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p a r t i c u l a r  i n t e r e s t  h e r e ,  have long  h a l f - l i v e s  and 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  long-term r a d i o t o x i c i t y  of t h e  f u e l  c y c l e  wastes. The 

long-term t o x i c i t y  of t h e s e  wastes can be  reduced by s e g r e g a t i n g  t h e s e  

el-ements from t h e  wastes du r ing  r e p r o c e s s i n g  ( p a r t i t i o n i n g )  and 

ixt-radiating them w i t h  neu t rons  so as t o  t ransmute  them t o  slzorter- 

l i v e d  , less tox ic  n u c l i d e s  ( t h e  transmuta.tio1-i p rocess )  . 
Implementing p a r t i t i o n i n g  and t r ansmuta t ion  (P-T) f o r  r a d i o a c t i v e  

w a s t e  management invo lves  changing t h e  chemical  p r o c e s s i n g  methods and 

r e a c t o r  f u e l  management p r a c t i c e s  as w e l l  as r e s t r u c t u r i n g  the  r e a c t o r  

f u e l  c y c l e ,  The Chemical. Technology D i v i s i o n  a t  t h e  Oak Ridge Na t iona l  

Labora tory  (OWNL) i s  c o o r d i n a t i n g  a p r o j e c t  that i nvo lves  e v a l u a t i n g  

t h e  f e a s i b i l i t y ,  i m p a c t s ,  cos t s ,  and i n c e n t i v e s  of P-T by s e v e r a l  

n a t i o n a l  l a b o r a t o r i e s  and p r i v a t e  o r g a n i z a t i o n s .  The work r e p o r t e d  h e r e  

summaries t h e  t r ansmuta t ion - re l a t ed  a n a l y s e s  and r e s u l t s  o f  t h i s  program. 

S p e c i f i c a l l y ,  t h i s  r e p o r t  a d d r e s s e s  t h e  fo l lowing  t o p i c s  on beh.alf 

of t h e  QRNL P-T program: 

1. 

2 .  

3 "  

4 .  

a summary and a n a l y s i s  of t h e  t r ansmuta t ion  l i t e r a t u r e  publ i shed  

s i n c e  t h e  p rev ious  comprehensive l i t e r a t u r e  summary, 

a g e n e r i c  s tudy  of a c t i n i d e  t r ansmuta t ion  i.n thermal  r e a c t o r s  

and o t h e r  t r ansmuta t ion  d e v i c e s ,  based on t h e  literatealre and 

s t u d i e s  suppor ted  by t h e  QRNL P-T program, 

1 

1 2 9  a p re l imina ry  a n a l y s i s  of t h e  t r ansmuta t ion  of "Tc and I, 
and 

the  c h a r a c t e r i z a t i o n  of r e f e r e n c e  and P-T f u e l  c y c l e  materials 

f o r  use i n  a ther  phases  of t h e  QRNL P-T program. 

l"1.l. L i t e r a t u r e  review 

Although the las t  t r ansmuta t ion  l i t e r a t u r e  review w a s  i s sued  on ly  

a s h o r t  t i m e  ago,  20 a d d i t i o n a l  t r ansmuta t ion  s t u d i e s  have s i n c e  been 

i d e n t i f i e d  and have been iiicl.uded i n  this r e p o r t .  I n t e r e s t i n g  a s p e c t s  

of t h e s e  s t u d i e s  i n c l u d e  

1. t h e  u s e  of s o p h i s t i c a t e d  r e a c t o r  phys i c s  codes f o r  thermal  

241h 
r e a c t o r  t r ansmuta t ion  c a l c u l a t i o n s ,  

2, t h e  f a b r i c a t i o n  and i r r a d i a t i o n  of a small sample s f  Y 
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phys ic s  c a l c u l a t i o n s  concern ing  t h e  t r ansmuta t ion  of a c t i n i d e s  i n  a 

pPutonium-recycle PwlQ were performed under  t h e  a u s p i c e s  of the p r o j e c t .  

European i n v e s t i g a t o r s  have a l s o  conducted r e l a t i v e l y  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  concerning a c t i n i d e  t r ansmuta t ion  i n  boi l ing-water  

r e a c t o r s  (.BWRs). 

The r e s u l t s  of t h e s e  s t u d i e s  g e n e r a l l y  i n d i c a t e  t h a t  a c t i n i d e  

t r ansmuta t ion  is e n t i r e l y  f e a s i b l e  i n  thermal  r e a c t o r s  a t  a ra te  of 

~ 6 %  p e r  ful l -power yea r  ( a t  t h e  f i f t h  r e c y c l e ) ,  s u b j e c t  t o  deve loping  

adequate  f u e l s .  Furthermore., r e c y c l e  is  feasiibl.e i n  a v a r i e t y  of nmdes, 

such as homogeneously d i s p e r s i n g  a c t i n i d e s  i n  all o r  p a r t  of a f u e l  

r e l o a d  o r  concen t r a t ed  i n  t a r g e t  e lements .  However, i t  is e q u a l l y  

clear t h a t  t h e  r e s u l t s  of a c t i n i d e  r e c y c l e  c a l c u l a t i o n s  i n  thermal  

r e a c t o r s  are ve ry  s e n s i t i v e  t a  ground-rule  assump t i o n s  and c a l c u l a t i o n a l  

methodology. S p e c i f i c a l l y ,  s o p h i s t i c a t e d  r e a c t o r  phys i c s  c a l c u l a t i o n s  

( i . e . ,  m u l t i p l e  neutron-energy groups and m u l t i p l e  dimensions)  are 

d e f i n i t e l y  r e q u i r e d ,  and t h e  r e a c t i v i t y  c r i t e r i o n  should  be  h h e  end-of- 

c y c l e  (EOC) r e a c t i v e l y  a t  c o n s t a n t  biirniip, n o t  t he  beginning-of-cycle  

(sac). 
I f  t h e  c o r r e c t  ground r u l e s  are used i n  t h e  studies, i t  a p p e a r s  

t h a t  t h e  impacts  of a c t i n i d e  r e c y c l e  on t h e  thermal  r e a c t o r  are 

r e l a t i v e l y  s m a l l  and c e r t a i n l y  much less t h a n  what w a s  o r i g i n a l l y  

a n t i c i p a t e d .  This  e f f e c t  a p p a r e n t l y  r e s u l t s  from t h e  bu i ldup  of 

f i s s i l e  i s o t o p e s  i n  t he  r ecyc led  waste a c t i n i d e s ,  t h e  p r i n c i p a l  

c o n t r i b u  tole be ing  t h e  a d d i t i o n a l  plutonium. 

F i n a l l y ,  it does n o t  appear  t h a t  special  thermal  t r ansmuta t ion  

r e a c t o r s  ( i . e . ,  h igh- f lux  r e a c t o r s )  would be  advantageous f o r  a c t i n i d e  

t r ansmuta t ion  u n l e s s  they  are capab le  of paying f o r  themselves  by 

g e n e r a t i n g  power. I f  t h i s  i s  n o t  t h e  case, the e n t i r e  reactor c o s t  

must be a t t r i b u t e d  t o  t r ansmuta t ion ,  and the  o v e r a l l  cos t  c l e a r l y  

becomes prohibitive. 

1 . 1 . 2 . 2  _ p _ _ I - - I . - . - ~  F a s t  reactors. F a s t  r e a c t o r s ,  s p e c i f i c a l l y  l i q u i d -  

metal f a s t  b reede r  r e a c t o r s  (LMFBRs), have been s t u d i e d  f o r  y e a r s  i n  

t h e  con tex t  of t r ansmuta t ion .  Recent s t u d i e s  have added r e l a t i v e l y  

little t o  the e x i s t i n g  body of knowledge. More d e t a i l e d  c a l c u l a t i o n s  

have confirmed t h a t  t h e  impact of the recyc led  a c t i n i d e s  on LMFBR 
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p o l i t i c a l l y  unacceptab le  at t h e  p r o j e c t e d  rate of f o u r  100-k i lo ton  ( k t )  

p e r  y e a r  pe r  lOOQ-MCJ(e)  r ea .c tor .  

1 .1 .3  Technetium 111 and i o d i n e  t r ansmuta t iop  

i s a t o p e  o f  technet ium produced by n u c l e a r  f i s s i o n  is "Tc, with a h a l f -  

l i f e  o f  213,000 y e a r s .  Th i s  n u c l i d e  has  been shown t o  c o n t r i b u t e  

s u b s t a n t i a l l y  60  t he  long-term r i s k  from a geo log ic  r e p o s i t o r y  under  

c e r t a i n  c o n d i t i o n s ,  The re fo re ,  as a p a r t  of t h e  QRNI, program, the 

p o s s i b i l i t y  of i t s  be ing  t ransmuted w a s  b r i e P l y  i n v e s t i g a t e d .  

1 .1 .3 .1  Technetium. The orily long- l ived  ( i n c l u d i n g  s ~ a b l e )  

Technetium--98, which would have t o  be recovered  from t h e  l i q u i d  

h igh - l eve l  waste and d i s s o l v e r  s o l i d s ,  can be t ransmuted a t  a ra te  of 

11% per  ful l -power year when p laced  i n  a t a r g e t  rod as thc m e t a l  and 

i r r a d i a t e d  i n  a uranium-enriched p r e s s u r i z e d  water r e a c t o r  (PWR). 

The metal. h a s  a h igh  me l t ing  p o i ~ t  and i s  a l i k e l y  c a n d i d a t e  f o r  

i r r a d i a t i o n ,  a l though  t h e r e  has been no expe r i ence  t o  sugges t  t h a t  

i t s  behavior  under i r r a d i a t i o n  would be s a t i s f a c t o r y .  Based on t h e s e  

c o n s i d e r a t i o n s  it appea r s  t h a t  99Tc t r ansmuta t ion  i s  probably  feasib1.e .  

