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Researches on t h e  TRU t r a n s m u t a t i o n  w i t h  a  p r o t o n  a c c e l e r a t o r ,  which 

were performed a t  JAERl i n  these years ,  have been promoted as one o f  

main themes i n  t h e  newly  s t a r t e d  n a t i o n a l  p r o j e c t  OMEGA,  which aims 

t o  e s t a b l  i s h  new s a f e r  t echno log ies  t o  p rocess  l o n g - l i v e d  r a d i o - a c t i v e  

wastes. Conceptual des ign  s t u d i e s  o f  t h e  t r a n s m u t a t i o n  p l a n t  have been 

made f rom the  n u c l e o n i c s  and h y d r a u l i c s  a n a l y s i s  p o i n t s  o f  v iew.  The 

proposed t r a n s m u t a t i o n  p l a n t  i s  a  h y b r i d  system o f  an i n tense  p r o t o n  

a c c e l e r a t o r ,  a  t ungs ten  t a r g e t  coo led  w i t h  sodium and a  s u b c r i t i c a l  core 

loaded w i t h  the TRU metal  f u e l .  I n  t h i s  p l a n t  t h e  t r ansmu ta t i on  r a t e  

o f  about  200 kg TRU a  year (generated f rom about  8 u n i t s  o f  1 GWe PWR) 

a r e  a t t a i n a b l e  and t h e  marginal  e l e c t r i c i t y  more t han  one needed t o  

d r i v e  t he  a c c l e r a t o r  can be produced. 

Wi th  t h e  aim t o  make assessment o f  t h e  p l a n t  des ign  and t o  upgrade 

t he  computer codes f o r  s i m u l a t i n g  n u c l e a r  s p a l l a t i o n  processes i n  t h e  

t r a n s m u t a t i o n  p l a n t ,  t h e  i n t e g r a l  s p a l l a t i o n  exper iment  has been planned 

. The lead  t a r g e t  has been s e t  up a l o n  

p r o t o n  s y n c h r o t r o n  boos te r  a i  K E K .  The 

scheduled t o  s t a r t  t h i s  Autumn. 

The R & D schedules o f  t h e  Engineer  

GeV,- 10 m A )  have been made t o  a s c e r t a  

t h e  500 MeV beam l i n e  o f  a  

f i r s t  i r r a d i a t i o n  exper iment  i s  

ng Tes t  p r o t o n  Accel e r a t o r ( l . 5  

n  t h e  eng inee r i ng  f e a s i b i l i t y  o f  

t he  t r a n s m u t a t i o n  p l a n t .  As t he  f i r s t  s t e p  t h e  Bas ic  Technology p ro ton  

A c c e l e r a t o r ( l 0  MeV, I O m A )  i s  t o  be c o n s t r u c t e d  t o  deve lop t he  advanced 

t e c h n o l o g i e s  o f  h i g h e r  beam i n t e n s i t y ,  h i g h  q u a l i t y  beam l o a d i n g  w i t h  

low emi t tance ,  h i g h  e f f i c i e n t  RF power, e t c .  



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

. The management o f  m i n o r  a c t i n i d e s  and f i s s i o n  p r o d u c t s  i n  t h e  h i g h  

l e v e l  was tes  i s  an i m p o r t a n t ,  h a z a r d o u s  p r o b l e m  due t o  t h e i r  s t r o n g  

r a d i o  a c t i v i t i e s .  I n  p a r t i c u l a r ,  t r a n s u r a n i u m  nuc l l des (TRU)  have a  v e r y  

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

t h e  n u c l e a r  power g e n e r a t i o n  have d e v e l o p e d  t h e  v i t r i f i c a t i o n  and 

g e o l o g i c a l  d i s p o s a l  t e c h n i q u e s  f o r  managing t h e s e  wastes.  T h i s  s u b j e c t ,  

however,  s h o u l d  be re -examined  f r o m  t h e  v i e w  p i o n t  o f  a p p l y i n g  new, 

advanced t e c h n o l o g i e s  a t  p r e s e n t .  By e s t a b l i s h i n g  new t r a n s m u t a t i o n  

t e c h n o l o g i e s  t h e  u p g r a d e  of s a f e t y  a s s u r a n c e  i n  t h e  waste managnent w i l l  

be a c h i e v e d .  

I n  Japan t h e  OMEGA p r o j e c t ( Q p t i o n  Mak ing  ~ x t r a ' s a i n s  f r o m  Ac i  t i n i d e s  

and f i s s i o n  p r o d u c t s )  s t a r t e d  t o  r e s e a r c h  and d e v e l o p  t h e  new t e c h n o -  

l o g i e s  on  n u c l e a r  was te  p a r t i t i o n i n g  and t r a n s m u t a t i o n  as  t h e  l o n g  te rm 

one. As a  p a r t  o f  t h e  p r o j e c t ,  Japan A t o m i c  Energy  Research I n s t i t u t e  

has s e t  up t h e  R & D p l a n s  m a i n l y  on  

1) advanced p a r t i t i o n i n g  t e c h n o l o g y ,  

2) TRU t r a n s m u t a t i o n  i n  b u r n e r  and power r e a c t o r s  and 

3)  TRU t r a n s m u t a t i o n  w i t h  p r o t o n  a c c e l e r a t o r s .  

