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ABSTRACT 

c A p r e l i m i n a r y  s tudy has been performed t o  eva lua te  t h e  promise of 
4 

a c c e l e r a t o r  b reed ing  and conver te r  r e a c t o r  symb io t i c  systems (ABACS) as 

an a l t e r n a t e  f i s s i o n  power technology which can make f u l l  u t i l i z a t i o n  o f  

t h e  energy con ten t  o f  uranium and tho r ium ores.  ABACS i s ,  there fore ,  

cons idered as an a l t e r n a t i v e  t o  f a s t  breeder  r e a c t o r s  f o r  ex tend ing  ou r  

energy supply  An exp lana t ion  i s  g iven  o f  t h e  fundamentals of  a c c e l e r a t o r  

b reed ing  i n  which U 2 3 3  o r  Pu239 f i s s i l e  f u e l  i s  produced i n  a t a r g e t / b l a n k e t  

system as a r e s u l t  o f  i r r a d i a t i o n  w i t h  an i n tense  high-energy p r o t o n  

beam. Neut ron ics  and heat  t r a n s f e r  analyses a re  performed f o r  t h r e e  

a c c e l e r a t o r  breeder concepts based on techno log ies  o f  t h e  l i q u i d  meta l  

f a s t  breeder,  mol t e n  s a l t ,  and gas-cooled f a s t  breeder  reac to rs .  

Several  conve r te r  r e a c t o r s  a re  considered, and t h e  mass f l ows  and 

economics o f  t h e  complete symbiosis a re  presented. 

i s  g iven  t o  t h e  p o t e n t i a l  advantages o f  ABACS r e l a t i v e  t o  t h e  f a s t  

breeder  r e a c t o r  i n  t h e  areas o f  i n h e r e n t  s a f e t y  and i n  t h e  implementat ion 

o f  t h e  U 2 3 3 - U 2 3 8  denatured fue l  cyc le  as a p r o l i f e r a t i o n  and d i v e r s i o n  

P a r t i c u l a r  a t t e n t i o n  

d e t e r r e n t .  Advantages and disadvantages o f  t h e  present  a c c e l e r a t o r  

breeder  concepts a re  summakized and development needs a re  i n d i c a t e d .  

I, 

, i 

i 

! 

' I  
I 

I 

I 
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' a .  

i 

I. THE POTENTIAL ROLE FOR ACCELERATOR BREEDING 

F i s s i o n  power technology o f f e r s  the  wor ld  a long- te rm supp ly  o f  

abundant e l e c t r i c a l  power and process ,heat a t  genera t i on  cos ts  lower  

than t h a t  f o r  c u r r e n t  coal  and oi l- f i ;ed c e n t r a l  power p l a n t s  and w i t h  

e s s e n t i a l l y  no environmental  i n s u l t  i n  normal ope ra t i on .  Why, then, a re  

we t u r n i n g  t o  h igh -cos t ,  long- te rm development o p t i o n s  such as s o l a r  and 

thermonuclear and p lann ing  ex tens i ve  u,se o f  coa l  wi th i t s  s u b s t a n t i a l  

environmental  i n s u l t  bo th  i n  m in ing  and i n  power genera t i on?  The reason, 

I '  

of course, i s  t h a t  t h e  p u b l i c  i s  concerned about f i s s i o n  power technology 

i n  abnormaVci rcumstances o f  accident.,[ sabotage, e t c ;  and i n  long- te rm 

problems assoc ia ted  w i t h e n u c l e a r  waste.. Furthermore, t h e  p u b l i c  has 

breeder and conver te r  r e a c t o r  symbios is ) .  



Y 

, Table 1-1. F i s s i o n  Power Technoloay Problems 

1. The t h r e a t  o f  p r o l i f e r a t i o n  o f  n u c l e a r  weapons th rough 

d i v e r s i o n  o f  r e a c t o r  r xa te r ia l s  and low-technolooy process ing  

and f a b r i c a t i o n .  

2. The concern t h a t  n u c l e a r  wastes may f i n d  t h e i r  way i n t o  

. t h e  ecosystem. The e l i m i n a t i o n  o r  permanent i s o l a t i o n  

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

3. Concerns rega rd ing  t h e  p r o d u c t i o n  and use o f  p lu ton ium 

and t h e  p o s s i b l y  g r e a t e r  acc iden t  r i s k  assoc ia ted  w i t h  

t h e  LMFBR o r  GCFR. 

4. Concern ove r  t h e  shortacle o f  known h igh-grade uranium 

ores and t h e  u n c e r t a i n  s o c i a l ,  env i ronmenta l ,  and 

economical problems o f  K i n i n ?  l o w - y a d e  ores .  Th is  

becomes p a r t i c u l a r l y  impor tan t  i f  t h e  h igh -ga in  breeder  

i s  n o t  developed o r  i s  l a t e  i n  implementat ion.  
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The p r o d u c t i o n  o f  f i s s i o n a b l e  m a t e r i a l s  w i t h  an a c c e l e r a t o r  i s  n o t  

new. The f i r s t  minute q u a n t i t i e s  o f  Pu239 and o t h e r  t r a n s u r a n i c  m a t e r i a l s  

were produced i n  a c c e l e r a t o r s .  The use o f  a c c e l e r a t o r s  f o r  i n t e n s e  

neut ron  sources * i s  a l s o  n o t  new and severa l  concepts have been proposed.’ 

Why t h e  c u r r e n t  i n t e r e s t  i n  a c c e l e r a t o r  p r o d u c t i o n  o f  f i s s i o n  r e a c t o r  

f u e l ?  The reasons a r e  t h a t  t h e  problems l i s t e d  i n  Table 1-1 are  newly 

emphasized, and t h e  technology t o  produce h i g h  neut ron  p r o d u c t i o n  

a c c e l e r a t o r s  i s  now more promis ing  than i n  t h e  pas t .  Never the less,  even 

w i t h  c u r r e n t  est imates,  t h e  p lu ton ium f a s t  breeder r e a c t o r  appears more 

economical than an a c c e l e r a t o r  system. 4 ,  However, t h e  c u r r e n t  f i s s i o n  

r e a c t o r  technology r e q u i r e s  th,e development and use o f  t h e  p lu ton ium 

f a s t  breeder  f o r  lpng- te rm energy pro,duct ion and t h e r e f o r e  r e q u i r e s  

d i r e c t  s o l u t i o n  o f  t h e  problems o n 9 T a b l e  1-1. The A c c e l e r a t o r  Breeding 

Concept (ABC) a l l o w s  a l t e r n a t i v e s  which i n  p r i n c i p a l  p e r m i t  e l  i m i n a t i o n  

o f  these problems. We have thus f a r  n o t  conceived o f  a p r a c t i c a l  system 

which a l l e v i a t e s  bo th  t h e  safeguards and waste problems, b u t  e i t h e r  one 

c o u l d  be g r e a t l y  a l l e v i a t e d .  

F i g u r e  1-1 shows s c h e m a t i c a l l y  t h e  b a s i c  processes i n  a c c e l e r a t o r  
I \  

I breeding.  One a c c e l e r a t e s  a p r o t o n  ( o r  a deuteron)  t o  an energy o f  
I 

, ?  

approx imate ly  1 GeV and d i r e c t s  i t  onto  a, t a r g e t .  1nJe.r , L J 

t a r g e t  n u c l e i ,  p rod  any secondary p a r t i c l e s  a ca2cade w i t h  u l t i m a t e  

p r o d u c t i o n  o f  20 t o  50 neutrons.  

e s t a b l i s h  t h i s  o b s e r v a t i o n  and t o  determine t h a t  t h e  p r o t o n  energy 

should be 1 GeV o r  g r e a t e r  t o  achieve e f f i c i e n t  neut ron  produc t ion .2  

e *  .{ I ,+ 

Expebiments have been performed t o  

! 
“ I  
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These da ta  a r e  shown on F igures  1-2 and 1-3. 

have demonstrated t h a t  t h e  accuracy o f  c a l c u l a t i o n s  u s i n g  Monte Car lo  

methods i s  approx imate ly  +20%. 3 

Analys is  o f  these exper iments 

When one cons iders  a ; t a r g e t / b l a n k e t  o f  Th232 o r  U238 ,  most o f  t h e  

neut rons  a r e  captured  producing U 2 3 3  o r  Pu239. 

f i s s i l e  m a t e r i a l  and f a s t  f i s s i o n  o f  U 2 3 8  l e a d  t o  m u l t i p l i c a t i o n  i n  t h e  

b l a n k e t  which i s  assumed t o  be s u b c r i t i c a l  so t h a t  a f i n i t e  number o f  

daughter neutrons i s  'produced. 

opera te  w i t h  low m u l t i p l i c a t i o n ,  F i g u r e  1-1 i n d i c a t e s  t h a t  t h e  t o t a l  

number o f  neutrons i s  i n  t h e  range from 20 t o  200 p e r  i n c i d e n t  p ro ton .  