1 .1 .3 .2  _________ Iod ine ,  The i s o t o p e  of i o d i n e  that i s  of in te res t  i s  

I ,  which a l s o  h a s  been shown to 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  Bang- 129 

t e r m  r i s k  from a geo log ic  r e p o s i t o r y .  F i s s i o n  p r o d u c t  i o d i n e ,  a f t e r  

a r e l a t i v e l y  s h o r t  decay p e r i o d ,  i s  comprised of 757, 12'3T ( h a l f - l i f e  = 

15 .9  m i l l i o n  y e a r s )  and 25% lZ71: (s table) .  C a l c u l a t i o n s  lravc shown 

tha t  i o d i n e  i n  a target rod  can be  t ransmuted a t  a ra te  of 3% p e r  

full-power y e a r ,  w i t h  bo th  i s o t o p e s  t ransmut ing  a t  roughly t h e  same 

rate. The t r a n s m u t a t i o n  product  i s  copious  q u a n t i t i e s  of s t a b l e  xenon 

gas .  

P o t e n t i a l  or a c t u a l  probl-ems a s s o c i a t e d  w i t h  t h e  t r ansmuta t ion  of 

i o d i n e  are as fol.l-ows: 

1.. Iodine and its compounds tend t o  be corrosive,  and the 

development of a s a t i s f a c t o r y  c l a d d i n g  material would be  very 

d i f f i c u l t .  

2 .  Most i o d i n e  compounds decompose a t  o r  below r e a c t o r  o p e r a t i n g  

tempera tures  

3. The xenon gas r e s u l t s  i n  p r e s s u r i z a t i o n  of t h e  f u e l  rad .  
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This  should n o t  be t aken  t o  p rec lude  phys ic s  s t u d i e s  and measurements 

needed f o r  s t anda rd  f u e l  c y c l e s .  

.. I f  . . ... .- a d e c i s i o n  were made t o  implement P-T, then t h e  most irnmediate 

need wi th  r e s p e c t  t o  t r ansmuta t ion  wou1.d be f o r  cross s e c t i o n  measure- 

ments on t h e  n u c l i d e s  t o  be  t ransmuted and t h e i r  progeny. 11-1 con junc t ion  

w i t h  t h i s  need , d e t a i l e d  r e a c t o r  phys i c s  c a l c u l a t i o n s  and vc3lci.fi.cation 

s t u d i e s  comparing c a l c u l a t e d  and measured composi t ions  would be r e q u i r e d  

f o r  one o r  more r e a l i s t i c  c losed - recyc le  s c e n a r i o s .  P a r t i c u l a r  a t t e n t i o n  

w i l l  have t o  be g iven  t o  power peaking i n  thermal  r e a c t o r s .  S m a l l  

a c t i n i d e  s a m p l e s  must t hen  be s u b j e c t e d  t a  i n - r e a c t o r  i r r a d i a t i o n s  t o  

de te rmine  f u e l  behavior  and fuel-cl..addi.ng c o m p a t i b i l i t y .  This  i s  

p a r t i c u l a r l y  impor tan t  i f  t a r g e t s  c o n t a i n i n g  concen t r a t ed  r e c y c l e  

a c t i n i d e s  o r  f i s s i o n  p roduc t s  are used.  F f n d l y ,  f u l l - s c a l e  

demonst ra t ion  i r r a d i a t i o n s  would be r e q u i r e d .  

2 I INTRODUCTION 

The d i s p o s a l  of r a d i o a c t i v e  wastes that are produced by n u c l e a r  

power p l a n t s  p r e s e n t s  one of t h e  most s e r i o u s  o b s t a c l e s  t o  p u b l i c  

acceptance  of l i g h t  water reactors (LWKs) f o r  t h e  l a r g e - s c a l e  gene ra t ion  

of e l e c t r i c  power. Must of t h e  concern arises because of  t h e  long- l ived  

r a d i o n u c l i d e s ,  p a r t i c u l a r l y  t h e  a c t i n i d e s ,  t h a t  are produced as a r e s u l t  

Q €  t h e  f i s s i o n  p rocess .  This  r e p o r t  d i s c u s s e s  one a s p e c t  ( a c t i n i d e  

t r ansmuta t ion )  of  a s p e c i a l  method (P-T) t h a t  might  m i t i g a t e  t h e  impact 

o f  t h e  a c t i n i d e s .  

2 1. Background 

The f u e l  material i n s e r t e d  i n t o  a n u c l e a r  r e a c t o r  c o n s i s t s  of a 

f e r t i l e  material ( t y p i c a l l y  238U) en r i ched  w i t h  a f i s s i l e  material 

(235U and/or plutonium).  The f u e l  mater ia l  d i scha rged  from t h e  r e a c t o r  

c o n s i s t s  of t h e  unburned f r a c t i o n  o f  t h e  o r i g i n a l  charge ,  t h e  f i s s i o n  

p roduc t s  from t h e  consumed f u e l ,  and a s i g n i f i c a n t  amount of  nonfue l  

a c t i n i d e s  such as neptunium, americium, and curium formed by i i o n f i s s i l e  

neu t ron  a b s o r p t i o n s  i.n t h e  f i s s i l e  and f e r t i l e  fiiel. materials. Chemical 

r e p r o c e s s i n g  of t h e  f u e l  may be  used a t  t h i s  p o i n t  t o  r ecove r  the uranium 
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and /o r  plutonium f o r  r e f a b r i c a t i o n  i n t o  f r e s h  f ~ l e l  and r e c y c l i n g  back 

i n t o  t h e  r e a c t o r .  The by-products of f u e l  r e p r o c e s s i n g  and re- 

f a b r i c a t i o n  are a wide v a r i e t y  of r a d i o a c t i v e  wastes c o n t a i n i n g  v a r y i n g  

amounts o f  f i s s i o n  p r o d u c t s ,  a c t i n i d e s ,  and a c t i v a t i o n  products 

( i r r a d i a t e d  s t r u c t u r a l  m e t a l s )  d i l u t e d  i n  r e l a t i v e l y  l a r g e  amounts of 

aqueous s o l u t i o n s  of HNQ and /o r  chemical  sa l ts .  The f i s s i o n  product  

and a c t i v a t i o n  product  n u c l i d e s  i n  t h e s e  was te s  g e n e r a l l y  decay t o  

s t a b l e  n u c l i d e s  w i t h i n  1000 y e a r s .  There are,  however, ~ W Q  impor tan t  

excep t i a n s  : 

213,000 y e a r s ) .  A t  t h i s  p o i n l ,  some o f  t h e  wastes are s t i l l  contaminated 

w i t h  s i g n i f i c a n t  amounts of l ong- l ived  a c t i n i d e s .  These wastes are 

c a l l e d  t r a n s u r a n i c  (TKIJ) wastes and r e q u i r e  long-term i s o l a t i o n  from 

the b iosphe re  so t h a t  t hey  can  decay t o  innocuous levels ,  Th i s  

i s o l a t i o n  is  t y p i c a l l y  assumed t o  be provided. by a geo log ic  r e p o s i t o r y ,  

a l though  o t h e r  a l t e r n a t i v e s  may be  f e a s i b l e .  

3 

1291- ( h a l f - l i f e  = 1 6  million years) and 99Tc ( h a l f - l i f e  

2 . 2  Par t i t ionirPg-Transmutat ion Concept 

O n e  method t h a t  Elas been proposed f o r  r educ ing  t h e  long-term 

hazard from TRU wastes i s o l a t e d  i n  a r e p o s i t o r y  i s  t o  remove ( i . e . ,  

p a r t i t i o n )  t h e  a c t i n i d e s  from a l l  of t h e  wastes in which they  occur  t o  

a very  h i g h  degree .  Th i s  wazal.d, i n  t heo ry ,  r e s~d t :  i n  t w o  p roduc t s :  
_1..-- 

1. wastes t h a t  are e s s e n t i a l l y  a c t i n i d e - f r e e  and would r e p r e s e n t  

a reduced long-term haza rd ,  and 

a r e l a t i v e l y  s m a l l  amount of a c t i n i d e s  rec~-vp,red by t h e  

p a r t i t i o n i n g  p r o c e s s e s  which would r e q u i r e  some a l t e r n a t i v e  

d i s p o s i t i o n .  

2 .  

The a l t e r n a t i v e  a c t i n i d e  d i s p o s i t i o n  cons ide red  i n  t h i s  r e p o r t  i s  trans- 

mutati.on. Transmutat ion is d e f i n e d  as i r r a d i a t i o n  by subatomic p a r t i c l e s  

( e , g . ,  n e u t r o n s ) ,  r e s u l t i n g  i n  the conve r s ion  o f  t h e  long- l ived  n u c l i d e s  

t o  s h o r t e r - l i v e d  s p e c i e s .  Transmutat ion of t h e  a c t i n i d e s  c o n s i s t s  of 

f i s s i o n i n g  them t o  g e n e r a t e  t h e  g e n e r 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 .  

Although i t  i.s p o s s i b l e  t o  f i s s i o n  a c t i n i d e s  us ing  charged p a r t i -  

c les ,  t h e  p r e f e r r e d  method f o r  accomplishing t h i s  i s  by us ing  neu t rons .  

The use  of neutrons has  two advantages  ove r  o t h e r  methods f o r  inducing  
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As noted  i n  t h e  prev ious  s e c t i o n ,  the  t r ansmuta t ion  s t u d i e s  

d e s c r i b e d  h e r e i n  are  r e s t r i c t e d  t o  neutron-induced t r ansmuta t ion .  

Furthermore , because o f  t h e  relat.i.ve.ly smal1 number of s t u d i e s  on 

f u s i o n  r e a c t o r s  and the  l a c k  of d e f i n i t i o n  concern ing  t h e  d e s i g n  of 

a r ea l i s t i c  f u s i o n  r e a c t o r ,  these p o t e n t i a l  t r ansmuta t ion  d e v i c e s  are 

o n l y  cons idered  b r i e f l y .  F i n a l l y ,  as a r e s u l t  of t h e s e  c o n s i d e r a t i o n s ,  

and of I:)OE ( t h e n  ERDA) guidance, LWRs ( s p e c i f i c a l l y  PWRs) were t aken  t o  

be  t h e  r e f e r e n c e  t r ansmuta t ion  dev ice .  JXFBRr; w e r e  cons idered  t o  be  

a pa rame t r i c  v a r i a t i o n .  