The r e c e n t  advance made i n  a c c e l e r a t o r  t e c h n o l o g y  d u r i n g  t h e  p a s t  

decade has  g i v e n  t h e  h i g h  p o s s i b i l i t y  o f  p r o v i d i n g  t h e  i n t e n s e  p r o t o n  

beam t o  t h e  proposed t r a n s m u t a t i o n  sys tem.  Most  o f  t h e  p r o d u c t s  i n  t h e  

t r a n s m u t a t i o n  by  u s i n g  o n l y  t h e  s p a l l a t i o n  r e a c t i o n  have h a l f l i v e s  
a 

s h o r t e r  t h a n  most  o f  f i s s i o n  p r o d u c t s .  The n u c l e a r  s p a l l a t i o n  r e a c t i o n  

between h i g h  e n e r g y  p r o t o n s  (above 1  GeV) and heavy me ta l  s u c h  as TRU 

g e n e r a t e s  many n e u t r o n s  w i t h  t h e  h a r d  s p e c t r u m  l i k e l y  i n  a  f a s t  r e a c t o r .  

These f a c t s  makes t h e  use  o f  an p r o t o n  a c c e l e r a t o r  a t t r a c t i v e  as  a  means 

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

d r i v e n  t r a n s m u t a t i o n  sys tem m a i n l y  u t i l i z i n g  t h e  f i s s i o n  r e a c t i o n s  i n  

duced by s p a l l a t i o n  n e u t r o n s  has been s t u d i e d  as t h e  t y p e  o f  t r a n s -  

m u t a t i o n  p l a n t  because o f  h i g h  t r a n s m u t a t i o n  r a t e  and good ene rgy  

b a l a n c e .  The h y b r i d  t r a n s m u t a t i o n  s y s t e m  o f  a c c e l e r a t o r - t a r g e t - c o r e  has 

t h e  a d d i t i o n a l  m e r i t s  : 



(1) The sys tem can be q u i c k l y  s h u t  down o n l y  by  s w i t c h i n g  o f f  t h e  beam 

c u r r e n t  o f  p r o t o n  a c c e l e r a t o r .  

(2)  S i n c e  t h e  h y b r i d  t a r g e t - c o r e  i s  a l w a y s  o p e r a t e d  i n  a  s u b c r i t i c a l  

s t a t e ,  i t  c a n  have a  s i m p l e r  s t r u c t u r e  w i t h o u t  s a f e t y  and c o n t r o l  

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

(3)  The h i g h e r  burnup r a t e  i s  e x p e c t e d  f o r  t h e  TRU f u e l  i n  t h i s  system 

w i t h  no c o n s t r a i n t s  f o r  t h e  c r i t i c a l i t y .  I n  t h i s  case t h e  main  

l i m i t a t i o n  i s  t h e  l i f e t i m e  o f  f u e l  and s t r u c t u a l  m a t e r i a l  unde r  

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

(4) The t a r g e t - c o r e  d e s i g n i n g  i s  f l e x i b l e  because i t  i s  f r e e  f r o m  t h e  

s a f e t y  r e q u i r e m e n t s  o f  n o n - p o s i t v e  Na v o i d  c o e f f i c i e n t s  and t h e  

p o i s o n i n g  e f f e c t  due t o  v a r i a t i o n  o f  i s o t o p e  abundances i n  t h e  

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

However t h e r e  a r e  t e c h n o l o g i c a l  i t e m s  r e q u i r i n g  f u r t h e r  r e s e a r c h e s  and 

deve lopments :  

(a )  an i n t e n s e  p r o t o n  beam a c c e l e r a t o r  (1.5 GeV, -10  M A ) ,  

(b) TRU t e c h n o l o g i e s ,  

( c )  h i g h  ene rgy  r a d i a t i o n  s h i e l d i n g .  

I n  t h e  p r e s e n t  paper t h e  p r e s e n t  s t a t u s  o f  t h e  r e s e a r c h  a t  JAERl i s  

d e s c r i b e d  a s  f o l l o w i n g  i tems, 

1) deve lopment  o f  t h e  b a s i c  s i m u l a t i o n  code sys tem,  

a 2) c o n c e p t u a l  s t u d y  o f  t h e  TRU t r a n s m u t a t i o n  p l a n t ,  

3) s p a l l a t i o n  i n t e g r a l  expe r imen t ,  

4) deve lopment  o f  a  i n t e n s e  p r o t o n  beam a c c e l e r a t o r .  

T r e e  s t r u c t u r e  i l l u s t r a t i o n  o f  R & D I t e m s  f o r  t h e  TRU T r a n s m u t a t i o n  

P l a n t  and H i g h  I n t e n s i t y  P r o t o n  Beam A c c e l e r a t o r  i s  shown i n  F ig .1 .  

Moreover  t h e  s p a l l a t i o n  t a r g e t  sys tem c a n  be used f o r  o t h e r  a p p l i -  

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

v e r y  i n t e n s e  n e u t r o n  sou rces .  The u s e f u l  n u c l i d e s  o r  s h o r t - l i f e  R l ' s  

used f o r  s p e c i a l  purposes can be produced f r o m  r e s i d u a l  n u c l i d e s  a f t e r  

t r a n s m u t a t i o n  and n u c l i d e  p a r t i t i o n i n g  p rocesses  a l s o .  

2. Research  o f  t r a n s m u t a t i o n  sys tem d r i v e n  w i t h  p r o t o n  a c c e l e r a t o r  



2 - 1 .  Deve lopment  o f  s i m u l a t i o r i ' c o d e s  

The knowledge o f  r e s i d u a l  n u c l i d e s  a c c u m u l a t e d  i n  t h e  t a r g e t  

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

f e a s i b i l i t y  e s t i m a t i o n  o f  p r o t o n - i n d u c e d  TRU t r a n s m u t a t i o n .  A c t u a l l y ,  

how 

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

d s  o f  a l l  t h e  n u c l i d e s  i n  t h e  t a r g e t  due  t o  enormous c o m p u t i n g  t i m e .  