These neutrons a r e  absorbed i n  f i s s i o n  r e a c t i o n s ,  non-breeding capture,  

The presence o f  t h i s  

3' 

Since we w i l l  l a t e r  show t h a t  one must 

and i n  t h e  f e r t i l e  m a t e r i a l  t o  produce U 2 3 3  o r  Pu238. 

p r o d u c t i o n  i s  g i v e n - b y  t h e  breeding captures l e s s  t h e  f i s s i o n  o f  b red  

f u e l  ( n o t  U 2 3 8  f a s t  f i s s i o n ) .  

beam o f  300 mA o f  1 GeV pro tons  ( 2  x l o 1 *  p ro tons /sec)  leads t o  3 t o  30 

moles/day o f  b reed ing  produc t .  For  PuZ39, t h i s  would be f rom 0.7 kg/day 

t o  7 kg/day. 

power i s  recovered)  and by f i s s i o n  events .  

The n e t  f u e l  

A t  t h e  bottom. o f  F i g u r e  1-1, we see t h a t  a 

Heat i s  g iven  o f f  by t h e  t a r g e t  i n t e r a c t i o n s  ( t h e  beam 

A d i f f e r e n c e  between ' r e a c t o r  phys ics  and a c c e l e r a t o r  breeder 
I ,  

phys ics  i s  t h a t  i n  a c r i t i / c a l  r e a c t o r  t h e  power 1,exel i s  e s s e n t i a l l y  

a r b i t r a r y  and i s  c o n t r o l l e l d  through r ' e a c t i v i t y  c o n t r o l ,  w h i l e  i n  an 

a c c e l e r a t o r .  breeder,  t h e  power l e v e l  .is determined by t h e  a c c e l e r a t o r  
' $  i 

neut ron  source a n d  t mu1 t i p 1  i c a t i o n '  determined by t h e  . t a r g e t / b l a n k e t  .-. ! .  . . . , I I -  II -* - "  

geometry .and enr ichment.  As. . f iss , i le  m a t e r i a l  i s  c r e a t e d  t h e  power . 
I 

. I  I .  J * .  3 I  

increases,  and t o  h o l d  the: power conskant, t h e  f i s s i l e  m a t e r i a l  must be 

c o n t i n u o u s l y  removed o r  c o n t r o l  poisons'  in t roduced.  The a c c e l e r a t o r  

power c o u l d  be reduced, b u t  fue l  p r o d u c t i o n  would be p r o p o r t i o n a l l y  
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reduced. A nearly constant power level i s  needed t o  allow ef f ic ien t  

design of the heat exchangers, turbogenerators, cooling towers, e t c .  

which make up a large part of the plant cost. 

breeders -and f ission reactors i s  a major concern and  to  a large p a r t  

d ic ta tes  the mode o f  operation. For example, fuel h a n d l i n g  should be 

continuous or nearly so.  One cannot leave the blanket material fixed 

fo r  s ix  months or a year. 

neutrons/sec, a subcrit ical  multiplication factor of two implies a 

fission power of  abou t  700 MW thermal, a multiplication of four  implies 

a f ission power of about 2000 MW, and a multiplication of ten gives 6400 

This difference accelerator 

Also w i t h  an accelerator source of 5 x lOI9 

MW. 

high enrichment and low power. 

analysis of specif ic  target/blanket systems. 

Therefore, one cannot operate a t  low enrichment and h i g h  power o r  

This will  be discussed further i n  the 

The primary in te res t  i n  the accelerator breeder i s  t h a t  one can 

produce U 2 3 3  or P u 2 3 9  d i rect ly  from f e r t i l e  material w i t h o u t  burning U 2 3 5  

or  P u 2 3 9  fuel .  

power al ternat ive remarkably different from present systems, a l l  the way 

from ore mining  to  e l ec t r i c i ty  generation yet using much of the existing 

technology. 

improvements. 

Particularly with U 2 3 3  production, t h i s  gives a f ission 

Also, some U 2 3 3  fuel cycles offer  potential safeguards 

The questions remain as t o  whether the accelerator breeder 

system i s  of reasonable scale and economy i n  performance and of whether 

the advantages warrant development. 

In  order t o  address these questions, a reference concept was specified 

for ana lys i s .  

technology b u t  i s  not intended to represent an optimum design. The 

purpose was to  specify a concept and perform suff ic ient  analysis t o  

The concept i s  plausible through maximum use of existing 
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determine performance l e v e  

uncover p o t e n t i a l  problems 

breeder system, we t u r n e d  

computer codes r a t h e r  than 

s ,  s e n s i t i v i t y  t o  des ign v a r i a b l e s ,  and 

Because of t h e  complex i ty  o f  t h e  acce 

mmediately t o  a n a l y s i s  by s o p h i s t i c a t e d  

a n a l y t i c  est imates.  

. 
1 

. .. 
1 -  

. .  . 
. . .  

, .  , 
. I  

t o  

e r a t o r  
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11. ACCELERATOR CONCEPTS 

The a c c e l e r a t o r  f o r  t h e  e l e c t r o n u c l e a r  breeder should be a b l e  t o  

d e l i v e r  a cont inuous beam of 300 m i l l i a m p e r e s  o f  1000 MeV protons t o  a 

t a r g e t / b l a n k e t  assembly. L i n e a r  a c c e l e r a t o r s  a r e  w e l l  s u i t e d  t o  t h i s  

a p p l i c a t i o n  because o f  h i g h  c u r r e n t  c a p a b i l i t y  and low beam losses.  

Opera t ing  a c c e l e r a t o r s  a l r e a d y  approach t h e  d e s i r e d  s p e c i f i c a t i o n  i n  

o u t p u t  energy; lower  energy a c c e l e r a t o r s  approach t h e  d e s i r e d  beam 

c u r r e n t  on a pu 

c h a r a c t e r i s t i c s  

bas is  w i l l  requ  

sed b a s i s .  Design s t u d i e s  f o r  a c c e l e r a t o r s  w i t h  s i m i  l a r  

suggest t h a t  o b t a i n i n g  t h e  beam c u r r e n t  on cont inuous 

r e  no more than modest extens ions o f  e x i s t i n g  technology. 

Development o f  t h e  technology f o r  m i n i m i z a t i o n  o f  beam losses  i s  e s s e n t i a l .  

The Reference Concept 

The re fe rence concept f o r  t h e  a c c e l e r a t o r  i s  d e r i v e d  f rom t h e  

I n t e n s e  Neutron Generator ( ING)4 des ign developed a t  t h e  Canadian Chalk 

R i v e r  Nuclear  L a b o r a t o r i e s  i n  t h e  p e r i o d  1963-1967. That a c c e l e r a t o r  

was designed t o  d e l i v e r  a cont inuous c u r r e n t  o f  65 m i l l i a m p e r e s  (mA) t o  

a b ismuth- lead e u t e c t i c  t a r g e t  assembly. The I N G  a c c e l e r a t o r  was p a t t e r n e d  

a f t e r  t h e  800 MeV p r o t o n  l i n e a r  a c c e l e r a t o r  o f  t h e  Los Alamos Meson 

Physics F a c i l i t y  (LAMPF) t h a t  w i l l  d e l i v e r  a 16 mA pu lsed beam w i t h  

6% d u t y  f a c t o r  ( 1  mA average c u r r e n t ) .  

The re fe rence a c c e l e r a t o r  concept (shown i n  F i g u r e  11-1 ) inc ludes  

( 1 )  t h e  i o n  source and h i g h  vo l tage t h e  f o l l o w i n g  p r i n c i p a l  s e c t i o n s :  

dc i n j e c t o r ,  ( 2 )  severa l  s e c t i o n s  o f  A lvarez- type ( d r i f t  tube)  acce le r -  

a t o r  t o  a c c e l e r a t e  p ro tons  i n  t h e  low v e l o c i t y  range up t o  150 MeV ( 6  = 

v / c  = 0.51), and ( 3 )  a h i g h  v e l o c i t y  coup led-cav i ty  s t r u c t u r e  such as 

t h e  LAMPF developed s ide-coupled c a v i t y  s t r u c t u r e  t o  a c c e l e r a t e  t h e  
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pro tons  t o  t h e  f i n a l  energy o f  1000 MeV ( B  = 0.88). 

The i o n  source and i n j e c t o r  system would r e q u i r e  a d d i t i o n a l  development 

o f  e x i s t i n g  concepts. 

i n  t h e  pu lsed mode, as used f o r  synchro t ron  i n j e c t i o n ,  can r o u t i n e l y  

d e l i v e r  peak c u r r e n t s  s u b s t a n t i a l l y  i n  excess o f  250 mA. 

o f  sources f o r  o p e r a t i o n  i n  t h e  cont inuous mode t o  p r o v i d e  analyzed 

c u r r e n t s  i n  t h e  500-600 mA range would f o l l o w  t h e  exper ience gained a t  

Oak Ridge i n  CTR i o n  i n j e c t i o n  programs. 

i o n  source system would be an impor tan t  development goa l .  

sources would p robab ly  be prov ided t o  e l i m i n a t e  s i g n i f i c a n t  l o s t  t ime 

f rom source maintenance. 