3. LITERATTJRE SURVEY 

A review of t h e  t r ansmuta t ion  l i t e r a t u r e  w a s  g iven  p r e v i o u s l y  i n  

r e f .  1, which cove r s  the major c o n t r i b u t i o n s  t o  the l i t e r a t u r e  p r i o r  t o  

1976.  Table  3 .1  l i s ts  inany of t h e  publ i shed  c o n t r i b u t i o n s  s i n c e  t h a t  

t i m e .  The t a b l e  g i v e s  t h e  p r i n c i p a l  i n v e s t i g a t n r ( s ) ,  t h e  c o r p o r a t e  OX- 

academic a f f i l i a t i o n ( s )  of  t h e  i n v e s t i g a t o r s ,  a b r i e f  d e s c r i p t i o n  of 

t h e  t r ansmuta t ion  s t u d i e s  r e p o r t e d ,  and a r e f e r e n c e  t o  any g e n e r a l l y  

a v a i l a b l e  documentat ion f o r  t h e  t r ansmuta t ion  s t u d i e s .  

Eva lua t ion  of t he  t r ansmuta t ion  l i t e r a t u r e  c i t e d  i n  Table 3 . 1  
1 i n d i c a t c s  t h a t ,  as i n  t h e  p rev ious  review, many o f  t h e  s t u d i e s  are 

uncoordina ted  and repeal_ work w h i  ch h a s  a l r eady  been performed. 

However, t h e r e  are s e v e r a l  i n t e r e s t i n g  aspects t o  t h e  s t u d i e s  l i s t e d  

i n  Table  3.1.. 

1. R e l a t i v e l y  s o p h i s t i c a t e d  a c t i n i d e  transrn7mtation c a l c u l a t i o n s  

( i . e . ,  rnul t igroup,  mul t id imens iona l )  have been performed f o r  

thermal  r e a c t o r s ,  t h u s  g i v i n g  a morc accizuafe p i c t u r e  af t h e  

n e u t r o n i c  behavior  of the acLinides i n  t h e s e  systems 2-5 

6 2.  , A small sample of 2s1Am w a s  a c t u a l l y  f a b r i c a t e d  and i r r a d i a t e d .  

3. A r e l a t i v e l - y  d e t a i l e d  s tudy  of a f a s i  reactor fueJ.1-ed s o l e l y  
7 w i t h  waste a c t i n i d e s  w a s  pub l i shed .  

4 .  Seven of t h e  f i f t e e n  r e f e r e n c e s  are bascd an s t u d i e s  conducted 

i n  w e s t e r n  Europe, where there i s  a p p a r e n t l y  somewhat more 

i n t e r e s t  i n  the  P-T concept  than  i n  t h e  United States.  
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5. The s tudy  of f u s i o n  r e a c t o r s  as a c t i n i d e  and f i s s i o n  product  

t r ansmuta t ion  d e v i c e s  h a s  cont inued  e Genera l ly ,  p r e s e n t  8-10 

and p rev ious  s t u d i e s  have shown f u s i o n  t r a n s m u t a t i o n  r e a c t o r s  

t o  be less a t t r a c t i v e  than  had been origi.nal_l.y though t ,  u n l e s s  

t h e  material be ing  t ransmuted i s  n e a r l y  c r i t i c a l ,  t h u s  p reven t ing  

t h e  f l u x  from r a p i d l y  d e c r e a s i n g  i n  t h e  b l a n k e t s .  

4 .  ACTINIDE TRANSMUTATION I N  T N E W L  REACTORS 

A t  t h e  p r e s e n t  t i m e ,  and i n  the. f o r s e e a b l e  f u t u r e ,  thermal. r e a c t o r s ,  

p r i n c i p a l l y  LWRs, w i l l  form t h e  b a s i s  of t h e  power r e a c t o r  system i n  t h e  

United States and t h e  world. S t u d i e s  of  t r ansmuta t ion  i n  thermal  

r e a c t o r s  have been l i m i t e d  i n  t h e  p a s t  because (1) t h e  n e c e s s i t y  of 

account ing  f o r  a c t i n i d e  s e l f - s h i e l d i n g  and neu t ron  spectrum changes 

made the c a l c u l a t i o n s  onerous ,  and (2) most i n v e s t i g a t o r s  i n t u i t i v e l y  

concluded t h a t  t h e  hard-speclrum f a s t  b reeder  r e a c t o r s  (FBRs)  were 

s u p e r i o r  t r ansmuta t ion  d e v i c e s  and t h e r e f o r e  concen t r a t ed  t h e i r  e f f o r t s  

on them. However, i n  l i g h t  of the s u b s t a n t i a l  number of e x i s t i n g  and 

p r o j e c t e d  thermal  r e a c t o r s ,  i t  is d e s i r a b l e  t h a t  a c t i n i d e  t r a n s m u t a t i o n  

i n  t h e s e  systems be b e t t e r  c h a r a c t e r i z e d  i n  any comprehensive program 

invo lv ing  P-T. Thus, t h e  OWL P-T program suppor ted  s t u d i e s  a t  

Savannah River  Labora tory  concern ing  a c t i n i d e  t r a n s m u t a t i o n  i n  thermal  

reactors. 395916 

of t h e s e  s t u d i e s  t h a t  are summarized h e r e ,  a l though  s u b s t a n t i a l  use i s  

a l s o  made of r e f .  4 .  For the d e t a i l s  of t h e  c a l c u l a t i o n a l  methods and 

cases cons ide red ,  t h e  r ende r  i s  r e f t ~ r e d  t o  t h e  r e f e r e n c e d  reportrs .  

It i s  p r i n c i p a l l y  t h e  r e l e v a n t  conc lus ions  and r e s u l t s  

Before beginning  a d i s c u s s i o n  of a c t i n i d e  t r ansmuta t ion  i n  thermal  

r e a c t o r s ,  i t  i s  v e r y  impor tan t  t h a t  t h e  r e a d e r  r ecogn ize  a s u b s t a n t i a l  

d e f i c i e n c y  i n  many of t h e  a c t i n i d e  t r ansn iu t a t ion  s t u d i e s  conducted t o  

d a t e .  

s ide red  i s  not "closed" wi th  r e s p e c t  t o  t h e  a c t i n i d e s  be ing  t ransmuted.  

F o r  example, many s t u d i e s  measure t r ansmuta t ion  e f f i c i e n c y  based on t h e  

d i f f e r e n c e  between t h e  i n i t i a l  and f i n a l  masses of waste a c t i n i d e s  

This  d e f i c i e n c y  i s  t h a t  the t r ansmuta t ion  f u e l  cycle being  con- 

( i . e .  , neptunium and t r a n s p l u t o n i c s ) .  However, t h i s  i s  n o t  v a l i d  
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1 6  

When p o s s i b l e ,  t h e  set  of dimensions t h a t  w i l l  be used t o  char -  

a c t e r i z e  tlie d i f f e r e n t  a c t i n i d e  r e c y c l e  methods are (1) t h e  f i s s i l e  

makeup p e n a l t y ,  ( 2 )  t h e  a c t i n i d e  t r ansmuta t ion  ( i r e e ,  f i s s i o n )  ra te  

nea r  s t e a d y  s ta te ,  and ( 3 )  t h e  f r a c t i o n  of t h e  r e l o a d  comprised by 

r ecyc led  a c t i n i d e s .  

The f i r s t  dimension i s  impor tan t  s i n c e  i t  r e p r e s e n t s  the. n e t  e f f e c t  

o f  n e u t r o n i c  p e n a l t y  a s s o c i a t e d  wi th  t ransmut ing  t h e  a c t i n i d e s  i n  thermal  

r e a c t o r s .  Unfo r tuna te ly ,  a r e c e n t l y  i d e n t i f i e d  e f f e c t  -that r e n d e r s  many 

oE t h e  ear l ie r  s t u d i e s  i n  this area u s e l e s s  i s  t h a t  t h e  ra te  of fue l  

r e a c t i v i t y  decrease becomes smaller as  l a r g c r  amounts o f  a c t i n i d e s  arc 

r ecyc led .  Th i s ,  i n  t u r n ,  means t h a t  i n  o r d e r  t o  ma in ta in  a c o n s t a n t  

EOC neu t ron  m u l t i p l i c a t i o n  f a c t o r  (k)  a t  c o n s t a n t  burnup, which is  t h e  

a p p r o p r i a t e  basis f o r  comparing c y c l e s ,  tlie BOC k v a l u e  must dec rease .  

However, i n  most: of t h e  s t u d i e s  conducted t o  da te ,  t h e  BOC k was h e l d  

c o n s t a n t ,  s i n c e  t h i s  i s  a much s imple r  procedure.  Tlzercfore, t h e  f u e l  

w a s  t oo  h i g h l y  en r i ched .  ' T h i s  is  v e r y  impor tan t  s ince t h e  f u e l  en r i ch -  

ment must be s i g n i f i c a n t l y  inc reased  t o  change the  BOC k by o n l y  a s m a l l  

amount i n  t h e  systems under c o n s i d e r a t i o n .  Thus, r a t h e r  t han  i n c l u d e  

i n c o r r e c t  v a l u e s  i n  t h i s  r e p o r t  that may lead t o  e r roneous  conc lus ions ,  

on ly  q u a l i t a t i v e ,  judgmental  r e s u l t s  w i l l  be g iven  i n  t h o s e  cases where 

t h e  BQC - k c r i t e r i o n  was used. 

- 
- 

- 

- 

The second c h a r a c t e r i z a t i o n  dimension is  v e r y  impor tan t  since i t  i s  

a d i r e c t  measure of t h e  ra te  a t  which t h e  t ransmutat i -on s c e n a r i o  be ing  

cons idered  i s  ach iev ing  i t s  g o a l  of f i s s i o n i n g  t h e  a c t i n i d e s .  Th i s  

parameter should be c a l c u l a t e d  a t  s t e a d y  s t a t e  s i n c e  i t  i s  t h e  on ly  

wel l -def ined  p o i n t  common to a l l  s c e n a r i o s .  However, t h i s  i s  u s u a l l y  

n o t  f e a s i b l e  because t r u e  s t e a d y  s ta te  i n  t h e  a c t i n i d e  r e g i o n  can t a k e  

n e a r l y  60 c y c l e s .  F o r t u n a t c l y ,  e f f e c t i v e  s t e a d y  s ta te  i s  reached wi th in  

only  5 t o  18 c y c l e s ;  t h e r e a f t e r ,  o n l y  t h c  heavy, low-concent ra t ion  (and 

t h e r e f o r e  marg ina l ly  impor tan t )  a c t i n i d e s  are changing e An a d d i t i o n a l  

problem is  t h a t  t h e  i n c o r r e c t  enr ichments  mentioned above s e r i o u s l y  

a f f e c t  t h e  neu t ron  f l u x ,  and t h e r e f o r e  t h e  t r ansmuta t ion  ra te .  