SPCHAIN code has  been d e v e l o p e d  t o  compute  a p p r o x i m a t e l y  t h e  b u i d u p  

decay  o f  spa1 l a t i o n  p r o d u c t s  (SP) b y  e x p a n d i n g  t h e  d e p l e t i o n  code  

IN2 f o r  f i s s i o n  p r o d u c t s .  By assuming  t h a t  any c o m p l i c a t e d  decay 

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

e q u a t i o n  c a n  be s o l v e d  by t h e  Bateman method.  The new d a t a  o f  decay 

t y p e s ,  decay  c o n s t a n t s ,  b r a n c h i n g  r a t i o s  and decay schemes have  been 

c o m p i l e d  i n  t h e  SPCHAIN d a t a  l i b r a r y  f o r  a b o u t  1100 n u c l i d e s  needed f o r  

t h e  TRU s p a l l a t i o n  c a l c u l a t i o n .  These d a t a  were m a i n l y  c o l l e c t e d  f r o m  

T a b l e  o f  I s o t o p e  ( 7 t h  v e r s i o n )  and t h e  d a t a  s t o r e d  i n  t h e  DCHAIN2 

l i b r a r y .  F i g u r e  2 r e p r e s e n t s  t h e  n u c l i d e  d i s t r i b u t i o n  o f  b o t h  d a t a  

s o u r c e s  i n  t h e  (A,Z) p l a n e .  When t h e  h a l f l i f e  t i m e  o f  a  n u c l i d e  was n o t  

o b t a i n e d  by s u r v e y i n g  t h e  d a t a ,  i t  was c a l c u l a t e d  b y  u s i n g  t h e  decay 

c a l c u l a t i o n  p rog ram 3 ,  o r  guessed f r o m  t h e  t r e n d  o f  d a t a  o f  n u c l i d e s  

l o c a t e d  i n  t h e  n e i g h b o r h o o d  o f  t h e  n u c l i d e  i n  t h e  N u c l e a r  C h a r t .  The 

y i e l d s  o f  SP i n  t h e  s p a l l a t i o n  r e a c t i o n  were  computed by u s i n g  t h e  code 

NUCLEUS.4' As a  p r e l i m i n a r y  a n a l y s i s  t h e  y i e l d s  and r a d i o a c t i v i t i e s  o f  

r e s i d u a l  n u c l i d e s  i n  a  2 4 1 A m  t a r g e t  i r r a d i a t e d  by 1 CeV p r o t o n s  has  been 

c a l c u l a t e d .  F i g u r e  3 shows t h e  a c t i v i t y  r a t e  d i s t r i b u t i o n  o f  b u i l d u p  

e l e m e n t s  a t  t h e  t i m e  s t a g e  o f  one y e a r  c o o l i n g  a f t e r  i r r a d i a t i o n  o f  t e n  

h o u r s .  

The t a r g e t - c o r e  d e s i g n  code s y s t e m  SP-ACE w i t h  a  d e t e r m i n i s t i c  

c a l c u l a t i o n  method i s  b e i n g  d e v e l o p e d  t o  s i m u l a t e  t h e  t r a n s m u t a t i o n  

p r o c e s s  o f  TRU was tes  i n  a  s u b c r i t i c a l  s y s t e m  i n  r e a s o n a b l e  c o m p u t i n g  

t i m e  and p r e c i s i o n .  F i g u r e  4 shows t h e  m a i n  f l o w  c h a r t  o f  t h i s  sys tem.  

The n e u t r o n  t r a n s p o r t  code  RABBLE-THERMOS computes  t h e  r e g i o n - w i s e  

n e u t r o n  f l u x ,  u s i n g  u l t r a  f i n e  g r o u p  c o n s t a n t s  and t h e  d i s t r i b u t i o n  o f  

s p a l l a t i o n  n e u t r o n  s o u r c e ,  w h i c h  c a n  be o b t a i n e d  f r o m  Monte C a r l o  



c a l c u l a t i o n s  o f  h i g h  energy n u c l e a r  r e a c t i o n s  and p a r t i c l e  cascades i n  

N M T C / J A E R I .  Us ing these  f l u x e s  t h e  r o u t i n e  COLAPU g i v e s  the e f f e c t i v e  

c ross  s e c t i o n  and t he  average f l u x  i n  each r e g i o n  f o r  t h e  burnup code 

C O M R A D  t o  c a l c u l a t e  t h e  y i e l d s  o f  n u c l i d e s ,  hea t  gene ra t i on  and 7 - r a y  

i n t e n s i t i y  i n  t he  t r ansmu ta t i on  system. 

2 -2 .  Bas ic  des ign  s tudy  o f  t h e  TRU t r a n s m u t a t i o n  system 

We have been p romot ing  t h e  concep tua l  s t u d i e s  on t h e  TRU t r a n s -  

m u t a t i o n  i n  t h e  t a r g e t - c o r e  system d r i v e n  by an acce le ra ted  p r o t o n  

beam. 5 ' . 6 '  The b a s i c  c o n d i t i o n s  s e t t l e d  f o r  t h e  system des ign  a r e  (1) 

h i g h  t r ansmu ta t i on  r a t e  of TRU, t h e  goa l  l i n e  o f  which i s  t h e  t r a n s -  

@ m u t a t i o n  o f  amount o f  TRU produced i n  abou t  t e n  commercial 1  CWe PWR 

p l a n t s ,  and (2) good energy ba lance,  i n  which i t  can generate  enough 

e l e c t r i c i t y  t o  opera te  t h e  a c c e l e r a t o r  a t  l e a s t .  The y i e l d s  o f  TRU 

produced per  year f rom 1 CWe PWR a r e  summarized i n  Table 1. T o t a l  

amount o f  TRU i s  about  26 kg/y, 56 % o f  which i s  2 3 7 N p .  