I n j e c t i o n  systems f o r  l i n e a r  a c c e l e r a t o r s  operated 

Development 

High r e l i a b i l i t y  f o r  t h e  

M u l t i p l e  i o n  

The low energy stages use t h e  A lvarez- type l i n e a r  a c c e l e r a t o r  which 

i s  w e l l  s u i t e d  t o  t h e  a c c e l e r a t i o n  o f  very  l a r g e  beams o f  low v e l o c i t y  

i o n s .  For  t h i s  a p p l i c a t i o n  t h e  c h a r a c t e r i s t i c s  o f  t h e  A lvarez  s e c t i o n  

such as rf frequency and energy g a i n  r a t e  should be c a r e f u l l y  chosen and 

t h e  des ign o f  t h e  i o n  source, dc i n j e c t i o n  o p t i c s ,  buncher and e a r l y  

stages o f  t h e  l i n e a r  a c c e l e r a t o r  would be coord ina ted  t o  achieve t h e  

r e q u i r e d  beam c u r r e n t  c a p a b i l i t y  w i t h  ext remely h i g h  r e l i a b i l i t y .  

L i n e a r  a c c e l e r a t o r s  now i n  o p e r a t i o n  a r e  capable of d e l i v e r i n g  t h e  

r e q u i r e d  c u r r e n t s .  

d e l i v e r s  270 mA r o u t i n e l y ;  p lans  have been made t o  go t o  350 mA.5 

T h e o r e t i c a l  s t u d i e s  by B a t c h e l o r  

a c c e l e r a t e  400 mA w i t h  somewhat extreme c o n d i t i o n s  o f  focus ing  l e n s  

s t r e n g t h .  

should be used i n  a conserva t ive  h i g h - r e l i a b i l i t y  design. 

t h a t  a f requency o f  about 100 o r  150 MHz may prove t o  be an acceptable 

choice.  

The Fermi lab 200 MeV l i n a c  o p e r a t i n g  a t  200 MHz 

have shown t h a t  a 200 MHz l i n a c  cou ld  

B a t c h e l o r ' s  r e s u l t s  alr jo suggest t h a t  a lower  f requency 

We b e l i e v e  

The rf power a m p l i f i e r  tubes now used i n  pu lsed mode a t  200 MHz 
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c o u l d  be used i n  t h i s  a p p l i c a t i o n  b u t  may r e q u i r e  d e r a t i n g  f o r  CW opera t ion .  

A power a m p l i f i e r  development program would p robab ly  prove c o s t  e f f e c t i v e  

b u t  may n o t  be e s s e n t i a l .  

I I. 

The h i g h  energy stages of  t h e  l i n e a r  a c c e l e r a t o r  would employ a 

coupled c a v i t y  a c c e l e r a t o r  s t r u c t u r e  which can be designed t o  have a 

much b e t t e r  e f f i c i e n c y  f o r  a c c e l e r a t i o n  a t  h i g h  energy. The s ide-  

coupled c a v i t y  as developed f o r  t h e  LAMPF p r o j e c t 7  o r  a v a r i a n t  o f  

t h a t  s t r u c t u r e  can be used t o  p r o v i d e  e f f i c i e n t  a c c e l e r a t i o n  i n  t h e  

range f rom 150 MeV t o  1000 MeV. 

The frequency t h e  coup led-cav i ty  stages must be an exac t  m u l t i p l e  

o f  t h e  f requency o f  t h e  Alvarez sec t ions ,  t h e  maximum usable f requency 

be ing  l i m i t e d  by phase-space cons idera t ions .  

r e q u i r e d  and t h e  c o s t  o f  c a v i t i e s  decrease w i t h  i n c r e a s i n g  frequency, 

t h e  upper l i m i t  f o r  a 

be no more than 600 M H Z , ~  and 450 MHz appears t o  be a b e t t e r  choice.  

1 .  

Although b o t h  t h e  rf power 

t -  

i a b l e  h i g h  c u r r e n t  a c c e l e r a t o r  would p robab ly  

The power source f o r  t h e  coup led-cav i ty  stages would p robab ly  be a 

k lystron-amp1 i f i e r  e s p e c i a l l y  developed f o r  CW o p e r a t i o n  and h i g h  anode 

e f f i c i e n c i e s .  Th f i c i e n c y  o f  t h e  800 MHz k l y s t r o n s  used a t  LAMPF i s  

about 40%.9 

w i l l  each .prov ide 500 kW a t ' a n  e f f i c i e n c y  in" t h e  60-70% range. 

The 353 MHz a m p l i f i e r  be ing  developed f o r  t h e  PEP p r o j e c t l o  
I 

A c c e l e r a t o r  Development Requirements 

Design, o f  t h e  a c c e l e r a t o r  system appears t o  be s t r a i g h t  

w i l l  r e q u i r e  a t t e n t i o n , t o  a d i f f e r e n t  s e t  o f  p r i o r i t i e s  than 

I n  p a r t i c u l a r ,  beam c o n t r o l  and m i n i m  

1 '  

f o l l o w e d  i n  t h e  past .  

losses  w i l l  be essent  

duced r a d i o a c t i v i t i e s  

a1 t o  p revent  overheat  

i n  t h e  a c c e l e r a t o r  and 

orwa r d  b u t  

have been 

z a t i o n  o f  

ng and l a r g e  r e s i d u a l  i n -  

beam t r a n s p o r t  s t r u c t u r e .  

' .  



The cavity excitation power, % 30 MW, is  only abou t  10% of the beam 

Hence for o p t i m i z i n g  the accelerating structure insensi t ivi ty  t o  

Reliabil i ty will 

power. 

beam loading will be more important than power losses. 

be extremely important i n  every aspect of the design. 

test-ing programs will be required t o  assure that  each component and 

system will  perform as required w t h  known re l i ab i l i t y .  

Development and 

The efficiency of conversion of ac power t o  rf power for the h i g h  

frequency coupled cavity stages w 11 be the single most important fact  

influencing overall accelerator efficiency. 

program for  the coupled-cavi ty  section would aim toward producing h i g h l y  

re l iab le  CW klystrons w i t h  efficiency i n  the 70-80% range. 

extent the frequencies used i n  the accelerator may be dependent on the 

constraints imposed by power amplifier design. This suggests t h a t  the 

accelerator physics and power amplifier development e f for t s  be very 

closely coupled. 

Table 11-1. 

Accelerator Costs 

A power amplifier development 

To some 

The principal major development needs are l i s t ed  i n  

In  the absence o f  a detailed design, we have taken the cost estimate 

prepared for  the Canadian ING project prepared i n  1967 and appropriately 

modified i t  t o  account for  escalation of  costs and differences i n  rf 

power requirements. We believe t h a t  this procedure gives a representative 

be useful for  planning u n t i l  an outline design study can 

Table 111-2 gives the cost estimate. 

cost tha t  wil 

be completed. 
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Table 11-1. Breeder A c c e l e r a t o r  - Development Requirements 

1. Develop r e l i a b l e  i on  source and i n j e c t i o n  systems capable o f  

d e l i v e r i n g  a t  l e a s t  300 mA of analyzed and bunched beam t o  a 

1 i near  acdel  e r a t o r .  

2. Develop a l i n e a r  a c c e l e r a t o r  system u s i n g  an Alvarez s e c t i o n  

(nominal f requency 150 MHz) and a coup led -cav i t y  system a t  a 

h i g h e r  m u l t i p l e  (nomina l l y  600 MHz) which w i l l  p r o v i d e  " l o s s -  

l e s s "  a c c e l e r a t i o n  o f  p ro tons  t o  an energy o f  1 GeV. System 

r e l i a b i l i t y  must be a p r imary  goa l .  

3. Develop a p p r o p r i a t e  ac t o  dc and dc t o  rf convers ion systems 

t o  p r o v i d e  e f f i c i e n c y  and r e l i a b l e  convers ion o f  ac t o  dc power 

w i t h  a goal  o f  ach iev ing  an o v e r a l l  convers ion r a t i o  o f  75%. 

4. Develop a c o n t r o l  system t h a t  w i l l  p r o v i d e  f o r  f a s t  shutdown 

i n  case o f  f a u l t  and w i l l  p r o v i d e  cont inuous m o n i t o r i n g  o f  

beam l o s s  and systems s t a t u s .  

Develop a beam t r a n s p o r t  system t h a t  w i l l  s a f e l y  and r e l i a b l y  

d e l i v e r  t h e  300 mA beam t o  t h e  t a r g e t - b l a n k e t  assembly w i t h  

t h e  a p p r o p r i a t e  beam-shape s p e c i f i c a t i o n s  and w i t h  acceptable 

1 osses . 

5. 
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a 111. ANALYSIS OE A REFERENCE ABACS DESIGN WITH LMFBR TYPE BLANKET 
I .  