1 

The t h i r d  dimension-the f r a c t i o n  of t h e  re load comprised by 

r ecyc led  a c t i n i d c s - i s  impor tan t  s i n c e  (1) i t  i s  p o s s i b l e  i n  some 
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237 The lower t r ansmuta t ion  rate and the inc reased  amounts o f  236U and 

w i l l  require f u r t h e r  235U a d d i t i o n s  i n  subsequent  c y c l e s  
Np 

thus r e s u l t i n g  

i-n a s i t u a t i o n  where t h e  s o l u t i o n  exace rba te s  the problem, Tn f a c t ,  i t  

a p p e a r s  t h a t  i n  the case where most o f  t h e  d i scha rged  uranium i s  recyc led  

wi thou t  re-enrichnxent ( L e . ,  t h e  f i s s i l e  conten t  of t h e  f u e l  -is i n c r e a s e d  

by adding  a small amount of h i g h l y  en r i ched  U ) ,  t h e  U r equ i r ed  235 23.5 

at s t eady  s ta te  may be  as much as t h r e e  t i m e s  greater than t h a ~  r e q u i r e d  

wi.%hsut waste a c t i n i d e  r e c y c l e .  

4 , I . z  Horno~eneous a c t i n i d s  d i s u e r s a l  i n  a f r a c t i o n  of  t h e  r e l o a d  fuel. 

In  this r e c y c l e  mode, t h e  a c t i n i d e s  are on ly  p l aced  i n  some f r a c t i o n  

s f  t h e  r e load  f u e l ,  and the  remainder  o f  the r e l o a d  is staezdard, I-ow- 

enri-ehmcnt U 0 2 .  

fractlem of t h e  r e l o a d ,  the most common assumption i s  that the waste 

Although i t  i s  p o s s i b l e ,  i n  p r i n c i p a l ,  t o  u s e  any 

a c t i n i d e s  are r ecyc led  i n t o  the p o r t i o n  o f  t h e  reload t h a t  would 

o r d i n a r i l y  be  s t anda rd  mixcd oxide  (MOX) f u e l .  This  f r a c t i o n  i s  

g e n e r a l l y  ~ 3 3 %  f o r  LWRs. Th i s  approach i s  advantageous i n  t h a t  it 

minimizes the amount of I u e l  that must be r e f a b r i c a t e d  remote ly  while 

s t i l l  r e t a i n i n g  a maximum amount of  d i l u t i o n  csmnensurate w i t h  this 

advantage. The p r i n c i p a l  d i sadvan tage  i s  t h a t  t h e  thermal f l u x  i s  

s i g n i f i c a n t l y  lower i n  a MOX fuel. assembly as compared t o  a UO assembly,  

t h u s  reducing  t h e  t r ansmuta t ion  rate Ca lcu la t ed  t r a n s m u t a t i o n  rates 

f o r  t h i s  s c e n a r i o  are on the o rde r  of 6% p e r  ful l -power y e a r  of 

i r r a d i a t i o n .  The waste a c t i n i d e  content o f  t h e  MOX f u e l  i s  ~1%. 

2 

I n  the s c e n a r i o  where standard MOX f u e l  is  assumed t o  be made up 

with v i r g i n  n a t u r a l  uranium, t h e  first c y c l e  t h a t  i n c l u d e s  t h e  waste 

a c t i n i d e s  r e q u i r e s  that t h e  MOX assembly uranium enrichment  be in-  

creased from t h e  0 . 7  w t  % i n  t h e  standard assembly t o  2 , 9  w t  % 235U i n  

o r d e r  t o  o b t a i n  the  same EOC - k. However, a f t e r  f i ve  r e c y c l e s ,  tine 

r e q u i r e d  uranium enrichment  i n  t h e  a c t i n i d e  recyc1.e assembly d rops  

to 0.7 w t  % 235U, and t h i s  v a l u e  would probably  drop  somewhat f u r t h e r  

with a d d i t i o n a l  r e c y c l e s .  This  e f fec t  i s  due t o  the bu i ldup  of 

additional plutonium and the decl.ine i n  the prodticti-on ra te  o f  the 

relatively n o n f i s s i l e  237Np because of t h e  reduced amounts of 235U i n  

t h e  MOX assemblies. 
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ach iev ing  a r e l a t i v e l y  h igh  t r ansmuta t ion  ra te  diie t o  the t a r g e t  rods  

b e i n g  surrounded by a c t i v e  f u e l .  It a l s o  o f f c r s  t h e  p o s s i b i l i t y  o€ 
d i l u t i n g  t h e  waste a c t i n i d e s  w i t h  some material so  t h a t  they  can be 

rri n s e r t e d  i n t o  t h e  f u e l  assembly and i r r a d i a t e d  wit 'hoext  r e p r o c e s s i n g  e 

'l'his y i e l d s  t he  d u a l  advantages  o f  (1)  d e c r e a s i n g  t h e  number of t i m e s  

t.11~ w a s t e  a c t i n i d e s  must be reprocessed  and r e f a b r i c a t e d  (i .e. reduces  

a c t i n i d e s r e p o r t i n g  t o  was te s )  and ( 2 )  d e c r e a s i n g  t h e  out-of-reactor 

time of t h e  a c t i n i d e s ,  which i n c r e a s e s  the o v e r a l l  t r ansmuta t ion  rate (. 

This  "ncp-+eprocessing" o p t i o n  h a s  no t  been i n v e s t i g a t e d  e x t e n s i v e l y ,  

but- there a p p e a r s  t o  be two p o s s i b l e  problcms: (1) t h c  l a r g e  f r a c t i o n  

01 t h e  co re  taken  up by t h e  r ecyc led  a c t i n i d e s ,  s i n c e  t h e i r  volumes are 

no t  reduced by r e p r o c e s s i n g  a f t e r  each c y c l e ,  and ( 2 )  f i n d i n g  a s u i t a b l e  

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

extended i r r a d i a t i o n  and yeL will be amenable t o  d i s s o l u t i o n  f o r  

r e p r o c e s s i n g  e 

4.1.4 -___ A c t i n i d e  r e c y c l e  i n  t a r g e t  a s sembl i e s  o--" 

The f i n a l  r e c y c l e  mods invo lves  c o n c e n t r a t i n g  t h e  waste a c t i n i d e s  

i n  a t a r g e t  assembly t h a t  i s  t o t a l l y  comprised of t a r g e t  rods .  About 

52 of a f u e l  r e l o a d  would c o n s i s t  of t h e  t a r g e t  assemblies, a l though  

t h i s  number might va ry  from 1. t o  IO%$ depending on power peaking and 

t idns tnuta t ion  rate c o n s i d e r a t i o n s .  

The r e c y c l e  of t h e  was te  a c t i n i d e s  im A t a r g e t  assembly w i t h  

matiiral uranium as a d i l i i e n t  i s  no t  f e a s i b l e  due t o  thc severe f l u x  

depress ion  i n  t h c  c e n t e r  of t h e  s u b c r i t i c a l  assembly. However,, a 

t o l e r a b l e  f l u x  level can be ob ta ined  i n  this s i t u a t i o n  by removing t h c  

t a r g e t  rods  i n  the c e n t e r  of t h e  assembly, t h u s  forming a l a r g e  water 

hole  which ma in ta ins  the f l u x  a t  an  a c c e p t a b l e  l eve l  throughout  t h e  

vernaining p o r t i o n s  of t h e  assembly. 

An a l t e r n a t i v e  procedure  i s  t o  enrich t h e  assembly i n  o r d e r  t o  

make i t  approximately c r i t i c a l  and thus  g e n e r a t e  a s e l f - s u s t a i n i n g  

f l u x  throughout  t h e  assembly. The t r ansmuta t ion  rates t h a t  r e s u l t  are 

s i i h s t a n t i a l l y  lower than  those  i n  t h e  homogeneous cases b u t  are s t i l l .  

acceptable The enrichment  increases r e q u i r e d  to ach ieve  t h e s e  
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A plutonium-recycle  CANDU r eaceor  has been s t u d i e d  b r i e f l y  as a n  

a c t i n i d e  t r ansmuta t ion  dev ice .  Overall, i t s  performance appea r s  t o  be  

about  t h e  same as t h a t  o f  LWRs when o p e r a t i n g  on t h e  same acCinidc 

composi t ion and mass. However, when o p e r a t i n g  i n  the se l f - -gene ra t ed  

a c t i n i d e  r e c y c l e  mode, i t  appea r s  t o  be somewhat b e t t e r  t han  LWKs because  

of the lower a c t i n i d e  p roduc t ion  ra te  r e s u l t i n g  f r o m  the  1 . o ~  faiek 

burnup ($8000 MCJd/MTHM). 

4 = 2 , 2  KiAh-temperature gas-cooled ..- r e a c t o r s  

KTGRs have been s t u d i e d  i n  a v e r y  p r e l i m i n a r y  f a s h i o n  f o r  u s e  as 

a c t i n i d e  t r ansmuta t ion  dev ices .  The a c t i n i d e  t r ansmuta t ion  rates 

ach ievab le  i n  an  HTGK arc  somewhat h ighe r  t han  thme i n  a. TJF;PW:, p r i n -  

c i p a l l y  because of the somewhat h ighe r  f lux  l e v e l s  i n  t h e  MTGRs. S t u d i e s  

t h u s  Far have not  progressed  beyond k h i s  q u a l i t a t i v e  s t a t emen t .  

Rased on the p-rccedirrg d i s c u s s i o n ,  t he  fo l lowing  conc lus ions  con- 

c e r n i n g  a c t i n i d e  t r ansmuta t ion  i n  thermal  reactors a p p e a r  t o  be  

ap p r o p r i a  t e a 

1 e The m a j o r i t y  of a c t i n i d e  t r ansmuta t ion  s t u d i e s  concerning 

thermal. r e a c t o r s  are not  comparable w i t h  each o t h e r  and are 

inarg ina l ly  u s e f u l  because (I) t h e  s y s t ~ m  cons ide red  w a s  no t  

c l o s e d  w i t h  r e s p e c t  t o  thcl ac t in ides ,  ( 2 )  neu t ron  spectral  

changes and cross section scl f - s h i e l d i n g  effects  w e r e  n o t  

accounted f o r ,  and/or  ( 3 )  t h e  fuel. enr ichments  were based on 

i n i t i a l  i n s t e a d  of f i n a l  r e a c t i v i t y .  

