d e -  
f u e l  f a b r i c a t i o n  l i n e s  w i l l  n o t  be  t a k e n  b e f o r e  1985 t o  1995. 
I f  t h e  d e c i s i o n  i s  p o s i t i v e ,  f a b r i c a t i o n  l i n e s  w i t h  p l a n t  
c a p a c i t i e s  s i m i l a r  t o  t h o s e  f o r  t h e  o x i d e - b r e e d e r  f u e l  w i l l  
have t o  b e  b u i l t  ( t h e  d e l a y  t i m e  o f  c a r b i d e  f u e l  a s  compared 
t o  t h a t  o f  o x i d e - b r e e d e r  f u e l  i s  a b o u t  15 t o  20 y e a r s ) .  

B r e e d e r - f u e l  r e p r o c e s s i n g  p l a n t s  w i t h  v e r y  s m a l l  c a p a b i l i -  
t i es  w i l l  g o  i n t o  o p e r a t i o n  i n  t h e  UK and France  w i t h i n  t h e  
n e x t  few y e a r s .  For  1977/78, t h e  UK p l a n s  t o  beg in  o p e r a t i o n  
o f  a  p r o t o t y p e  r e p r o c e s s i n g  p l a n t  f o r  f a s t - r e a c t o r  f u e l  a t  t h e  



s i t e  o f  t h e  250 M W ( e )  PFR r e a c t o r  a t  Dounreay. The p l a n t  
w i l l  have  a  c a p a c i t y  o f  a b o u t  t e n  t o n s  p e r  y e a r .  C o o l i n g  
t i m e s  f o r  b r e e d e r  f u e l  w i l l  be  180 t o  200 d a y s  a f t e r  d i s c h a r g e  
f rom t h e  r e a c t o r ,  b e f o r e  r e p r o c e s s i n g  c a n  s t a r t .  S t o r a g e  capa-  
c i t i e s  f o r  c o o l i n g  must  t h e n  b e  made a v a i l a b l e .  I n  F r a n c e  a  
s i m i l a r  ( v e r y  s m a l l )  r e p r o c e s s i n g  p l a n t  o f  a b o u t  f i v e  t o  t e n  
t o n s  p e r  y e a r  i s  i n  o p e r a t i o n  a t  Marcoule .  I n  a d d i t i o n ,  t h e  
French  i n t e n d  t o  u s e  t h e i r  LWB r e p r o c e s s i n g  p l a n t  i n  La Hague 
w i t h  800 t p e r  y e a r  f o r  some b r e e d e r - f u e l  r e p r o c e s s i n g  i n  a n  
i n t e r m e d i a t e  phase .  

Both t h e  U K  and F r a n c e  p l a n  t h e  c o n s t r u c t i o n  o f  a  commer- 
c i a l - s i z e  r e p r o c e s s i n g  p l a n t  around 1990 t h a t  i s  l a r g e  enough 
t o  h a n d l e  t h e  b r e e d e r  f u e l  f rom 10 t o  15  l a r g e - s i z e  f a s t - b r e e -  
d e r  p l a n t s .  With t h e  assumpt ion  t h a t  20 t p e r  y e a r  o f  c o r e  and 
b l a n k e t  f u e l  a r e  d i s c h a r g e d  p e r  G W ( e ) - y r ,  t h e s e  p l a n t s  would 
have  a  c a p a c i t y  o f  300 t p e r  y e a r .  I f  t h e  p r e s e n t  f a s t - b r e e d e r  
deve lopment  p l a n  c a n  be  r e a l i z e d ,  such  p l a n t s  o f  300 t p e r  
y e a r  would be  needed between t h e  y e a r s  1995 and  2000. 

The d i s p o s a l  of  h i g h l y  a c t i v e  and medium-level w a s t e  w i l l  
n o t  become a  problem f o r  f a s t  b r e e d e r s  b e f o r e  1990 u n t i l  t h e  
i n s t a l l a t i o n  of  f a s t - b r e e d e r  p l a n t s  t o t a l  a  power o f  some 10 
G W ( e ) .  The LMFBR s y s t e m  can  t h e n  t a k e  a d v a n t a g e  o f  t h e  methods 
and t e c h n i q u e s  deve loped  f o r  LWR f u e l  w a s t e s .  

A t  p r e s e n t ,  d i s c u s s i o n s ,  m a i n l y  i n  t h e  US, c e n t e r  around 
t h e  s p e c u l a t i o n  t h a t  t h e  l i c e n s i n g  o f  t h e  f i r s t - o f - i t s - k i n d  
1200 M W ( e )  LMFBR m i g h t  r e q u i r e  a  number o f  l a r g e - s c a l e  s a f e t y  
tests. T h e r e f o r e ,  p l a n s  f o r  t h e  c o n s t r u c t i o n  o f  a  s a f e t y  r e a c -  
t o r  f a c i l i t y  (SAREF) a r e  b e i n g  d i s c u s s e d .  I n  t h e  US, m a t e r i a l s  
r e s e a r c h  i s  a l s o  f o l l o w i n g  on a  b road  s c a l e  i n  t h e  f a s t  f l u x  
t es t  f a c i l i t y  r e a c t o r  (FFTF),  whereas  t h e  European c o u n t r i e s  
r e l y  on i r r a d i a t i o n  tes ts  i n  t h e i r  f a s t  b r e e d e r s  o f  t h e  300 M W ( e )  
c l a s s .  

It  i s  d i f f i c u l t  t o  d e f i n e  t h e  b e g i n n i n g  o f  t h e  commercia l  
p h a s e  o f  LMFBRs. The f i r s t  1200 M W ( e )  t o  1500 M W ( e )  p l a n t s  w i l l  
s t i l l  r e q u i r e  a d d i t i o n a l  R&D and governmenta l  s u p p o r t  s i n c e  t h e y  
c a n n o t  be  b u i l t  and o p e r a t e d  on a  f u l l y  commercia l  b a s i s ,  com- 
p e t i n g  w i t h  commercia l  LWR p l a n t s  o f  t h e  same s i z e .  Only w i t h  
some d e l a y  (10  t o  20 y e a r s )  w i l l  it be  p o s s i b l e  t o  d e v e l o p  t h e  
rest  o f  t h e  f u e l  c y c l e  t o  t h e  same o r  an e q u i v a l e n t  s i z e .  T h i s  
i s  s o  b e c a u s e  s u f f i c i e n t  q u a n t i t i e s  o f  i r r a d i a t e d  f u e l  must  
p i l e  up b e f o r e  l a r g e - s c a l e  r e p r o c e s s i n g  p l a n t s  w i t h  t h r o u g h - p u t s  
o f  300 t p e r  y e a r s ,  and l a t e r  on 1500 t p e r  y e a r ,  c a n  o p e r a t e .  
It  i s  e s t i m a t e d  t h a t  a b o u t  $ 10 l o 9  ( i n  1975 d o l l a r s )  w i l l  be  
needed i n  t h e  US up  t o  o p e r a t i o n  of  t h e  f i r s t  p l a n t  o f  1200 M W ( e )  
t o  1500 MW (e)  ( F i g u r e  X-2) . T h i s  amount i m p l i e s  a  b road  R & D  
program l i k e  t h e  one t h a t  i s  b e i n g  performed and p lanned  i n  t h e  
US. T h i s  would i n c l u d e  t h e  FFTF, CRBR,  and p a r t  o f  t h e  f i r s t  
900 M W ( e )  t o  1500 MW(e) p l a n t  t o  be  b u i l t  a f t e r  1990 [X-8, and X-91 . 
But  it would n o t  i n c l u d e  t h e  d e v e l o ~ m e n t  o h a s e  u n t i l  t h e  f u e l  
c y c l e  i s  c l o s e d  and o p e r a t e d  on a  commercia l  b a s i s .  



Figu re  X-2: Cumulative T o t a l  Cost  P r o j e c t i o n  of  t h e  US LMFBR 
Program 

2. SOME PROBLEMS OF NUCLEAR ENERGY PENETRATION 

(A.M. Be los to t sky )  

A s  was mentioned e a r l i e r ,  e x c e p t  f o r  t h e  c o a l  o p t i o n ,  
b r eede r  and f u s i o n  t e c h n o l o g i e s  a r e  t h e  main means of t r a n -  
s i t i o n  from l i m i t e d  t o  un l imi t ed  energy  f o r  mankind. I n  d i s -  
c u s s i n g  t h e s e  two t e c h n o l o g i e s ,  we a r e  r e f e r r i n g  mainly t o  
t h e  product ion  of e l e c t r i c i t y .  Such an o r i e n t a t i o n  towards 
new t e c h n o l o g i e s ,  however, would n o t  e l i m i n a t e  a  f u t u r e  
s h o r t a g e  of conven t iona l  f u e l s  i n  t h e  world,  s i n c e  e l e c t r i -  
c i t y  does  n o t  cover  t h e  f u l l  demand f o r  energy.  

To i l l u s t r a t e  t h e  importance of e l e c t r i c i t y  i n  t h e  t o t a l  
p r e s e n t  energy  consumption, Tables  X - I  and X - I 1  a r e  g iven  which 
r e f e r  t o  t h e  S o v i e t  Union and t h e  United S t a t e s .  These t a b l e s  
show r a t h e r  low s h a r e s  of e l e c t r i c i t y  i n  t h e  t o t a l  energy  con- 
sumption i n  bo th  c a s e s :  18 and 25 p e r  c e n t  of pr imary energy 
a r e  used f o r  e l e c t r i c i t y  gene ra t ion ,  r e s p e c t i v e l y .  



T a b l e  X - I :  U t i l i z a t i o n  of Energy Resources  i n  t h e  USSR, 1970 
[X-101 
( 9 6 )  

Tab le  X - 1 1 :  US Consumption of Energy Resources  by Major 
Consumption S e c t o r s ,  1972 [X-111 
( 9 6 )  
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To make a  r e a l  t r a n s i t i o n  from f o s s i l  t o  n u c l e a r  e n e r g y ,  
it w i l l  be  n e c e s s a r y  t o  widen t h e  s p h e r e  i n  which n u c l e a r  
e n e r g y  i s  implemented, b roaden ing  it t o  i n c l u d e  new b r a n c h e s  
o f  t h e  economy. 

(1) E l e c t r i c i t y  G e n e r a t i o n  
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14 1 T r a n s p o r t  
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S e v e r a l  s t e p s  have been t a k e n  i n  t h e  S o v i e t  Union t o  i n -  
c l u d e  i n  p l a n s  f o r  f u t u r e  e n e r g y  development  t h e  u s e  of c e r -  
t a i n  amounts o f  secondary  energy  i n  t h e  form of  h e a t  f o r  i n -  
d u s t r i a l  and d o m e s t i c  u s e s  ( h e a t i n g  and warm w a t e r  s u p p l y )  
[X-121. A s  can  be s e e n  from Table  X - I ,  t h e  u s e  of n u c l e a r  
e n e r g y  t o  produce h e a t  f o r  secondary  p u r p o s e s  p e r m i t s  t o  i n -  
c r e a s e  t h e  t o t a l  n u c l e a r  e n e r g y  p r o d u c t i o n  by r o u g h l y  a  f a c t o r  
o f  two. 
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The economic reasons for this are not proportional, how- 
ever. But we shall put aside for now a number of details re- 
garding the commercial feasibility of producing heat from nu- 
clear energy, and producing electricity and heat at the same 
power plant (this strongly increases the economic efficiency 
of such a plant--some assessments of this problem are in [X-121). 

It should be noted that the total amount of heat available 
on the basis of nuclear fuel is less than mentioned, because the 
supply of small and separate consumers is probably not quite 
efficient. Nevertheless, the role of nuclear energy in the 
overall energy production will be much greater if it includes 
heat production. 

In the case of the Soviet Union, there are some additional 
advantages: Nuclear energy for heat production conserves oil 
fuels, and, moreover, the use of nuclear energy for electri- 
city production saves coal. As for the United States, there 
are probably not so many private consumers concentrated in 
one place, and the heating supply from centralized power plants 
would often not be efficient from an economic point of view. 

Another example of a multi-purpose installation is the 
BN 350 breeder-reactor power plant (see Chapter IV.1.2). 

The role of nuclear power plants, and especially of those 
with fast-breeder reactors, is not limited merely to the 
production of electrical eneryy and heat. They are also of 
interest for water desalination combined with heat and electri- 
city production. 

About 60 per cent of the earth's surface is dry, arid, or 
semiarid. In order to make these areas agriculturally pro- 
ductive and satisfy the demands of an increasing population, 
great quantities of freshwater will be needed. Yet in the 
meantime the world's supply of freshwater is decreasing as a 
result of high levels of consumption. A portion of man's 
water resources is irretrievably lost because of his agricul- 
tural activities. 

Water desalination is developing at an ever increasing 
rate, with an expanding number of desalination plants: In 
1962, the world-wide capacity was 75,000 m3/day, and in 1966, 
370,000 m3/day; toward the end of 1975, the hypothetical 
total capacity of all the world's desalination plants reached 
3.5 million m /day. 

In the Soviet Union, much experimental work is in progress, 
and many water-desalination methods are being studied. The 
most efficient and widely used desalination technique in the 
USSR is the distillation method. 



I t  is  p r e c i s e l y  t h i s  method t h a t  i s  a t  t h e  h e a r t  o f  t h e  
l a r g e  i n d u s t r i a l  d e s a l i n a t i o n  i n s t a l l a t i o n  i n  Shevchenko i n  
t h e  Trans-Caspian r e g i o n .  T h i s  p l a n t  may s e r v e  a s  a n  example 
o f  a  c e r t a i n  unexpected economic p r o f i t a b i l i t y  o f  combining 
t h e  e l e c t r i c i t y  p r o d u c t i o n  a t  n u c l e a r  power s t a t i o n s  w i t h  
w a t e r  d e s a l i n a t i o n .  I t  t u r n s  o u t  t h a t  n u c l e a r  p l a n t s  a r e  v e r y  
economica l  when o p e r a t i n g  a t  a  h i g h  and f i x e d  c a p a c i t y  and 
s i m u l t a n e o u s l y  p r o d u c i n g  e l e c t r i c i t y  and l a r g e  q u a n t i t i e s  of  
d e s a l i n a t e d  w a t e r .  T h i s  i s  b e i n g  done i n  Shevchenko. The 
t o t a l  o u t p u t  of  a l l  t h e  i n s t a l l a t i o n s ,  u s i n g  d i s t i l l a t i o n  by 
e v a p o r a t i o n ,  of  t h i s  p l a n t  i s  100,000 m3/day. I f  one  t a k e s  
t h e  a v e r a g e  d a i l y  e x p e n d i t u r e  o f  w a t e r  p e r  p e r s o n  t o  be 600 
l i t e r s  t h e n  t h e  o u t p u t  o f  t h i s  complex i s  s u f f i c i e n t  t o  
s u p p l y  a  c i t y  w i t h  160,000 i n h a b i t a n t s  ( n o t  t a k i n g  i n t o  a c c o u n t  
t h e  demands o f  i n d u s t r i a l  a c t i v i t i e s ) .  

A  dua l -purpose  n u c l e a r  p l a n t  c a n  o p e r a t e  w i t h  a  h i g h  l o a d  
c o e f f i c i e n t .  Here one may be v e r y  f l e x i b l e  i n  combining 
e l e c t r i c a l  and d e s a l i n a t i o n  o p e r a t i o n s .  At peak p e r i o d s ,  
t h e  f u l l  o u t p u t  o f  r e a c t o r - g e n e r a t e d  s team can  be d i r e c t e d  t o  
g e n e r a t e  e l e c t r i c i t y ,  whereas  f o r  p e r i o d s  when t h e  demand 
d r o p s ,  t h e  n u c l e a r  p l a n t  may d i r e c t  unneeded h e a t  t o  t h e  
d e s a l i n a t i o n  complex and c o l l e c t  t h e  r e s u l t i n g  f r e s h w a t e r  i n  
c l o s e d  o r  open r e s e r v o i r s .  

I n  v iew of  t h e  need f o r  f r e s h w a t e r  and i t s  growth ,  t h e  
economic a d v a n t a g e s  o f  dua l -purpose  n u c l e a r  p l a n t s  f o r  e lect r i -  
c i t y  p r o d u c t i o n  and w a t e r  d e s a l i n a t i o n  a r e  c l e a r l y  e v i d e n t .  

A l l  t h i s  makes t h e  problem o f  i n c r e a s i n g  t h e  u s e  o f  n u c l e a r  
p l a n t s  more complex and s p e c i f i c  f o r  d i f f e r e n t  r e g i o n s  and 
c o u n t r i e s .  On t h e  o t h e r  hand, much can  be done i n  t h e  s p h e r e  
o f  t h e  n a t i o n a l  economies  t o  p r e p a r e  them f o r  t h e  e n e r g y  
s u p p l y  p e c u l i a r i t i e s  o f  n u c l e a r  energy .  For  example,  most 
e n e r g y  consumption i n  t h e  S o v i e t  Union o c c u r s  i n  i t s  European 
r e g i o n s ,  whereas  t h e  c o u n t r y ' s  main e n e r g y  r e s o u r c e s  a r e  
s i t u a t e d  i n  S i b e r i a .  Because o f  t r a n s p o r t a t i o n ,  t h e  e n e r g y  
c o s t  i n  t h e  European r e g i o n s  i s  much h i g h e r  t h a n  i n  S i b e r i a .  
So t h e  l e a d i n g  economic p o l i c y  f o r  a  l o n g  t i m e  h a s  been t o  
b u i l d  i n d u s t r i a l  f a c i l i t i e s  i n  S i b e r i a  t h a t  a r e  r a t h e r  e n e r g y  
i n t e n s i v e .  Nuc lear  e n e r g y  w i l l  d e c r e a s e  t h e  e n e r g y  c o s t  i n  
t h e  European r e g i o n s  a s  compared t o  t h a t  i n  S i b e r i a ,  a l t h o u g h  
it c a n n o t  make them e q u a l .  Moreover,  it w i l l  change t h e  
o r i e n t a t i o n  o f  i n d u s t r i a l  b u i l d i n g  i n  S i b e r i a .  Thus r e a s o n s  
o t h e r  t h a n  e n e r g y  c o s t  w i l l  become most  i m p o r t a n t  i n  t h e  c h o i c e  
o f  how i n d u s t r i e s  a r e  t o  be d i s t r i b u t e d  t h r o u g h o u t  t h e  c o u n t r y .  

Changes i n  t h e  r e l a t i v e  c o s t s  o f  d i f f e r e n t  e n e r g y  r e s o u r c e s  
wil.1 a l s o  i n f l u e n c e  t h e  e f f i c i e n c y  o f  t h e i r  u s e  i n  v a r i o u s  
b r a n c h e s  o f  t h e  economy. 

So t h e  g l o b a l  d i r e c t i o n  o f  e n e r g y  growth i n v o l v e s  a  
t r a n s i t i o n  from c o n v e n t i o n a l  r e s o u r c e s  t o  n u c l e a r  e n e r g y  on 
t h e  b a s i s  o f  f i s s i o n  b r e e d e r s ,  w i t h  f u s i o n  r e a c t o r s  r e p r e s e n t i n g  
a  f u r t h e r  s t a g e  and t h e r m a l  r e a c t o r s  t h e  f i r s t  s t a g e  of  n u c l e a r  
e n e r g y  development .  



When i n v e s t i g a t i n g  t h e  development of nuc lea r  energy it 
i s  impor tant  t o  s tudy t h e  p e n e t r a t i o n  of second-stage nuc lea r  
t echno log ie s  i n t o  energy systems. I n  t h i s  connect ion  it i s  
u s e f u l  t o  mention t h e  fo l lowing a s p e c t s  of  t h e  problem. 

There a r e  d i f f e r e n t  p o i n t s  of view on Pu breeding  i n  f a s t  
r e a c t o r s .  Most USSR s c i e n t i s t s  b e l i e v e  t h a t  Pu breeding  i n  
o p e r a t i o n a l  f a s t  r e a c t o r s  must s a t i s f y  t h e  needs o f :  

(a) t h e  f i r s t  l oads  of new f a s t  r e a c t o r s  under c o n s t r u c t i o n ;  

[ b )  r e l o a d i n g  of f a s t  b r e e d e r s  i n  o p e r a t i o n ;  

(c) p a r t i a l  o r  even f u l l  s u b s t i t u t i o n  of U 2 3 5  i n  thermal  
r e a c t o r s .  