A re ference a c c e l e r a t o r - t a r g e t - b l a n k e t  design was analyzed i n  o rder  

t o  i d e n t i f y  t h e  p o t e n t i a l  performance, t h e  most impor tan t  problems, the  

s e n s i t i v i t y  o f  performance t o  system parameters, and a p r e l i m i n a r y  

e s t i m a t e  of  f u e l  costs .  

shown i n  t h e  schematic drawing on F igure  111-1. The a c c e l e r a t o r  des ign 

and performance parameters a r e  those g i v e n ' i n  Sec t ion  I1  o f  t h i s  paper. 

The t a r g e t  and bslanket a re  o f  heterogeneous des ign t o  o p t i m i z e  t h e i r  

separate func t ions  and t o  make use of  I N G  des ign f o r  t h e  t a r g e t  and LMFBR 

design f o r  t h e  b l a n k e t .  

1 1  

The reference design which was analyzed i s  

i .. 

. .  

Lead i s  t h e  choice t a r g e t  m a t e r i a l  because i t  

has a h i g h  neut ron  o u t p u t  r e l a t i v e  t o  energy depos i ted  i n  t h e  t a r g e t ;  

and, as a c i r c u l a t i n g  l i q u i d ,  t h e  t a r g e t  heat can be removed by reasonable 

mass f l o w  r a t e s .  I t  was assumed t h a t  heat  removal f rom a s m a l l  uranium 

t a r g e t  was imposs ib le  and t h a t  t h e  r e s u l t a n t  Pu239 p r o d u c t i o n  migh t  be 

unwanted i n  a U 2 3 3  breeder.  

neut ron  o u t p u t .  The b l a n k e t  i s  a c y l i n d r i c a l  annulus surrounding t h e  

t a r g e t  and i s  composed of  50% U02 by volume w i t h  c o o l a n t  and s t r u c t u r e  

o m i t t e d  f o r  p r e l i m i n a r y  a n a l y s i s .  

The t a r g e t  i s  i n  optimum geometry f o r  

A l t h o u g h  Th232 i s  t h e  f e r t i l e  m a t e r i a l  

o f  g r e a t e s t  i n t e r e s t ,  U238 was c a l c u l a t e d  because o f  a v a i l a b i l i t y  o f  processed 
1 

cross  sec t ions .  

Neut ron ics  

Two t y p e s . o f  c a l c u l a t i o n s  were performed. Based on prev ious  HETCll 

c a l c u l a t i o n s ,  a 1/E source spectrum w'as assumed f o r  t h e  energy range of  

15 MeV t o  1 keV f o r  use i n  a large 'sequence o f  ANISN12 c a l c u l a t i o n s  

which were performed t o  i n v e s t i g a t e  t h e  performance c h a r a c t e r i s t i c s  o f  

t h e  b l a n k e t .  A lso  a HETC-MORSEI3 c a l c u l a t i o n  was performed s t a r t i n g  w i t h  
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1 GeV p ro tons  and f o l l o w i n g  subsequent p a r t i c l e s  down t o  low energy 

neu t ron  cap tu re  and leakage. T h i s  i s  t h e  most r i g o r o u s  c a l c u l a t i o n  

which can be per formed f o r  such a system and i s  used t o  no rma l i ze  

ANISN r e s u l t s  when r e p o r t e d  i n  t e x t  or summary t a b l e s .  

ANISN c a l c u l a t i o n s  f o r  t h e  i d e a l i z e d  U02 b l a n k e t  w i t h o u t  s t r u c t u r e  

and c o o l a n t  were per formed f o r  seve ra l  d i f f e r e n t  enr ichments t o  s tudy  

t h e  behav io r  as Pu239 breeds i n  w h i l e  assuming t h e  f u e l  i s  s h u f f l e d  t o  

keep t h e  enr ichment  un i fo rm.  F i g u r e  111-2 shows t h e  power and n e t  Pu239 

p r o d u c t i o n  as f u n c t  ons o f  enr ichment ,  and Table 111-1 g i v e s  a breakdown 

o f  r e a c t i o n  r a t e s .  

The ze ro  enr ichment  p r o d u c t i o n  r a t e  i s  2.8 kg/day o f  Pu239 so t h a t  t h e  

Tables 111-2 and 111-3 g i v e  key performance parameters. 

enr ichment  inc reases  a t  t h e  r a t e  of 1% i n  about  50 days. The i n i t i a l  

t o t a l  power i s  approx imate ly  650 MW o f  which 186 MW i s  i n  t h e  t a r g e t .  

A t  an enr ichment  o f  4% (ob ta ined  i n  about  200 days f rom a c o l d  s t a r t ) ,  

t h e  t o t a l  neu t ron  source i s  m u l t i p l i e d  by a f a c t o r  o f  f o u r .  

produced a t  a r a t e  of  6.1 kg/day b u t  i s  f i s s i o n e d  a t  a r a t e  o f  2.5 kg/day 

f o r  a n e t  p r o d u c t i o n  o f  3.6 kg/day and a b l a n k e t  power o f  2520 MW. 

p r o d u c t i o n  o f  Pu239 peaks a t  about 5% enrichment a t  a r a t e  o f  4.5 kg/day. 

The peak neu t ron  f l u x  v a r i e s  f rom 3.9 x 1 0 l 6  neutrons/cm2 sec a t  0% Pu 

t o  8.0 x 10l6  neutrons/cm2 sec a t  5% Pu i n d i c a t i n g  s u b s t a n t i a l  r a d i a t i o n  

Pu239 i s  

Net 

damage problems. 

To cons ide r  t h e  e f f e c t  of c o o l a n t  and s t r u c t u r a l  m a t e r i a l s ,  A N I S N  

c a l c u l a t i o n s  were performed f o r  50% U02, 25% s t a i n l e s s  s t e e l  t ype  316, 

and 25% sodium which i s '  e s s e n t i a l l y  a CRBR t y p e  f u e l  assembly. F i g u r e  

111-3 shows n e t  Pu239 p r o d u c t i o n   and thermal  power as func t i ons  o f  enr ichment .  

Tab le  111-4 g i v e s  a r e a c t i o n  r a t e  breakdown; and Table 111-5 g i ves  key pe r -  
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Table 111-1. React ion Rates f o r  U02 B lanke t  
Wi thout  Sodium o r  S tee l  

React ion  
1 2 4 5 O *  

U 2 3 8  F 0.066 0.088 0.119 0.250 0.432 
u238 c 1.153 1.292 1.492 2.359 3.552 
Pu239 F 0.000 0.075 0.179 0.625 1.249 
Pu239 c ' 0.000 0.032 0.071 0.218 0.407 
Other  0.060 0.075 0.097 0.218 0.417 

T o t a l  . 1.279 1.561 1.958 3.670 6.057 

% o f  T o t a l  React ion  Rate 

- - 
, I  

6.81 7.13 U 2 3 8  F 5.19 5.64 6.06 
u 2 3 8  c 90.12 82.77 76.18 64.28 58.64 
Pu239 F 0.00 4.78 9.11 17.04 20.62 
Pu239 c 0.00 2.03 3.63 5.93 6.72 
Other  4.69 4.80 4.95 5.94 6.88 

K 0.2019 0.3456 0.4819 0.7245 0.8336 
F i s s i o n  Neutron/S. N .  0.253 0.533 0.929 2.630 5.010 

Net  Pu/S.N. 1.153 1.186 1.243 1.516 1.896 

Pu Rate (kg/day) 1.967 2.024 2.121 2.587 3.236 

* 
% Pu 
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Table 111-2. Target Parameters for  LMFBR-Type Blanket Concept* 

Type - Heterogeneous target/blanket design 

Material - Pb 

Size - Diameter 100 cm, Length 60 cm, Cylinder 

Neutron Efficiency - 25 neutrons/proton 

Neutron O u t p u t  - 5 x 1019 neutrons/sec 

Energy Deposition ( t a r g e t  only) - 186 MW 

Energy Density - 0.40 MW/E 

Energy Density Peak/Average - 2.5 

Neutron F lux  a t  Liner - 5 x 1 O I 6  neuts/cm2/sec 

Liner Lifetime for  l o z 3  n v t  - 35 days 

( ta rge t  leakage) 

* 
Based on HETC-MORSE calculation and ANISN calculations 
normalized t o  HETC-CIOKSE calculation 
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c Table 111-3. B lanket  Parameters f o r  LMFBR-Type B lanket  
Concept Wi thout  Sodium and S t e e l *  

Type - C y l i n d r i c a l  annulus sur round ing  t a r g e t  

M a t e r i a l  - U02 a t  50% d e n s i t y  (no coo lan t  o r  s t r u c t u r e )  

Geometry - 100 cm I D ,  222 cm OD, 90 cm L, 2.78 x l o 6  cm3 

I n v e n t o r y  - 14.5 x l o 3  kg U02 

P u 2 3 9  Produc t ion  Rate - 2.8 kg/day a t  0% P U ~ ~ ~ ,  

3.6 kg lday  a t  4% Pu239, 

4.5 kg lday a t  5% P U ~ ~ ~ .  