2 .  The few c o n s i s t e n t  s t u d i e s  t h a t  have been conducted p l u s  

q u a l i t a t i v e  i n f e r e n c e s  from o the r  s t u d i e s  i n d i c a t e  t h a t  

a c t i n i d e  t r ansmuta t ion  is  f e a s i b l e  i n  thermal r e a c t o r s  i n  the  

fo l lowing  r e c y c l c  modes: (1) h o m o g e n ~ ~ ~ l y  d i s p e r s e d  i n  a n  

entire r e l o a d ,  ( 2 )  homogeneously d i s p e r s e d  i n  p a r t  of a ~ e l ~ a d ,  

and (3) i n  target rods .  Acti-nide t r ansmuta t ion  i n  t a r g e t  

a s sembl i e s  i s  probably  f e a s i b l e  b u t  rimre information 
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5 .1  Fas t -F i s s ion  Reac tors  (LME'BRs) 

5 .1 .1  A c t i n i d e  t r ansmuta t ion  i n  TXFBRs 

Up t o  t h e  p r e s e n t  t i m e ,  LMPBRs have been t h e  most intensn'.vel.y 

s t u d i e d  a c t i n i d e  t r ansmuta t ion  d e v i c e s  ( see  r e f .  1 and Sect. 3 of t h i s  

r e p o r t ) .  A s  w i t h  t h e  thermal  r e a c t o r s ,  most  of  t h e s e  calci . i la t ior is  have 

been r e l a t i v e l y  s imple  i n  a n e u t r o n i c  sense .  F o r t u n a t e l y  , t h e  hard 

neu t ron  spectrum i n  t h e  LMFBR el . . iminates many of t h e  d i f f i c u l . t i e s  t h a t  

p lague  t h e  thermal  r e a c t o r  t r ansmuta t ion  c a l c u l a t i o n s .  I n  f a c t ,  t h e  

only  c o n s i s t e n t  methodologica l  d i f f i c u l t y  i n  t h e  LMFBR s tud . i e s  is t h e  

u s e  of a n  open system with r e s p e c t  t o  t h e  a c t i n i d e s .  The f o l l o w i n g  

paragraphs  w i l l  summarize, i n  a n  o v e r a l l  s e n s e ,  the r e s u l t s  of the many 

LMFBR a c t i n i d e  t r ansmuta t ion  s t u d i e s .  A c o n s i s t e n t  comparison of 

a c t i n i d e  t r ansmuta t ion  i n  a PWR and an advanced-oxide LMFBR w i l l  be  

g iven  i n  t h e  fo l lowing  s e c t i o n .  

The most impor tan t  a s p e c t  of  a n  LMFRR w i t h  respect t o  a c t i n i d e  

t r ansmuta t ion  i s  t h a t  t h e  neut ron  spect . rum has  a v e r y  h igh  average  

energy ( i . e . 9  i t  i s  h a r d ) .  This  f ac t  h a s  ~ W O  impor tan t  r e s u l t s .  F i r s t ,  

t h e  mean f r e e  p a t h  of a neu t ron  i n  a n  T.,MFBR i s  v e r y  long when compared 

t o  t h a t  i n  a thermal  r e a c t o r .  The n e t  e f f e c t  o f  this i s  t o  "homogenize" 

t h e  c o r e  and d r a s t i c a l l y  reduce  t h e  self - s h i e l d i n g  and power peak-ing 

e f f e c t s  e v i d e n t  i n  t h e  thermal  r e a c t o r s .  The second r e s u l t  of t h e  hard  

neu t ron  spectrum i s  t h a t  t h e  f i s s i -on- to-capture  r a t i o  f o r  all- of  t h e  

a c t i n i d e s  i s  l a r g e r  than  i n  a thermal  r e a c t o r .  This  e f f e c t i v e l y  means 

t h a t  fewer neu t ron  a b s o r p t i o n s  are r e q u i r e d  t o  f i s s i o n  an a c t i n i d e ,  

and t h u s ,  t h e  r ecyc led  a c t i n i d e s  are more s i m i l a r  t o  " fue l "  t han  i n  a 

thermal  r e a c t o r .  

The r e s u l t s  of t h e s e  two a s p e c t s  of a c t i n i d e  r e c y c l e  i n  LMFBKs, 

based on t h e  l a r g e  number of s t u d i e s  r e f e r r e d  t o  p r e v i o u s l y ,  are as 

follows : 

1. A c t i n i d e  t r ansmuta t ion  is f e a s i b l e  i n  LMFBRs, s u b j e c t  t o  t h e  

development of s a t i s f a c t o r y  f u e l s  conta in ing  waste a c t i n i d e s .  

2 .  The r e c y c l e  mode (homogeneous vs t a r g e t s )  of  t h e  a c t i n i d e s  

has  ve ry  l i t t l e  e f f e c t  on a LMFBR. 
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Table  5.1. compares t h e  composi t ion of t h e s e  t h r e e  materials. The 

newly in t roduced  a c t i n i d e s  are predominate ly  americium, w i t h  lesser 

amounts of neptunium and curium. Plutonium. and uranium are n o t  

inc luded  here s i n c e  they  are cons ide red  t o  be f u e l  and n o t  waste 

a c t i n i d e s .  The BWR r ecyc led  a c t i n i d e  composi t ion is markedly d i f f e r e n t  

from that: of t h e  newly in t roduced  a c t i n i d e s .  S u b s t a n t i a l  amounts of 

plutonium are p r e s e n t ,  p r i n c i p a l l y  r e s u l t i n g  f rorn t h e  neu t ron  c a p t u r e s  

i n  237Np and t h e  decay of 242Cm t o  238Pti, bo th  fol lowed by s u c c e s s i v e  

neu t ron  c a p t u r e s  i n  t h e  238Pu and i t s  progeny. Both the neptunium and 

americium are s i g n i f i c a n t l y  d e p l e t e d  compared t o  t h e  u n i r r a d i a t e d  f e e d ,  

and t h e  f r a c t i o n  of curium is  g r e a t l y  i n c r e a s e d  because of neu t ron  

c a p t u r e s  i n  americium. Thc t o t a l  mass of t h e  a c t i n i d e s  r e c y c l e d  i n  

t h e  PWR i s  about  f i v e  t i m e s  g r e a t e r  t han  that of t h e  u n i r r a d i a t e d  f eed  

and is  e q u a l  t o  ~ 8 0 %  of a f u e l  assembly,  assuming t h a t  no o t h e r  heavy 

metal i s  p r e s e n t .  The composi t ion of t h e  a c t i n i d e s  r e c y c l e d  i n  t h e  

LMFBR is  roughly similar t o  t h a t  €or  the PWR, a l thoi igh t h e r e  are n o t i c e -  

a b l e  d i f f e r e n c e s .  The LMFBR r ecyc led  a c t i n i d e s  c o n t a i n  a much h i g h e r  

f r a c t i o n  of americium and less plutonium and curium. Th i s  i s  p r i n -  

c i p a l l y  due t o  t h e  more f i s s i l e  n a t u r e  of t h e  plutonium and curium 

i s o t o p e s  as cornpared t o  2 4 1 3 2 4 3 ~ .  

r e c y c l e ,  t h e  t o t a l  LMFRR recyc led  a c t i n i d e  mass is 311 kg/GWY(e), which 

i s  83% of that f o r  t h e  PWR t r a n s m u t a t i o n  r e a c t o r .  

~t the beginning  of the t e n t h  

Table  5 .1  a l s o  compares t h e  neu t ron  a c t i v i t y  o f  t h e  t h r e e  d i f f e r e n t  

a c t i n i d e  materials, assuming t h a t  no d i l u e n t  material is  p r e s e n t  ( e . g . ,  

f u e l ) .  
of t h e  much l a r g e r  amounts of 252C€ i n  the PWR recyc led  a c t i n i d e s  ( 5  g >  

as compared t o  t h e  EMFBR r ecyc led  a c t i n i d e s  (0.006 g ) .  T h i s  d i f f e r e n c e  

is i n d i c a t i v e  of one d i sadvan tage  i n h e r e n t  i n  r e c y c l i n g  a c t i n i d e s  in 

thermal  r e a c t o r s .  

The PWR a c t i n i d e s  have a markedly h i g h e r  neu t ron  a c t i v i t y  because 

The decay h e a t  of t he  u n i r r a d i a t e d  and r ecyc led  a c t i n i d e s  i s  

summarized i n  Table  5.1.  A s  a b a s i s  f o r  comparison, t h e  decay h e a t  

of f r e s h  PWR plutonium-enriched f u e l  i s  0.7 kW/MTHN. Thus, even 

a l lowing  f o r  t h e  d i l u t i n g  e f f e c t s  of f u e l ,  t h e  decay h e a t  of t h e  f r e s h  

f u e l  i n  t h e  a c t i n i d e  r e c y c l e  system w i l l  be much h i g h e r  t han  i n  a 
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t h e  r ecyc led  a c t i n i d e s  from bo th  r e a c t o r s ,  p a r t i c u l a r l y  t h e  PWR. Because 

of t h e  s u b s t a n t i a l  dependence of  t h e  neu t ron  a c t i v i t y  on the  amount o f  . 
CE p re sen t  arid t h e  long  t i m e  r e q u i r e d  t o  r each  s t e a d y  s ta te  f o r  t h i s  252  

n u c l i d e ,  t h e  neu t ron  a c t i v i t i e s  n i g h t  i n c r e a s e  by as much as a f a c t o r  

of 1-00 f o r  t h e  PWR recyc led  a c t i n i d e s  arid a f a c t o r  of 10  f o r  t h e  LMFBR 

recyc led  a c t i n i d e s .  Removal of  t h e  252Cf i s  n o t  e f f e c t i v e  i n  r educ ing  

neut ron  a c t i v i t i e s  because i t  b u i l d s  back up t o  % 6 0 %  of i t s  o r i g i n a l  

l eve l  i n  only  one i r r a d i a t i o n  cycle. '  

p o s s i b l e  t o  r e c y c l e  a c t i n i d e s  u n t i l  s t e a d y  s ta te  i s  a t t la ined  (100 t o  

200 y e a r s ) ,  t h i s  thought  should be  kep t  i n  mind when c o n s i d e r i n g  t h e  

recycle of a c t i n i d e s  over  the long  t e r m .  