A. Alexandrov has  a s ses sed  (see Chapter  11) t h a t  under 
such c o n d i t i o n s  b reede r s  w i l l  have t o  double  t h e i r  f o u r  t o  s i x  
year  pe r iod  ( i . e .  e i g h t  yea r  p e r i o d ) ,  i n  o rde r  t o  double t h e  
t o t a l  e l e c t r i c a l  capac i ty* .  For a  good s t a r t ,  f a s t - b r e e d e r  
r e a c t o r s  w i l l  have t o  be supp l i ed  wi th  t h e  d e f i n i t e  q u a n t i t y  
of Pu t h a t  h a s  been s t o r e d  du r ing  t h e  o p e r a t i o n  of a  system of 
thermal  r e a c t o r s .  Also, it i s  p o s s i b l e  t o  s t o r e  Pu i n  some 
s p e c i a l  ways, f o r  example wi th  t h e  h e l p  of thermal  c o n v e r t e r s .  

For maximum Pu s t o r a g e  it is d e s i r a b l e  t o  use  a l l  r e a c t o r s  
w i th  maximum power p l a n t  f a c t o r s .  But p e c u l i a r i t i e s  of e l e c t r i -  
c a l  energy  demand make t h i s  imposs ib le .  Maximum e f f i c i e n c y  i n  
d i s t r i b u t i n g  r e a c t o r s  according  t o  t h e  power p l a n t  f a c t o r  i s  
ano the r  economic problem. 

A l l  t h i s  n e c e s s e t i t a t e s  a  d e f i n i t e  s t r a t e g y  f o r  r e a c t o r s ,  
nuc lea r  f u e l  supply and conse rva t ion ,  and r e a c t o r  use  i n  t h e  
power system. And a l l  t h e s e  problems very much i n f l u e n c e  t h e  
commercial f e a s i b i l i t y  of nuc lea r  energy;  t hey  must be ca re -  
f u l l y  i n v e s t i g a t e d  wi th  t h e  h e l p  of mathematical  models. Some 
s t e p s  i n  t h i s  d i r e c t i o n  have been t aken  a l r e a d y  [X-13 t o  X-161, 
b u t  g r e a t e r  e f f o r t s  must be made t o  s o l v e  t h e s e  problems, 
e s p e c i a l l y  w i th  r e s p e c t  t o  t h e  p e c u l i a r i t i e s  of t h e  develop- 
ment of nuc lea r  energy i n  d i f f e r e n t  c o u n t r i e s  (or  r e g i o n s ) .  

Nuclear f u e l  supply and t h e  nuc lea r  f u e l  c y c l e  add ano the r  
dimension t o  t h e  nuc lea r  energy economy. 

The c a p i t a l  inves tments  needed f o r  b u i l d i n g  a  nuc lea r  
f u e l  p l a n t  a r e  very  h igh  and, t h e r e f o r e ,  not  a v a i l a b l e  t o  
every  count ry  i n  t h e  world. Thus t h e  i n t e g r a t i o n  of d i f f e r e n t  
c o u n t r i e s  i n  developing  a  common nuc lea r - fue l  i n d u s t r y  seems 

* This  s t r a t e g y  is d i s t i n c t l y  d i f f e r e n t  from t h e  s t r a t e g y  i n  
Europe and t h e  US t h a t  has  evolved most r e c e n t l y .  By c o n t r a s t  
it c o n c e n t r a t e s  on t h e  use  of t h e  Pu t h a t  i s  conver ted  i n  p r e s e n t  
LWRs. The breeder  a c t s  l a r g e l y  a s  a  d i s p o s a l  system and, i n s t e a d  
of t h e  doubl ing  t imes ,  it i s  t h e  f i r s t  c o r e  inven to ry  which be- 
comes t h e  l ead ing  parameter .  



i n e v i t a b l e .  The economic g rounds  o f  s u c h  an i n t e g r a t i o n  s h o u l d  
be i n v e s t i g a t e d .  Due t o  t h e  h i g h  c o s t s  o f  n u c l e a r  f u e l  f a c i l i -  
t i e s ,  t h e  development  o f  t h e  n u c l e a r  f u e l  i n d u s t r y  depends  v e r y  
much on t h e  t i m i n g  o f  t h e  t r a n s i t i o n  from t h e r m a l  r e a c t o r s  t o  
b r e e d e r s .  T h i s  is  s o  because  o f  t h e  d i f f e r e n c e s  i n  f u e l  f a b r i -  
c a t i o n  t e c h n o l o g i e s  f o r  t h e r m a l  r e a c t o r s  and b r e e d e r s .  

A s  was ment ioned above,  b r e e d e r s  d o  n o t  need c e r t a i n  t e c h -  
n o l o g i c a l  p r o c e s s e s  t y p i c a l  o f  t h e r m a l  r e a c t o r s  such  a s  uranium 
e n r i c h m e n t ,  and t h e y  need some o f  t h e  o t h e r  p r o c e s s e s  i n  s m a l l e r  
q u a n t i t i e s  (mining of  o r e  and m i l l i n g ) .  So t h e  problem i s :  
How t o  d e v e l o p  t h e  n u c l e a r - f u e l  i n d u s t r y  w i t h  maximum e f f i c i e n c y  
d u r i n g  t h e  t r a n s i t i o n  p e r i o d  w h i l e  w a i t i n g  f o r  b r e e d e r s  ( o r  
even f u s i o n  r e a c t o r s )  ? 

D i f f i c u l t i e s  i n  s o l v i n g  a l l  t h e s e  problems a r e  r a p i d l y  
i n c r e a s i n g ,  e s p e c i a l l y  i n  view o f  t h e  f a c t  t h a t  d e c i s i o n s  must 
b e  t a k e n  under  g r e a t  u n c e r t a i n t y  a s  t o  t i m i n g ,  economy, r e s o u r -  
ces, l a b o r  and m a t e r i a l  n e e d s ,  and s o  on.  

3 .  FUSION REACTORS--THE FORMULATION OF A MASSIVE PROGRAM BEFORE 

THE EXACT CONFINEMENT CONFIGURATION HAS BEEN DETERMINED 

The p r e s e n t  s t a t e  o f  t h e  a r t  of  plasma p h y s i c s  and f u s i o n  
t e c h n o l o g y  d o e s  n o t  a l l o w  one t o  be t o o  d e t a i l e d  a b o u t  t h e  
per formance  of  a l l  t h e  n e c e s s a r y  f a c i l i t i e s  t h a t  w i l l  be  needed 
f o r  t h e  c o m m e r c i a l i z a t i o n  o f  f u s i o n .  However, w e  can  r e f l e c t  
on t h e  p r o g r e s s  made s i n c e  t h e  1950s ,  and s u g g e s t  t h e  minimum 
framework o f  tes t  f a c i l i t i e s  t h a t  would be r e q u i r e d  f o r  commer- 
c i a l i z a t i o n  d e c i s i o n s .  Such a  p l a n  f o r  t h e  TOKAMAK i s  i l l u s t r a t  
e d  s c h e m a t i c a l l y  i n  F i g u r e  X-3, and one c o u l d  c o n c e i v e  o f  a  
s i m i l a r  p l a n  f o r  M i r r o r s  o r  i n e r t i a l l y  c o n f i n e d  sys tems .  

I t  s h o u l d  be r e c o g n i z e d  t h a t ,  a l t h o u g h  t h e  s c e n a r i o  i n  
F i g u r e  X-3 i s  deve loped  o n l y  f o r  t h e  TOKAMAK, t h e r e  w i l l  b e ,  
and h a s  been,  c o n s i d e r a b l e  c o n t r i b u t i o n s  from t h e  o t h e r  l i n e s  
o f  plasma r e s e a r c h .  S i n c e  t h e  f i r s t  p r o p o s a l  o f  a  s t e l l a r a t o r  
i n  1951 [X-171, a  v a s t  amount o f  r e s e a r c h  h a s  been performed 
i n  t h e  a r e a  o f  c o n f i n i n g  and u n d e r s t a n d i n g  hydrogen p lasmas .  
A f t e r  a  g r e a t  d e a l  of  f r u s t r a t i o n  i n  t h e  1950s and e a r l y  1960s ,  
a  major  b r e a k t h r o u g h  was made by t h e  USSR i n  1963 i n  t h e  form 
o f '  a  new conf inement  d e v i c e  c a l l e d  a  TOKAMAK. A f t e r  some o r i -  
g i n a l  e x p e r i m e n t s  w i t h  a  d e v i c e  c a l l e d  TM-3, a  l a r g e  d e v i c e  
c a l l e d  T-3 was b u i l t ,  and i n  1968/69 t h e  r e s u l t s  f rom T-3 con- 
v i n c e d  t h e  world t h a t  t h e r e  was i n d e e d  some promise  i n  s u c h  a  
conf inement  scheme. T h i s  d e v i c e  was l a t e r  m o d i f i e d  and i s  now 
c a l l e d  T-Q. Very soon a f t e r  t h e  T-3 r e s u l t s ,  p h y s i c i s t s  a t  
t h e  P r i n c e t o n  Plasma P h y s i c s  L a b o r a t o r y  (PPPL) c o n v e r t e d  t h e  
Model C s t e l l a r a t o r  t o  t h e  ST-TOKAMAK, and i n  1970 confi rmed 
t h e  p o s i t i v e  r e s u l t s  o f  t h e  S o v i e t s .  
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The p e r i o d  o f  1970 t o  1975 saw a  g r e a t  d e a l  o f  a c t i v i t y  i n  
t h e  TOKAMAK a r e a  w i t h  t h e  c o n s t r u c t i o n  o f  l a r g e r  c i r c u l a r  p lasma 
d e v i c e s  i n  t h e  US (ORMAK, 1971; a d i a b a t i c  t o r o i d a l  compressor  
(ATC), 1972; ALCATOR, 1973, and t h e  P r i n c e t o n  l a r g e  t o r u s  (PLT), 
19751,  t h e  S o v i e t  Union (T-6, 1971; TO-2, 1972; and  T-10, 1 9 7 5 ) ,  
t h e  U n i t e d  Kingdom ( C l e o ,  1972; P e t u l a ,  1974;  and  DITE, 1 9 7 4 ) ,  
F r a n c e  (TFR, 19731, I t a l y  ( F r a s c a t i ,  19751, t h e  FRG ( P u l s a t o r ,  
19731, and J a p a n  (JFT-2, 1 9 7 2 ) .  The e f f e c t  o f  n o n - c i r c u l a r i t y  
was o r i g i n a l l y  t e s t e d  i n  IWUBLET-I1 a t  G e n e r a l  Atomics i n  t h e  
US a b o u t  1972. A l l  o f  t h e s e  d e v i c e s  a r e  aimed a t  t e s t i n g  t h e  
s c a l i n g  l a w s ,  i . e .  t h e  e f f e c t  o f  p lasma  s i z e  ( c u r r e n t )  on con- 
f i n e m e n t  t i m e ,  t h e  l i m i t s  o f  ohmic h e a t i n g  i n  r a i s i n g  t h e  plasma 
t e m p e r a t u r e ,  t h e  e f f e c t  o f  i m p u r i t i e s ,  e t c .  A u x i l i a r y  t echno-  
l o g i e s  have a l s o  been t e s t e d  on t h e s e  d e v i c e s ,  s u c h  a s  n e u t r a l  
beam o r  RF h e a t i n g  o f  p l a s m a s ,  f u e l i n g ,  f e e d b a c k  c o n t r o l ,  i m -  
p u r i t y  c o n t r o l ,  and a  l i m i t e d  amount o f  s u p e r c o n d u c t i n g  magnet 
d e s i g n .  

F u t u r e  major  US TOKAMAK hydrogen b u r n i n g  d e v i c e s  i n c l u d e  
t h e  DOUBLET-I11 (1977)  t o  t e s t  s c a l i n g  l aws  i n  n o n - c i r c u l a r  
s h a p e s ,  t h e  p o l o i d a l  d i v e r t o r  e x p e r i m e n t  (PDX) t o  t es t  methods 
o f  removing i m p u r i t i e s  f rom p l a s m a s  and t o  p r o t e c t  t h e  f i r s t  
w a l l  (1 977) , and  t h e  ISX (1 978)  t o  t e s t  v a r i o u s  non-dynamic 
means t o  r e d u c e  c o n t a m i n a t i o n .  The JT-60 i n  J a p a n  (1982)  w i l l  
a l s o  c o n t r i b u t e  t o  t h e  u n d e r s t a n d i n g  o f  plasma s c a l i n g  l aws  i n  
hydrogen p lasmas .  

The f i r s t  ma jor  D-T b u r n i n g  f a c i l i t i e s  a r e  s c h e d u l e d  f o r  
t h e  1981 t o  1984 p e r i o d .  The US TOKAMAK f u s i o n  t e s t  r e a c t o r  
(TFTR) i s  s c h e d u l e d  t o  o p e r a t e  i n  1981 and  w i l l  b e ,  i n  a d d i t i o n  
t o  h a v i n g  t h e  l a r g e s t  p lasma r a d i u s  and volume up t o  t h a t  t i m e ,  
a  m a j o r  tes t  on t h e  a b i l i t y  o f  a  p lasma  t o  have up t o  30 MW of  
power i n j e c t e d  i n t o  it w i t h o u t  i n t r o d u c i n g  any major  i n s t a b i l i -  
t i es .  T h i s  w i l l  n o t  be  a n  i g n i t i o n  d e v i c e ,  b u t  w i l l  o p e r a t e  i n  
t h e  "d r iven1 '  mode. The f i r s t  i g n i t i o n  d e v i c e  t o  b u r n  t r i t i u m  
w i l l  be  t h e  j o i n t  European t o r u s  (JET) s c h e d u l e d  f o r  o p e r a t i o n  
i n  1981. Nof o n l y  w i l l  t h i s  d e v i c e  tes t  p l a s m a s  w i t h  d i m e n s i o n s  
w i t h i n  a  f a c t o r  o f  two o r  t h r e e  o f  commercia l  d e v i c e s ,  b u t  it 
w i l l  a l s o  have t h e  a b i l i t y  t o  d o  s o  i n  n o n - c i r c u l a r  p lasmas .  
F i n a l l y ,  a n  even  b i g g e r  plasma volume ( a p p r o x i m a t e l y  400 m 3 )  
w i l l  be  t e s t e d  i n  t h e  Russ ian  T-20 i n  1984/85 w i t h  r o u g h l y  
50,000 D-T p u l s e s  p e r  y e a r .  R e l i a b i l i t y  a t  h i g h  r e p e t i t i o n  
rates w i l l  b e  one  o f  t h e  main o b j e c t i v e s  o f  t h i s  d e v i c e ,  i n  
a d d i t i o n  t o  a  m a j o r  t e s t  o f  p lasma  s c a l i n g  t o  near-commercia l  
r e a c t o r  s i z e .  A l l  o f  t h e  above d e v i c e s  w i l l  u s e  normal  ( c o p p e r )  
magne t s  . 

With some e x p e r i e n c e  on t h e  a p a r t i c l e  e f f e c t s  i n  D-T 
pl-asmas, t h e r e  w i l l  undoubted ly  b e  one o r  more d e v i c e s  r e q u i r e d  
t o  make t h e  f i n a l  s t e p  up t o  r e a c t o r g r a d e  ( s i z e )  p lasma w i t h  
s u p e r c o n d u c t i n g  magne t s ,  b e f o r e  power r e a c t o r s  a r e  a c t u a l l y  
b u i l t .  Such d e v i c e s  w i l l  occupy t h e  1985 t o  1990 t i m e  p e r i o d ,  
and b e  f o l l o w e d  by t h e  f i r s t  e x p e r i m e n t a l  power r e a c t o r s  (EPR) 
o f  t h e  e a r l y  1990s.  The EPRs would n o t  o n l y  b e  c o n f i r m a t i o n s  
o f  t h e  s c a l i n g  o f  p lasma-phys ics  l a w s ,  b u t  t h e y  would e x p e r i e n c e  



significant radiation damage, heat generation, probably have to 
produce a substantial fraction of the tritium they burn, and be 
coupled to an electrical power generating facility. Such reac- 
tors, while producing large amounts (several hundred thermal 
megawatts), probably would not do so on a net energy balance 
basis, and would not be required to demonstrate high plant 
factors. 

Once the major technology problems have been tested and 
demonstrated on the EPRs, the next series of reactors in the 
late 1990s would attempt to combine all of the features of a 
power reactor into one operating facility. These demonstration 
power reactors (DPR) will have to produce net power in the 
several hundred MW(e) range, produce more tritium than they 
consume, demonstrate high reliability and plant factors greater 
than 60 to 70 per cent and demonstrate that emission of radio- 
active effluents can be controlled and final disposal of radio- 
active blanket components can be safely achieved. This DPR 
does not have to be economic in a competitive sense, but it 
must demonstrate the ability to be economic in subsequent 
commercial power reactor (CPR) designs. The CPRs will probably 
operate no sooner than five to ten years after the first success- 
ful DPR (roughly 2005 to 2010). 

Turning to the auxiliary technologies that have to be de- 
veloped, we first observe that these facilities, in total, may 
even exceed the cost of the first EPRs. Let us consider a few 
unique technologies that must be developed further than their 
present status. 

Obviously, a great deal of work must be done to establish 
safe and effective handling of the tens of kg of tritium that 
may be present in a fusion reactor. There is a large body of 
knowledge that already exists from the various weapons programs 
around the world on breeding, extraction, and handling of 
tritium. This work started in the 1 9 5 0 ~ ~  and there are over 
20 years of experience to build on. In the mid to late 1 9 7 0 ~ ~  
several small scale studies in LWRs have been and will be initi- 
ated to test the specific behaviour of CTR breeding materials, 
and plans are now being laid for the 1984 operation of a large- 
scale tritium handling facility. The experience form TFTR, JET, 
and T-20 should combine with that from the LWR tests and the 
tritium facility to provide a sufficient base for T2 handling 
in EPRs. 

The material research required for the fusion program is 
probably the second most difficult problem (next to plasma 
physics) to solve before commercialization can be realized 
[X-18, and X-191. A certain amount of ground work for high temp- 
perature and high damage effects in steels has already been 
established from the fast-breeder program and selected irra- 
diations in light-water reacgors. On the other hand, very little 
has been done on the high-fluence testing of refractory metals 
in these facilities. A crude, but reasonably satisfactory 



t h e o r y  now e x i s t s  t o  e x p l a i n  h i g h - t e m p e r a t u r e  n e u t r o n  r a d i a t i o n  
damage i n  m e t a l s ,  b u t  v e r y  l i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  on 
t h e  e f f e c t s  of  h e l i u m  (see Chapte r  1x1,  o r  on t h e  d i m e n s i o n a l  
p r o p e r t i e s  o f  non-metals  l i k e  g r a p h i t e .  The e f f e c t s  of  damage 
r a t e  on one p r o p e r t y ,  v o i d  s w e l l i n g ,  i s  c u r r e n t l y  b e i n g  s t u d i e d  
by h igh-energy  heavy-ion bombardment, and t h i s  a c t i v i t y  w i l l  
p r o b a b l y  c o n t i n u e  f o r  many y e a r s  t o  come. 

The f i r s t  d a t a  on 14 MeV n e u t r o n  low f l u e n c e  ( l o w e r  t h a n  
10 l7 n/cm2 ) have evo lved  from t h e  r o t a t i n g  t a r g e t  n e u t r o n  s o u r c e  
(RTNS) a t  t h e  Lawrence Livermore L a b o r a t o r y ,  and a  h i g h e r - f l u x  de-  
v i c e  i s  now b e i n g  c o n s t r u c t e d .  T h i s  l a t t e r  d e v i c e  w i l l  be d e d i c a t e d  
t o  f u s i o n  m a t e r i a l s ,  and s h o u l d  a l l o w  a  s m a l l  number o f  m a t e r i a l s  t o  
b e  s t u d i e d  a t  f l u x e s  of  r o u g h l y  1013 14 MeV n e u t r o n s / c m 2 * s e c ,  b u t  
o n l y  on a  s m a l l  volume ( r o u g h l y  one t o  two c m 3 ) .  S i n c e  many d a t a  
p o i n t s  w i l l  be  r e q u i r e d  f o r  q u a l i f y i n g  f u s i o n  m a t e r i a l s ,  a  much 
l a r g e r  volume (and f l u x )  would be d e s i r a b l e .  Such a  d e v i c e  is  
c u r r e n t l y  b e i n g  p lanned  i n  t h e  US f o r  o p e r a t i o n  i n  1982; it  
i s  c a l l e d  t h e  h i g h  f l u x  n e u t r o n  s o u r c e  (HFNS), and u t i l i z e s  
t h e  D-Li r e a c t i o n .  A volume o f  a  p r o x i m a t e l y  100 cm3 w i l l  p ro -  
v i d e  a  f l u x  g r e a t e r  t h a n  lo1* n/cm7*sec o f  n e u t r o n s  w i t h  E  > 
10 MeV. T h i s  i s  e q u i v a l e n t  t o  r o u g h l y  2.5 M W / ~ '  o f  u n c o l l i d e d  
f l u x .  However, even t h e  HFNS w i l l  n o t  be  s u f f i c i e n t  t o  s u p p l y  
a l l  t h e  i n f o r m a t i o n  needed t o  b u i l d  a  DPR, and a  much l a r g e r  
volume f a c i l i t y  ( a p p r o x i m a t e l y  l o 6  cm3 of  h i g h - f l u x  zone)  w i l l  
be  r e q u i r e d .  P r o p o s a l s  f o r  s u c h  f a c i l i t i e s  have been made w i t h  
t h e  TOKAMAK e n g i n e e r i n g  t es t  r e a c t o r  (TETR) [X-201 and FERF 
[X-211 i n  t h e  US, s a t i s f y i n g  most of  t h e  g o a l s  f o r  t h i s  program 
and a l s o  p r o v i d i n g  v a l u a b l e  e n g i n e e r i n g  e x p e r i e n c e  f o r  t h e  
TOKAMAKs of  t h e  1990s. F i n a l l y ,  t h e r e  w i l l  p r o b a b l y  be a  need 
f o r  an  advanced m a t e r i a l s  tes t  f a c i l i t y  i n  t h e  1990s t o  o p t i m i z e  
a l l o y s  and o t h e r  s o l i d  m a t e r i a l s  ( b r e e d e r s ,  n - m u l t i p l i e r s )  f o r  
commercial  r e a c t o r s .  