H igh energy nuc leons generated i n  t h e  s p a l l a t i o n  can t ransmute TRU 

n u c l i d e s  th rough  t h e  cascade processes.  F i g u r e  5  shows t he  dependence 

o f  t h e  number o f  s p a l l a t e d  n u c l i d e s  on t h e  i n c i d e n t  p r o t o n  energy when 

t h e  p r o t o n  i n j e c t s  on t he  2 3 7 N p  meta l  t a r g e t  ( 20 cm @ x 60 cm ). The 

number o f  n u c l i d e s  t ransmutated a t  1.5 CeV i s  abou t  5  per  i n c i d e n t  

a p r o t o n  b u t  i t  i s  t oo  smal l  t o  p rocess  TRU wastes i n  t h e  commercial base 

u n l e s s  t h e  p ro ton  beam can have h i g h  c u r r e n t  more than 300 m A .  The hea t  

g e n e r a t i o n  i s  no t  s u f f i c i e n t  t o  d r i v e  t h e  i n t e n s e  a c c e l e r a t o r .  However 

i t  i s  noted t h a t  s e v e r a l  tens  neu t rons  w i t h  hard spectrum s i m i l a r  t o  t he  

one i n  t h e  f a s t  r e a c t o r  a r e  e m i t t e d  i n  t h e  s p a l l a t i o n .  The computer 

s i m u l a t i o n  r e s u l t  shows t h a t  t he  number o f  s p a l l a t i o n  neu t rons  generated 

i n  t h e  t a r g e t s  o f  a c t i n i d e s  such as  U, Np and Am, and heavy elements 

such as Pb and W i nc reases  monotonously when t h e  p r o t o n  energy inc reases  

up, as  shown i n  F ig .  6. For  t h e  case o f  2 3 7 N p  t a r g e t  bombarded by a  

1.5 CeY p r o t o n  t he  neu t ron  number i s  -40. As seen i n  F i g . 7 6 ' t h e  (n, f )  

c r o s s  s e c t i o n  o f  237Np i s  l a r g e r  by a  f a c t o r  o f  two o r  t h r e e  than  t h e  

(n, 7 ) c r o s s  s e c t i o n  o f  2 3 7 N p  i n  t h e  energy range above 0.5 MeV. 



Therefore it is considered to be advantageous to adopt high energy 

proton-induced spallation and the secondary neutron causing fission 

reactions as a means of the nuclear transmutation of TRU. Figure 8 

shows the target-core of hybrid plant driven by high power proton beam 

with the energy of 1.5 CeV and the current of several tens mA. The core 

design parameters are summarized in Table 2. The tungsten target is 60 

cm long in the direction of the incident beam, 1 m high and 10 cm wide 

and is installed in an TRU-fueled subcritical core (k,,,: 0.9- 0.94). 

The core has dimensions of 2-2.6 m length, 1 m height and 1 m width, 

surrounded by the HT-9 steel container with thickness of 20 cm. A beam 

window is located at a depth of 0.7 m from the front face and has a 

rectangular cross section with dimensions of 1 m high and 0.1 m wide. 

The heat generated in the TRU fuel is removed 

of liquid metal coolants Na/Pb-Bi. The heat 

of the major factors to determine the rate of 

system. The core consists of metallic alloy 

considerably harder neutron spectrum than the 

fuel consists of two types of alloys, Np-22Pu 

has the sufficiently high phase stabilitys'. 

by the forced ci rculation 

emoval performance is one 

TRU transmutation in the 

uel of TRU and provides 

other types of fuels. The 

20Zr and AmCm-35Pu-5Y and 

The fuel pin cell geometry 

is shown in Fig. 9, with a diameter of 4 m m  cladded with HT-9 steel. 

The p i n  pitches has been adjusted to be 8 m m  and 10 m m  for Na and Pb-Bi 

cooled cores, respectively, to keep k e r f  around 0.86 - 0.95. Here Pu 

is added initially to the. fuel in order to suppress the reactivity swing 

within an acceptable burnup range. With addition of 20 wt% of Zr, the 

melting point of N p  is supposed to increase from 640 "C up to about 900 

'C. The fuel assembly in the core is similar to that employed in a TRU 

burner reactor design. ? '  

For neutronics calculations the target-core system is approximated 

by an axially symmetric cylinder with the same volume as the original 

system for the efficient computation. A circular beam window located at 

the center line has a diameter of 0.36 m, and the maximum beam diameter 

is 0.2 m. The nuclear spallation processes above the cutoff energy of 

15 MeV were calculated by NMTC/JAERI code For the reaction below 15 



MeV t h e  Monte C a r l o  t r a n s p o r t  code MORSE-DD '' was used w i t h  52 n e u t r o n  

g roup  c o n s t a n t s  e d i t e d  f rom JENDL-2 and ENDF-B4, where s p a l l a t i o n  

n e u t r o n s  were t r e a t e d  a s  t h e  s o u r c e .  The r e s u l t s  o f  t h e  n e u t r o n i c s  

c a l c u l a t i o n s ,  f o r  f o u r  cases o f  t h e  sys tem c o o l e d  by  Na and P b - B i ,  w i t h  

and w i t h o u t  t h e  t u n g s t e n  t a r g e t ,  a r e  summarized i n  T a b l e  3. The number 

o f  TRU n u c l e i  d i s i n t e r g a t e d  i n  f a s t  f i s s i o n  r e a c t i o n s  i s  much l a r g e r  

t h a n  t h a t  i n  t h e  s p a l l a t i o n  r e a c t i o n  f o r  each case.  P r o f i l e s  o f  t h e  two 