Although i t  i s  probably n o t  

5.1.2.2 Q u a l i t a t i v e  comparison. There are some a t t r i b u t e s  of the  

PWK-LMFBR t r ansmuta t ion  dev ice  comparison t h a t  are not  amenable t o  a 

q u a n t i t a t i v e  comparison because of  t h e  natiire of t h e  comparison o r  

because comparable numbers have no t  y e t  been determined.  These com- 

p a r i s o n  a t t r i b u t e s  are l i s t e d  i n  Table  5 .2 ,  a long  w i t h  a b r i e f ,  

q u a l i t a t i v e  d i s c u s s i o n  of t h e  a t t r i b u t e  w i t h  r e s p e c t  t o  t h e  PWIP arid 

IXFMR. 

The f i r s t  a t t r i b u t e  i s  concerned with whether  t h e  use  of t a r g e t  

f u e l .  a s sembl i e s  i s  v i a b l e  i n  t h e s e  r e a c t o r s .  The use  of such a n  

assembly,  which i s  comprised o f  h i g h l y  concen t r a t ed  r ecyc led  a c t i n i d e s  

and some d i l u e n t  t o  l i m i t  the  s p e c i f i c  power, may be d e s i r a b l e  t o  

minimize t h e  number of  h i g h l y  r a d i o a c t i v e  assembl.ies t h a t  must be  

handled and t r a n s p o r t e d  and t o  a l l o w  t h e s e  a s sembl i e s  t o  be reprocessed  

i n  s p e c i a l  f a c i l i t i e s  t a i l o r e d  f o r  t h c i r  unusua l  composi t ion (Table  5 . 1 ) .  

'fhc PWR i s  a t  a d isadvantage  h e r e  becausc of  t h e  lower thermal  f l u x  and 

t h e  s e l f - s h i e l d i n g  of t h e  r ecyc led  a c t i n i d e s -  It is  t h i s  c o n s i d e r a t i o n ,  

p l u s  t h e  e x t r a  expense of hand l ing  the s m a l l  number of t a r g e t s ,  t h a t  

r e s u l t s  i n  t h e  most l i k e l y  PWR t r ansmuta t ion  case be ing  t h a t  i n  which 

t h e  a c t i n i d e s  are homogeneousl-y d i s t r i b u t e d  i n  t h e  MOX f u e l .  

The power peaking i n  t h e  PWR-MOX f u e l  assembly c o n t a i n i n g  r ecyc led  

a c t i n i d e s  can  a l s o  be q u i t e  severe due t o  t h e  h igh  thermal  f l u x  leakage  

i n t o  t h e  MOX assembly f rom a d j a c e n t  235U-enriched a s sembl i e s .  

appea r s  t h a t  t h i s  e f f e c t  can be  c o n t r o l l e d ,  b u t  m u l t i p l e  enr ichments  of 

MOX f u e l  w i l l  be r e q u i r e d  t o  c o n t r o l  t h e  peaking.  

It 



Use of t a r g e t  f u e l  P e n a l t i e s  i ncu r red  because of 
t h e  thermal  f l u x  depres s ion  
i n  t h e  middle of t h e  assembly no p e n a l t i e s  i n c u r r e d ,  
and s e l f - s h i e l d i n g  e f f e c t s .  

Can be made t o  appear  n e u t r o n i c a l l y  
t h e  same as a r e g u l a r  c o r e  assembly; assembl ies  

a f t e r  f i r s t  few c y c l e s ,  t h e  r e a c t o r  p l u s  p o s s i b l y  an a d d i t i o n a l  
r ecyc led  act  i n i d e s  r e p r e s e n t  s m a l l  amount. 
a s m a l l  f i s s i l e  b e n e f i t .  

Breeding/conversion Very s m a l l  Very s m a l l  
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The PWR r e q u i r e s  some e x t r a  f i s s i l e  material. du r ing  t h c  e a r l y  

r e c y c l e s  when t h e  g e n e r a l l y  f e r t i l e  r ccyc led  a c t i n i d e s  are b u i l d i n g  up 

s u f f i c i e n t  amounts of f i s s i l e  nucli.dcs. The amounts r e q u i r c d  are n o t  

l a r g e ,  and thus  t h i s  a t t r i b u t e  docs  n o t  show any s u b s t a n t i a l  d i f f e r e n c e  

between t h e  PWR and t h e  TXFBR. 

The b rced ing /convc r s ion  r a t i o  e f f e c t s  caused. by t h e  r ecyc led  

ac t in i ides  a l s o  appear  t o  be v e r y  sriia11 because they  are p r i n c i p a l l y  

due to second- and t h i r d - o r d e r  eEL-ects which have no t  been f u l l y  

accounted f o r .  The e f f e c t s  may, i n  f a c t ,  t u r n  ou t  t o  be  z e r o  o r  

s l i g h t l y  p o s i t i v e  i f  the  breeding/conversion r a t i o  i s  d e f i n e d  si0 as t s  

account  f o r  t he  nonstandard f i s s i l e  arid f e r t i l e  materials i n  t h e  

r ecyc led  a c t i n i d e s  ( e e g .  238 ~u and 2 4 5 ~ m 7  r e s p e c t i v e l y ) .  

F i n a l l y ,  a major d i sadvan tage  of t h e  PWR i s  i t s  l i m i t e d  long-term 

p o t e n t t a l  as a t r ansmuta t ion  devixe  due t o  t h e  l i m i t e d  a v a i l a b i l i t y  of 

na t inra l ly  o c c u r r i n g  f i s s i l e  materials r e q u i r e d  t o  f u e l  t h i s  r e a c t o r .  

S ince  p a r t i t i o n i n g  and t r ansmuta t ion  could n o t  p o s s i b l y  begin  i n  

e a r n e s t  u n t i l  a f t e r  t h e  y e a r  2008, t h e  remaining l i f e t i m e  of t h e  PWR 

w i t h  r e s p e c t  t o  t r ansmuta t ion  is  r e s t r i c t e d  t o  perhaps  f i v e  o r  s i x  

c y c l e s  (a t  5 y e a r s  p e r  c y c l e )  b e f o r e  t h e  number of PWRs beg ins  t o  

d e c l i n e  

5 . 2  Other  Transmutat ion Devices 

Although LMFBRs are by f a r  the most wide ly  assumed a e t i n i d c  t r a n s -  

muta t ion  d e v i c e s ,  a v a r i e t y  of o t h e r  d e v i c e s  have a l s o  been proposed 

and b r i e f l y  s t u d i e d  f o r  t h i s  a p p l i c a t i o n .  These o t h e r  d e v i c e s  can be 

broken down i n t o  t h e  fo l lowing  c a t e g o r i e s :  

1 e f u s i o n  r e a c t o r s  

2 .  p a r t i c l e  a c c e l e r a t o r  d e v i c e s ,  and 

3. n u c l e a r  exp los ives .  

The use of f u s i o n  r e a c t o r s  as t r ansmuta t ion  d e v i c e s  h a s  been s t u d i e d  

by several o r g a n i z a t i o n s  d u r i n g  t h e  last  few years, V i r t u a l l y  a l l  of 

t h e s e  s t u d i e s  have assumed t h e  use of a Tokamak-type f u s i o n  r e a c t o r  

w i th  the a c t i n i d e s  a r ranged  i n  a n n u l a r  b l a n k e t s  around the t o r u s .  Most 

of t h e  s t u d i e s  conducted t o  d a t e  have analyzed the  problem b y  generat ing 
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beam of p ro tons  w i t h  e n e r g i e s  on t h e  o r d e r  of 1 t o  10 GeV.  These 

p ro tons  are impacted on a molten heavy-metal t a r g e t  such as l e a d ,  

bismuth,  o r  uranium. The high-energy p ro tons  d i s i n t e g r a t e  t h e  heavy 

nucleus  i n  a s p a l l a t i o n  r e a c t i o n ,  producing 5 t o  50 neu t rons  p e r  

i n t e r a c t i o n .  These neu t rons  are then  used t o  t ransmute  t h e  a c t i n i d e s  

which are i n  a b l a n k e t  sur rounding  t h e  s p a l l a t i o n  target. The 

s p a l l a t i o n  t a r g e t  is  molten f o r  h e a t  removal purposes .  The l a r g e  

nimbers of neu t rons  produced by each  p ro ton  r e s u l t  in a ve ry  intlense 

ncu t ron  source .  However, t h e r e  are several s e r i o u s  drawbacks t o  t h i s  

concept .  

1. 

2 .  

a .  

4 .  

5. 

The ncu t ron  source  i s  e f f e c t i v e l y  a p o i n t  s o u r c e ,  and the  

neu t ron  f l u x  d e c l i n e s  ve ry  r a p i d l y  i n  t h e  s u b c r i t i c a l  a c t i n i d e  

b l a n k e t  i n  a manner s imilar  t o  t h a t  i n  t h e  f u s i o n  r e a c t o r .  

A method f o r  r e c a v e r i n g  t h e  heat: from t h e  s p a l l a t i o n  d e v i c e  

must be devised  o r  t h e  e n t i r e  c o s t  of t h c  o p e r a t i o n  must be 

charged t o  t h e  transmutati on o p e r a t i o n  --- a very expensive 

p r o p o s i t  ion.  

Th i s  concept  would r e q u i r e  t h e  d e s i g n  and c o n s t r u c t i o n  of 

high-energy p a r t i c l e  a c c e l e r a t o r s  t h a t  are  much l a r g e r  than  

any  b u i l t  t o  d a t e .  

It would appear  t o  be i n e f f i c i e n t  t o  use n u c l e a r  f i s s i o n  h e a t  

to make e l e c t r i c i t y ,  which i n  t u r n  makes high-energy p ro tons  

(and more energy losses from i n e f f i c i e n c y ) .  The pro ton  are 

then  used t o  make n e u t r o n s ,  which f i n a l l y  accomplish the 

t r ansmuta t ion .  A c t i n i d e  t r a n s m u t a t i o n  i n  t h e  fission r e a c t o r  

seeins much inore s t r a i g h t f o r w a r d  and eliminates t h e  unavoidable  

i n t e r m e d i a t e  energy l o s s e s .  