The development  o f  S/C magnets f o r  t h e  f u s i o n  program h a s  
a  v e r y  s m a l l  b a s e  from which t o  s t a r t .  High f l u x  c o i l s  (>40  kg)  
have o n l y  been c o n s t r u c t e d  i n  one meter b o r e  up t o  1976. S i n c e  
10 m b o r e  c o i l s  w i l l  b e  needed f o r  EPR, and r o u g h l y  15 t o  20 m 
f o r  DPRs and commercial s y s t e m s ,  a  l a r g e  and ,  up t o  now non- 
e x i s t e n t ,  program needs  t o  be p u t  i n t o  p l a c e .  The f i r s t  s t e p  
towards  s u c h  a  development  i s  t h e  e s t a b l i s h m e n t  o f  t h e  t echno-  
l o g y  t e s t  assembly (TTA) t o  o p e r a t e  i n  1982. The g o a l  of  such  
a  f a c i l i t y  i s  t o  f a b r i c a t e  a p p r o x i m a t e l y  s i x  s u p e r c o n d u c t i n g  
c o i l s  of  5  m b o r e ,  which can be used t o  e x t r a p o l a t e  t o  t h e  EPR. 
There  w i l l  a l s o  b e  a  need t o  encourage  i n d u s t r y  t o  e s t a b l i s h  
t h e  c a p a b i l i t y  o f  p roduc ing  a p p r o x i m a t e l y  10 t o  20 m b o r e  magnets  
i n  t h e  1990 t o  2010 p e r i o d ,  and e v e n t u a l l y  s c a l e  up t o  a p p r o x i -  
m a t e l y  s e v e r a l  hundred s u c h  c o i l s  p e r  y e a r  a f t e r  2010. 

F i n a l l y ,  t h e r e  i s  a  h o s t  o f  s m a l l e r  b u t  v i t a l  t e c h n o l o g i e s  
t h a t  must be deve loped .  Plasma h e a t i n g  methods ( i . e .  n e u t r a l  
beams, RF h e a t i n g )  a r e  c u r r e n t l y  b e i n g  a d e q u a t e l y  s u p p o r t e d  
f o r  t h e  near-cerm d e v i c e s .  On t h e  o t h e r  hand,  f u e l i n g ,  which 
w i l l  b e  a b s o l u t e l y  e s s e n t i a l  f o r  t h e  power r e a c t o r s ,  h a s  n o t  
been a d e q u a t e l y  s u p p o r t e d ,  and much more work needs  t o  be done 



i n  t h a t  a r e a  o v e r  t h e  n e x t  t e n  y e a r s .  Energy t r a n s f e r  and 
s t o r a g e  a r e  c u r r e n t l y  b e i n g  s t u d i e d ,  b u t  a  much l a r g e r  e f f o r t  
i s  needed t o  e s t a b l i s h  t h e i r  commercial  f e a s i b i l i t y .  E v e n t u a l l y ,  
methods of  l o a d  l e v e l i n g  o f  power o u t p u t  w i l l  have t o  b e  
f o r m u l a t e d  and t e s t e d  b e f o r e  t h e  DPR can  o p e r a t e .  Waste d i s -  
p o s a l  t e c h n i q u e s ,  r a d i a t i o n  p r o t e c t i o n ,  and  l i q u i d  m e t a l s  
t e c h n o l o g y  f o r  f u s i o n  w i l l  be  l a r g e l y  deve loped  by t h e  f i s s i o n  
i n d u s t r y .  T h i s  work h a s  been ongoing f o r  r o u g h l y  10 t o  20 
y e a r s ,  and t n e  l i q u i d  m e t a l  t echnology  s h o u l d  b e  a  s i m p l e  ex-  
t e n s i o n  o f  t h e  r e c e n t  LMFBR work. However, a  d e c i s i o n  on t h e  
r e p r o c e s s i n g  and r e u s e  of  r a d i o a c t i v e  components w i l l  have t o  
b e  made towards  t h e  end of t h e  c e n t u r y  s o  t h a t  economic 
a s s e s s m e n t s  o f  m a t e r i a l s  r e s o u r c e s  ( s e e  Chapte r  I X )  c a n  b e  made. 

~ l l  of  t h e s e  programs w i l l  c o s t  a  g r e a t  d e a l  o f  money, and 
we h a v e  p l o t t e d  i n  F i g u r e  X-4 t h e  c u m u l a t i v e  e x p e n d i t u r e s  f o r  
f u s i o n  i n  t h e  US v e r s u s  t i m e  a s  p r o j e c t e d  by ERDA [ ~ - 2 2 1  . Note 
t h a t  f rom t h e  p r e s e n t  c u m u l a t i v e  v a l u e s  o f  1 .7  b i l l i o n  t o  t h e  
1 5  t o  20 b i l l i o n  ( i n  logic 1 x 1 )  i n  t h e  y e a r  2000 r e q u i r e s  a  
v i g o r o u s  e f f o r t ,  f a r  i n  e x c e s s  of  i t s  p r e s e n t  l e v e l  of  s u p p o r t .  
The e s t i m a t e  f o r  t h e  f i s s i o n  b r e e d e r  i s  a l s o  shown i n  F i g u r e  
X-4; it r e v e a l s  t h a t  t h e  f u s i o n  c o s t s  w i l l  b e  r o u g h l y  
comparable  t o  o r  s l i g h t l y  h i g h e r  t h a n  t h e  c o m m e r c i a l i z a t i o n  
c o s t  of  f i s s i o n  when t h e  a s s o c i a t e d  f u e l  r e p r o c e s s i n g  and 
s t o r a g e  f a c i l i t i e s  a r e  b u i l t .  A  f i n a l  word of  c a u t i o n  t o  t h e  
r e a d e r  i s  t h a t  F i g u r e s  X-3 and X-4 should  n o t  b e  c o n s t r u e d  a s  
s a y i n g  t h a t  f u s i o n  r e a c t o r s  c o u l d  fo r  sno111a) replzice  t h e  
LMFBR s i m p l y  b e c a u s e  t h e  s c h e d u l e s  a r e  c l o s e  and t h e  f u n d i n g  
comparable .  The e l e m e n t  o f  r i s k  i s  much h i g h e r  i n  f u s i o n  
b e c a u s e  o f  t h e  unknowns i n  plasma p h y s i c s  and m a t e r i a l s  p e r -  
formance.  A p r u d e n t  approach would b e  t o  d e v e l o p  b o t h  
t e c h n o l o g i e s  i n  p a r a l l e l ,  a t  l e a s t  up t o  t h e  y e a r  2000 b e f o r e  
making any long-term d e c i s i o n s .  

4. CONCLUSIONS 

I t  i s  e x p e c t e d  t h a t  it w i l l  t a k e  50 t o  60 y e a r s  t o  p a s s  
t h r o u g h  t h e  s c i e n t i f i c  and e n g i n e e r i n g  f e a s i b i l i t y  s t a g e s  be- 
f o r e  d e m o n s t r a t i n g  commercial f e a s i b i l i t y  o f  t h e  f a s t  b r e e d e r  
r e a c t o r  s t a r t i n g  f rom 1942. T h i s  i s  based  on t h e  b e l i e f  t h a t  
commercial  f e a s i b i l i t y  o f  f a s t  b r e e d e r  power s t a t i o n s  c o u l d  
b e  a t t a i n e d  between 1990 and t h e  y e a r  2000, w h i l e  t h e  r e l a t e d  
f u e l  c y c l e  s e r v i c e s  a r e  e x p e c t e d  t o  r e q u i r e  an  a d d i t i o n a l  10 
t o  15 y e a r s .  

Approximately  t h e  same t i m e  f rame i s  a n t i c i p a t e d  f o r  f u s i o n  
r e a c t o r s  ( a l t h o u g h  t h e  u n c e r t a i n t y  i s  g r e a t e r ) :  commercial  
f e a s i b i l i t y  o f  l a r g e - s c a l e  power s t a t i o n s  c o u l d  b e  a c h i e v e d  i n  
t h e  t i m e  p e r i o d  o f  2010 t o  2020. Unl ike  t h e  LMFBR, t h e r e  a r e  
no f u e l - c y c l e - r e l a t e d  s e r v i c e s  which w i l l  be  r e q u i r e d  a f t e r  a  
l a r g e  number o f  f u s i o n  r e a c t o r s  a r e  c o n s t r u c t e d ,  a n d ,  t h e r e f o r e ,  
t h e  p o i n t  of  commercial  f e a s i b i l i t y  s h o u l d  b e  e a s i e r  t o  d e f i n e .  
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Three g e n e r a t i o n s  of r e a c t o r s  seem t o  be r e q u i r e d  f o r  
bo th  t ypes  of energy sou rces  t o  demonst ra te  comrnerical 
f e a s i b i l i t y :  

- exper imenta l  power r e a c t o r s  (10  t o  a  few 100 MW(th)) ;  

- pro to type  o r  demonst ra t ion  r e a c t o r s  (250 t o  500 MW(e) ) ; 

- semi-commercial r e a c t o r s  (1000 t o  1500 MW(e) ) . 
Along w i t h  t h e s e  major f a c i l i t i e s ,  t h e r e  a r e  a  l a r g e  number of 
s m a l l e r  b u t  e q u a l l y  impor tan t  t e s t  f a c i l i t i e s  t h a t  need t o  be 
developed  f o r :  

- phys i c s ;  

- eng inee r ing ;  

- m a t e r i a l s :  

- s a f e t y .  

Beyond t h e  phys i c s  f a c i l i t i e s ,  t h e  m a t e r i a l s  t e s t i n g  f a c i l i -  
t i e s  can be  p a r t i c u l a r l y  c o s t l y  and t ime consuming t o  t h e  o v e r a l l  
program development. There i s  h a r d l y  any way t o  circumvent  t h e s e  
problems, a s  each  gene ra t ion  o f  r e a c t o r s  r e q u i r e s  h ighe r  perform- 
ance  c h a r a c t e r i s t i c s  which a r e  d i f f i c u l t  t o  t e s t  i n  f a c i l i t i e s  
e x i s t i n g  up t o  t h a t  p o i n t .  I n  o r d e r  t o  be  u s e f u l ,  f a s t  b r e e d e r s  
and f u s i o n  r e a c t o r s  must f i t  i n t o  e x i s t i n g  schemes and r u l e s  of 
e l e c t r i c i t y  product ion .  Demonstration of a v a i l a b i l i t y ,  main ta in-  
a b i l i t y ,  and r e p a i r a b i l i t y  i s  i n  i t s e l f  a  complex procedure  t h a t  
r e q u i r e s  t ime.  E s p e c i a l l y  impor t an t  i s  t h e  a s p e c t  of  l i c e n s i n g .  
I n  f a c t ,  t h e  r u l e s  and fundamental d a t a  under ly ing  t h e  l i c e n s i n g  
p roces s  must be developed a lmost  i n  p a r a l l e l  w i t h  t h e  r e a c t o r s  
and f a c i l i t i e s  t h a t  a r e  s o  t o  be  l i c e n s e d .  Aspec ts  of  p u b l i c  
accep tance  broaden t h e  scope even f u r t h e r .  

F i n a l l y ,  t h e  f u e l  c y c l e  t h a t  s e r v e s  f a s t  b r eede r  r e a c t o r s  
must a l s o  be  developed.  By n e c e s s i t y ,  t h e  h o t  p a r t  of t h e  f u e l  
c y c l e  can  be developed on a t e c h n i c a l l y  s i g n i f i c a n t  s c a l e  on ly  
when i r r a d i a t e d  f u e l  i s  a v a i l a b l e  i n  s i g n i f i c a n t  q u a n t i t i e s  
from r e a c t o r s  whose a c c e p t a b i l i t y  o f t e n  seems t o  r e q u i r e  t h e  
s e r v i c e s  of such f u e l  c y c l e .  I n  f a c t ,  t h e  LWR seems t o  be 
p r e s e n t l y  i n  such a  s i t u a t i o n .  The problems of f i n a l  waste  
a i s p o s a l  ex tend  t h e  t ime ho r i zon  even f u r t h e r .  

I n  t h e  U S ,  wi th  a  broad and s t r e t c h e d - o u t  development 
program, more t han  t e n  b i l l i o n  d o l l a r s  a r e  expec ted  t o  be  necess-  
a r y  f o r  r each ing  commercial m a t u r i t y  of LMFBR. By c o n t r a s t ,  i n  
European c o u n t r i e s ,  t h e  development programs seem t o  be  l e s s  
broad  and l e s s  s t r e t c h e d  o u t  and,  thereby ,  seem l i k e l y  t o  be 
cons ide rab ly  cheaper .  The d i f f e r e n c e  i n  funa ing  p o i n t s  t o  t h e  
degree  o f  f l e x i b i l i t y  t h a t  such  programs seem t o  have. I n  any 
e v e n t ,  it must be borne i n  mind t h a t  t h e r e  a r e  p a r a l l e l  develop-  



ment programs i n  t h e  wor ld  whose p o s i t i v e  i n t e r a c t i o n s  c o n t r i b u t e  
s i g n i f i c a n t l y  t o  e a c h  o t h e r .  The v a l u e  o f  such  p o s i t i v e  i n t e r -  
a c t i o n s  i s  r a t h e r  h i g h .  I n  f a c t ,  t h a t  may e x p l a i n  t h e  lower  
c o s t  t h a t  European programs s e e m  t o  have  when compared w i t h  t h e  
US program.  

The s i t u a t i o n  f o r  t h e  f u s i o n  program i s  much l e s s  w e l l  
d e f i n e d ,  b u t  r e c e n t  p r o j e c t i o n s  i n  t h e  US program r e v e a l  t h a t  
it may r e q u i r e  20 t o  25 b i l l i o n  d o l l a r s  t o  b r i n g  f u s i o n  t h r o u g h  
t h e  d e m o n s t r a t i o n  power r e a c t o r  p h a s e ,  and i t  is  n o t  u n r e a s o n a b l e  
t o  e x p e c t  t h a t a n c t h e r  f i v e  t o  t e n  b i l l i o n  d o l l a r s  w i l l  b e  
r e q u i r e d  t o  p r o g r e s s  t h r o u g h  t h e  c o m m e r c i a l i z a t i o n  s t a g e .  I n  
c o n t r a s t  t o  t h e  b r e e d e r  program, t h e  European f u s i o n  program i s  
much s m a l l e r  and  o f  a  l o n g e r  t i m e  d u r a t i o n .  The S o v i e t  program 
is  a p p r o x i m a t e l y  t h e  same a s  t h e  US program i n  l e v e l  of e f f o r t  
now, and it is  e x p e c t e a  t o  keep  pace  w i t h  t h e  US program.  
T h e r e f o r e ,  it i s  r e a s o n a b l e  t o  e x p e c t  that - -worldwide--  it may 
r e q u i r e  a s  much a s  50 b i l l i o n  d o l l a r s  t o  r e a c h  commercia l  f e a s i -  
b i l i t y  o f  f u s i o n .  The same b e n e f i t s  f o r  i n t e r n a t i o n a l  c o o p e r a t i o n  
i n  f u s i o n  r e s e a r c h  a s  i n  f i s s i o n  a r e  e x p e c t e a  t o  a l l o w  f o r  
c o n s i d e r a b l e  f l e x i b i l i t y  i n  d e s i g n  and s h o u l d  i n c r e a s e  t h e  
p r o b a b i l i t y  of  long- te rm s u c c e s s .  
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A P P E N D I X  A 

THE POTENTIAL ROLE OF D-D REACTIONS 

I N  FUTURE FUSION DEVICES 

G.L. K u l c i n s k i  

I n  s p i t e  o f  t h e  f a c t  t h a t  t h e  D-T r e a c t i o n  i s  t h e  " e a s i e s t "  
o f  a l l  t h e  t h e r m o n u c l e a r  r e a c t i o n s  t o  i n i t i a t e  and c o n t a i n ,  it 
d o e s  have  some f e a t u r e s  t h a t  have prompted s c i e n t i s t s  t o  l o o k  
f o r  an  advanced f u e l  c y c l e .  The two major  p rob lems  a r e  t h e  
c o n t r o l  o f  l a r g e  amounts o f  t r i t i u m  and t h e  s e v e r e  r a d i a t i o n -  
damage e f f e c t s .  The most l i k e l y  improvement o f  t h e  D-T c y c l e  
w i l l  b e  t h e  D-D c y c l e  d e s c r i b e d  below w i t h  t h e  e n e r g i e s  g i v e n  
i n  p a r e n t h e s e s .  

D + D-T( l .O1  M e V )  + H(3.03 MeV) 

I + D--He4(3.52 M e V )  + n ( 1 4 . 1  MeV) 

D + D4He3(0.82 MeV) + n ( 2 . 4 5  M e V )  

+ D--He4(3.67 M e V )  + H(14.67 MeV) 

The major  a d v a n t a g e s  o f  t h i s  s y s t e m  a r e  t h a t  t h e  f u e l  re- 
s o u r c e s  ( d e u t e r i u m )  a r e  t r u l y  u n l i m i t e d  ( s e e  C h a p t e r  1 1 1 ,  and 
t h a t  t h e r e  i s  no r e q u i r e m e n t  t o  b r e e d  t r i t i u m  i n  t h e  b l a n k e t .  
The r e s o u r c e . q u e s t i o n  i s  o f  l i m i t e d  i m p o r t a n c e  a s  t h e  L i  re- 
s e r v e s  f o r  t h e  D-T c y c l e  a r e  a l s o  q u i t e  l a r g e ,  b u t  t h e  e f f e c t  
on r e d u c i n g  t h e  " t r u e "  f u e l  c y c l e  c o s t s  f o r  f u s i o n  s h o u l d  b e  
v e r y  l a r g e .  T h i s  l a t t e r  s t a t e m e n t  would b e  e s p e c i a l l y  t r u e  i f  
we were f o r c e d  i n  D-T s y s t e m s  t o  g o  t o  s o l i d  b r e e d e r s  f o r  some 
r e a s o n  o r  a n o t h e r .  

The l a c k  o f  t r i t i u m  i n  t h e  b l a n k e t  can  have s e v e r a l  bene- 
f i c i a l  e f f e c t s ,  one  of which i s  t o  lower  t h e  o v e r a l l  t r i t i u m  
i n v e n t o r y  i n  t h e  r e a c t o r .  U n f o r t u n a t e l y ,  we have s e e n  p r e -  
v i o u s l y  t h a t  t h e  t r i t i u m  i n v e n t o r y  i n  t h e  b l a n k e t  i n  o n l y  
10 t o  20 p e r  c e n t  o f  t h e  o v e r a l l  v a l u e  i n  low burn-up d e v i c e s  
s u c h  a s  TOKAMAKs, and e l i m i n a t i o n  o f  t h i s  amount w i l l  n o t  



d r a s t i c a l l y  a l t e r  t h e  p o t e n t i a l  h a z a r d  o f  a  f u s i o n  r e a c t o r .  
The e f f e c t  would be  much l a r g e r  i n  h i g h  burn-up d e v i c e s  such  a s  
i n e r t i a l  conf inement  r e a c t o r s .  