- d i m e n s i o n a l  power d i s t r i b u t i o n  f o r  t h e s e  cases  a r e  shown i n  F i g .  lO(a) 

t o  (d ) ,  r e s p e c t i v e l y .  I t  i s  a p p a r e n t  t h a t  t h e  power p e a k i n g  wh ich  

o c c u r s  j u s t  b e h i n d  t h e  beam window i s  l o w e r  i n  t h e  sys tem w i t h  t h e  

t u n g s t e n  t a r g e t  t h a n  i n  t h e  one w i t h o u t  i t  due t o  t h e  f l a t t e r n i n g  e f f e c t  

f o r  cases  o f  b o t h  c o o l a n t s  and t h e  f l a t t e r n e d  power d i s t r i b u t i o n  

i n c r e a s e s  t h e  number o f  t r a n s m u t e d  n u c l i d e s .  The maximum t r a n s m u t a t i o n  

r a t e  i s  202 k g / y e a r  i n  t h e  c o r e  w i t h  t h e  t a r g e t  c o o l e d  by  Na. 

Thermal h y d r a u l i c s  c a l c u l a t i o n s  f o r  t h e  sys tem were done t o  o b t a i n  

t h e  maximum a c h i e v a b l e  t h e r m a l  power w i t h i n  t h e  maximum t e m p e r a t u r e  

l i m i t s  o f  f u e l  and c l a d d i n g .  Maximum t e m p e r a t u r e s  i n  t h e  TRU f u e l  and 

t h e  HT-9 c l a d d i n g  t u b e  a r e  l i m i t e d  t o  900 "C and 650 "C, r e s p e c t i v e l y ,  

where t h e  t e m p e r a t u r e  a t  t h e  i n l e t  o f  c o o l a n t  i s  s e t  t o  300 "C. The 

t e m p e r a t u r e  d i s t r i b u t i o n s  a l o n g  t h e  h o t t e s t  f u e l  p i n s  c o o l e d  by  Na i n  

t h e  c o r e  w i t h  t h e  t u n g s t e n  t a r g e t  a r e  shown i n  F i g .  11. The maximum 

a t h e r m a l  power i s  l i m i t e d  by t h e  maximum a l l o w a b l e  f u e l  t e m p e r a t u r e  o f  

900 ' C .  The o p e r a t i n g  c o n d i t i o n s  o f  t h e  t a r g e t - c o r e  sys tem a r e  

summarized i n  T a b l e  4. I n  t h e  c a s e  o f  Na c o o l i n g  and t h e  t u n g s t e n  

t a r g e t  t h e  maximum t h e r m a l  power i s  691 MW w i t h  t h e  maximum and average 

power d e n s i t i e s  o f  889 W/cc and 307 W/cc. .The t h e r m a l  power i s  

s u f f  i c i e t l y  l a r g e  t o  s u p p l y  t h e  e l e c t r i c  power t o  t h e  a c c e l e r a t o r  w h i l e  

t h e  beam c u r r e n t  r e q u i r e d  f o r  t h e  power i s  22.6 m A .  W i t h o u t  t u n g s t e n  

t a r g e t  t h e  t h e r m a l  power i s  405 MW w i t h  t h e  maximum and ave rage  power 

d e n s i t i e s  o f  776 W/cc and 159 flW/cc and i t s  p e a k i n g  f a c t o r  i s  l a r g e r  by 

a  f a c t e r  o f  1.7 t h a n  t h e  case w i t h  t h e  t u n g s t e n  t a r g e t .  The maximum 

powers o f  Pb-B i  c o o l e d  c o r e  w i t h  and w i t h o u t  t h e  t a r g e t  a r e  c o n s i d e r a b l y  

l ower  t h a n  t h o s e  o f  t h e  Na c o o l e d  one and t h e  beam c u r r e n t  r e q u i r e d  i s  



l e s s  t h a n  8 m A .  

c o n d u c t i v i t y  o  

case o f  Na coo 

T h i s  i s  a t t r i b u t e d  m a i n l y  t o  t h e  l ower  t h e r m a l  

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

I i n g .  

The v a r i a t i o n  o f  m u l t i p l i c a t i o n  f a c t o r  k e r f  w i t h  burnup days  was 

c a l c u l a t e d  as  shown i n  F i g .  12. The i n c r e a s e  tendency  o f  k e r f  a t  t h e  

i n i t i a l  s t a g e  t u r n s  t h e  dec rease  a r o u n d  1000 days  and t h e  s u b c r i t i c a l  

o p e r a t i o n  o f  t h e  system can be k e p t  d u r i n g  t h e  b u r n i n g  t i m e .  The 

changes o f  c o n c e n t r a t i o n s  o f  some m i n o r  a c t i n i d e s  w i t h  b u r n - u p  days  i n  

t h e  r e f e r e n c e  system( Na c o o l  i ng ,  w i t h  t u n g s t e n  t a r g e t  ) were a l s o  

c a l c u l a t e d ,  as shown i n  F ig .13 ,  u s i n g  t h e  bu rnup  code ORIGEN2. The 

amounts o f  2 3 7 N p  and 2 4 1 A m  a t  1500 b u r n i n g  days  become one h a l f  o f  t h e i r  

i n i t i a l  i n v e n t r i e s ,  w h i l e  2 3 8 P ~  and 2 4 2 C m ,  w h i c h  a r e  n o t  c o n t a i n e d  i n  

t h e  i n i t i a l  l o a d i n g ,  b u i l d  up. 