Energy Depos i t i on  - 460 MW a t  0% Pu239, 

2520 MW a t  4% Pu239, 

3780 MW a t  5% Pu239.  

Peak F lux  - 3.9 x 1 0 I 6  neuts/cm2/sec a t  0% Pu239, 

7.0 x 1 0 I 6  neuts/cm2/sec a t  4% 

8.0 x 1 0 l 6  neuts/cm2/sec a t  5% Pu239. 

* 
Based on ANISN c a l c u l a t i o n s  normal ized  to, HETC-MORSE c a l c u l a t i o n  

I 
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Table 111-4. React ion Rate D i s t r i b u t i o n s  f o r  
LMFBR-Type B lanket  w i t h  Sodium and Stee l  

k 3  

Reaations/Source Neutron 
React ion 

a 

T o t a l  1.249 

U238 F 
u238 c 
Pu239 F 
Pu239 c 
Other 

K 
F i s s i o n  Neutron/S.N. 
Net Pu/S.N. 

2.523 

0,. 033 0.043 
0.803 ' 0.622 
0.000 0.145 
0.000 ' 0.059 
0.164 0.131 

0 ; I 9 9  
0.249 
1.003 

.604 
1.523 
1.055 

Pu Rate (kg/day) , 1.72 1.81 

*% Pu 
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Table 111-5. B lanket  Parameters for  LMFBR-Type B lanket  Concept 
Wi th Sodium and S t e e l *  

Type, Geometry, and I n v e n t o r y  - Same as i n  Table 111-3 

M a t e r i a l  - 50% U02, 25% Na, 252 S t a i n l e s s  Stee l  Type 316 

Pu Produc t ion  Rate - 2.4 kg/day a t  0% Pu239, 

2.6 kg lday a t  2% P u ~ ~ ' ,  

2.5 kg/day a t  4% Pu239. 

Energy D e p o s i t i o n  - 460 MW a t  0% Pu 

640 MW a t  2% Pu 

1400 MW a t  4% Pu 

Peak F l u x  - 3.3 x 1 O I 6  neuts/cm2/sec a t  0" Pu 

* 
Based on A N I S N  c a l c u l a t i o n s  normal ized  t o  HETC-MORSE 
c a l  c u l  a t  i o n  
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forniance parameters. 

Pu239 n e t  p r o d u c t i o n  i s  2.4 kg lday  a t  zero Pu enrichment i n  n a t u r a l  U02, 

For a t a r g e t  source o f  5 x 10’’ neutrons/sec, t he  

and the  peak p r o d u c t i o n  i s  o n l y  2.6 kg/day a t  2.4% enr ichment.  The 

power l e v e l  v a r i e s  f rom 460 MW a t  zero enrichment t o  1400 MW a t  4% 

enrichment. 

performance c h a r a c t e r i s t i c s .  

one m igh t  choose t o  r u n  a t  low power l e v e l s  s ince  p roduc t i on  i s  n o t  

P a r a s i t i c  cap tu re  can t h e r e f o r e  g r e a t l y  reduce and change 

For t h e  c o n d i t i o n s  shown on F igure  111-4, 

c o r r e l a t e d  t o  power. A t  a low power l e v e l ,  t h e  s t r u c t u r e  and coo lan t  

volume f r a c t i o n  c o u l d  be reduced moving performance back c l o s e r  t o  

F igu re  111-3 which suggests t h e  e f f e c t i v e n e s s  o f  a h i g h e r  power l e v e l .  

The conc lus ion  from t h i s  i s  t h a t  much work must be done t o  determine the  

d e s i r a b l e  enrichments, power l e v e l s ,  and p roduc t i on  r a t e s  ,which a r e  

h i g h l y  dependent on mechanical design. 

F igu re  111-5 shows t h e  r a d i a l  power l e v e l  d i s t r i b u t i o n  i n  t h e  - .  

b l a n k e t  f o r  t h e  two cases w i t h  and w i t h o u t  coo lan t  and s t r u c t u r e .  

Th is  shows another problem r e q u i r i n g  one of severa l  p o s s i b l e  techniques 

t o  accommodate t h e  f a c t o r  of  t e n  peak t o  average power. The p o s s i b l e  

accommodations i n c l u d e  a compensating en r i chmen t ’g rad ien t  achieved by 

f u e l  management o r  t h e  use of a f l u i d  b lanke t .  

The d e t a i l e d  c a l c u l a t i o n s  of p r o t o n  and neut ron  t r a n s p o r t  f o r  t h e  

re fe rence  l e a d  t a r g e t  and UO2 b l a n k e t  w i t h  no c o o l a n t  o r  s t r u c t u r e  were 

performed f o r  t h e  geometry shown i n  F igu re  111-6. 

assumed t o  have zero  w i d t h  and t o  be i n c i d e n t  a long the  a x i s  o f  symmetry. 

The p r o t o n  beam was 

A1 1 o f  t h e  r e s u l t s  ’were ob ta ined  by coup1 i n g  t h e  high-energy t r a n s p o r t  

code HETC w i t h  t h e  low-energy t r a n s p o r t  code MORSE-. A l l  charged p a r t i c l e s  

and neut rons  w i th  energ ies  > 15 MeV a re  t r a n s p o r t e d  w i t h  HETC and neutrons 

w i t h  energ ies  < 15 MeV a r e  t r a n s p o r t e d  w i t h  MORSE. 
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the purposes of providing some information on the spatial  

e of the resu l t s ,  the UO2 cylinder has been divided into regions 

in Figure 111-5. 

s given for the various regions shown in Figure 111-5 and for 

I n  Table 111-6 the number of neutron captures 

ver a l l  regions. Note t h a t  the results in Table 111-6 and 

t h r o u g h o u t  th i s  section are nornalized t o  one incident p r o t o n ,  I n  

Table 111-7 the number of U 2 3 8  fissions i n  the various regions and 

summed over a l l  regions i s  given. Also in Table 111-7 results are given 

for  the number of fissions produced by neutrons with energies < 15 MeV 

and by a l l  charged par t ic les  (pro tons ,  nt) and neutrons with energies > 

15 MeV since a substantial number o f  the f iss ions are produced by the 

charged par t ic les  and the higher energy neutrons. 

depositions in various materials and spatial  regions are given. 

I n  Table 111-8 energy 

The HETC-MORSE calculations show improved performance relat ive t o  

the e a r l i e r  ANISN resul ts  as indicated in Table 111-9. The production o f  

P u 2 3 9  i s  increased from 1 . 9 7  to  2.81 kg/day, and the power in the blanket 

i s  increased from 130 MW t o  463 MW. 

showed t h a t  most of t h i s  difference was the assumption of a 1 / E  source 

spectrum in the ANISN calculations rather t h a n  the 15 MeV upper energy 

Comparisons of the calculations 

l imit .  

f iss ion in the 2 t o  15 MeV energy region. 

calculated target leakage spectrum i n t o  the ANISN calculation would 

bring the resul ts  essent ia l ly  into agreement. 

can be performed with the discrete ordinates codes ANISN and DOT coupled 

t o  the HETC code by a neutron showing down source for  E < 15 MeV in the 

same manner a s  the present MORSE calculation. 

Virtually a l l  the difference i s  due t o  the increase of U 2 3 8  

I n p u t  of the HETC-MORSE 

Future blanket analysis 

Alternatively, the energy 
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Table 111-6. Neutron Captures in U Z 3 '  in Varlous Spatlal Reglons 
(See Figure 111-3) 1 

No. of  Neutron 
Captures,in Uz3*  
Per Incident 

Proton 
Region 

1 a 9  

2 3 .4  

3 

4 

5 

1 5 . 7  

5.1 

0.2 

6 5.2 

7 2 .9 

Sum over all 
regions 41 1 

Table 111-7. U Z 3 '  Fissions in Various Spatial Regions 
(See Figure 111-3) 

, 
U Fissions Per Incident Proton 

From Charged 

E > 15 MeV 

Region From Neutrons Particles and From All 
With E 15 MeV Neutrons With Particles 

- _  
I 

0.87 0.14 1.01 1 

2 

3 

4 

5 

6 

7 

t 

0.11 0.03 0.14 

2 43 0.83, 3.26 

0 .23  0.12: 0.35 

0.03 0.04 0.07 

0.43 0.321 0.75 
\ 
i 

Sum over I 
all regions 4?2 

0.15 0.10 0.25 

1.6 I 5.8 

, >  
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Table 111-8 Energy Deposition in Various Materials 
and Spatial Regions 
(See Figure 111-3) 

Energy Deposition 
Region Per Incident Proton Material 

(MeV) 

Pb 583 

C 7 

uo2 1 256 

2 46 

3 766 

4 99 

5 25 

6 1 e5 

7 67 

Sum over  all UOz 
regions 

1446 

Sum over all 2036 
materials and 
regions 

Table 111-9. Comparison o f  HETC-MORSE Results with 
Preliminary ANISN Calculations for UOz Blanket with 

No Sodium or Steel at Zero Pu Enrichment 

HETC-MORSE ANISN (1/E) 

Pu239 Production 2.81 kglday 1.97 kglday 

Target Power 186 MW 160 MW 

Blanket Power 463 MW 130 MW 

U 2 3 8  Fission 3.2 x loi8 0 

U 2 3 8  Fission 8.4 x lo'* 3.3 x 10'8 

(E > 15 MeV) 

( E  < 15 MeV) fission/sec fission/sec 

fi ssionlsec 
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range o f  ANISN, DOT, and MORSE can be extended up t o  400 MeV as has been 

prev ious  1 y demonstrated. 