The p r o d u c t i o n  o f  t r i t i u m  by t h e  D-D r e a c t i o n  means t h a t  
t h e r e  w i l l  s t i l l  be c o n s i d e r a b l e  t r i t i u m  i n  t h e  plasma.  
D. S t e i n e r  [A-11 shows t h a t  f o r  a  m i r r o r  d e v i c e  o p e r a t i n g  a t  
a p p r o x i m a t e l y  300 keV, t h e r e  i s  r o u g h l y  30 p e r  c e n t  a s  much 
T, i n  t h e  D-D p lasma a s  i n  a  D-T c y c l e .  T h i s  o f  c o u r s e  assumes 
t h a t  o n e  would r e c y c l e  and "burn-up" t h e  T , ,  t h u s  i n c r e a s i n g  
t h e  e f f i c i e n c y .  But i f  one  c h o s e  t o  s i m p l y  s t o r e  t h e  TZ from 
t h e  plasma e x h a u s t ,  t h e  i n v e n t o r y  would b u i l d  up  v e r y  f a s t .  
S t e i n e r ' s  c a l c u l a t i o n s  i n d i c a t e  t h a t  a s  much a s  100 kg o f  T, 
would be  produced p e r  y e a r  o f  o p e r a t i o n  o f  a  3000 MW(th) 
D-D f u s i o n  r e a c t o r .  T h i s  approach  would l a r g e l y  n e g a t e  t h e  
a d v a n t a g e  o f  n o  r e q u i r e d  T2 p r o d u c t i o n ,  and would seem c o u n t e r -  
p r o d u c t i v e .  Assuming t h a t  one  r e c y c l e s  t h e  T , ,  t h e n  t h e  i n -  
v e n t o r y  i n  t h e  f u e l  c y c l e  (which would now be t h e  t o t a l  i n -  
v e n t o r y ,  b e c a u s e  no T2 i s  r e q u i r e d  f o r  s t o r a g e )  would b e  re- 
duced t o  r o u g h l y  o n e - t h i r d  o f  t h e  normal  D-T v a l u e .  T h i s  
would t r a n s l a t e  i n t o  a p p r o x i m a t e l y  1  kg/1000 MWCth) , which i s  
r o u g h l y  10 p e r  c e n t  o f  t h e  i n v e n t o r y  i n  "normal"  D-T s y s t e m s .  

A v e r y  i m p o r t a n t  s i d e  e f f e c t  o f  n o t  h a v i n g  T, i n  t h e  b l a n -  
k e t  i s  t h a t  t h e  r o u t i n e  r e l e a s e s  would be  c o n s i d e r a b l y  r e d u c e d .  
The major  pathway f o r  T, r e l e a s e  t o  t h e  env i ronment  i n  D-T 
s y s t e m s  i s  t h r o u g h  t h e  power c y c l e ,  e s p e c i a l l y  i f  it c o n t a i n s  
w a t e r .  Removal o f  t h e  t r i t i u m  from t h a t  h i g h  t e m p e r a t u r e  p a r t  
o f  a f u s i o n  r e a c t o r  would c e r t a i n l y  be  a  s t e p  i n  t h e  r i g h t  
d i r e c t i o n .  

F i n a l l y ,  t h e r e  i s  c o n s i d e r a b l e  u n c e r t a i n t y  a t  t h e  p r e s e n t  
t i m e  a b o u t  t h e  l o w e s t  p r a c t i c a l  T, c o n c e n t r a t i o n  t h a t  c o u l d  be  
a c h i e v e d  i n  a  l i q u i d  o r  s o l i d  b r e e d e r  f o r  a  D-T s y s t e m  and 
s t i l l  a l l o w  economica l  e x t r a c t i o n  p r o c e d u r e s .  V a l u e s  o f  around 
1  appm a r e  assumed w i t h o u t  much e x p e r i m e n t a l  e v i d e n c e ,  and it 
i s  p o s s i b l e  t h a t  v a l u e s  t e n  t i m e s  t h i s  may be  more a p p r o p r i a t e .  
Hence, i f  t h e r e  was n o  need t o  b r e e d  t r i t i u m ,  t h e r e  would be  
n o  need t o  d e v e l o p  a  v e r y  e x p e n s i v e  t e c h n o l o g y  a s s o c i a t e d  w i t h  
such  c h e m i c a l  s e p a r a t i o n s  and t h e  r e d u n d a n t  c o n t a i n m e n t  s t r u c -  
t u r e s  t h a t  would a l m o s t  c e r t a i n l y  be  r e q u i r e d .  

Another  a d v a n t a g e  o f  t h e  D-D f u s i o n  c y c l e  i s  t h a t  a  much 
w i d e r  r a n g e  o f  c o o l a n t s  and s t r u c t u r a l  m a t e r i a l  c o u l d  b e  u s e d .  
One would p r o b a b l y  n o t  u s e  L i - c o n t a i n i n g  c o o l a n t s ,  b e c a u s e  t o  
d o  s o  would n e g a t e  t h e  lower  t r i t i u m  i n v e n t o r y  a d v a n t a g e .  How- 
e v e r ,  s i n c e  n e u t r o n  economy i s  n o  l o n g e r  o f  p r i m a r y  c o n c e r n  i n  
t h e  D-D c y c l e ,  c o o l a n t s  s u c h  a s  w a t e r ,  sodium,  o r g a n i c s ,  f l u i -  
d i z e d  b e d s  o r  e v e n  m o l t e n  s a l t s  c o u l d  b e  u s e d .  The s t r u c t u r a l  
m a t e r i a l s  c a n  now be chosen  a  b i t  more f r e e l y ,  n o t  s u b j e c t  t o  
t h e  c o n s t r a i n t s  o f  L i  c o r r o s i o n ,  p a r a s i t i c  n e u t r o n  a b s o r p t i o n ,  
o r  c o m p a t i b i l i t y  w i t h  t r i t i u m .  A l l o y s  o f  z i r c o n i u m ,  t i t a n i u m ,  
aluminum, n i c k e l ,  o r  magnesium c o u l d  be c o n s i d e r e d .  Such 
c h o i c e s  would,  o f  c o u r s e ,  have  t o  be  c o m p a t i b l e  w i t h  t h e  t h e r m a l  
and m e c h a n i c a l  l o a d s ,  n e u t r o n  and c h a r g e d  p a r t i c l e  damage, a s  
w e l l  a s  t h e  new c o o l a n t s .  



In contrast to the popular conception that neutron-in- 
duced radiation damage would be less in a D-D system, recent 
studies have shown this not to be the case. Before discussing 
the reason for this we must speak about the mechanisms one can 
use to compare a D-D cycle to a D-T cycle. 

The "normal" method of comparison is on the basis of2 
neutron energy passing through the first wall (i.e., MW/m ) .  
This "neutronic" definition for the two systems reveals the 
following neutron fluxes: 

MeV n D-T: 1 = (1 4.1 -) (4.43 1017 -) 
m n m2 msec 

(1 -602 MW'SeC 1 ; 
MeV 

MW* MeV n D-D: 1 - = (14.1 + 2.45 -).(7.56 1017 ------). 
m2 n m2 sec 

l9 MW0sec -(1.602 10- - 1 .  
MeV 

This does not give a normalization on the basis of power 
generated. To accomplish thermal normalization, we must total 
up all the energy produced in the plasma. When this is done, 
we get the following neutron fluxes: 

MW Plasma D-T: 1 - (  
MeV n thermal) = (14.1 + 3.5 -1. (3.55 . 1017 -1 

m2 n m2 - sec 
(1 -602 . 10-'19 MW'sec 1 

MeV 

D-D : MW Plasma 4 .04+3 .27+17 .6+0 .2 (3 .67+14 .67)  MeV ' 2 (thermal) = ( -1 
2 n 

n .(4.3 1 0 1 7 ) - ( 1 . 6 0 2  10-lgMW'SeC 
m2 sec MeV 

* assuming all the T2 is burned. 



We t h i n k  t h a t  a  comparison o f  d i s p l a c e m e n t  damage, he l ium 
p r o d u c t i o n ,  and induced  r a d i o a c t i v i t y ,  based on t h e  plasma- 
t h e r m a l  n o r m a l i z a t i o n  is most a p p r o p r i a t e ,  and we w i l l  p roceed  
t o  d i s c u s s  t h e  problem i n  t h i s  l i g h t .  

The r a t i o s  o f  t h e s e  c r i t i c a l  r ad ia t ion-damage  i n d i c e s  
i n  a  D-D sys tem t o  t h o s e  i n  a  D-T s y s t e m  a r e  g i v e n  i n  T a b l e  
A-I. The s t r i k i n g  p o i n t  a b o u t  t h e  r e s u l t s  i n  Tab le  A - I  i s  
t h a t  t h e  d i s p l a c e m e n t  damage i s  h a r d l y  e f f e c t e d  a t  a l l  i n  a n  
e q u a l  t h e r m a l  w a l l  l o a d i n g ,  w h i l e  t h e  h e l i u m  p r o d u c t i o n  i s  o n l y  
reduced  by r o u g h l y  40 p e r  c e n t .  (The r e a s o n  why t h e  r e d u c t i o n  
i s  c o n s t a n t  i s  t h a t  t h e  he l ium-produc t ion  t h r e s h o l d  e n e r g y  f o r  
a l l  t h e  e l e m e n t s  c o n s i d e r e d  i s  w e l l  above 2.45 MeV,  and t h e  
r e d u c t i o n  i s  i n  p r o p o r t i o n  t o  t h e  r e d u c t i o n  o f  t h e  14.1 MeV 
n e u t r o n  f l u x . )  The r a d i o a c t i v i t y  is  reduced  by f a c t o r s  o f  
15 t o  70  p e r  c e n t ,  w i t h  V b e i n g  most s e n s i t i v e .  

It  i s  on t h e  b a s i s  o f  t h e s e  r e s u l t s  t h a t  we c o u l d  c o n t e n d  
t h a t  t h e r e  i s  l i t t l e  t o  be g a i n e d  from a  rad ia t ion-damage  and 
i n d u c e d - r a d i o a c t i u i t y  s t a n d p o i n t  by moving t o  t h e  D-D f u e l  
c y c l e .  

The main d i s a d v a n t a g e  o f  t h e  D-D c y c l e  i s  t h e  h i g h e r  
o p e r a t i n g  t e m p e r a t u r e  r e q u i r e d .  Not o n l y  i s  t h i s  a  q u e s t i o n  
o f  t e c h n o l o g y  which h a s  n o t  been d e v e l o p e d ,  b u t  it t r a n s l a t e s  
i n t o  h i g h e r  m a g n e t i c  f i e l d  o r  l a s e r  r e q u i r e m e n t s  t h a n  f o r  a  
D-T system.  The c a p i t a l  c o s t  o f  s u c h  advanced sys tems  i s  bound 
t o  b e  h i g h e r  t h a n  f o r  " p r e s e n t "  D-T d e v i c e s ,  and it i s  u n c e r t a i n  
e x a c t l y  how much o f  a  c o s t  p e n a l t y  would have t o  be p a i d  
(assuming s u c h  p lasmas  can  be produced a t  a l l ) .  

T a b l e  A-I: Comparison o f  R e l a t i v e  D i s p l a c e m e n t s ,  Helium Gas 
P r o d u c t i o n  R a t e s  and Induced R a d i o a c t i v i t i e s  i n  
D-D v e r s u s  D-T F u e l  C y c l e s  (on t h e  b a s i s  o f  
1 M W / ~ ~  p lasma t h e r m a l  w a l l  l o a d i n g )  [A-21 
( R a t i o  o f  (D-D/D-TI E f f e c t s )  

* A f t e r  2 y e a r s  o f  o p e r a t i o n .  

Induced R a d i o a c t i v i t y *  
t = O  

- 

0.86 

0.35 

0.78 

0.54 

Not a v a i l a b l e  

0.68 

Helium Gas 
P r o d u c t i o n  

0.61 

0.61 

0.61 

0 .61  

0.61 

0.61 

Element 

A1 

V 

SS 316 

Nb 

Mo 

Ta 

Disp lacements  

1.12 

1.03 

1.07 

0.91 

0.93 

0.90 



Finally, the lower energy content per reaction translates 
into lower power densities in the plasma, which in turn means 
that larger magnetic systems would have to be built for a D-D 
fuel cycle. Presumably this would not apply to laser reactors. 
Larger svsters mean higher capital costs, and again higher 
costs of generating electricity. Unfortunately, we cannot give 
quantitative numbers for this effect at the present time. 

In summary, the major advantages of a move to a D-D cycle 
would be the reduction (but not elimination) of the tritium in- 
ventory and routine T2 releases to the environment. A much 
wider choice of coolants and structure could ease the materials 
resource problem, and the fact that no lithium would be re- 
quired would mean that an essentially infinite fuel supply was 
available. 

There seems to be little advantage from a radiation-damage 
or induced-radioactivity standpoint. The lower power density 
and the higher operating temperature would most certainly in- 
crease the cost of generating electricity. The fact that we 
have not yet been able to control plasmas at one-tenth of the 
temperatures required for the D-D systems means that it will 
certainly be a long time in the future before we could utilize 
this fuel cycle. 
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A P P E N D I X  B 

FUSION-FISSION HYBRID REACTORS 

J.P. Holdren 

Fusion-fission hybrids are systems wherein a fusion core 
is surrounded by a fission blanket. The fusion core may be 
either a magnetically confined plasma or an inertial-confine- 
ment system, wherein compression and heating of the fusion fuel 
is provided by lasers, electron beams, or ion beams. The fission 
blanket may be designed to exploit fast fission, thermal fission, 
production of fissile isotopes from fertile ones, or a combina- 
tion of these. 

Hybrid systems have been receiving increasing attention 
in the world nuclear community, particularly in the United 
States and the Soviet Union [B-I to B-61, in connection with 
three quite distinct applications: l a )  use of hybrids as self- 
contained, base-loaded electricity generating stations; ( b l  
use of hybrids primarily as producers of fission fuels for 
use in separate pure-fission reactors; Ic l  use of hybrids for 
the transmutation of long-lived radioactive wastes, primarily 
by fast fission of the actinides. 

1. BASE-LOAD ELECTRICITY GENERATION 

In the self-contained, electricity-generation application, 
the primary function of the fission blanket is to multiply the 
energy yield obtainable from each 14 MeV fusion neutron. In- 
creasing the energy yield per neutron opens the possibility of 
significant net energy production in a device whose fusion 
core by itself would be a marginal energy producer, or even a 
net energy sink. In this role of the hybrid, then, the idea 
is that the fission blanket enables fusion technology to find 
useful application even before an economic pure-fusion system 
becomes available. Since energy multiplications of about a 
factor of ten appear to be achievable in conceptual fission 
blankets that have been analyzed, the requirement on the 
Lawson parameter, nT, where n is the fuel number density and T 

the confinement time in the fusion plasma, can be relaxed by 
about a factor of ten below what would be required in a pure 
fusion system. 



The relaxation of the Lawson requirement exacts a signi- 
ficant price in technical complexity (hence presumably con- 
struction costs), and in the loss of potential environmental 
advantages of pure fusion. With respect to complexity, meeting 
the elaborate requirements of fusion and fission subsystems 
(injection, heating, confinement, and tritium breeding for 
fusion; refueling for fission; cooling and heat removal for 
both), in the close proximity required by the neutronics, 
poses formidable difficulties which are unlikely to be overcome 
cheaply. (For a specific conceptual design, see, e.g., [B-71.) 

With respect to environment, reliance on fission for the 
bulk of the energy production means that the hybrid reactor's 
radioactivity inventory, decay-heat, fissile-material pro- 
duction, and long-lived radioactive wastes are essentially 
those of a fission system. But hybrids might have a significant 
safety advantage over some pure fission reactors in terms of 
accident pathways: specifically, a hybrid's fission blanket 
will be subcritical in its operating configuration, and possibly 
can be designed also to be subcritical under all accident con- 
ditions; also, the power density in the fission blanket may be 
made low enough to substantially alleviate emergency-cooling re- 
quirements. Neither of these potential advantages is auto- 
matic [B-81. In some designs, a blanket that is subcritical in 
normal operation could become critical in accidents, involving 
loss of coolant and severe geometric reconfiguration. Achieving 
energy multiplication that is high enough to make a power- 
producing hybrid really interesting may require a high power 
density in the blanket. 

2. HYBRIDS AS FUEL PRODUCERS 

In this application, the primary function of the fission 
blanket is to produce fuel for use in physically separate pure- 
fission reactors. The breeding reactions of interest are 
U238 + Pu239, and Th232 + U233. Although many designs would 
produce both power and fuel, it is not essential that a hybrid 
intended for the fuel-production mode also produces net electri- 
cal power; a negative net electrical-power balance in the hybrid 
could be made up from the pure-fission power grid to which the 
hybrid was supplying fuel. This is what is meant by a "symbiotic" 
relation between hybrids and pure-fission reactors. 

Even if hybrid technology proved too expensive to be attrac- 
tivein the self-contained, electricity-generation role, it might 
well be affordable in the fuel-producing role. This is so 
because one large fuel-producing hybrid could supply five to 
ten fission converter reactors (LWRs or HTGRs, for example) with 
make-up fuel. Alternatively, fuel-producing hybrids might be 
used in a fission-breeder reactor economy to reduce the effective 
doubling time, and thus increase the rate at which installed 
generating capacity in breeders could be expanded. The fuel- 
producing role of hybrids also has the advantage that hour-to- 
hour and day-to-day reliability is less critical than for an 



e l e c t r i c i t y - p r o d u c i n g  r e a c t o r  t i e d  d i r e c t l y  i n t o  t h e  power g r i d .  
Th i s  i s  an e s p e c i a l l y  impor tan t  c o n s i d e r a t i o n  f o r  a  new techno- 
logy  t h a t  might be expec ted  t o  have u n p r e d i c t a b l e  r e l i a b i l i t y ,  
wh i l e  bugs a r e  be ing  worked o u t .  

Hybrids opt imized  f o r  t h e  fue l -producing  r o l e  (wi th  f i s s i o n s  
i n  t h e  b l a n k e t  d e l i b e r a t e l y  suppressed)  can have somewhat sma l l e r  
i n v e n t o r i e s  of  f i s s i o n  p roduc t s  and lower blanket-power d e n s i t i e s  
t han  e l e c t r i c i t y - p r o d u c i n g  hybr id s .  S a f e t y  r a m i f i c a t i o n s  must 
be ana lyzed  i n  a  systems s e n s e ,  however. Two p o s s i b l e  "systems" 
s a f e t y  r a m i f i c a t i o n s  of fue l -producing  hybr id s  a r e :  f a )  hybr id s  
cou ld  permi t  t h e  p u r e - f i s s i o n  r e a c t o r s  i n  t h e  system t o  be 
H T G R s  o r  heavy-water CANDUs ( f o r  example) i n s t e a d  of  LMFBRs, o r  
low-breeding r a t i o  LMFBRs i n s t e a d  of h igh-breeding-ra t io  ones ,  
which would be impor tan t  i f  c e r t a i n  c o n v e r t e r  r e a c t o r s  o r  low- 
g a i n  b r e e d e r s  were deemed s a f e r  t han  high-gain b reede r s ;  f b )  
h y b r i d s  might pe rmi t  t h e  use  of t h e  Th232 * U233 f u e l  c y c l e  
where o the rwi se  U238 + Pu239 was r e q u i r e d ,  which would be impor- 
t a n t  i f  t h e  thorium c y c l e  were deemed s a f e r  t han  t h e  plutonium 
c y c l e  ( f o r  example, i n  r e s p e c t  t o  s a f egua rds  a g a i n s t  p roduc t ion  
of n u c l e a r  e x p l o s i v e s ) .  

3. HYBRIDS FOR TRANSMUTATION OF RADIOACTIVE WASTES 

The most dangerous long- l ived  r a d i o a c t i v e  was tes  from 
f i s s i o n  f a l l  p r i n c i p a l l y  i n t o  two c a t e g o r i e s :  f i s s i o n  pro-  
d u c t s  of medium weight  and h a l f - l i f e  n e a r  30 y e a r s  (dominated 
by Sr90 and Cs1371 , and heavy e lements  ( t h e  so -ca l l ed  a c t i n i d e s )  
formed by a b s o r p t i o n  of neu t rons  i n  f u e l  i s o t o p e s  and by t h e  
subsequent  decay c h a i n s .  (Among t h e  most t roublesome a c t i n i d e s  
a r e  Am246 [ h a l f - l i f e :  458 y r ] ,  Am243 [ h a l f - l i f e :  7950 y r ] ,  
Pu239 [ h a l f - l i f e :  24,000 y r ] ,  and Np237 [ h a l f - l i f e :  2  m i l l i o n  
y r l . )  The p o s s i b i l i t y  of  reducing  t h e  l o n g e v i t y  of  t h e  hazard  
of f l s s i o n  p roduc t s  and a c t i n i d e s  by bombarding them wi th  
f u s i o n  neu t rons  has  now been s t u d i e d  i n  some d e t a i l  [B-5, and 
B-91 . 