2 - 3 .  Spa1 l a t i o n  i n t e r g a l  e x p e r i m e n t  

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

ene rgy  range  o f  - 1  GeV t o  -100 MeV a r e  needed t o  examine t h e  a c t u a l  

e f f i c i e n c y  o f  TRU t r a n s m u t a t i o n  by  s p a l l a t i o n  r e a c t i ~ n ' ~ ) . ' ~ '  and t o  

upg rade  t h e  s i m u l a t i o n  code sys tem f o r  t h e  TRU t r a n s m u t a t i o n  p r o c e s s e s .  - 
The r e s e a r c h  p l a n  o f  spa1 l a t i o n  i n t e g r a l  e x p e r i m e n t  by u s i n g  t h e  h i g h  

ene rgy  p r o t o n  beam has s t a r t e d .  The l e a d  c y l i n d e r  sys tem f o r  t h e  

e x p e r i m e n t  has been s e t  up l a s t  March n e a r  t h e  dump o f  beam l i n e  

connec ted  t o  t h e  p r o t o n  s y n c h r o t r o n  b o o s t e r  a t  K E K .  F i g u r e  14 shows t h e  

l e a d  c y l i d e r  i n s t a l l e d  i n  a  SS c o n t a i n e r  w i t h  100 cm l e n g t h  and 60 cm 

d i a m e t e r .  T h i s  has s e v e r a l  s m a l l  h o l e s  p a r a l l e l  t o  t h e  c e n t r a l  a x i s ,  

wh ich  a r e  p luged  by specimen w i r e s  s u c h  as  N i ,  Au, Cu and Fe. R e a c t i o n  

p r o d u c t s  i n  t hese  specimen by i r r a d i a t i o n  o f  500 MeV p r o t o n s  a r e  

i d e n t i f i e d  f rom t h e i r  r - r a y  e m i s s i o n s  measured by  a  Ge(L i )  d e t e c t o r .  

The ene rgy  o f  s p a l l a t i o n  n e u t r o n  c a n  be known f r o m  t h e  a c t i v i t y  o f  

specimen f o i l s  w i t h  t h e  t h r e s h o l d  e n e r g y  o f  n e u t r o n  e m i s s i o n ,  imbedded 

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

e x p e r i m e n t  has been made t o  know w h e t h e r  t h e  a c t i v i t y  i n  t h e  i r r a d i a t e d  

specimen and t h e  dose r a t e  a r e  l o w e r  t h a n  t h e  v a l u e s  r e s t r i c t e d  by  t h e  



law when t h e y  a r e  t r a n s p o r t e d  i n  t h e  c a s k  t o  be measured a t  JAERI. The 

i r r a d i a t i o n  e x p e r i m e n t  f o r  t h e  l e a d  sys tem w i l l  be s t a r t e d  t h i s  Autumun 

a c c o r d i n g  t o  t h e  machine s c h e d u l e .  The s w i t c h i n g  magnet w i l l  be n e w l y  

equ ipped  i n  t h e  nea r  f u t u r e  on t h e  b o o s t e r  beam l i n e  t o  c o n t r o l  t h e  

i n t e n s i t y  o f  i r r a d i a t i n g  beam b y  a d j u s t i n g  t h e  number o f  p u l s e s  i n  

c u r r e n t .  I n  t h e  n e x t  s t e p ,  a  t u n g s t e n  o r  a  d e p l e t e d  uran ium t a r g e t ,  

w h i c h  i s  i n s e r t e d  i n  t h e  c e n t r a l  r e g i o n  o f  t h e  l e a d  c y l i n d e r ,  w i l l  be 

used t o  s  

2 -4 .  Deve 

The b  

ene rgy  o f  

m u l a t e  t h e  TRU t a r g e t  s p a l l a t i o n  e x p e r i m e n t .  

opment o f  i n t e n s e  h i g h  ene rgy  p r o t o n  a c c e l e r a t o r  

s i c  c o n c e p t  o f  t h e  E n g i n e e r i n g  T e s t  A c c e l e r a t o r  w i t h  a  beam 

1.5 CeV and a  c u r r e n t  o f  10 m A  was proposed f o r  t h e  TRU 

t r a n s m u t a t i o n  as  d e s c r i b e d  a t  t h e  l a s t  NEA/CRP mee t ing .  The a c c e l e r a t o r  

has a  l a r g e  s c a l e  compared w i t h  t h e  c o n v e n t i o n a l  ones wh ich  a r e  used f o r  

b a s i c  n u c l e a r  p h y s i c s  e x p e r i m e n t s .  I n  p a r t i c u l a r ,  t h e  p r o t o n  beam i s  

n e a r l y  50 t i m e s  more i n t e n s e  t h a n  t h a t  f o r  e x i s i t i n g  machines.  On ly  a  

l i n a c  can s a t i s f y  t h e  r e q u i r e m e n t s  o f  such  a  h i g h  beam c u r r e n t  w i t h  

h i g h e r  e f f i c i e n c y  o f  beam e x t r a c t i o n  t h a n  o t h e r  c i r c u l a r  a c c e l e r a t o r s .  

As t h e  f i r s t  s t e p  o f  t h e  deve lopment ,  t h e  low energy  p o r t i o n  o f  t h e  

a c c e l e r a t o r  s t r u c t u r e  w i  l l be c a r e f u l  l y  s t u d i e d ,  s i n c e  t h e  beam q u a i  i t y  

d e t e r m i n e d  a t  t h e  low ene rgy  p a r t  i s  a  key  f a c t o r  o f  d o m i n a t i n g  t h e  

beam e f f i c i e n c y  i n  t h e  h i g h  /3 a c c e l a t i n g  system. T h e r e f o r e  t h e  s m a l l e r  

s i z e  p r o t o n  l i n a c ,  B a s i c  Techno logy  A c c e l e r a t o r ,  w i t h  c u r r e n t  o f  10 m A  

i s  g o i n g  t o  be c o n s t r u c t e d  t o  d e v e l o p  t h e  e lemen t  t e c h n o l o g y .  F i g u r e  15 

shows an i l l u s t r a t i o n  o f  t h e  proposed ar ragement  o f  BTA, w h i c h  c o n s i s t s  

o f  ( a ) i o n  sou rce ,  (b) B a d i o  F requency  Quadrupo le  l i n a c ,  (c)  l r i f t  Tube 

L i n a c  and (d) h i g h  ene rgy  beam t r a n s p o r t  & dump system, w i t h  t h e  o u t p u t  - 

beam e n e r g i e s  o f  100 keV, 2  MeV, 10 MeV f o r  (a) t o  (c ) ,  r e s p e c t i v e l y .  