Heat T rans fe r  

I n  t h e  heterogenous concept, a stream o f  molten Pb-Bi i s  used as 

a c i r c u l a t i n a  t a r g e t ;  t he  general  arrangement i s  shown schemat i ca l l y  i n  

F igu re  1 1 1 6 .  Three sump-type c e n t r i f u g a l  pumps d ischarge i n t o  a common 

p i p e  o f  40" diameter.  There i s  a c o n c e n t r i c  p i p e  28" i n  diameter t h a t  

r e t u r n s  t h e  l e a d  through t h e  tubes o f  a tube and s h e l l  heat exchanger 

t o  t h e  s u c t i o n  s i d e  o f  t he  th ree  pumps. 

The open ends o f  these concen t r i c  p ipes  te rm ina te  t w o - t h i r d s  o f  

t h e  way i n t o  t h e  annu lar  b lanke t  tank.  The mol ten  metal  f lows i n  the  

o u t e r  annulus of  t he  c o n c e n t r i c  p ipes  and by a d i v e r t e r  p l a t e  i s  t u rned  

i n t o  t h e  c e n t e r  p i p e  and down t o  t h e  heat exchanger. The cen te r  p i p e  

i s  uncovered, and t h e  p ro ton  beam impinges d i r e c t l y  onto t h e  f l o w i n g  

surface of  t h e  t a r g e t .  

h i g h  f l u x  f l u i d  can be r a t h e r  e a s i l y  rep laced i f  necessary because o f  

r a d i a t i o n  damage. Since i t  c a r r i e s  no mechanical load, i t  may n o t  have 

t o  be rep laced u n t i l  a l a r g e  f luence has been experienced. The w a l l s  

o f  t h e  b l a n k e t  tank as w e l l  as t h e  f u e l  assernbliqs w i l l  l i k e l y  be l i m i t e d  

The p o r t i o n  o f  t h e i c e n t e r  p i p e  which i s  i n  the  

t 

i n  l i f e t i m e  because o f  r a d i a t i o n  damage, b u t  t h e  l i m i t s  depend on t h e  

requirements p laced on t h e  s t r u c t u r a l  mater, ia ls as w e l l  as the  damage 

mechanism and r a t e .  

By proper  l o c a t i o n  o f  t h e  heat  exchanger i n  r e l a t i o n  t o  t h e  b lanket ,  

t h e  f o r c e  exe r ted  by t h e  l e a d  column on t h e  d i v e r t e r  p l a t e  cou ld  be 

minimized. A lso  the  h e i g h t  o f  t h e  mol ten  io lumn cou ld  be chosen so 

t h a t  h y d r o s t a t i c  head would p rov ide  d r i v i n g  f o r c e  t o  c i r c u l a t e  t h e  

l e a d  through the  tubes o f  t h e  heat  exchanger. 
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Some c h a r a c t e r i s t i c  thermal-hydraul  i c  parameters f o r  t h i s  concept 

a r e  g i v e n  i n  Table 1 1 1 ~ 1 0 .  

thermal changes have n o t  been done. 

C a l c u l a t i o n s  f o r  tube shape t o  accommodate 

A l i k e l y  a l l o y  f o r  t h e  l e a d  bismuth 

system i s  tan ta lum - 10% tungsten.  

Fuel  Management 

Because of t h e  s t r o n g  v a r i a t i o n  of  thermal power w i t h  enr ichment,  

i t  i s  d e s i r a b l e  t o  opera te  a t  a cons tan t  value. 

w i t h  a f l u i d  o r  q u a s i - f l u i d  cont inuous process ing  system, i t  i s  i n t e r e s t i n g  

Whi le t h i s  i s  p o s s i b l e  

t o  examine t h e  p o t e n t i a l  f o r  an LMFBR-type b l a n k e t .  Table 111-11 g 

t h e  des ign parameters and c a l c u l a t e d  parameters f o r  such a b lanket .  

a r e  216 assemblies, 4.9 i n .  across t h e  f l a t s .  The p i n s  a r e  assumed 
2 ,  

1 

ves 

There 

t o  

be 6 f t l o n g  w i t h  a 3 ft a c t i v e  zone. The f u e l  management scheme i s  t o  

r e p l a c e  18 assemblies every  17 f u l l  power days and s h u f f l e  t h e  b l a n k e t s  

t o  f l a t t e n  t h e  power d i s t r i b u t i o n .  A g iven  assembly r e s i d e s  200 days. 

The power swing i n  a 17-day c y c l e  i s  f rom 595 MW t o  686 MW as t h e  average 

enr ichment increases from 1.85% t o  2.15%. 

i s  3 MW so t h a t  a 91 p i n  CRBR-type b lanket ’assembly  would have an acceptable 

l i n e a r  power v a l u e  .of 12 k W / f t .  The  18 assemblies removed each c y c l e  

The average power by assembly 

c o n t a i n  2.4 kg Pu239 each. 

c r i t e r i a ,  t h e  b l a n k e t  assemblies cou ld  be removed as they  reach t h e  

s p e c i f i e d  maxima. 

ment t o  be processed i n - a n  LWR-type reprocess ing  p l a n t .  ” 

I n  o r d e r  t o  accommodate r a d i a t i o n  damage 

The b l a n k e t  assemblies a r e  ‘a t  s u f f i c i e n t l y  low e n r i c h -  

Loss o f  Coolant Acc ident  

Whi le  t h e  A c c e l e r a t o r  Breeder Concept, i s  r e l a t i v e l y  f r e e  f rom concern 

r e g a r d i n g  e n e r g e t i c  acc idents  f rom overpower t r a n s i e n t s  ,or  sodium void ing,  

t h e  problem o f  l o s s  o f  c o o l a n t  remains t o .  ai reduced degree. ORIGEN 

I 
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Table 111-10. Heat and Mass T rans fe r  Parameters f o r  
LMFBR-Type B lanket  Concept 

Target 

Target  Power - 186 MW 

B lanket  Power - 640 MW 

Pb-Bi Flowing Target i n  Concent r i c  Pipes 

Target  Diameter - 28" 

I n l e t  Pipe Diameter - 40" 

Pb-Bi Vo lumet r ic  Flow Rate - 11.7 f t 3 / s e c  

I n l e t  Temperature o f  Pb-Bi = 572°F 

O u t l e t  Temperature o f  Pb-Bi = 797°F 

Pb-Bi To Na Heat Exchanger, 2000 3/8" tubes 10 '  l o n g  

S h e l l  o f  Hx - 30" Diameter 

Pb-Bi pumped by 3, 5300 gpm c e n t r i f u g a l  pumps 

, >  

61 anket 

Containment i n  annu lar  tank  

Center ho le  f o r  t a r g e t  - 42" diameter 

He igh t  o f  tank  - 10 f e e t  

OD o f  tank  - 10.85 f e e t  

B lanke t  Elements 19,440 - 0.5 i n .  OD p i n s  

U02 o r  Tho2 

Coolant Na - 155 f t 3 / s e c  

Coolant I n l e t  Temperature - 572°F 

Coolant O u t l e t  Temperature - 797°F 
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Table 111-11. Fuel Management f4r an LMFBR-Type B lanket  

Number o f  Subassemblies - 216 

Number o f  P ins p e r  Assembly - 91 

Subassembly Width ( F l a t s )  - 4.90 In,., 12.44 cm 

Subassembly Area - 22 In2 ,  142 cm2 ' 

Subassembly Fuel Length - 35.43 In . :  I 90 cm 

Assembly I n v e n t o r y  - 67.1 kg U02/assembly 

Number Refueled - 18 

Refuel ing I n t e r v a l  - 17 f p d  

Assembly Residence - 200 f p d  

Reload Enrichment - 0% 

Gischarge I n v e n t o r y  - 2.a kg P I J ~ ~ ~  

Maximum Discharge Enrichment - 4% 

BOC Average Enrichment - 1.85% 

EOC Average Enrichment - 2.15% 

1 
, 

BOC T o t a l  Power - 595 MW 

EOC T o t a l  Power - 686 MW t 

Average Assembly Power = 3 MW 

Average L i n e a r  Power = 12 k w / f t  

I 
1 

1 - 1  ' J 

' i  



calculations were performed for the sodium cooled U02 blanket operating a t  

2% enrichment and  648 MW t h .  

operation and  instantaneously a f t e r  shutdown was 6.8% or 44 MW. 

could be removed by na tura l  circulation and an a u x i l i a r y  heat exchanger. 