The a b s o r p t i o n  of f u s i o n  neu t rons  by Sr90 and Cs137 pro-  
duces  i s o t o p e s  of somewhat s h o r t e r  h a l f - l i f e  and/or  lower r a d i o -  
l o g i c a l  t o x i c i t y ,  b u t  t h e  neu t ron  f l u x e s  needed t o  achieve  
t h e s e  t r ansmuta t ions  a t  a  u s e f u l  r a t e  a r e  formidably  high.  Even 
i f  a  hybr id  could  be des igned  t o  produce such neu t ron  f l u x e s  and 
t o  w i th s t and  t h e  a s s o c i a t e d  m a t e r i a l s  damage, t h e  long exposure 
t imes  r e q u i r e d  t o  t ransmute  t h e  f i s s i o n  p roduc t s  imply t h e  accu- 
mu la t ion  of ve ry  l a r g e  f i s s i o n - p r o d u c t  i n v e n t o r i e s  i n  t h e  hyb r id s  
themselves  ( l a r g e r  than  i n  p u r e - f i s s i o n  power r e a c t o r s ) .  

More promis ing  i s  t h e  use  of f u s i o n  neu t rons  f o r  f i s s i o n i n g  
t h e  long- l ived  a c t i n i d e s ,  t he reby  conve r t i ng  them i n t o  s t i l l  
ve ry  t o x i c  b u t  s u b s t a n t i a l l y  s h o r t e r - l i v e d  f i s s i o n  p roduc t s .  
Th i s  p roces s  could  l ead  t o  u s e f u l  r e d u c t i o n s  i n  o v e r a l l  hazard 
l i f e t i m e  a t  neu t ron  f l u x e s  t h a t  seem l i k e l y  t o  be ach i evab le  



(a round  one MW o f  n e u t r o n  power p e r  m 2 ) .  A h y b r i d  r e a c t o r  de- 
s i g n e d  f o r  t h i s  purpose  would c o n t a i n  a t  any g i v e n  t i m e  a  v e r y  
h i g h  i n v e n t o r y  o f  dangerous  a c t i n i d e s ,  however,  and a c c i d e n t  
pathways f o r  s u c h  h y b r i d s  w i l l  have t o  be s c r u t i n i z e d  v e r y  c a r e -  
f u l l y  t o  d e t e r m i n e  whe ther  t h i s  scheme i s  d e s i r a b l e .  Another  
f a c t o r  i n  such  a  d e t e r m i n a t i o n  i s  t h e  e x t r a  h a n d l i n g  and s h i p -  
ment of a c t i n i d e s  t h a t  migh t  be i n v o l v e d  i n  comparison t o  
a l t e r n a t i v e  waste-management schemes. S i n c e  a c t i n i d e s  can  
a l s o  b e  "burned-up" i n  p l a c e  i n  f a s t - n e u t r o n  p u r e - f i s s i o n  re- 
a c t o r s  ( w i t h  a  l o s s  o f  b r e e d i n g  of  new f i s s i l e  f u e l ) ,  it might  
be p r e f e r a b l e  t o  do  t h a t ,  and make up t h e  l o s s  o f  b r e e d i n g  by 
u s i n g  h y b r i d s  i n  t h e i r  f u e l - p r o d u c i n g  r o l e  [B-51. 

4 .  CONCLUDING OBSERVATIONS 

The r a t i o n a l e  f o r  d e v e l o p i n g  h y b r i d s  ( o r  any o t h e r  new 
e n e r g y  s o u r c e )  presumably c o n s i s t s  i n  p o t e n t i a l  a d v a n t a g e s  o v e r  
a l t e r n a t i v e  sys tems  w i t h  r e s p e c t  t o  one  o r  more o f  t h e  f o l l o w i n g  
c h a r a c t e r i s t i c s :  abundance o f  f u e l ,  c o s t  o f  d e l i v e r e d  e n e r g y ,  
t i m i n g ,  and e n v i r o n m e n t a l  and s o c i a l  c h a r a c t e r i s t i c s .  The LMFBR 
a l r e a d y  s o l v e s  t h e  fuel-abundance problem f o r  many t h o u s a n d s  
o f  y e a r s ,  and p u r e - f u s i o n  r e a c t o r s ,  i f  p r a c t i c a b l e ,  w i l l  s o l v e  
it f o r  even  l o n g e r ,  s o  t h e r e  i s  l i t t l e  advan tage  i n  t h i s  r e s p e c t  
f o r  f u s i o n - f i s s i o n  h y b r i d s .  With r e s p e c t  t o  c o s t  o f  d e l i v e r e d  
e n e r g y ,  it i s  a l s o  h a r d  t o  make a  c o m p e l l i n g  argument  f o r  f u s i o n -  
f i s s i o n :  t h e  c a p i t a l  c o s t s  o f  h y b r i d s ,  which w i l l  domina te  t h e  
e n e r g y  c o s t ,  a r e  q u i t e  u n c e r t a i n  b u t  l i k e l y ,  f o r  b a s i c  e n g i n e e r -  
i n g  r e a s o n s ,  t o  be h i g h e r  t h a n  t h o s e  o f  p u r e  f i s s i o n  o r  p u r e  
f u s i o n .  With r e s p e c t  t o  t i m i n g ,  h y b r i d s  have t h e  p o t e n t i a l  ad- 
v a n t a g e  o v e r  f u s i o n  of  b e i n g  d e p l o y a b l e  s o o n e r ,  and t h e  p o t e n t i a l  
a d v a n t a g e  o v e r  LMFBRs o f  p e r m i t t i n g  a  more r a p i d  expans ion  o f  
n u c l e a r  c a p a c i t y  (owing t o  a  h i g h e r  b r e e d i n g  r a t i o ) .  The p o s s i b l e  
e a r l y  a v a i l a b i l i t y  o f  h y b r i d s  and t h e  r e l a t e d  " s t e p p i n g  s t o n e "  
argument  ( t h a t  l e a r n i n g  from h y b r i d s  w i l l  b r i n g  a b o u t  p u r e  f u s i o n  
s o o n e r )  a r e  r a t h e r  weak r a t i o n a l e s  f o r  h y b r i d  deve lopment ,  un- 
less h y b r i d s  a r e  b e t t e r  t h a n  a l t e r n a t i v e  " i n t e r i m "  t e c h n o l o g i e s  
i n  o t h e r  r e s p e c t s .  The h y b r i d ' s  advan tage  f o r  r a p i d  expans ion  
of  n u c l e a r  c a p a c i t y  i s  weakened somewhat by t h e  i n c r e a s i n g  l i k e l i -  
hood o f  s lower  e l e c t r i c i t y  growth i n  t h e  i n d u s t r i a l  n a t i o n s ,  
where t h e  main marke t  f o r  t h i s  s n n h i s t i c a t e d  t e c h n o l o g y  l i e s ,  
a n d ,  i n  some c o u n t r i e s ,  by t h e  a c c u m u l a t i n g  i n v e n t o r y  o f  
p lu ton ium from c o n v e r t e r  r e a c t o r s ,  which makes t h e  low b r e e d i n g  
r a t i o  o f  t h e  LMFBR less of  a  l i a b i l i t y .  

To t h e  e x t e n t  t h a t  t h e  r a t i o n a l e  f o r  h y b r i d s  on grounds  o f  
f u e l  s u p p l y ,  c o s t ,  and t i m i n g  i s  p e r c e i v e d  a s  m a r g i n a l ,  t h e  
e n v i r o n m e n t a l  and s o c i a l  c h a r a c t e r i s t i c s  i n  comparison t o  a l t e r -  
n a t i v e  t e c h n o l o g i e s  t a k e  on i n c r e a s e d  impor tance .  I n  e v a l u a t i n g  
e n v i r o n m e n t a l  a s  w e l l  a s  o t h e r  c h a r a c t e r i s t i c s  o f  h y b r i d s ,  it 
i s  e s s e n t i a l  t o  de te rmine  t h e  a p p r o p r i a t e  " y a r d s t i c k s "  a g a i n s t  
which h y b r i d s  should  be compared. The answer depends  on which 
of  t h e  p o s s i b l e  r o l e s  of h y b r i d s  i s  under  d i s c u s s i o n .  I n  t h e  
e l e c t r i c i t y - p r o d u c t i o n  r o l e ,  t h e  a p p r o p r i a t e  comparisons a r e  



w i t h  p u r e - f i s s i o n  and p u r e - f u s i o n  r e a c t o r s  (and ,  i n  a  b r o a d e r  
c o n t e x t ,  w i t h  non-nuc lea r  g e n e r a t i n g  t e c h n o l o g i e s ) ;  i n  t h e  
f u e l - p r o d u c t i o n  r o l e ,  t h e  comparison i s  w i t h  min ing  and e n r i c h -  
ment o r  w i t h  p u r e - f i s s i o n  b r e e d e r s ;  and i n  t h e  waste- t ransmu- 
t a t i o n  r o l e  t h e  comparison is  w i t h  o t h e r  waste-management 
schemes. 

C h a r a c t e r i s t i c s o f  h y b r i d s  t h a t  a r e  r e l e v a n t  t o  e v a l u a t i n g  
e n v i r o n m e n t a l  r i s k s  i n  a n y  such  comparison a r e :  fa1 r a d i o a c t i v e  
i n v e n t o r i e s ,  i n c l u d i n g  t r i t i u m ,  a c t i v a t i o n  p r o d u c t s ,  f i s s i o n  pro-  
d u c t s ,  and a c t i n i d e s  ( i n c l u d i n g  f i s s i l e  i s o t o p e s ) ;  (b l  p a t h -  
ways f o r  r e l e a s e  o f  t h e  i n v e n t o r i e s ,  r e l e v a n t  t o  which a r e  
c r i t i c a l i t y  b e h a v i o r ,  r e s p o n s e  t o  l o s s  o f  c o o l a n t  o r  c o o l a n t  
f low;  o t h e r  s t o r e d  e n e r g y  forms;  " g e o m e t r i c a l "  a s p e c t s  
(seams,  w e l d s ,  v a l v e s ,  l e n g t h s  o f  p i p e s ) ;  and t h e  amount o f  
t r a n s p o r t  and h a n d l i n g  of r a d i o a c t i v e  m a t e r i a l s  t h a t  i s  r e q u i r e d ;  
( c l  sys tems  a s p e c t s ,  i n c l u d i n g  t h e  impac t  o f  h y b r i d  t e c h n o l o g y  
on f u e l  c h o i c e s  and f i s s i o n - r e a c t o r  mix w i t h i n  t h e  n u c l e a r  
s y s t e m  a s  a  whole.  D e t a i l e d  work on t h e s e  c h a r a c t e r i s t i c s  i s  
s t i l l  l a r g e l y  m i s s i n g .  I t  should  be u n d e r t a k e n  w i t h o u t  d e l a y  
i f  f u s i o n - f i s s i o n  h y b r i d s  a r e  t o  be t a k e n  s e r i o u s l y  a s  an a d d i -  
t i o n a l  o p t i o n  f o r  t h e  medium-term and long- te rm p h a s e s  o f  t h e  
e n e r g y  f u t u r e .  
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APPENDIX C 

METHODS OF COST EVALUATION I N  THE USSR 

It i s  o u t l i n e d  i n  t h e  I n t r o d u c t i o n  t h a t  t h e  s t u d y  i s  n o t  
meant t o  c o n c e n t r a t e  on c o s t s ,  and c a p i t a l  c o s t s  i n  p a r t i c u l a r .  
R e a l i z i n g ,  however,  how c o n t r o v e r s i a l  t h i s  t o p i c  i s ,  w e  have 
t a k e n  advan tage  o f  t h e  c o o p e r a t i o n  of o u r  S o v i e t  c o l l e a g u e s  
and a s k e d  them t o  p r o v i d e  t h e i r  methods of e v a l u a t i n g  c a p i t a l  
c o s t s  o f  f u t u r e  t e c h n o l o g i c a l  p r o j e c t s .  

C-I DETERMINATION OF ECONOMIC EFFICIENCY OF CAPITAL INVESTMENTS 

I N  POWER PROJECTS OF THE USSR 

(M.A. S t y r i k o v i c h ,  A.M. B e l o s t o t s k y )  

The economic e f f i c i e n c y  of c a p i t a l  i n v e s t m e n t s  i n  power 
p r o j e c t s  i s  de te rmined  i n  t h e  p r o c e s s  o f  p l a n n i n g ,  a t  t h e  s t a g e  
o f  s t u d y ,  when c o n t r a c t  d e s i g n s  a r e  worked o u t  and t h e  con- 
s t r u c t i o n  of t h e s e  p r o j e c t s  i s  s u b s t a n t i a t e d  i n  t e c h n i c a l  and 
economic t e r m s .  These economic c a l c u l a t i o n s  a r e  p a r t  o f  a  m u l t i -  
s t a g e  i t e r a t i v e  p r o c e s s  o f  p l a n n i n g  t h e  USSR n a t i o n a l  economy; 
t h i s  i s  e f f e c t e d  by branch  m i n i s t r i e s  and d e p a r t m e n t s  under  t h e  
m e t h o d o l o g i c a l  and p r a c t i c a l  s u p e r v i s i o n  of  t h e  USSR S t a t e  
P l a n n i n g  Committee,  t h e  c h i e f  p l a n n i n g  body of  t h e  c o u n t r y .  
I n  t h e  p l a n n i n g  p r o c e s s ,  t h e  i n d i c e s  o f  t h e  n a t i o n a l  economy's 
f u e l  and power r e q u i r e m e n t s  a r e  d e t e r m i n e d  and c o o r d i n a t e d ,  
a s  w e l l  a s  t h e  g e n e r a l  economic e s t i m a t e s  o f  t h e  m a t e r i a l  and 
o t h e r  r e s o u r c e s  and s e r v i c e s  o f  non-power b r a n c h e s  which a r e  
used  f o r  d e v e l o p i n g  t h e  power i n d u s t r y .  

C a l c u l a t i o n s  f o r  d e t e r m i n i n g  t h e  compara t ive  economic 
e f f i c i e n c y  of  c a p i t a l  i n v e s t m e n t s  i n  t h e  power i n d u s t r y  s e r v e  
t O  compare v a r i a n t s  f o r  economic and t e c h n i c a l  s o l u t i o n s ,  t h e  
l o c a t i o n  and c o n s t r u c t i o n  o f  new e n t e r p r i s e s ,  o r  t h e  r e c o n s t r u c t i o n  
o f  o p e r a t i n g  o n e s .  T h i s  a l s o  i n v o l v e s  t h e  s e l e c t i o n  of t h e i r  
p a r a m e t e r s ,  a s  w e l l  a s  t h e  compara t ive  e v a l u a t i o n  of t h e  e f f i -  
c i e n c y  of  new machinery and e q u i p r e n t .  

The methods o f  c a l c u l a t i o n  a r e  deve loped  a t  t h e  b ranch  
l e v e l ;  t h e y  a r e  endorsed  by t h e  USSR S t a t e  P l a n n i n g  Committee.  



1. COMPARATIVE ECONOMIC EFFICIENCY OF CAPITAL INVESTMENTS 

The index of comparative economic efficiency of capital 
investments is the so-called calculated costs determined by 
formula 

where 

C = calculated costs for one of the variants under 
study; 

0 = annual operating and maintenance expenses; 

K = total capital investments for the project; and 

Ek = standard coefficient of efficiency of capital 
investments. 

For an accurate comparison of the variants it is necessary 
to use similar quantities and qualities of what is produced. 

A variant is considered most efficient if its value of 
calculated costs is the least. The indices K and 0 can be 
used both fully and as specific values. 

E used in formula (1) is determined by optimization or 
evaluation of the national economy, and is pre-set for a given 
branch. The economic essence of this index lies in that it 
characterizes the efficiency of the last project to be included 
in the optimum national economic plan. Another interpretation 
of this index is obtained by comparing two variants of project 
construction. Let us assume that the first variant is character- 
ized by smaller capital investments (K1 < K2) # but greater 
operating and maintenance expenses (01 > 02) . The index Ek 
is used to commensurate capital investments and operating and 
maintenance costs, so that 

Supposing the second project can save the operating and 
maintenance costs to a sum 0 1  - 0 2  = AO, then the permissible 
overdraft of capital investments is determined when C1 = Cp 
with 



Having expressed  from he re  Ek,  we g e t  

I f  we t a k e  

t hen  

and Ek can be i n t e r p r e t e d  a s  t h e  va lue  i n v e r s e  t o  t h e  compen- 
s a t i o n  pe r iod  f o r  a d d i t i o n a l  c a p i t a l  inves tments .  

Ek i s  p e r i o d i c a l l y  r e v i s e d  (approximate ly  once i n  every  
f i v e  y e a r s ) .  A t  p r e s e n t  Ek = 0.12 i s  i n  o p e r a t i o n .  

2. DETERMINING CALCULATED COSTS 

The va lue  of c a l c u l a t e d  c o s t s  i s  determined accord ing  t o  
formula ( I ) ,  provided c a p i t a l  inves tments  a r e  made w i t h i n  one 
y e a r ,  wh i l e  annual  product ion  c o s t s  remain c o n s t a n t  f o r  t h e  
e n t i r e  pe r iod  of o p e r a t i o n .  

In  a c t u a l  f a c t ,  c a p i t a l  inves tments  a r e  spread  over  a l l  t h e  
yea r s  of t h e  c o n s t r u c t i o n  p e r i o d ,  and t h e  p r o j e c t  under  con- 
s t r u c t i o n  i s  t empora r i l y  commissioned when annual  product ion  
c o s t s  change wi th  t ime.  

I n  t h i s  ca se  t h e  comparison of v a r i a n t s  i s  made by reducing  
t h e  o u t l a y  t o  one yea r*  by us ing  t h e  r e d u c t i o n  c o e f f i c i e n t  

where 

* It i s  e v i d e n t  t h a t ,  a l though t h e  choice  of t h e  y e a r s  t o  which 
t h e  o u t l a y  i s  reduced i n f l u e n c e s  t h e  va lue  of t h e  l a t t e r ,  it 
does n o t  i n f l u e n c e  t h e  r e l a t i v e  e f f i c i e n c y  of t h e  v a r i a n t s  
compared. 



B = r e d u c t i o n  c o e f f i c i e n t ;  

t = p e r i o d  of t i m e  i n  y e a r s ;  

Ed = norm f o r  c a l c u l a t i n g  t h e  o u t l a y  made a t  d i f f e r e n t  
t i m e s .  J u s t  a s  t h e  norm of e f f i c i e n c y ,  Ed i s  
p r e - s e t ,  and Ed o p e r a t i n g  a t  t h e  p r e s e n t  t i m e  
e q u a l s  0.08*. 

I f  t h e  d e a d l i n e s  of c o n s t r u c t i o n  and t h e  annua l  p r o d u c t i -  
v i t y  changes of t h e  p r o j e c t  a r e  n o t  t aken  i n t o  accoun t ,  t h e  
s p e c i f i c  c a l c u l a t e d  c o s t s  can  be f i x e d  by formula  

where W i s  t h e  volume of annua l  o u t p u t  i n v a r i a b l e  i n  t i m e  ( o r  
c a p a c i t y ) .  

I f  t h e  volume of annua l  o u t p u t  changes and t h e  d i s t r i b u -  
t i o n  i n  t i m e  o f  c o n s t r u c t i o n  d e a d l i n e s  a r e  t aken  i n t o  accoun t ,  
t h e  s p e c i f i c  c a l c u l a t e d  c o s t s  c an  be de te rmined  by t h e  formula  

The l a s t  e x p r e s s i o n  is  o b t a i n e d  from t h e  fo l l owing :  

The s p e c i f i c  c a l c u l a t e d  c o s t s  a r e  t h e  mean v a l u e  of t h e  
i ndex  i n  t i m e ,  which, i f  m u l t i p l i e d  by t h e  o u t p u t  p roduced ,  
g i v e s  t h e  c o s t s  co r r e spond ing  t o  c a p i t a l  i nves tmen t s  and annua l  
c o s t s  o v e r  t ime .  

Indeed ,  by assuming t h e  s p e c i f i c  c a l c u l a t e d  c o s t s  c o n s t a n t  
(mean) ,  t h e  t o t a l  c o s t s  w i l l  be  a s  f o l l o w s :  

* Provided  t h e  d e p r e c i a t i o n  c h a r g e s  a r e  de te rmined  w i t h o u t  d i s -  
c o u n t ,  t h a t  i s  % a s s i g n e d  f o r  r e n o v a t i o n  e q u a l s  1 0 0 / ~ e ,  where 
r e  i s  t h e  c a l c u l a t e d  p e r i o d  of  t h e  equipment  l i f e .  C a l c u l a t i o n  
can  be made w i t h  growing d e d u c t i o n s  by formula  of  compound 
i n t e r e s t ,  w i t h  r e d u c t i o n  c o e f f i c i e n t s  B. I n  t h i s  c a s e  
Ed = 0 .12 .  



Equating them with the real calculated costs we get 

From here we can directly obtain the expression for E. 