T h e  hand l ing  of molten metals i n  a h i g h - i n t e n s i t y ,  high-energy 

neu t ron  f l u x  a t  h igh  t empera tu res  would appear to be a 

formidable eng inee r ing  obstacle.  

Thus , t h e  eng inee r ing  and  t h e o r e t i c a l  l i m i t a t i o n s  of this concept  would 

seem t o  g r e a t l y  overshadow any p o s s i b l e  advantages .  

The f i n a l  a l t e r n a t i v e  t r ansmuta t ion  p r o c e s s  t h a t  has been proposed 

invo lves  the use of n u c l e a r  e x p l o s i v e s  as the  source of t r ansmuta t ion  
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ef fec t  of t h e  f i s s i o n  p roduc t s  i n  a thermal  r e a c t o r  t han  i n  a f a s t  

r e a c t o r .  As a r e s u l t  the i o d i n e  and technet ium t r ansmuta t ion  s t u d i e s  

desc r ibed  hewein w i l l  on ly  c o n s i d e r  thermal r e a c t o r s ,  spec i f  i c a l l y  

uranium-enriched PWRs . 

Technetium-99 i s  produced as a result of t h e  f i s s i o n i n g  of 

a c t i n i d e s  and is  t h e  on ly  technet ium i s o t o p e  t h a t  i s  bo th  p r e s e n t  i n  

s i g n i f i c a n t  q u a n t i t i e s  (Q 700 g/MTESM) and long- l ived  ( h a l f - l i f e  =3 

21 3,000 y e a r s ) .  Technetium-99 would have t o  be s e p a r a t e d  from the 

h igh - l eve l  waste and d i s s o l v e r  s o l i d s  and p u r i f i e d  i n  p r e p a r a t i o n  f o r  

t r ansmuta t ion .  The form of t h e  technet ium dur ing  i r r a d i a t i o n  has not  

been i n v e s t i g a t e d ,  a l though  the  metal i s  a l i k e l y  c a n d i d a t e  s ince i t s  

me l t ing  p o i n t  is  Q240Q K. 

The spectrum-averaged c a p t u r e  cross s e c t i o n  of a f u e l  element of 
3 "Tc m e t a l  ( d e n s i t y  =: 11 .5  g/cm ) i n  a U 0 2  f u e l  assembly i s  Q13.8 x 

t r ansmuta t ion  c a l c u l a t i o n s  performed usirig the ORIGEN28 code and the  

in2 based on t h e  neu t ron  f l u x  spectrum given i n  r e [ .  23.  Subsequent 

PWR model d e s c r i b e d  in r e f .  23 y i e l d e d  a t r a n s m u t a t i o n  rate of 11% p e r  

ful l -power yea r .  The d i scha rged  element had t h e  EsPlowing composi t ion 

p e r  i n i t i a l  k i h g r a m  of "Tc: 99Tc ,  728 g ;  l"ooRu, 2 7 0  g ;  lolRu, 2-5 g ;  

10zRu9 0.006 g.  

The transnzutat i o n  r a t e  i n d i c a t e s  t h a t  "Tc i s  r e a d i l y  t ransmutable  

i n  a PWR. However, t w o  impor tan t  c o n s i d e r a t i o n s  must be  f u l l y  addressed  

b e f o r e  technet ium t r ansmuta t ion  can be  unequivoca l ly  d e c l a r e d  f e a s i b l e : :  

(I) t h e  i r r a d i a t i o n  behavior  of technet ium and t h e  t echne t jun l ru then ium 

mixture  m u s t  be determined and ( 2 )  t h e  amoiant and impact of t h e  98Tc 

(ha] -€- l i fe  = 4.2 ni i l1ion years) formed by (n ,2n> r e a c t i o n s  on "Tc. m u s t  

be  determined.  

6 I 2 Iodine-129 TransmutaLion 

Iodine-129 i s  also a product of f i s s i o n i n g  a c t i n i d e s .  It has a 

h a l f - l i f e  of 1.5.9 m i l l i o n  years and i s  produced i n  t he  amount of 3-94 

g/MTHM, It i s  accompanied by Q 6 1  g of s table  1271 per  M"HM* I n  t he  
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7 .  FUEL CYCLE CNARACTERPZATION FOR THE P-IC ASSESSMENT PROGRAM 

The purpose  of P-T i s  t o  reduce  the  long-term r i s k  a s s o c i a t e d  

w i t h  t h e  d i s p o s a l  of f u e l  c y c l e  wastes contaminated w i t h  t r a n s u r a n i c  

e lements .  To p r o p e r l y  assess t h e  v a l u e  of  t h i s  o p t i o n ,  t h e  fo l lowing  

in fo rma t ion  i s  needed : (I) t h e  d e s i g n  ( l e a d i n g  t o  t h e  c o s t )  of t h e  

p a r t i t i o n i n g  f a c i l i t i e s ,  ( 2 )  t h e  change i n  shor t - te rm ( f u e l  c y c l e )  r i s k  

r e s u l t i n g  from implementat ion of  P-T, and ( 3 )  t h e  change i n  the  long- 

term ( r e p o s i t o r y )  r i s k  r e s u l t i n g  from implementat ion of P-T. I n  a l l  

t h r e e  of t h e s e  areas, one of  t h e  p r i n c i p a l  i n p u t s  r e q u i r e d  i s  t h e  

n u c l i d e  composi t ions  of t h e  n u c l e a r  materials i n  t he  r e l e v a n t  Fac i l i t i es .  

This  s e c t i o n  c h a r a c t e r i z e s  two model r e a c t o r  f u e l  c y c l e s  t h a t  have been 

developed as i n p u t  for- o t h e r  p o r t i o n s  of  t h e  P--T assessment  program: 

a r e f e r e n c e  (no P-T) f u e l  c y c l e  and a P-T f u e l  c y c l e .  

7 . 1  D e s c r i p t i o n  of Fuel  Cycles and Ground Rules  

7 . 1 . 1  D e s c r i p t i o n  of r e f e r e n c e  and P-T f u e l  cycles 

Both t h e  r e f e r e n c e  and P-T f u e l  c y c l e s  are d e p i c t e d  s c h e m a t i c a l l y  

i n  F i g .  7 . 1 .  These fuel  c y c l e s  are based an a s ingle .  l250-W(e)  PWR 

o p e r a t i n g  i n  t h e  se l f -gene ra t ed  plutonium r e c y c l e  mode. The f u e l  

r e p r o c e s s i n g  p l a n t  i s  assumed t o  be  producing a coprocessed product  

( i . e . ,  t h e  uranium, plutonium, and any o t h e r  a c t i n i d e s  are i n t i m a t e l y  

mixed).  

Out-af-reactor  decay t i m e s  are 1.5 y e a r s  between r e a c t o r  d i s c h a r g e  and 

r e p r o c e s s i n g  and 0.5 yea r  between r e p r o c e s s i n g  and r e f a b r i c a t i o n .  

The f u e l  i s  assumed t o  be  i n  t h e  r e a c t o r  f o r  3 c a l e n d a r  y e a r s .  

7.1.1.1.  Reference fuel. c y c l e .  Re fe r r ing  t o  the l e f t  and c e n t e r  

p o r t i o n s  of F i g .  7 . 1 ,  t h e  r e f e r e n c e  c y c l e  beg ins  w i t h  the  i n s e r t i o n  

of  a r e l o a d  of f u e l  i n t o  t h e  r e a c t o r .  The r e l o a d  mass i s  34.19 MTHM, 

which i s  comprised of two- th i rds  3 . 2  w t  % enr i ched  U 0 2  and one.-third 

coprocessed MOX ( i . e . ,  p lutsnium-enriched uranium i n c l u d i n g  some 

neptunium). Th i s  f u e l  is  i r r a d i a t e d  t o  a burnup o f  33,000 MWd/MTIEM, 

a t  which t i m e  i t  i s  d i scha rged  and decayed f o r  1 .5  y e a r s .  Both t h e  

U 0 2  and MOX f u e l s  a r e  then  r ep rocessed  t o g e t h e r ,  y i e l d i n g  (1) a 

coprocessed MOX p roduc t ,  which i s  s e n t  t o  r e f a b r i c a t i o n  a f t e r  a 0.5-year 



F i g .  7.1. Schematic diagram of r e f e r e n c e  and P-T f u e l  c y c l e s .  
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d e l a y ,  and ( 2 )  TRU wastes, which are s e n t  t o  a r e p o s i t o r y .  The MOX 

product ,  which i s  i n  powder form, is r e f a b r i c a t e d  a f t e r  t h e  a d d i t i o n  

of a s u f f i c i e n t  amount of en r i ched  uranium t o  achieve t h e  d e s i r e d  brorizup. 

The TRU wastes from t h e  r e f a b r i c a t i o n  of MOX f u e l s  are sent t o  the 

r e p o s i t o r y .  Simultaneously w i t h  MOX f u e l  r e f a b r i c a t i o n ,  the 3 .2  w t  X 
enr i ched  UO f u e l  i s  be ing  f a b r i c a t e d  i.n a s e p a r a t e  E a c i l i t y .  The 

c y c l e  i s  completed a t  t h i s  p o i n t ,  w-it11 t h e  f a b r i c a t e d  f u e l s  be ing  

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

2 

7.1_.1..2 P-T f u e l  _ _ _ _  y c l e .  Again r e f e r r i n g  t o  F i g .  7 .l, the P-T f u e l  

c y c l e  i s  'uas i - sa l ly  t h e  same as t h e  r e f e r e n c e  f u e l  c y c l e  except  tha t  

p a r t i t i o n i n g  f a c i l i t i e s  ( t h e  extreme r i g h t  of  F ig .  7.1) have been added. 

A s  b e f o r e ,  t h e  c y c l e  beg ins  w i t h  the i n s e r t i o n  of a r e l o a d  o f  f u e l  i n t o  

t h e  r e a c t o r .  The r e l o a d  mass is 34.19 MTHM and. i s  comprised of two- 

t h i r d s  3 . 2  wt % erzriched IJO and one- th i rd  coprocessed MOX, which has  

all of t h e  waste a c t i n i d e s  ( i . e e  neptunium and t h e  t r a n s p l u t o n i c s )  

homogeneously d i s p e r s e d  i n  i t .  The r e l o a d  i s  i r r a d i a t e d  t o  a burnup 

of 33,000 MWd/MTHM, a t  which time i t  i s  d ischarged  and decayed Ear 1 .5  

y e a r s .  Both the  UO and MOX f u e l s  are then rep rocessed  t o g e t h e r .  