The maximum decay heat a f t e r  a long period of 

This heat 

I f  

as a resul t  of catastrophe, the blanket melts, calculations w i t h  ANISN 

have shown t h a t  Km for the fuel i s  much less t h a n  1 .0  such t h a t  r ec r i t i ca l i t y  

i s  impossible. 

regard because the large mass accommodates the decay heat problem. 

The l i q u i d  blanket concept i s  more a t t rac t ive  i n  t h i s  

Summary of LMFBR-Type Blanket Concept 

T h i s  concept has several advantages and disadvantages. The separate 

systems for  target  and blanket allow more appropriate designs fo r  each. 

The l i q u i d  lead target  design makes maximum use of ea r l i e r  work on the 

I N G  design, minimizes energy deposited in the target ,  and assures good 

neutron production eff ic iencies  by not including l igh t  nuclei i n  the 

proton beam. The target  heat t ransfer  loop appears feasible.  

The blanket makes maximum use of LMFBR technology a l t h o u g h  one may 

produce U233 rather t h a n  P u 2 3 9  by use of thorium oxide fuel rods. 

self-sufficiency i s  n o t  quite achieved w i t h  826 MW t h  g i v i n g  an e lec t r ica l  

o u t p u t  of 290 MW compared w i t h  the accelerator load o f  abou t  600 M W .  

Compared t o  the LMFBR, the ABC blanket i s  not concerned w i t h  react ivi ty  

excursions result ing from sodium voiding or other sources of react ivi ty .  

Sodium v o i d i n g  does give a positive power coefficient,  b u t  the system 

remains subcri t ical .  Decay heat does present a problem which must be 

Energy 

attacked by assuring na tu ra l  convection and a u x i l i a r y  heat removal. 

Also a catastrophic sore meltdown cannot resul t  i n  c r i t i c a l i t y  since ko3 

for  the fuel i s  Q 0.5. The r a d i a l  power peaking i s  extreme and presents 

serious thermal hydraul ics problems. 
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The most impor tan t  o v e r a l l  observa t ions  o f  t h e  a n a l y s i s  o f  t h i s  

concept are:  

( 1 )  The p r o d u c t i o n  of  f i s s i l e  f u e l  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

neutrons produced f rom pro tons  f o r  zero enr ichment.  

c o s t  o f  t h e  a c c e l e r a t o r / t a r g e t  p e r  neut ron  produced must be 

The c a p i t a l  

minimized. 

( 2 )  The thermal power produced i n  t h e  b l a n k e t  i s  a s t r o n g  f u n c t i o n  

o f  t h e  f i s s i l e  enr ichment.  To t h e  ex, tent poss ib le ,  t h e  b l a n k e t  

should be operated a t  a f i x e d  enr ichment w h i l e  producing maximum 

n e t  f i s s i l e  f u e l .  

f u e l  process ing.  

For  t h i s  concept, r a d i a t i o n  damage t o  t h e  w a l l  between t h e  t a r g e t  

and t h e  b l a n k e t  i s  a s e r i o u s  concern b i t h  an i n d i c a t e d  need t o  

r e p l a c e  t h e  w a l l  f r e q u e n t l y .  A lso .the l i f e t i m e  o f  b l a n k e t  assemblies 

i s  l i k e l y  t o  be l i m i t e d  by r a d i a t i o n  damage. 

Compared t o  t h e  LMFRR, t h i s  concept can be designed t o  e l i m i n a t e  

t h e  p o t e n t i a l  f o r  a core d i s r u p t i v e  a c c i d e n t  o r  a r e - c r i t i c a l i t y  

after core meltdown. A loss of  coolant accident does pose a 

s e r i o u s  problem r e q u i r i n g  a guard vessel  and a u x i l i a r y  heat  

exchanger loops t o  assure c o o l i n g  o f  The decay heat .  

For  t h e  re fe rence conceptual  d e s i g n , * P ~ ~ ~ ~  can be produced a t  

2.6 kg/day o r  760 kg/year a t  80% capac' i ty.  

should be approx imate ly  1.8 kg/day f o r , a  t h o r i u m  o x i d e  b l a n k e t .  

Th is  r e q u i r e s  cont;inuous o r  near-cont inuous 

( 3 )  

( 4 )  

(5) 

U 2 3 3  p r o d u c t i o n  

/ I  

The d e s i r e  f o r  cont inuous process ing  and t h e  need t o  m i t i g a t e  r a d i a t i o n  

damage l e d  us t o  l o o k  a t  severa l  f l u i d  o r  q i u a s i - f l u i d  concepts. One o f  

these was chosen f o r  more c o n s i d e r a t i o n  and i s  descr ibed here.  
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IV. ANALYSIS OF A R E F E R E N C E  DESIGN WITH A SALT BLANKET 

Several concepts were examined in an attempt t o  accommodate the 

needs for  continuous processing, t o  eliminate structure susceptible 

to  radiation damage, t o  eliminate the loss of coolant accident potential ,  

and  t o  better accommodate the more desirable production of  U233. 

promising concept appears t o  be a system composed of a large va t  of s a l t  

(27% T h F 4 ,  71% L i F ,  and 2% BeF2 (mole percents)) with a liquid lead 

target created by the iner t ia  of a lead column fa l l ing  into the s a l t  

v a t .  Figure IV-1 shows a schematic drawing of t h i s  concept. 

obvious ly  gone t o  some l e n g t h  t o  preserve the heterogeneous target/  

blanket geometry and the need for  a pure heavy-metal target must be 

determined by further calculations and  experiments. 

contain U238  and P u 2 3 9  i f  desired and can be processed with a continuous 

side stream t o  remove transmutation products. 

Neutronics 

A 

We have 

The s a l t  can 

Compared t o  the LMFBR-type blanket, much less  analysis has been 

performed for  th i s  s a l t  blanket concept. A few ORIGEN and ANISN calcu- 

lations have been performed, b u t  the non-availability of cross sections 

fo r  Pa233 i n  a suitable g roup  collapsed form has precluded detailed 

analysis. 

The relat ively long 27 day ha l f - l i fe  o f  Pa233 and the high flux levels 

possible w i t h  ABC give the potential for  Pa233 capture t o  compete strongly 

with decay. 

neutron energies giving a spectral dependence t o  the capture/decay rat io .  

I t  i s  l ikely t h a t  for  maximum U 2 3 3  production in a thermal or near-thermal 

Table IV-1 shows reaction rate resul ts  from the ANISN calculations. 

Also the Pa233  capture cross section i s  much higher a t  low 
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Table I V - : .  React ion Rate Summary f o r  a Thorium S a l t  
B1 a n k e t  Concept 

React ions/Source Neutron 

React ion 

T h 2 3 2  F 
Th232 C 
U 2 3 3  F 

Other 
u 2 3 3  c 

TOTAL 

O *  4 

0.006 0.009 

0.000 0.020 

0.724 0.888 
0.000 0.184 

0.297 0.395 

1.027 1 .496  

7; of Tota l  React ion Rate 

0 .55 0.60 
59.31 

T h 2 3 2  F 
T h 2 3 2  C 90.51 

0.00 12.32 
1 .34  

U 2 3 3  F 
Other 28.95 26.40 
u 2 3 3  c 0.00 

0.016 0.328 K 

F i s s i o n  N 
Source N 

0.016 0.487 

Net U 2 3 3  Prod. 0.729 0 .683  
( a t  oms / SN 1 
Net U233Prod. 1 .205 1.136 

(ka /day)  

* 233 % U  
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system t h e  Pa233 should be removed by o n - l i n e  process ing  and a l lowed t o  

decay i n  s torage.  

a t t r a c t i v e  t o  produce U 2 3 3  and U 2 3 4  by a l l o w i n g  more o f  t h e  Pa233 t o  

s t a y  i n  t h e  b l a n k e t .  

produce wastes w i t h  a c t i n i d e  hazard reduced by f a c t o r s  as l a r g e  as  lo6  

If p r o d u c t i o n  r a t e s  a r e  h i g h  enough, i t  might  be 

A f u e l  c y c l e  based s o l e l y  on Th232 and U 2 3 3  would 

r e l a t i v e  t o  a U235,  U 2 3 8  system. 

r a t e s  f o r  U 2 3 3  i n  t h e  s a l t  b l a n k e t  a r e  t o o  low be ing  on t h e  o r d e r  o f  1.1 

kg/day f o r  a t a r g e t  neut ron  source of  5 x 1019 neutrons/sec.  Because o f  

t h e  very  s t r o n g  s e n s i t i v i t y  t o  spectrum and f l u x  l e v e l  f o r  U 2 3 3  p roduc t ion ,  

i t  i s  necessary t o  e x t e n s i v e l y  i n v e s t i g a t e  a wide range o f  b l a n k e t  

designs . 
Heat and Mass T r a n s f e r  

Thus f a r ,  t h e  p r e d i c t e d  p r o d u c t i o n  

I 

I n  t h e  s a l t  b l a n k e t  'concept, mass and heat  t r a n s f e r  a r e  combined 

f o r  t h e  b l a n k e t  as w e l l  as t h e  t a r g e t  f lu i 'ds .  Furthermore, t h e  t a r g e t  

heat  i s  t r a n s f e r r e d  t o  t h e  s a l t  so t h a t  ondy one system o f  heat  exchangers 

i s  i n v o l v e d .  No w a l l  separates t h e  t a r g e t '  f rom t h e  b l a n k e t  so t h a t  t h e  

r a d i a t i o n  damage concern i s  a t  t h e  w a l l  o f  t h e  s a l t  v a t  and i s  reduced 

b y  a t  l e a s t  an o r d e r  o f  magnitude compared w i t h  t h e  LMFBR-type b lanket .  