Table C-I gives an example of adjusting specific capital 
investments, accounting for the variable volume of output and 
the unevenness of capital investments in various years of 
construction. 

Table C-I: Determination of Specific Reduced Capital Investments 

Note: Calculation is made to the last year, i.e. r = 6. 

Indices 

Reduction Coeffi- 
cient ( 1 + E I r - t  

d 

Capital Invest- 
ments in Power 
Plant Kt 96 

Calculated Capi- 
tal Investments 
in Power Plant 
Kt(l + Ed)T-t 5 

Increases in 
Commis sioning of 
Capacities ANt X 

Reduced Increases 
in Commissioning 
of Capacities X 

L 
Years of Construction and 
Commissioning of Capacity 

1 

1 . 4 7  

8  

1 1 . 8  

- 

- 

2  

1 . 3 6  

1 4  

1 9  

- 

- 

Total 

- 

1 0 0  

1 1 9  

1 0 0  

1 1 2  

3  

1 .26 

1 8  

22.7 

2 5  

3 1 . 5  

4  

1 . 1 7  

2  2  

25 .7  

2  5  

2 9 . 2  

5  

1 . 0 8  

2  3 

24.8 

2  5  

2 7 . 0  

6  

1 .00  

1 5  

1 5 . 0  

2  5  

2 5 . 0  



The period of construction and the distribution of capital 
investments and increases in capacities over years are determined 
in accordance with the existing practice and are fixed in norms. 

In this example the ratio between reduced capital in- 
vestments and reduced capacity increases is 119/112.7 = 1.06, 
i.e. 6 per cent more than compared with the variant without 
discounting. 

This ratio is always somewhat greater than unity, be- 
cause capital investments should be made with some advance 
with regard to the commissioning of projects, but it is differ- 
ent for different projects because the distribution of capital 
investments and the commissioning of capacities by years do 
not coincide. 

3. COMPARISON OF VARIANTS 

The simplest method of reducing variants so that they be- 
come comparable is to use specific indices (per kW power, 
kwh of supplied energy, etc.). An essential shortcoming of 
such a comparison is that it neglects an important factor-- 
the size of enterprises, which leads to noticeable errors if 
sizes differ considerably. 

Nevertheless, this method can be useful in evaluating 
new kinds of machinery and equipment, when design estimates 
are not yet ready and the project under study is not timed to 
a concrete load, region, scale of power consumption, etc. 

In designing power industry projects other methods are 
preferred. There is a possibility of examining more thorough- 
ly the commissioning of capacities and power production (for 
electric power stations) over the years of the calculation 
period. Another method is the conventional addition of 
corresponding capacities and power according to economic in- 
dices typical of the region, power system, calculated period, 
etc. under study. 

4. COMPOSITION AND STRUCTURE OF CAPITAL INVESTMENTS 

Capital investments K take into account the outlay for 
the building of enterprises, the cost of equipment and its 
assembly, expenditures for geological and other prospecting 
and design and preparatory work involved in the construction 
of a given enterprise. The composition and structure of 
capital investments can be exemplified by the design of a coal- 
fired generating power plant with a capacity of 2400 MW and 
three 800 MW units. The specific capital investments in this 
enterprise amount to 135 Rub/kW. The distribution of the 
outlay is shown in Table C-11. 



Table C-11: Structure of Capital Investments in Power Station 
Construction 

Outlay for the equipment is represented by: outlay for 
production equipment, and outlay for other equipment, The 
latter includes electrical equipment, testing instruments, and 
automatic equipment. 

Items of Outlay 

1. Construction and Assembly 

Materials and semi-finished 
products 

Man-power expenditures 

Expenditures on exploitation 
of construction machines and 
equipment 

Other outlay 

Overhead expenses 

Profit of construction firms 

Subtotal 1 

2.  Cost of Production Equipment 

3 .  Cost of Other Equipment 

4. Other Expenses: 

Adjustment, finishing, tests 

Business trips 

Maintenance of construction 
management 

Design and prospecting work 

Other (including unforeseen 
expenses) 

Subtotal 4 

Total 

The structure of the outlay for production equipment is 
given in Table C-I11 . 

Item Outlay Ratio 
to Total Sum 

( 9 6  

2 6 

6 

4  

2.8 

7 .2  

2.9 

48.9 

3 3 . 5  

10.3 

0.7 

0 . 5  

0.3 

1 .1  

4 .7  

7 .3  

1 0 0  



T a b l e  C-111: S t r u c t u r e  o f  O u t l a y  f o r  P r o d u c t i o n  Equipment 
( $ 1  

5.  OPERATION AND MAINTENANCE OF POWER PROJECTS 

O p e r a t i o n  and main tenance  o f  power p r o j e c t s  a r e  de te rmined  
a c c o r d i n g  t o  t h e  fo rmula  

I t e m s  o f  E x p e n d i t u r e s  
f o r  Equipment 

1. B o i l e r  s e c t i o n ,  

i n c l u d i n g  b o i l e r  u n i t  

2.  Engine room, 

i n c l u d i n g  t u r b i n e s  w i t h  
c o n d e n s e r s  

3. P i p e s  and f i t t i n g s  

4. G e n e r a l  equipment  f o r  
power s t a t i o n  

T o t a l :  Main b u i l d i n g  

5. O u t e r  i n s t a l l a t i o n s  

i n c l u d i n g  f u e l  p r e -  
p a r a t i . o n  and s u p p l y  

T o t a l :  Power s t a t i o n  

where 

0  = permanent  a n n u a l  p r o d u c t i o n  c o s t s  ( t h a t  d o  n o t  
depend on t h e  volume of  o u t p u t ) ;  

I t e m  O u t l a y  R a t i o  t o  Sum of  

O f  = e x p e n d i t u r e s  f o r  f u e l  ( v a r i a b l e  a n n u a l  pro-  
d u c t i o n  c o s t s )  ; 

E x p e n d i t u r e s  f o r  
P r o d u c t i o n  
Equipment 

3 7 

25 .8  

3  9  

2  7 

6.4  

2 .8  

85.2 

1 4 . 8  

8 . 6  

1 0 0  

E x p e n d i t u r e s  f o r  
Maintenance o f  
Power S t a t i o n  

1 2 . 4  

8.6 

1 3  

9 .2  

2.2 

0 . 9  

28 .5  

5  

2 . 9  

33.5 



Od = sum of  d e p r e c i a t i o n  c o s t s  ( f o r  p r o j e c t e d  new 
equipment i n s t a l l a t i o n  c o s t s  and c a p i t a l  re- 
p a i r s ) ;  and 

Oe = o p e r a t i o n a l  e x p e n d i t u r e s  on e x p l o i t a t i o n ,  
i n c l u d i n g  t h o s e  f o r  r o u t i n e  main tenance ,  wages, 
expenses  f o r  g e n e r a l  pu rpose s ,  and o t h e r s .  

The v a l u e s  of s p e c i f i c  c o n s t a n t  o u t l a y  a r e  de te rmined  by 
norms set  by m i n i s t r i e s .  For  example, f o r  t h e  c o a l - f i r e d  
power p l a n t  mentioned above,  t h e  f o l l o w i n g  i n d i c e s  should  be 
a c c e p t e d ,  i n  accordance  w i t h  t h e  norms: 

(a) d e p r e c i a t i o n  c o s t s  (7 p e r  c e n t )  f o r  c a p i t a l  i n v e s t -  
ments  i n  power p l a n t * :  

( b )  r o u t i n e  maintenance c o s t s  (18 p e r  c e n t  of d e p r e c i a t i o n  
c o s t s )  : 

(c) e x p e n d i t u r e s  on wages (man-power f a c t o r  f o r  c o a l -  
f i r e d  power p l a n t  i s  0.37 man/MW, w i t h  ave r age  annua l  
wages of  1500 r u b l e s  pe r  p e r s o n ) :  

and 

( d )  g e n e r a l  o u t l a y  and o t h e r  expenses  (27 p e r  c e n t  of  t h e  
sum of d e p r e c i a t i o n  c o s t s ,  r o u t i n e  main tenance  and 
wages) : 

The c o n s t a n t  p a r t  of annua l  p r o d u c t i o n  c o s t s  t h u s  e q u a l s  

Annual o u t l a y  connec ted  wi th  f u e l  e x p e n d i t u r e s  i s  c a l c u -  
l a t e d  on t h e  b a s i s  of 

(a) planned l oad  f a c t o r  of power s t a t i o n  ( t h e  ba se  l oad  
adopted i s  h  = 6500 h / y r ) ;  

I n c l u d i n g  3.3 p e r  c e n t  f o r  p r o j e c t e d  new equipment  i n s t a l l a t i o n  
c o s t s  ( t a k i n g  l i f e  t i m e  Ti t o  be 30 y e a r s )  w i t h o u t  t a k i n g  d i s -  
cou 'nt ing i n t o  c o n s i d e r a t i o n ,  and 3 .7  per  c e n t  f o r  c a p i t a l  r e p a i r s .  



( b )  s p e c i f i c  f u e l  consumption co r r e spond ing  t o  t h e s e  
o p e r a t i n g  c o n d i t i o n s  (b = 340 g/kWh); and 

(c) c o s t  of f u e l  based on t h e  r e s u l t s  of o p t i m i z a t i o n  
of f u e l  and power ba l ance  (by shadow p r i c e s * ) ,  f o r  
t h e  c a l c u l a t i o n  it i s  assumed t h a t  p  = 25 Rub/trf 
( r u b l e s  p e r  t o n  of r e f e r e n c e  f u e l ) .  

Thus, t h e  annua l  o u t l a y  f o r  f u e l  amounts t o  

6. SUMMARY 

Summing up t h e  components of o u t l a y  o b t a i n e d  a f t e r  c a l -  
c u l a t i o n s  i n  accordance  w i t h  formula (1) w e  g e t  

The c a l c u l a t e d  c o s t s  o f  c o a l - f i r e d  power p l a n t s  can  be  
compared w i t h  o t h e r  v a r i a n t s  o f  t h e  power supply .  But t h e  
e q u a l i t y  of v a r i a n t s  i s  o b l i g a t o r y  a s  f a r  a s  o u t p u t  and capa-  
c i t y  a r e  concerned.  

The i n d i c a t e d  v a l u e s  of e x p e n d i t u r e s  can  s e r v e  a s  a  re- 
f e r e n c e  f o r  e v a l u a t i n g  e f f i c i e n t  new machinery and equipment 
i n  t h e  power i n d u s t r y .  

* The economic e s s e n c e ,  f o rma t ion , and  methods o f  c a l c u l a t i n g  
shadow p r i c e s  a r e  g iven  i n  Appendix C-111. 



C-I1 EVALUATION OF THE MAXIMUM PERMISSIBLE COST INDICES OF 

FUSION POWER PLANTS IN THE USSR* 

(N.N. Vasiliev) 

When fusion power plants will be developed at a commercial 
scale and become well-advanced generating units, their economic 
efficiency will have to be compared to that of future power 
plants of other types to be installed in the same period [C-31. 

Naturally, such a comparison must contain many assumptions, 
since one must account not only for.the progress of fusion- 
power-plant-systems but also for the advancement of nuclear 
(fissile) power plants as well as the development of convention- 
al fossil power stations in the USSR. The latter may use not 
only costly fuels but also extremely cheap coal like that which 
is strip-mined at Kansko Achinsk in Siberia. 

It is quite obvious that there are also many assumptions 
that are associated with the uncertainty of forecasting 
economic indices for both power plants and the national fuel 
and power industry as a whole. These assumptions must not be 
separated from possible differences between hypotheses on the 
development of the national economy. Major trends of this 
development are subject to the well-known laws of countries with 
planned economies. However, the predicted parameters may vary 
quantitatively. It goes without saying that all the estimates 
must be given in today's prices. 

The initial values required for defining the permissible 
capital investments per MW(e) of installed fusion-power- plant 
capacity must include: 

( a )  The maximum specific cost of one generated MW(e) .h, 
taking into consideration possible deviations of the 
electrical energy balance; and 

( b )  Estimates of the achieved specific generating costs 
for pxoducinq one MW(e)-h at different types of power 
plants, taking into account that the economic indices 
depend on the differences in capital investments of 
those power plants. 

The structure of the calculated electric-energy production 
consists of the fuel-cost constituent, and a component that 
mainly depends on capital investment (measured in Rub/MW(e).h): 

* Appendix C-I defines terms and the standard method of calcu- 
lating the economic efficiency of capital investments in energy 
objects in the USSR. 



where Of i s  t h e  f u e l - c o s t  component o f  t h e  s p e c i f i c  c o s t  o f  
e lect r ic  ene rgy  p r o d u c t i o n ,  and t h e  c o s t  component c, = f (Ksp )  
i s  a  f u n c t i o n  of  t h e  s p e c i f i c  c a p i t a l  i nves tmen t s  K s p .  

I t  should  be no t ed  t h a t  i n  e q u a t i o n  ( 2 )  K, may be g r e a t l y  
i n f l u e n c e d  by t h e  l o a d  f a c t o r  ( o r :  annua l  o p e r s t i o n  f a c t o r )  . 
However, a l l  o u r  r e a son ing  r e f e r s  t o  power p l a n t s  working a t  
b a s e  l o a d .  T h e r e f o r e ,  t h e  dependence of c, on t h e  f a c t o r s  
a s s o c i a t e d  w i t h  t h e  o p e r a t i o n  mode o f  t h e  p l a n t  may be neg- 
l e c t e d .  

I n  g e n e r a l ,  i f  t h e  p r i c e  o f  f o s s i l  f u e l  i s  up, Of w i l l  
a l s o  r ise and,  i n  s p i t e  of  t h e  f a c t  t h a t  f o s s i l  power p l a n t s  
have r e l a t i v e l y  low c a p i t a l  i nves tmen t s  a s  compared t o  n u c l e a r  
power p l a n t s ,  t h i s  w i l l  r e s u l t  i n  an  i n c r e a s e  i n  ene rgy  pro-  
d u c t i o n  c o s t  (C ) .  The f u e l  c o s t  component o f  n u c l e a r  power 
p l a n t s  t e n d s  t o  dec r ea se .  Thus, t h e i r  c o m p e t i t i v e n e s s  v i s  a  
v i s  f o s s i l  power p l a n t s  i s  a s s u r e d ,  even  when t h e  s p e c i f i c  c a p i -  
t a l  c o s t s  l K s p )  o f  n u c l e a r  power p l a n t s  i n c r e a s e .  

I n  t u r n ,  t h e  maximum p e r m i s s i b l e  v a l u e  of  t h e  s p e c i f i c  
c a l c u l a t e d  c o s t s  (C) o f  e l e c t r i c  ene rgy  p r o d u c t i o n ,  measured 
i n  Rub/MW(e).h, depends upon t h e  C  t h a t  i s  a c t u a l l y  a ch i eved .  
T h e r e f o r e ,  i f  one assumes h y p o t h e t i c a l l y  t h a t  e l e c t r i c i t y  
p r o d u c t i o n  by n u c l e a r  power p l a n t s  i n  t h e  o v e r a l l  n a t i o n a l  
ene rgy  o u t p u t  w i l l  be  s m a l l ,  t h e n  one conc ludes  t h a t  C may i n -  
c r e a s e  a s  t h e  r e s u l t  o f  r i s i n g  f u e l  p r i c e s ,  i .e .  o f  Of. Then, 
assuming C t o  be  h i g h ,  it i s  p o s s i b l e  t o  suppose t h a t  f u s i o n  
power p l a n t s ,  whose f u e l  c o s t s  Of a r e  ve ry  low, c o u l d  have 
c o n s i d e r a b l e  s p e c i f i c  c a p i t a l  i nves tmen t s  K s p  and ,  co r r e spon -  
d i n g l y ,  a  b i g  c o s t  component c,. However, such  a  s u p p o s i t i o n  
may be c r i t i z e d  f o r  t h e  two f o l l o w i n g  r e a s o n s .  

F i r s t ,  it i s  i n c o r r e c t  t o  assume a  growth r a t e  o f  t h e  
maximum p e r m i s s i b l e ,  s p e c i f i c  c a l c u l a t e d  e l e c t r i c i t y  p roduc t i on  
c o s t s  t h a t  i s  t o o  h i g h ,  s i n c e  t h i s  would imply a  d i s t o r t i o n  o f  
t h e  p r o p o r t i o n s  of  t h e  n a t i o n a l  economy development.  And t h i s  
c o u l d  mean h i g h e r  p r i c e s  o f  i n d u s t r i a l  goods and s e r v i c e s ,  o r  
a  l i m i t a t i o n  upon t h e  l e v e l  o f  i n d u s t r i a l i z a t i o n  and communal 
e l e c t r i f i c a t i o n .  

Second, one should  b e a r  i n  mind t h e  o b j e c t i v e  t r e n d s  o f  
t e c h n o l o g i c a l  p r o g r e s s .  These t r e n d s  have caused  a  s u b s t a n t i a l  
r i s e  o f  t h e  s h a r e  o f  n u c l e a r  power p l a n t s  i n  t h e  n a t i o n a l  
ene rgy  ba l ance ,  and have improved t h e i r  economic i n d i c e s .  These 
l a t t e r  f e a t u r e s  w i l l  d e t e rmine  t h e  s t a b i l i t y  of  C  o r  i n f l u e n c e  i t s  
r e l a t i v e l y  s m a l l  i n c r e a s e .  Such an  a s s e r t i o n  i s  t r u e  even if 
b o t h  f o s s i l  and n u c l e a r  f u e l  p r i c e s  r ise,  and i f  more expens ive  
f a s t - n e u t r o n  r e a c t o r s  a r e  t o  be  i n t r o d u c e d  t o  s a t i s f y  t h e  
growing f u e l  r equ i r emen t s  o f  n u c l e a r  power e n g i n e e r i n g .  

Around 1995  t o  2000, f u s i o n  power p l a n t s  shou ld  be compared 
t o  t h e  most h i g h l y  deve loped  n u c l e a r  power p l a n t s  which, by 
t h a t  t i m e ,  w i l l  b e  g r e a t l y  advanced. Le t  u s  p roceed  from t h e  
h y p o t h e s i s  t h a t  n u c l e a r  power p l a n t s  w i l l  s u b s t a n t i a l l y  p r e v a i l  



among new power capacities in future electrical grids. In this 
case the economic indices of the most expensive nuclear power 
plants will be close to the maximum permissible value of the 
calculated specific cost of electricity production Co. In other 
words, CNPP* L CO, with the asterisk indicating the largest 
capital ~nvestments. The value of CNpp* may be defined as the 
calculated specific electricity cost of generating one MW(e)-h 
at a nuclear power plant with a fast-neutron reactor. Thuc 
cNpp* could be calculated assuming the initial capital invest- 
ments to be up to 4 0 0  Rub/kW(e). 

On the other hand, as was pointed out above, by that time 
fossil power plants operated on cheap Kansko-Achinsk coal would 
be 1:rgely developed. It is worth mentioning that the value 
CCpp (electricity-generation cost of coal power plants) is 
much less than that of CNPP*. According to the author's first 
approximations [:-31 , CNPP * equals 1 2 . 5  to 1 3 . 0  Rub/MW(e) *h, 
compared to CCpp equallng 5 .5  to 6 . 0  Rub/MW(e)-h for a con- 
ventional fossil power plant fueled with Kansko-Achinsk coal. 

On the basis of the above calculations, it was decided to 
assume the maximum-permissible value of specific electricity- 
production cost to be greater or equal to 1 3  Rub/MW(e) -h (this 
value refers to the national electricity production system as 
a whole). It means that with 

and using formula 

the maximum permissible specific capital investments for 
fusion power plants will be: 

As to the first large commercial fusion power plants, their 
permissible capital investment may be considered to be within 
the range of 4 4 0  to 5 0 0  Rub/kW(e). 

These capital costs may be used as a certain criterion 
for the evaluation of various concepts of fusion power plants. 



W e  d o  n o t  t h i n k  t h a t  nowadays we know a b s o l u t e l y  e v e r y -  
t h i n g  a b o u t  t h e  p r o c e s s e s  i n  f u s i o n  r e a c t o r s  and t h e i r  o p e r a t i n g  
c h a r a c t e r i s t i c s ,  i n c l u d i n g  s a f e t y  and r e l i a b i l i t y  f e a t u r e s .  
Tha t  is  why, t o  some e x t e n t ,  any  c o s t  e s t i m a t e s  w i l l  be  a p p r o x i -  
mat i v e  . 