The f i n a l  beam energy  o f  BTA i s  chosen t o  be 10-20 MeV. 

Ma in  i t e m s  o f  t h e  deve lopment  o f  BTA a r e  l i s t e d  a s  

Q I o n  s o u r c e  and i t s  power s u p p l y ,  

@ R a d i o - f r e q u e n c y  q u a d r u p o l e  (RFQ) l i n a c ,  

0 Dr i f t  t u b e  l i n a c  (DTL), 



@ RF power s u p p l y  sys tem,  

O Beam c o n t r o l  t e c h n o l o g y .  

The b a s i c  e x p e r i m e n t s  o f  t h e  n e g a t i v e  i o n  s o u r c e  has s t a r t e d  t o  

i n c r e a s e  t h e  o u t p u t  beam c u r r e n t  w i t h  h i g h  e m i t t a n c e  u s i n g  N e u t r a l  Beam 

I n j e c t i o n  t e s t  e q u i p m e n t  f o r  t h e  f u s i o n  e x p e r i m e n t  a t  J T - 6 0 .  The 

p r e l  i m i n a r y  c a l c u l a t i o n s  o f  beam t r a n s p o r t  i n  RFQ l i n a c  was made u s i n g  

t h e  compu te r  c o d e s  SUPERFISH and PARMTEQ . The t r a d e - o f f  s t u d y  o f  E T A  

sys tem w i l l  s t a r t  t h i s  Autumn i n  c o o p r a t i o n  w i t h  LANL t o  o p t i m i z e  t h e  

c o n c e p t  o f  ETA a r r a n g m e n t .  The i n p u t  and o u t p u t  e n e r g y ,  t h e  e m i t t a n c e  

and t h e  a c c e p t a n c e  f o r  t h e  v a r i o u s  components  such  a s  i o n  s o u r c e ,  R F Q  

and DTL have  t o  be d e t e r m i n e d  c a r e f u l l y  and s y s t e m a t i c a l l y .  The h i g h  

e n e r g y  p o r t i o n  o f  t h e  a c c e l e r a t o r (  h i g h  ,O s t r u c t u r e ,  f i n a l l y  i n  CW 

o p e r a t i o n  ) w i l l  be a l s o  s t u d i e d  i n  advance  o f  t h e  second s t a g e  

d e v e l o p m e n t .  As t h e  o p e r t i o n  mode o f  t h e  a c c e l e r a t o r  i n  t h e  f i r s t  s t e p ,  

t h e  low d u t y  o p e r a t i o n  w i l l  be a p p r o p r i a t e  t o  a d j u s t  t h e  v a r i o u s  

p a r a m e t e r s  so  t h a t  t h e  adequa te  p a r a m e t e r s  w i l l  be  s u r v e y e d .  

3 .  Summary and C o n c l u s i o n  

The compu te r  code  s o l v i n g  t h e  t i m e  e v o l u t i o n  e q u a t i o n  has been 

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

spa1 l a t i o n  r e a c t i o n .  

The c o n c e p t u a l  d e s i g n  s t u d i e s  have  been made f o r  c o m p a r i s o n  o f  t h e  

a c c e l e r a t o r - d r i v e n  TRU t r a n s m u t a t i o n  s y s t e m s  w i t h  and w i t h o u t  t h e  

t u n g s t e n  t a r g e t .  When t h e  Na c o o l e d  TRU m e t a l  f u e l l e d  c o r e  w i t h  

t u n g s t e n  t a r g e t  i s  o p e r a t e d  a t  t h e  t h e r m a l  power o f  691 MW and t h e  beam 

c u r r e n t  o f  23 m A ,  t h i s  s y s t e m  c a n  t r a n s m u t e  a b o u t  200  k g  TRU p e r  y e a r .  

I n  t h e  c a s e  o f  t h e  P b - B i  c o o l e d  s y s t e m  a t  t h e  t h e r m a l  power o f  342 MW 

and t h e  beam c u r r e n t  o f  7 . 5  m A ,  i t  c a n  t r a n s m u t e  140 kg  TRU a n n u a l l y .  

Improvement  and o p t i m i z a t i o n  o f  t a r g e t - c o r e  d e s i g n  w i l l  be c a r r i e d  o u t  

a l s o  i n  more d e t a i l  t h r o u g h  t h e  p l a n t  d e s i g n  s t u d i e s .  The p e r f o r m a n c e  

o f  t r a n s m u t a t i o n  p l a n t  o f  t h e  t y p e  o f  m o l t e n  TRU i s  examined a s  t h e  n e x t  

s t e p .  

The l e a d  t a r g e t  has  been s e t  up a l o n g  t h e  500 MeV beam l i n e  o f  a  



p r o t o n  s y n c h r o t r o n  b o o s t e r  a t  KEK. The f i r s t  i r r a d i a t i o n  e x p e r i m e n t  i s  

schedu led  t o  s t a r t  t h i s  Autumn. 