The TRU-contaminated wastes are then s e n t  t o  t h e  fuel  r e p r o c e s s i n g  

p l a n t  waste t r ea tmen t  f a c i l i t y  (FXP-WTF) f o r  p a r t i t i o n i n g .  A stream 

of recovered  TRU a c t i n i d e s  and TRU-depleted wastes are returned t o  

the r e p r o c e s s i n g  p l a n t  

t h e  coprocessed MOX and sent t o  the r e f a b r i c a t i o n  p l a n t  after a 0.5- 

yea r  de l ay .  The TRU-depleted wastes are sent t o  t h e  r e p o s i t o r y .  The 

MOX product  ( i n c l u d i n g  t h e  w a s t e  a c t i n i d e s ) ,  which i s  i n  powder form, is 

r e f a b r i c a t e d  a f t e r  t h e  a d d i t i o n  of a s u f f i c i e n t  amsunt of en r i ched  

uranium t o  ach ieve  the  d e s i r e d  burnup. The TRU wastes from re fab -  

r i c a t i o n  are then  s e n t  t o  the FFP-W'TF f o r  p a r t i t i o n i n g .  A stream of 

recovered  a c t i n i d e s  a n d  TRU-depleted wastes are r e t u r n e d  t o  t h e  

f a b r i c a t i o n  p l a n t  e The recovered  act i n i d e s  are inco rpora t ed  w i t h  MOX 

r e c y c l e  streams w i t h i n  the f a c i l i - t y .  The TRU-depleted wastes are s e n t  

t o  t h e  repos i . to ry .  

be ing  f a b r i c a t e d  i n  a s e p a r a t e  f a c i l i t y .  The c y c l e  i s  completed a t  t h i s  

point,with the fabricated f u e l s  bei-ng inser ted i n t o  t h e  r e a c t o r .  

2 

2 

The recovered  TRU a c t i n i d e s  are combined with 

Simultaneousl.y,  t h e  3 . 2  w t  % enr i ched  U 0 2  f u e l  5s 
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Table  7 .1 .  Pe rcen tage  of a c t i n i d e s  r e p o r t i n g  t o  f i n a l  a c t i n i d e  wastes 

..-- ....- ___I- .1.--1._- 

b F U ~  1 “lr ep r aces s ing.”---- 

Waste Reference P-T Reference P-T 
a F u e l  f a b r i c a t i o n  p l a n t  p Iant .___I- , 

13 

cycle  .___I_ produc t  Element c y c l e  cy+! cycle  

Nigh-level U 
s o l i d i f i e d  waste Np 

0.5 0.01 
20.0 0.01 

Yu 0.5 0.01 
Am 99.9 0.01. 
CmC 99.9 0.01 

Cladding waste U 0 .1  0.01 
0.1 0.0s NP 

PU 0 . 1. 0.01 
Am 0.1 0.01 
CmC 0 . 1  0 .01  

Nonimmobilized U 0.4 0.02 0.5 0 .CS 
waste NP 0.4 0.02 0.5 0.05 

Pu 0.4 0.02 0.5 0.05 
0.0 0.02 0.5 0.05 

Cm 0.0 0.02 0.5 0.05 

Concreted waste U 1.0 0.06 1 .5  0 . 1  
NP 1.0 0.06 4.0 0 . 1  
Pu 1 .0  0.06 1 . 5  0 .1  

0.0 0.06 20.0 0.1 
0.0 0.06 20.0 0 . 1  

h”c 
C1n 

T o t a l  U 2 ” 0  0 . 1.. 2.0 0.15 
NP 21.4  0.1 4 .5  0.15 
PU 2 - 0  0.1. 2 . 0  0.1s 

100 0.1 20,5 0.15 
1.00 0.1 2 0 , 5  0.15 Cm p”c 

a 
Rased on f e e d  t o  FRP. 

bBased on f e e d  t o  FFP. 

C 
Values f o r  Bk and Cf are assumed t o  be t h e  same as t h o s e  f o r  Cm. 
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materials in the  reactor (i. e. a c t i n i d e s ,  structriral.. materials 

modrra tor )  However since $he ri sk a n a l y s c s  r e q u i r c  mich iiiorc deta i  1 ed 

i n fo rma t ion ,  a s ~ c o n d  s t e p  is requix-cd. ' t h i s  involvcn the  usc of a 

less s o p h i s t i c a t e d  reactor physics c a l c u l a t i o n  t h a t  providc?s detai  1 011 

many n u c l i d e s  in a. format and u i i i t s  csnvcnicini f o r  cw~;inesri 8 ~ 2  nnaI.y,c;i s . 

3.2 e 1 S o p h i s t i c a t e d  I......... -_..^__I__- reactor p h e - c s  calcul .a . t iuns *"-"".-..--...-..- 

7.2.1.1 -lyL.I-I R e f e r e m .  The reEeren.ce-.cycPe reactor  c a l c u l a t i o n s  

were performed as a p a r t  of the OKIGEN update  program* These caleuS.atioris 

were d e s c r i b e d  i n  de t a i l ,  i n  ref .  20. Basi-cdl.y,  these c a l c u l a t i o n s  

invs 1-ved p er f o r n i n g  s e: a t  ic, one -d imens ional. 8 4 -neu t- ron.--+e LE r g y -  g m u  p 

spec, t rum c a l c u l a t i o n s  f a r  fue l .  campssitions typ ica l .  of d i f f e r e n t  burn-. 

ups T h e  r e s u l t s  of these calcml.at:i.ans were five-group cross sec.ti.on 

sets, These cross s e c t i o n  sets were used i n  a rwictor dep l . e t ion  

c a l c u l a t i o n  f o r  fou r  reactors one of which  w a s  a self-generated 

plutonium-recycle  PWR, which i s  t h e  reference reactor * The r e s u l t s  

of the  d e p l e t i o n  c a l c u l a t i o n  p l u s  t h e  84-group spccta:i.m calculation 

were used to s u p p l y  effective oi-ne-group cross sections t o  subsequent  

ORIGEN ca lcu la t - ions  p rov id ing  the d e t a i l e d  composition of t h e  f u e l  

c y c l e  materials. 

7.2.1-  2 __l.....̂ .l.. P-T ~ ~ c l e .  .--- The s o p h i s t i c a t e d  P-T' c y c l e  reactor p h y s i . ~ ~  

c a l c u l a t i o n s  were performed by Gorrell .  as a p a r t  of  t h e  QKNL, P-T 

program. In  p a r t i c u l . a r ,  t h e  calci.il.ations were those f o r  Case 2 , 2  of 

ref .  5 ,  where a d e t a i l e d  d e s c r i p t t a n  can. be found. The bas ic  procedure 

used was the same as that i n  the r e f e r e n c e  case: s t a t i c ,  one-dimensi.ozlal 

multigroup n e u t r o n  spectrum c a l c u l a t i o n s  f ol.lowed by deple t i .on  calcu- 

l a t i o n s  us ing  cross secti.ons from the spectrum c a l c u l a t i o n .  In  the  

case of t h e  P-T c y c l e ,  these ca lcu la t ions  am all. performed w i t h  a 
s i n g l e  reactor p h y s i c s  code cal.l.ed GLASS. 31 ~lra.esc c a l c u l a t i o n s  

e x p l i c i t l y  accounted f o r  the r e c y c l e  of the act inides  f o r  f i v e  c y c l e s .  

The amount of enr iched uranium iriakeup required f o r  t h e  MOX f u e l  

assemblies was based QLI t h e  EOC r e a c t i v i t y .  The  ~ - c s u P % s  of tlzes,e tal- 

c u l a t i o n s  were used. to supp1.y effect ive,  one-gro.irp c r o s s  s ec t ions  Lo 
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Table  7 . 2 .  Composition and characteristics of f r i l sh  
and s p e n t  reference and P-'I f u e l s  

~ . .- - " --____ ...... . ..... . 
b 

...______._..___.__..~ Fresh  ~ MQX f u e l s a  .... __............. I S P W : . , E ! ? X ?  ..............__I_ 

Reference P-T R e  f e r e n c e P-T 

235u 

236u 

238u 

237 
NP 

238P1J 

239Pu 

240P,, 
241p, 

242p, 

2 4 

3Am 

6,768 

6,829 

907,600 

3,846 

6,409 

900,200 

3,517 

5,846 

883,800 

6,938 

6,853 

918,200 

4,284 

5,241 

24,230 

16,650 

9,530 

7 , 2 8 6  

2 576 

4 , 4 4 2 

25,670 

1 7  880 

9 ,203  

1.0,400 

3,599 

5,473 

13 ,830  

13 ,360  

7,675 

7 ,071  

2,827 

5,260 

17,600 

14,870 

7,925 

11,070 

1 , 3 8 8  

2,923 

463 

0 

1,535 

2 .p 749 

1 ,197  

2,408 

28  

3,478 

484 

215 

1.3 

2.8 

15  
941. 

5 4  

24 

0.1.4 

3.4 E - 0 3  

26 

4,526 

81.3 

3 32 

25 

6.2 

2 4 g B k  0 6.9  E-04 8 . 3  E-06 6 .7  E-02 

6.2 E-03 

1 . 5  E-03 

2.5 E-04 

2 . 7  E-04 

2.3 E-05 

4.2 E-06 

3.7 E--07 

1 . 4  E-07 

0 .21  

6.8 E-02 

1 .0  E-02 

2 . 1  E-02 

Neutron activity, 
n e u t  rons-1 MTm-1 

1.84 El-08 4.16 E-i-08 1 .19  E.+-10 1 .05  E f l l  

Dose r a t e  from one 
a s s e m b l y ,  rem/hrc 

Decay h e a t ,  W/MTHM 

0.1.7 11.2 11. ~ 900 I-]., 900 

3,250 12,440 12,'370 23,170 

aDecay of 0 .5  y e a r  assumed. 

bDecay of 1 . 5  years assumed. 

' ~ o s e  i s  1.0 m from tlic nszernhly midplane. 
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