From t h e s e  g e n e r a l  c o n s i d e r a t i o n s  it becomes c l e a r  t h a t  
a n  i n c r e a s e  i n  e f f i c i e n c y  w i t h  r e g a r d  t o  s a f e t y  r e q u i r e m e n t  
l i m i t a t i o n s  may be a t t a i n e d  by 

- r a i s i n g  s p e c i f i c  r e a c t o r  p a r a m e t e r s  ( e . g .  t h e  e n e r g y  
l o a d i n g  on t h e  f i r s t  w a l l ) ;  

- i n c r e a s i n g  t h e  e f f i c i e n c y  o f  t h e  c o n v e r s i o n  o f  t h e r m a l  
e n e r g y  t o  e l e c t r i c a l  power; and 

- r e d u c i n g  t h e  t r i t i u m  i n v e n t o r y  q u a n t i t y  i n  f u s i o n  power 
p l a n t s .  

C-I11 CALCULATIONS OF TECHNICAL AND ECONOMIC FACTORS I N  FUSION 

POWER STATIONS (PROJECTS TVE-2500 AND LTB-500) 

( N . N .  V a s i l i e v ,  R . R .  G r i g o r i a n t s )  

The b a s i c  t e c h n i c a l  and economic f a c t o r  o f  any  power p l a n t ,  
i n c l u d i n g  f u s i o n  power p l a n t s ,  i s  t h e  q u a n t i t y  o f  c a l c u l a t e d  
c o s t s  C, which,  i n  t h e  e n d ,  i s  t h e  c r i t e r i o n  f o r  comparing t h e  
commercial  e f f i c i e n c y  o f  p l a n t s  w i t h  d i f f e r e n t  t e c h n o l o g i e s  o f  
e n e r g y  p r o d u c t i o n .  

The c a l c u l a t i o n  method used  i n  t h e  USSR t o  d e t e r m i n e  t h e  
q u a n t i t y  o f  e x p e n d i t u r e s  i s  d e s c r i b e d  i n  Appendix C; t h e r e f o r e ,  
no  a d d i t i o n a l  e x p l a n a t i o n s  a r e  g i v e n  f o r  t h e  c a l c u l a t i o n  formula 
i n t r o d u c e d  h e r e .  

The c a l c u l a t e d  c o s t s  i n c l u d e  two components:  c a p i t a l  
i n v e s t m e n t s ,  and a n n u a l  o p e r a t i n g  and main tenance  e x p e n s e s :  

where : 

Ek = s t a n d a r d  c o e f f i c i e n t  o f  e f f i c i e n c y  o f  c a p i t a l  
i n v e s t m e n t s ;  

K = t o t a l  c a p i t a l  i n v e s t m e n t s  f o r  t h e  p r o j e c t ;  and 

0 = a n n u a l  o p e r a t i n g  and main tenance  e x p e n s e s .  



In calculating factors K and 0 for fusion power stations, 
the following basic facts must be taken into account: 

- The station is a serial power station; and 

- Expenses for scientific research are not included in 
the estimated cost of the object. 

1. Calculation of Capital Investments K 

The quantity of capital investments includes the costs of 
equipment, its assembly, buildings, technological and auxili- 
ary systems. The equipment of the fusion power stations TVE- 
2500 and LTB-500 consists of: standard equipment; planned 
equipment for future utilization; and completely new equip- 
ment. Accordingly, for calculations of fusion power stations 
with a TOKAMAK reactor and a magneto-hydrodynamic energy con- 
version system (MHD) (project TVE-2500), the following classi- 
fication of equipment was used: 

Group "A": Standard equipment or equipment of which in- 
dustrial analogues are available today; 
This group includes steam turbines with condensers and 
regenerative heat exchangers, a feedwater preparation 
system, a feedwater recycling system, etc., a system of 
water supply including cooling towers; different types of 
auxiliary equipment; generators, etc. 

Group "B": Equipment applying most recent technologies, 
which is beyond the experimental stage but still without 
industrial analogues. 
This group includes MHD generators with auxiliary equip- 
ment, but without magnetic system (which belongs to group 
"C") ; steam generators with high-temperature gas heat 
carriers; compressors; a number of technical systems of 
the main building. 

Group "C": New equipment applying technologies which have 
not been studied very much. This group includes the fusion 
reactor proper, injectors, the system of fuel preparation 
and fuel intake, the system of tritium separation and 
tritium regeneration, etc. 

The approach towards a cost estimate for the equipment and 
its assembly must be different for groups "Ar1, "B" , and "C". 

The cost of equipment of group "A" can be determined direct- 
ly with the help of valid lists (prices must be given for the 
year when the project was worked out). 

The cost of elements of group "Brl is determined on the 
basis of detailed project studies that take into account the 
results obtained when industrial or experimental industrial 
analogues are built and utilized. 



The calculation of the cost of a steam generator or a 
TVE-2500 plant may serve as an example. 

Construction calculation studies of the steam generator 
help to determine its basic technical characteristics: the 
size of heat transfer surfaces, diameters and thickness of 
pipe walls, the nomenclature of materials to be used, etc. 

The boiler aggregate was selected as industrial analogue 
of the steam generator. It operates within the reactor block 
with a serial steam-turbine plant with supercritical steam 
parameters at a capacity of 500 MW(e) on the turbine shaft. 

The calculation was carried out with due regard to the 
constructional differences (the steam generator of the TVE-2500 
plant does not have a number of elements which belong to the 
boiler aggregate-analogue), and the difference in material costs. 
Furthermore, if one takes into consideration that a higher re- 
liability is required, a higher value of the coefficient of 
labor intensiveness (roughly 20 per cent) will be accepted. 

Calculating capital investments for elements of the "C"  
g r o u p  poses the biggest difficulty. The cost of this equipment 
must be calculated by using a number of assumptions, which are 
not very well-founded, with regard to tendencies of price 
changes for several new materials and equipment, and with re- 
gard to a substantial change in consumption. In this case one 
may use the method of maximum estimates to determine the upper 
cost level, so that the calculated costs for the power station 
in question do not exceed the maximum ceiling permitted. 

However, direct cost estimates of g r o u p  "C" are also ne- 
cessary, for they will finally permit to calculate actual ex- 
penditures, given certain assumptions. 

A further example, the approach towards the cost estimate 
of the superconducting magnetic system is described below. 

The magnetic system of the TVE-2500 plant consists of dif- 
ferent types of coils, power constructions, cryostats, electri- 
cal engineering equipment, and cryogenic equipment. 

The specific cost of the magnetic system was accepted as 
a consolidated factor, and is to be determined in the following 
way; 

where : 



K i  = costs of individual elements of the magnetic 
system, with due regard for their production, 
assembly, and installation; and 

G = total weight of superconducting windings (in- 
cludlng the weight of stabilizing copper). 

Electrodynamic and heat calculations as well as construction 
studies are carried out with regard to data on nuclear heat re- 
leases in superconducting windings. From these results one 
determines the basic construction parameters of the coils and 
cryostats, the material requirements and weight, energy, and 
dimensional data of the electrical engineering and cryogenic 
equipment. 

The cost of refrigerators and electrical engineering equip- 
ment may be determined according to the method accepted for 
group " B "  elements, although extrapolation is not so well founded 
here. For example, big oxygen aggregates may be accepted as 
analogue for helium refrigerators; in this case the calculation 
must be done according to specific indices, such as the cost of 
the aggregate per unit of weight and per unit of power to be 
consumed. The basic vagueness in this calculation is connected 
with the price level for a superconducting busbar. Thus, when 
changing over to large-scale production, the quantity of the 
consolidated factor UM may amount to roughly 30 to 60 Rub/kg. 

The cost of one cubic meter of useful room in buildings 
was accepted as consolidated factor for evaluating their cost 
(taking into account hoisting and transport facilities, etc.), 
i.e. 60 ~ u b / m ~  for the reactor hall and other rooms with equip- 
ment using technologies that involve radiation hazards, and 
40 ~ u b / m ~  for other rooms. The cost of cooling towers was 
included in the investments for the technical water-supply 
system. 

The structure of capital investments for the construction 
of the fusion power station TVE-2500 is given in Table C-IV. 
The results shown reveal that, on given assumptions, the cost 
of the superconducting magnetic system amounts to 70 per cent 
of the overall capital investments. 

2.  Annual Operating and Maintenance Expenses 

The second component of calculated costs are annual operat- 
ing and maintenance expenses; they include expenditure in terms 
of fuel, maintenance, service, routine maintenance as well as 
total depreciation costs. 

For the fusion power station TVE-2500 with a solid blanket, 
fuel costs consisted only of the costs of the deuterium to be 
burned, which are very small. The cost of the replaceable con- 



Table C-IV: Structure of Capital Investments in the Con- 
struction of a Fusion Power Station: TVE-2500 

Note: In calculating the capital investments for the construction 
of TVE-2500, the specific cost of the superconducting mag- 
netic system (SCMS) was assumed to be oM = 50 Rub/kg. 

1L 

Specific 
Investments 
(Rub/kW (el 

9.34 

19.6 

274.3 

5.84 

3.89 

52.5 

3.07 

0.78 

6.23 

6.8 

0.92 

1.17 

19.45 

8.56 

11.67 

4.67 

42.9 

472 

1 . Main Building 

1.1 Cost of building 

1.2 Reactor block (equipment 
and assembly) 

- Blanket 
- Magnetic system (with 
cryogenic equipment) 

- Injectors 
- Other equipment 

1.3 MHD generators (equipment 
and assembly) 

- Magnetic system 
- MHD duct 
- Other equipment 

1.4 Thermo-mechanical block 

- Steam generators 
- Turboaggregates 
- Heat exchangers 
- Other equipment 

1.5 Technical systems of 
main building 

2. Systems for the Entire Plant 

2.1 Transformer 

2.2 Water supply system 

2.3 Other equipment 

3. Expenses Not Taken Into Account 
(10% of estimated cost) 

Total 

Total 
Investments 
(lo6 ~ u b )  

2 4 

4 9 

785 

15 

10 

135 

7.9 

2.0 

16 

17.5 

2.4 

3.0 

5 0 

2 2 

30 

12 

110 

121 2 



struction elements with low work resources--the first wall and 
lithium-containing zones of the blanket--was taken into account 
when the overall depreciation costs were calculated (with the 
exception of the "first complex", the cost of which was in- 
cluded in capital investments). It was accepted that irradiated 
materials, among them lithium, are not regenerated. 

The calculation of depreciation expenditures was based on 
the following assumptions: 

- For equipment and buildings of groups " A r t  and "Brr , de- 
preciation deductions were determined by the same method 
as capital investments; and 

- The useful life of the first wall is two years (pa = 0.5); 
of the first blanket zone two years (pa = 0.1); of other 
reactor construction elements 20 years (pa = 0.05); and 
30 years for buildings and facilities (pa = 0.033). 

The personnel expenditures were calculated by using the 
personnel coefficient X = 1 worker/MW with an average income 
level to be planned. Expenditures for routine maintenance 
amounted to 30 per cent of the depreciation deductions. 

The calculations carried out for a TVE-2500 plant show 
that, compared with depreciation deductions and routine main- 
tenance, fuel and operational costs on exploitation are really 
negligible, so that the annual expenses and finally the cal- 
culated costs turn out to be proportional to the size of spe- 
cific capital investments. 

One may then conclude that the calculated costs C for the 
TVE-2500, a fusion power station with a TOKAMAK reactor and a 
MHD system, amounts to 1.6 kopeck/kWh(e) given a level of capi- 
tal investments of 470 Rub/kW(e) . 

Analoguous calculations were done for energy blocks with 
laser initiation of thermonuclear microexplosions (project 
LTB-500). The total specific capital investments for this 
plant amount to 370 Rub/kW(e), whereby in this case the laser 
system is the most capital-intensive element, its costs amount 
to roughly 40 per cent of the entire quantity of capital in- 
vestments. 

In calculating the annual expenses the coefficients of 
depreciation deductions were the following: 

- Buildings pa = 0.033 

- Reactor pa = 0.33 

- Laser system pa = 0.13 

- Other equipment pa = 0.07 



The f u e l  component, which i n c l u d e s  t h e  c o s t s  of  d e u t e r i u m  
and l i t h i u m  ( w i t h o u t  t h e  f i r s t  l o a d ) ,  l i k e  i n  t h e  f o r e g o i n g  
c a s e  t u r n e d  o u t  t o  be a  v e r y  s m a l l  q u a n t i t y  ( a p p r o x i m a t e l y  
0.01 kopeck/kWh(e)) .  

The t o t a l  q u a n t i t y  o f  c a l c u l a t e d  c o s t s  f o r  l a s e r  f u s i o n  
power p l a n t s  LTR-500 a t  a  l e v e l  o f  c a p i t a l  i n v e s t m e n t s  o f  
370 Rub/kW (e)  amounted t o  1.4 kopeck/kWh (e)  . 

~t was shown i n  Appendix C-I1 t h a t ,  i n  p e r s p e c t i v e ,  t h e  
maximum v a l u e  o f  c a l c u l a t e d  c o s t s  f o r  e lect r ic  power p l a n t s  
o p e r a t i n g  on b a s e  l o a d  and l o c a t e d  i n  t h e  European p a r t  o f  t h e  
USSR, w i l l  be  1.2 t o  1.4 kopeck/kWh(e).  

The c a l c u l a t e d  c o s t s  f o r  power p l a n t s  o f  t h e  t y p e s  TVE- 
2500 and LTB-500 s l i g h t l y  exceed  t h e  maximum p e r m i s s i b l e  v a l u e s ,  
b u t  t h i s  amount is  r e a l l y  n o t  b i g .  I t  s h o u l d  b e  ment ioned 
t h a t  t h e  r e s u l t s  o b t a i n e d  a r e  e x t r e m e l y  s e n s i t i v e  t o  t h e  c o s t  
o f  new equipment .  T h i s  f a c t  i s  i l l u s t r a t e d  i n  F i g u r e  C-1. 
I t  shows t h e  dependence o f  t h e  c a l c u l a t e d  c o s t s  on t h e  s p e c i f i c  
c o s t  o f  a  s u p e r c o n d u c t i n g  magne t ic  system.  With a  s p e c i f i c  c o s t  
o f  t h e  s u p e r c o n d u c t i n g  magne t ic  sys tem o f  a p p r o x i m a t e l y  
35 t o  40 ~ u b / k g  t h e  c a l c u l a t e d  c o s t s  w i l l  amount t o  1 . 3  kopeck/ 
kwh (e)  . 

KOPECKS 
kwh (el 

F i g u r e  C-1: Dependence o f  Q u a n t i t y  o f  C a l c u l a t e d  C o s t s  on 
S p e c i f i c  C o s t  o f  Superconduc t ing  Magne t ic  System 
(SCMS) 
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ADAM + EVA 

APPENDIX D 

LIST OF ABBREVIATIONS 

energy transmission system: 
CH4 + H20 + 4 9  kcal/mole * 3H2 + CO; 
EVA (German: E i n z e  Zspaltrohr-Versuchs-Anlage) 
is the chemical reactor for the production 
of H2 + CO (energy in)--its counterpart 
ADM1 is the burner of the gaseous fuel 
(energy out1 

AEC, USAEC U n i t e d  S t a t e s  A t o m i c  Energy  Commis s ion  

AGR advanced  g a s - c o o l e d  graphite-moderated r e a c t o r  

AISI A m e r i c a n  T r o n  and S t e e l  I n s t i t u t e  

ALCATOR experimental TOKAMAK reactor (US) 

ALCATOR-C advanced version of ALCATOR (US) 

ANL Argonne  N a t i o n a l  L a b o r a t o r y  (US) 

ARGUS I1 

ARGUS IV I US laser fusion test facilities 
AS lvlE Amer i can  S o c i e t y  o f  M e c h a n i c a l  E n g i n e e r s  

BELGONUCLEAIRE, BN Belgian industrial consortium for the develop- 
ment of nuclear energy 

BFS a Soviet fast critical facility 

BHP b i o l o g i c a l  h a z a r d  p o t e n t i a  l 

BN 350 fast breeder prototype reactor (USSR) 

B1V 600 advanced fast breeder prototype reactor (USSR) 

BNL B r o o k h a v e n  N a t i o n a l  L a b o r a t o r y  (US) 



BOP 

BOR 6 0  

B  R  

BR- 1 

BR-2 

BR- 5 

BR-2 (M01) 

BWR 

CABRI 

CEA 

CEGB 

CFR- 1 

10 CFR 20 

CLEMENTINE 

CLEO 

CP R  

CRBR 

CTR 

CYCLOPS 

DBA 

DEMO 

DF R  

DIDO 

b a l a n c e  o f  p l a n t  

a  S o v i e t  e x p e r i m e n t a l  f a s t  t e s t  r e a c t o r  

b r e e d i n g  r a t i o  

I S o v i e t  e x p e r i m e n t a l  f a s t  r e a c t o r s  

B e l g i a n  R e a c t o r  Two, r e s e a r c h  r e a c t o r ,  Mol 
( B e l g i u m )  

b o i l i n g  l i g h t  w a t e r - c o o l e d  and modera ted  r e a c t o r  

French  f o r  h e - g o a t ;  p u l s e d  e x p e r i m e n t a l  r e a c t o r  
( F r a n c e )  

C o m m i s s e r i a t  h Z ' E n e r g i e  A t o m i q u e ,  F r e n c h  a t o m i c  
e n e r g y  c o m m i s s i o n  

C e n t r a l  E l e c t r i c i t y  G e n e r a t i n g  Board ( U K )  

Commerical  F a s t  R e a c t o r  One ( U K )  

t y p i c a l  c i t a t i o n  f r o m  USAEC r u l e s  and r e g u l a -  
t i o n s - - C o d e  o f  F e d e r a l  R e g u l a t i o n s ,  t i t l e  10, 
p a r t  20  

t h e  f i r s t  P u - f u e l e d  f a s t  r e s e a r c h  r e a c t o r ,  ( U S )  

e x p e r i m e n t a l  TOKAMAK r e a c t o r  ( U K )  

commerc ia l  power r e a c t o r  

C l i n c h  R i v e r  b r e e d e r  r e a c t o r ,  US f a s t  b r e e d e r  
d e m o n s t r a t i o n  ( p r o t o t y p e )  r e a c t o r  

c o n t r o l l e d  t h e r m o n u c l e a r  r e a c t o r  

e x p e r i m e n t a l  l a s e r  f u s i o n  t e s t  f a c i l i t y  (US)  

d e s i g n  b a s i s  a c c i d e n t  

d e m o n s t r a t i o n  p l a n t  

Dounreay f a s t  r e a c t o r ,  f a s t  b r e e d e r  p r o t o t y p e  
r e a c t o r  ( U K )  

o n o m a t o p o e i c  f o r  D 2 0 ,  r e s e a r c h  and t e s t  
r e a c t o r  u s i n g  D 2 0  a s  m o d e r a t o r  and c o o l a n t  



DlvlFE D i v i s i o n  o f  M a g n e t i c  F u s i o n  Energy  (USERDA) 

DOUBLET- I1 
US experimental TOKAMAK reactors 

DOUBLET-I11 (D-111) 

dpa d i s p l a c e m e n t  p e r  a tom 

DPR d e m o n s t r a t i o n  power r e a c t o r  

EANDC European American N u c l e a r  Data Commi t t ee  

EBR- I 

EBR-I1 I experimental breeder reactors (US) 
EdF E l e c t r i c i t 6  d e  F r a n c e ,  French national utility 

EFFBR E n r i c o  Fermi f a s t  b r e e d e r  r e a c t o r  (US) 

ENDF e v a l u a t e d  n u c l e a r  d a t a  f i l e  (for reactor 
application) 

Ente  NazionaZe p e r  Z 'Energ ia  E l e t t r i c a ,  Italian 
national utility 

EPA E n v i r o n m e n t a l  P r o t e c t i o n  Agency (US) 

EPOXY or epoxy resin, binding material, a flexible 
usually thermosetting resin made by polymeriza- 
tion of an epoxide 

EPR e x p e r i m e n t a l  power r e a c t o r  

ERDA, USERDA U n i t e d  S t a t e s  Energy  R e s e a r c h  and Development  
A d m i n i s t r a t i o n  

ETR e n g i n e e r i n g  t e s t  r e a c t o r  (US) 

EURATOM European A tomic  Energy  Community 

EVA + ADAM see ADAM + EVA 

FB R f a s t  b r e e d e r  r e a c t o r  

FBTR f a s t  b r e e d e r  t e s t  r e a c t o r  (India) 

FCA f a s t  c r i t i c a l  a s s e m b l y  (Japan) 

FCEL f a s t  c r i t i c a l  e x p e r i m e n t a l  l a b o r a t o r y  (US) 

FERF f u s i o n  e n g i n e e r i n g  r e a c t o r  f a c i l i t y  (US) 



FFTF 

FLIBE 

FRG 

FRO 

FY 

GALAXY 

GCFR 

GETR 

GODIVA 

HAA- I I I 

HEPA 

HFIR 

HFNS 

HFR 

HLW 

HM 

HTGR 

IAEA 

IBHP 

I CRP 

IIASA 

f a s t  f l u x  t e s t  f a c i l i t y  

f l u o r - l i t h i u m - b e r y l l i u m ,  a l i q u i d  s a l t  used  i n  
f u s i o n  r e a c t o r s  