The R & D s c h e d u e l e  o f  a  h i g h  i n t e n s e  E n g i n e e r i n g  T e s t  A c c e l e r a t o r  

( 1 .5  GeV,- 10 m A )  i s  b e i n g  p l a n n e d  f o r  e x a m i n i n g  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  o f  t h e  t r a n s m u t a t i o n  sys tem.  As t h e  f i r s t  s t e p  b a s i c  

r e s e a r c h e s  o f  B a s i c  Techno logy  A c c e l e r a t o r ( p r o t o n  l i n a c :  10 -20  MeV, 10 

mA) have s t a r t e d  t o  o b t a i n  t h e  advanced a c c e l e r a t o r  t e c h n o l o g i e s .  
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T a b l e  1 TRU p r o d u c t i o n  p e r  Y e a r  f r o m  1 CWe P W R  

Nuclide Weight ( k g  Fract ion 

To ta l  25.8 ( k g )  100. 0 

Fuel  Burn Up : 3 3 , 0 0 O M W D / T  
Cooling T i m e  before Reprocessing : 3 yea r s  
Cooling T i m e  before  Pa r t i t i on ing  : 5 yea r s  
Collect ion R a t e  of U and Pu : l 0 0 oh 



 able 2 P l a n t  d e s i g n  parame 

Coolant  

. P r o t o n  energy 

T a r g e t  . 

L e n g t h  

H e i g h t  

W i d t h  
.Tungsten 

L e n g t h  

Hei.ght 

W i d t h  

R e f  lec tor  

Compos i t i on  
Th ickness 

a F u e l  
Compos i t ion  

Bond 

C l a d  

F u e l  s lung d i a m e t e r  
C l a d  outs ide d i a m e t e r  

C l a d  th ickness  

P i n  length  

N a / P b -  B i  
1.5 G e V  

S t a i n l e s s  s t e e l  

20  c m  

N p -  l 5 P u  - 3 O Z r  

A m C m  - 3 5  P u - I O Y  

N a  

H T - 9  s tee l  

4.00 m m  
5 . 2 2  m m  

0.3 m m  
1000 m m  



T a b  l e 3 Perfoi-mance o f  t h e  t r a n s m u t a t i o n  p l a n t  

Torget system . 
Coolant . 

Effective mulliplicotion factor 

Pin pitch (mm) 
Actinide looding (kg )  

Beom current  (mA) 

Neutrons per p ro ton  

Fissions per  proton t > 15MeVl 

(<15MeV)  

Averoge  neutron energy (keV 

A v e r o g e  neutron f l u x  ( X ' IO"  n/cm2 .set) 

High energy component ( > 1.0 M e V  1 
0 M e V )  

O p e r o f i o n  time i doys  1 
Burnup r o t e  ( % I  

weight ( kg )  

Unit o f  3000 M W t  LWR 

Reference 
, No 

0.92 

9.5 
2866 

22.6 

38.1 ' 

0.6 7 

150.6 

7.39 , 

4.6 

2 0 O/O 

7 2 O/O 

270 

7.0 

202 

' 7.6 

Version- 1 
P b -  8 i  

0.8 6 

Version- 2 
No 

0.94 

Version- 3 
Pb- 8 i  

0.95 

12.0 
1584 

5.4 

55.1 

0.4 2 

147.4 
626 

1.9 

1 7 O/O 

7 7 O/o 

270 

2.7 

4 2 

1.8 

8urnup r e o c t l v i t y  s w i n g  ( %  i3 k l k )  3.8 2.9 2.7 2.1 



T a b l e  4 Plant operation condi t ions  

- - - - - - - - - 

Reference Version-1 Version-2 Version-3 

Pins TRU+F 

Pb-Bi  

7 .5  

- TRU TRU 

Xa . Pb-B1  Coolant 

Proton Beam Cu,rrent [mAJ 

. Thermal Power [EM] 

Power Density ( ~ / c c ]  max . 

ave . 
Linear Pover Rating [k/cm] max. 

ave . 
coolant  ~ e m p e r a t u r e  [OC] o u t l e t  

2 Clad Temperature [OC] max. 
-u 
0.1 Fuel Temperature [OC] - max. 
.b 

Coolant Veloci ty  [m/s 1 max. 
0 

Pressure  Drop [ @ a ]  



R & 0 of TRU Transmutation 
v i  th Proton Accelerator 

Development of Intense 
Proton hcceleator 

Researches of Transmutation 
Plant 

Dasic Technologies 
( 10 MeV, 10 M A )  (1.5 GeV, 10 mA) 

Fig. 1 Tree Structure of R & D l terns for TRU lnceneration Plant 

Driven by H i g h  intensity Proton Accelerator 
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F i g .  4 S P - A C E  code  sys tem f o r  d e s i g n i n g  

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



PROTON ENERGY ( GeV 

F i g .  5 E n e r g y  d e p e n d e n c e  o n  number  o f  n u c l e i  d e s t r u c t e d  due  t o  

s p a 1  l a t i o n  r e a c t i o n  



PROTON ENERGY ( G e V )  

F i g .  6 Enerny dependence on number of ne 'u t rons  g e n e r a t e d  
b y  s p a l l a t i o n  r e a c t i o n  



ENERGY ( e V )  

F i g .  7 Neutron c r o s s  s e c t i o n  of 2 3 7 N p  



e n t  

F i g .  8 Target-core'configuration o f  h y b r i d  p l a n t ( r e f e r n e c e  s ~ s t e n l )  
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F i g .  11  T e m p e r a t u r e  d i s t r i b u t i o n  i n  t h e  r e f e r e n c e  c o r e  
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F i g .  1 4  Lead t a r g e t - c y l  i n d e r  sys tem f o r  t h e  spa t  l a t i o n  exper  i l l l en t  
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