Federa  2 Repub l i c  o f  Germany 

F a s t  R e a c t o r  Z e r o  (Sweden) 

f i s c a l  y e a r  (US) 

code  sys tem used f o r  p roduc ing  m i c r o s c o p i c  
g roup  c o n s t a n t s  f o r  r e a c t o r  c a l c u l a t i o n s  ( U K )  

g a s - c o o l e d  f a s t  r e a c t o r  

G e n e r a l  E l e c t r i c  t e s t  r e a c t o r  (US) 

a f t e r  Lady Godiva, "naked" f a s t  r e a c t o r  ( i . e .  
w i t h o u t  r e f l e c t o r )  e x c u r s i o n  exper iment  

code used t o  c a l c u l a t e  a e r o s o l  b e h a v i o r  i n  
r e a c t o r  c o n t a i n m e n t s  (US) 

c r i t i c a l  magne t ic  f i e l d  i n  a  s u p e r c o n d u c t i n g  
m a t e r i a l  

h i g h - e f f i c i e n c y  p a r t i c u l a t e  a i r  ( f i l t e r )  

h i g h - f l u x  i s o t o p e  r e a c t o r  ( U S )  

h i g h - f l u x  n e u t r o n  s o u r c e  ( U S )  

h i g h -  f  l u x  r e a c t o r  ( N e t h e r l a n d s )  

h i g h - l e v e l  w a s t e  

heavy  m e t a l  

h i g h - t e m p e r a t u r e  g a s - c o o l e d  graphi te -modera ted  
r e a c t o r  

I n t e r n a t i o n a l  A tomic  Energy  Agency  

i n t e g r a t e d  b i o l o g i c a l  h a z a r d  p o t e n t i a l  

I n t e r n a t i o n a l  Commiss ion  on  R a d i o l o g i c a l  
P r o t e c t i o n  

I n t e r n a t i o n a l  I n s t i t u t e  f o r  A p p l i e d  S y s t e m s  
A n a l y s i s  ( A u s t r i a )  



IMP 

INB 

INTERATOM 

ISSEC 

ITR 

JAERI 

JANUS-I 

JANUS-I1 

J c  

JET 

J O Y 0  

JT-60 

JTF-2 

KADIS 

KEMA 

K N K  I 

K N K  I1 

LASL 

LD 

LF 

LF R 

LLL 

plasma r e s e a r c h  f a c i l i t y  a t  t h e  Oak Ridge 
N a t i o n a l  L a b o r a t o r y  (US) 

I n t e r n a t i o n a l e  N a t r i u m  B r u t r e a k t o r  GmbH, 
Belgian/Dutch/German i n d u s t r i a l  c o n s o r t i u m  
founded f o r  t h e  c o n s t r u c t i o n  o f  t h e  SNR 300 
f a s t  b r e e d e r  p r o t o t y p e  r e a c t o r  

r e a c t o r  m a n u f a c t u r e r  (FRG) 

i n t e r n a l  s p e c t r a l  s h i f t e r  and e n e r g y  c o n v e r t e r  

i g n i t i o n  t e s t  r e a c t o r  (US) 

Japan A tomic  Energy  R e s e a r c h  I n s t i t u t e  

I l a s e r  f u s i o n  t e s t  f a c i l i t i e s  (US) 

c r i t i c a l  c u r r e n t  i n  a  s u p e r c o n d u c t i n g  m a t e r i a l  

j o i n t  European t o r u s  

f a s t  e x p e r i m e n t a l  t e s t  r e a c t o r  ( J a p a n )  

e x p e r i m e n t a l  TOKN4AK t e s t  f a c i l i t y  ( J a p a n )  

e x p e r i m e n t a l  TOKAMAK t e s t  f a c i l i t y  ( J a p a n )  

code used t o  c a l c u l a t e  e n e r g y  r e l e a s e s  i n  
h y p o t h e t i c a l  a c c i d e n t s  of  f a s t  b r e e d e r  r e a c t o r s  
(FRG) 

K e u r i n g  van E l e k t r o t e c h n i s c h e  M a t e r i a l i e n ,  
Dutch t e s t i n g  i n s t i t u t e  

sodium-cooled t h e r m a l  t e s t  r e a c t o r  (FRG) 

sodium-cooled f a s t  t e s t  r e a c t o r  w i t h  the rmal  
d r i v e r  zone (FRG) 

Los Alamos S c i e n t i f i c  L a b o r a t o r y  (US) 

l e t h a l  d o s e ;  e . g .  L & O / ~ ~ :  whole-body d o s e  a t  
which t h e  p r o b a b i l i t y  o f  d e a t h  i s  50% w i t h i n  
60 d a y s  

l o a d  f a c t o r  

l a s e r  f u s i o n  r e a c t o r  

Lawrence L i v e r m o r e  L a b o r a t o r y  (US) 



LLW 

LMFBR 

LWBR 

LWR 

MAGNOX 

MASURCA 

MHD 

MIGROS 

M i r r o r  

MLW 

MON J U 

MPC 

MS RE 

MTR 

MX 

Mylar 

N AL 

NCRP 

NERATOOM 

l o w - l e v e l  w a s t e  

l i q u i d - m e t a l  f a s t  b r e e d e r  r e a c t o r  

l i g h t - w a t e r  b r e e d e r  r e a c t o r  

l i g h t  water -coo led  and moderated r e a c t o r  

d e r i v e d  f rom magnesium a l l o y  ( e . g .  Magnox 1 2 )  ; 
gas -coo led  r e a c t o r  u s i n g  magnesium a l l o y  a s  
c l a d d i n g  m a t e r i a l  

M a q u e t t e  S u r g e n e r a t r i c e ,  Cadarache ,  f a s t  
c r i t i c a l  a s sembly  ( F r a n c e )  

m u l t i g r o u p  c r o s s - s e c t i o n  c o n s t a n t s ,  code  sys tem 
used  t o  p roduce  m i c r o s c o p i c  g roup  c o n s t a n t s  f o r  
r e a c t o r  c a l c u l a t i o n s  (US) 

magne t o - h y d r o - d y n a m i c  

code  sys tem used  f o r  p r o d u c i n g  m i c r o s c o p i c  
g r o u p  c o n s t a n t s  f o r  r e a c t o r  c a l c u l a t i o n s  (FRG) 

t y p e  o f  m a g n e t i c  conf inement  f o r  h i g h - t e m p e r a t u r e  
plasma i n  f u s i o n  r e a c t o r s  

m e d i u m - l e v e l  w a s t e  

f a s t  b r e e d e r  p r o t o t y p e  r e a c t o r  ( J a p a n )  

maximum p e r m i s s i b l e  c o n c e n t r a t i o n  

m o l t e n - s a l t  r e a c t o r  e x p e r i m e n t  (US) 

m a t e r i a l s  t e s t  r e a c t o r  (US) 

e x p e r i m e n t a l  M i r r o r  t e s t  f a c i l i t y  (US) 

o r g a n i c  m a t e r i a l  t h a t  i s  somet imes used  a s  
t h e r m a l  i n s u l a t i o n  m a t e r i a l  f o r  low- tempera tu re  
s u p e r c o n d u c t i n g  magnets  

N a t i o n a l  A c c e l e r a t o r  L a b o r a t o r y  (US) 

N a t i o n a l  C o u n c i l  on  R a d i a t i o n  P r o t e c t i o n  and 
Measuremen t s  (US) 

Dutch i n d u s t r i a l  g roup  f o r  t h e  development  o f  
n u c l e a r  power p l a n t s  and p l a n t  components 



NFS 

NOL 

NPT 

OECD 

ORIGEN 

ORMAK 

ORNL 

PARD1 SEKO 

PDX 

PE 16 

PEC 

PEPR 

PETULA 

P F 

PFR 

PHENIX 

PLT 

PNC 

PNURE 

PPPL 

Nuclear  Fuel  S e r v i c e s ,  a US reprocessing plant 

Naval Ordnance Labora tory  (US) 

T r e a t y  on t h e  N o n - P r o l i f e r a t i o n  o f  Nuc lear  
Weapons 

O r g a n i s a t i o n  f o r  Economic Co-opera t ion  and 
Deve Zopment 

Oak Ridge i s o t o p e  g e n e r a t i o n  and d e p l e t i o n  code ,  
code used to calculate the isotopic composition 
of irradiated reactor fuel (US) 

experimental TOKAMAK test reactor (US) 

Oak Ridge N a t i o n a l  Labora tory  (US) 

code used to calculate aerosol behavior in 
reactor containments (FRG) 

p o l o i d a l  d i v e r t o r  e x p e r i m e n t ,  experimental 
TOKAMAK test facility (US) 

nickel-base alloy 

Prova E l e m e n t i  C o m b u s t i b i l e ,  fast experimental 
test reactor (Italy) 

p r o t o t y p e  e x p e r i m e n t a l  power r e a c t o r  (US) 

experimental TOKAMAK test facility (UK) 

p l a n t  f a c t o r  

p r o t o t y p e  f a s t  r e a c t o r  (UK) 

fabulous bird connected with the worship of the 
sun, especially in ancient Egypt. As its end 
approaches it fashions a nest, and sets itself 
on fire. From this pyre miraculously springs a 
new phenix. 

P r i n c e t o n  Zarge t o r u s ,  experimental TOKAMAK 
test facility (US) 

Power R e a c t o r  and N u c l e a r  Fuel Development 
C o r p o r a t i o n  (Japan) 

p r e l i m i n a r y  n a t i o n a l  uranium r e s o u r c e  
e v a l u a t i o n  program (US) 

P r i n c e t o n  Plasma P h y s i c s  Labora tory  (US) 



PULSATOR 

PWR 

RAPSODIE 

RB U 

RED 

RF 

RS S  

RT 

RTNS 

RWE 

SAONE 1 and 2 

SAP 

SAREF 

SBK 

s/c 

SCYLLA I V  

SEFOR 

SEP 

SHIVA-I and I1 

SLSF 

e x p e r i m e n t a l  TOKAMAK t e s t  f a c i l i t y  (FRG) 

p r e s s u r i z e d  l igh t -wate r -modera ted  and c o o l e d  
r e a c t o r  

q u a l i t y  f a c t o r  

e x p e r i m e n t a l  f a s t  t es t  r e a c t o r  ( F r a n c e )  

R e a k t o r - B r e n n e l e m e n t  Un ion ,  f u e l - e l e m e n t  
m a n u f a c t u r e r  (FRG) 

r e s e a r c h  and d e v e l o p m e n t  

r a d i o  f r e q u e n c y  

R e a c t o r  S a f e t y  S t u d y  (Rasmussen r e p o r t )  (US) 

room t e m p e r a t u r e  

r o t a t i n g  t a r g e t  n e u t r o n  s o u r c e ,  n e u t r o n  t es t  
f a c i l i t y  (US) 

R h e i n i s c h - W e s t f G Z i s c h e  E l e k t r i z i t a t s w e r k  A G ,  
r e g i o n a l  u t i l i t y  (FRG) 

s u b a s s e m b l y  

S o u t h w e s t  A t o m i c  Energy  A s s o c i a t e s ,  US r e g i o n a l  
u t i l i t y  g r o u p  

commercial f a s t  b r e e d e r  power p l a n t s  ( F r a n c e )  

s i n t e r e d  a l u m i n i u m  p r o d u c t  s a f e t y  r e a c t o r  
f a c i l i t y  (US) 

s a f e t y  r e a c t o r  f a c i l i t y  (US) 

Schnellbruter-Kernkraftwerk GmbH, Belgian/Dutch/  
German u t i l i t y  g roup  t o  o p e r a t e  SNR 300 

s u p e r c o n d u c t i n g  

e x p e r i m e n t a l  T h e t a  P i n c h  t es t  f a c i l i t y  (US) 

S o u t h w e s t  e x p e r i m e n t a l  f a s t  o x i d e  r e a c t o r  (US) 

Dutch u t i l i t y  g r o u p  

proposed e x p e r i m e n t a l  l a s e r  tes t  f a c i l i t i e s  (US) 

sod ium- loop  s a f e t y  f a c i l i t y  (US) 



SNEAK 

SNR 300 

S RI 

SS 

ST 

STEK 

SUPERPHENIX 

SW 

SWU 

SYNATOM 

T-3,4,6,8,10,20 

Tc 

TETR 

TFR 

th.d. 

Theta Pinch 

TLV 

TM- 3 

TNPG 

S c h n e l l e  N u l l e n e r g i e - A n o r d n u n g  K a r l s r u h e ,  
fast critical zero power assembly (FRG) 

Schne  l l e r  n a t r i u m g e k i i h l t e r  R e a k t o r ,  fast 
breeder prototype reactor (FRG/Belgium/Nether- 
lands) 

fast breeder reactor power plant following 
upon the SNR 300 in the Gerrnan/Belgian/Dutch 
breeder reactor program 

sod ium f i r e ,  code used to calculate temperature 
and pressure build-up in case of sodium fires 
(US) 

S t a n f o r d  R e s e a r c h  I n s t i t u t e  (US) 

stainless steel (e.g. SS 304) 

early experimental TOKAMAK facility (US) 

zero-power fast-thermal reactor (Netherlands) 

fast breeder reactor power plant following upon 
PHENIX in the French breeder reactor program 

width over flats 

s e p a r a t i v e  work u n i t  

Belgian utility group 

experimental TOKAMAK test facilities (USSR) 

c r i t i c a l  t e m p e r a t u r e  

TOKAMAK e n g i n e e r i n g  t e s t  r e a c t o r  (US) 

t o r o i d a l  f u s i o n  r e a c t o r  (US) 

t h e o r e t i c a l  d e n s i t y  

type of magnetic confinement for fusion plasmas 

t h r e s h o l d  l i m i t  v a l u e  

experimental TOKAMAK test facility (USSR) 

The N u c l e a r  Power Group,  reactor manufacturer 
(UK) 

TNS t h e  n e x t  s t e p ,  
(US) 

proposed fusion reactor facility 



TOKAMAK 

T R E A T  

T T A  

T V A  

T Z M  

UK 

UKAEA 

U S  ( U S A )  

U S A E C  

USERDA 

U S S R  

UWMAK 11111111 

V E N U S  

V E R A  

V I P E R  

ZEBRA 

Z P P R  

R u s s i a n :  t o r o i d a Z  chamber  m a c h i n e ,  
f u s i o n  r e a c t o r  c o n c e p t  w i t h  a  t o r o i d a l  p l a sma  
c o n f i g u r a t i o n  

t r a n s i e n t  r e a c t o r  t e s t  f a c i l i t y  ( U S )  

t o r o i d a  l t e s t  a s semb  l y ,  s u p e r c o n d u c t i n g - m a g n e t  
t e s t  f a c i l i t y  ( U S )  

T e n n e s s e e  V a l l e y  A u t h o r i t y ,  U S  r e g i o n a l  u t i l i t y  

titanium-zirconium-molybdenum, a  Mo-base a l l o y  

Uni t e d  Kingdom 

U n i t e d  Kingdom A t o m i c  Energy  A u t h o r i t y  

U n i t e d  S t a t e s  o f  Amer i ca  

U n i t e d  S t a t e s  A t o m i c  Energy  Commiss ion  

U n i t e d  S t a t e s  Energy  R e s e a r c h  and Development  
A d m i n i s t r a t i o n  

Un ion  o f  S o v i e t  S o c i a l i s t  R e p u b l i c s  

U n i v e r s i t y  o f  W i s c o n s i n  c o n c e p t u a l  d e s i g n s  o f  
commerc ia l  TOKAMAK r e a c t o r s  ( U S )  

c o d e  u s e d  t o  c a l c u l a t e  e n e r g y  r e l e a s e s  i n  
h y p o t h e t i c a l  a c c i d e n t s  o f  f a s t  b r e e d e r  
r e a c t o r s  ( U S )  

v e r s a t i l e  e x p e r i m e n t a l  r e a c t o r  a s s e m b l y  ( U K )  

v e r s a t i l e  i n t e r m e d i a t e  p u l s e d  e x p e r i m e n t a l  
r e a c t o r  ( U K )  

e x p e r i m e n t a l  test  f a c i l i t i e s  b a s e d  o n  t h e  
M i r r o r  c o n f i n e n l e n t  scheme ( U S )  

z e r o  e n e r g y  b r e e d e r  r e a c t o r  a s s e m b l y  ( U K )  

z e r o  p l u t o n i u m  power z a e a c t o r ,  f a s t  c r i t i c a l  
a s s e m b l y  ( U S )  

z e r o  power r e a c t o r  111, V I , I X ,  f a s t  c r i t i c a l  
a s s e m b l i e s  ( U S )  



U n i t s  

aPPm 

a t m  

b a r  

b a r n  

BTU 

C 

O c  

c a l  

a t o m i c  p a r t  p e r  m i l l i o n  

a t m o s p h e r e ;  1 a t m  1 k p / c m  2 

1 b a r  1 . 0 2  a t m  

- 2 4  2 n e u t r o n  c r o s s - s e c t i o n  u n i t ;  1 b a r n  = 1 0  cm 

B r i t i s h  t h e r m a l  u n i t ;  1 BTU ? 0.252 k c a l  

d e g r e e  c e n t i g r a d e  

c a l o r i e  

c a p i t a  

c u r i e ;  1 C i  3 . 7 -  10'' d e c a y s / s e c  

c e n t i m e t e r  

s q u a r e  c e n t i m e t e r  

c u b i c  c e n t i m e t e r  

d o l l a r ;  i n  t h i s  paper  d o l l a r  g e n e r a l l y  s t a n d s  
f o r  US d o l l a r  

d o l l a r :  n e u t r o n  r e a c t i v i t y  v a l u e ;  1 $  i s  t h e  
d i f f e r e n c e  i n  r e a c t i v i t y  b e t w e e n  d e l a y e d -  
n e u t r o n  c r i t i c a l i t y  and p r o m p t - n e u t r o n  c r i t i c a l -  
i t y  o f  a  g i v e n  r e a c t o r  

e l e c t r i c  

e l e c t r o n v o  Z t  

gram 

g i g a - ,  10 
9 

g a u s s ,  m a g n e t i c  i n d u c t i o n ;  1 G 1 o - ~  V- s e c / m  2 

g i g a j o u l e  = 10' J 



g i g a w a t t  = 1 o 9  W 

h o u r  

kcal 

keV 

kg 

kJ 

kopeck 

kp 

kW 

kwh 

Mach 

MeV 

j o u l e ,  1J 1W-sec 

k i l o - ,  10 3 

k e l v i n ;  absolute  temperature s c a l e  i n  degrees 
cent igrade 

k i l o c a l o r i e  

k i l o e  Z e c t r o n v o l t  

k i l o g r a m  

k i l o  j o u l e  

c u b i c  k i  l o m e t e r  

1/100 rub le  (see  rub le )  

k i  l o p o n d  

k i  Zowat t 

k i l o w a t t h o u r  

pound ,  1 l b  2 453 g 

l i t e r  

m i l l i - ,  lom3 

m e t e r  

s q u a r e  m e t e r  

c u b i c  m e t e r  

mega-, 10 6 

r a t i o  of a  speed t o  t h e  l o c a l  sonic  speed 

m e g a e l e c t r o n v o l t  



mill 

min 

mm 

mol (e) 

mrem 

MW 

IJ 

IJ 9 

W h m  

n 

n 

nsec 

ohm 

P 

P 

% 

PPm 

r ad 

rem 

rpm 

rub 

sec 

m i l l l s ) ,  1 mill = $ 1/1000 

m i n u t e  

m i l l i m e t e r  

quantity of a substance whose weight is equal 
to the formula mass (in g) 

m i l l i r e m  (see rem) 

megawatt  

m i c r o - ,  a1 o - ~  

microgram = g 

microohm = ohm 

n e u t r o n  

nano ,  4 1 0-' 

nanosecond = lo-' sec 

o  hm 

p a r t i c l e  

pond 

per  c e n t  

p a r t  per  m i l l i o n  

r a d i a t i o n  absorbed  dose  

r o e n t g e n  e q u i v a l e n t  man; 1 rem 1 rad-bio- 
logical effectiveness; 1 rad W-sec/g 

r e v o l u t i o n  per  m i n u t e  

r u b l e  (USSR) ; being not freely convertible 
rubles are not converted to dollars; a very 
rough estimate would be: 1 rub a $ 1.33 

second 

m e t r i c  t o n ,  It 1000 kg 

12 
t e r a - ,  2 10 

t e s l a ,  magnetic flux density; IT. 2 1V-sec/m 2 



thermal 

terawatt = 10" W 

volt 

w a t t  