The containment and removal o f  gaseous f i s s i o n  produc ts  w i l l  be a problem 

b u t  i s  b e n e f i c i a l  f rom a s a f e t y  s t a n d p o i n t  s i n c e  one would n o t  have a 

l a r g e  i n v e n t o r y  o f  such f i s s i o n  produc ts  assoc ia ted  w i t h  t h e  f u e l .  

There i s  a l s o  t h e  p o s s i b i l i t y  o f  f r e e  f l b o r i n e  l i b e r a t e d  f rom t h e  s a l t ,  

b u t  t h i s  has n o t  been observed e x p e r i m e n t a l l y .  

o f  t h e  l e a d  and t h e  s a l t  a r e  compat ib le  w i k h  t h e  a c c e l e r a t o r  vacuum. 

Some p r e l i m i n a r y  des ign parameters a r e  shown i n  Table IV-2. 

I 

I 

I 

I 
I 

The low vapor pressure 
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Table IV-2. Design Parameters for  S a l t  Blanket Concept 

Target Power = 186 MW 

Blanket Power = 2000 MW 

Lead Flow = 30 f t3 / sec  

Blanket Flow = 96 f t3 / sec  

Blanket Inlet  Temperature - 1100°F 

Blanket Outlet Temperature - 1400°F 

Lead Target Temperature - 1625°F 

Lead Outlet Temperature - 1400°F 

Vessel Diameter - 10 fee t  

Vessel Height - 20 fee t  
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if 
The s a l t  i s  c i r c u l a t e d  i n  f o u r  loops i through tube and s h e l l  heat  

exchangers where t h e  t a r g e t  heat  and t h e  b l a n k e t  heat  a r e  removed. The 

s a l t  r e t u r n i n g  f rom t h e  heat  exchangers i s  i n t r o d u c e d  t a n g e n t i a l l y  near  

t h e  t o p  o f  t h e  tank  and c r e a t e s  a v o r t e x  i L  t h e  s a l t .  

e n t e r s  t h e  l e a d  a t  a smal l  angle t o  t h e  v e l t i c a l  and w i t h i n  t h e  s a l t  

v o r t e x  j u s t  above t h e  surface. 

comes t o  thermal e q u i l i b r i u m  w i t h  t h e  s a l t !  
1 
I 

The p r o t o n  beam 
i 

4 
The lead, w i t h i n  a very  s h o r t  d is tance,  

I 
1 ,  

I n  many years  p a s t  some cons iderab le  exper imenta l  work was done w i t h  

mol ten l e a d  - mol ten  s a i t  systems. There :s always some entra inment  o f  

s a l t  i n  t h e  l e a d  (a few hundredths o f  percent ) ,  b u t  we never exper ienced 

even ppm amounts of  l e a d  i n  t h e  s a l t .  Theichemical c o m p a t i b i l i t y  and 

p h y s i c a l  i m m i s c i b i l i t y  o f  these two f l u i d s  /has been w e l l  e s t a b l i s h e d .  

The l e a d  a l s o  e x e r t s  a s t r o n g  pumping a c t i o n  on t h e  s a l t  g i v i n g  a r o t a t i o n a l  

f l o w  o f  t h e  b l a n k e t  f l u i d .  

t h e  r o t a t i o n a l  v e l o c i t y  i s  lowest .  

I 

I 

I 

> \ I  . L  

The s a l t  i s  taken o u t  near  t h e  c e n t e r  where 
I 

The l e a d  forms a pool  f o u r  f e e t  deep 
i ,  

i n  t h e  bottom o f  t h e  tank w h e r e - i t  i s  taken1 o f f  t o  t h e  f o u r  c i r c u l a t i n g  

pumps. I 

t ' .  

I 

The e n t i r e  lead c i r c u l a t i n g  system i s  , isothermal a t  t h e  s a l t  e x i t  
I 

temperature o f  1400°F (760°C). I t  heats t o /  1625°F i n  t h e  p r o t o n  beam 

t h e  tank  a t  1100°F. and i s  mmediately cooled by t h e  s a l b w h i c h ' e n t e r s  I 
I 
I 
1 ,  

Th s concept has c e r t a i n  a t t r a c t i v e  features.  A l l  s t r u c t u r a l  

members can be kept  i n  a r e l a t i v e l y  low neut ron  f l u x  so t h a t  r a d i a t i o n  

damage t o  s t r u c t u r e s  i s  minimized. 

t h e r e  i s  a minimum of mass t ranspor t ,  w i t h  no :p lugg ing  o f  passages. 

chemical process ing of t h e  b l a n k e t  can be done cont inuous ly .  

S ince t h e  l e a d  c i r c u i t  i s  isotherma 

The 
I 
I 
i 
i 
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While one mechanization of t h i s  idea has been discussed, there may 

be other arrangements t h a t  are more a t t rac t ive .  

study to  determine the most propitious arrangement o f  s a l t  in le t  and 

ou t le t  l ines .  The interaction of the forced vortex i n  the s a l t  w i t h  

the strong pumping action o f  the lead column makes i t  impossible t o  

determine the internal flow patterns by inspection. 

Summary of Sal t  Blanket Concept 

I t  w i l l  require some 

This concept i s  a t t rac t ive  i n  reducing problems associated w i t h  

r a d i a t i o n  damage t o  structural  components and  allows continuous on-line 

processing so as t o  hold enrichment and power level constant. 

the calculations currently performed indicate a low U 2 3 3  production rate .  

Design changes may substantially improve production, so t h a t  th i s  concept 

should not be discarded prematurely. 

a more accurate neutron source 'spectrum may indicate higher production 

rates .  Direc 

be considered 

lead loop wou d be possible. 

Unfortunately, 

Also HETC-MORSE calculations w i t h  

i r radiat ion o f  the s a l t  w i t h  protons and  deuterons should 

I f  production i s  reasonably good,  the elimination of the 
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I 
v. GAS COOLED TARGET~BLANKET CONCEPT 

I 

I 

I f  p r o d u c t i o n  e f f i c i e n c y  i s  t o  be madimized, i t  appears t h a t  a hard  

neut ron  spectrum i s  des i red .  ,For U 2 3 3  p r o d u c t i o n  i a hard spectrum a l s o  
I 

reduces capture  r e a c t i o n s  i n  Pa233. High L f f i c i e n c y  coo lan ts  such as 

sodium, l i t h i u m ,  mol ten s a l t ,  o r  water  a l l i t e n d  t o  s o f t e n  t h e  neutron 

spectrum, and one i s  l e f t  w i t h  a gas coo lan t  (he l ium)  as t h e  bes t  candidate 

f o r  a hard spectrum. ' F o r t u n a t e l y  much i n f o r m a t i o n  on he l ium coo lan t  i s  

a v a i l a b l e  f rom t h e  HTGR, GCFR, and pebble bed r e a c t o r  designs. 

c o n d i t i o n s  a r e  g iven i n  Table V - 1 .  

I 
I 

I 

I 
I 

GCFR 
t 

I 
I 

F i g u r e  V - 1  shows 'a gas cooled t a r g e t l b l a n k e t  design, and Table V-2 
t 
i 

i 

g i v e s  performance parameters. 

a r e  t h e  power d e n s i t y  and t h e  severe requi tements on t h e  window s e p a r a t i n g  

t h e  h i g h  pressure  he1 ium f rom t h e  a c c e l e r a t o r  vacuum. 

g i v e  t h e  h i g h e s t  power d e n s i t i e s ,  on t h e  oTder o f  240 k W / l i t e r  as shown 

i n  Table V - 1 .  

The major  problems i n  a gas cooled system 

GCFR c o n d i t i o n s  
i 
1 

With a p r o t o n  beam of 2 x l 0 l 8  protons/sec and a l a r g e  

uranium t a r g e t ,  we a r e  assured o f  a power 1:evel o f  around 1500 MW. For 

a t h o r i u m  t a r g e t ,  t h e  power may be 

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

2.5 occur  because oT. the ,  fac t -  t h a t  

as low as 800 MW because o f  t h e  

on. 

t h e  pro tons  a r e  i n c i d e n t  on one end. 

A l l 0  power peaks on t h e  o r d e r  o f  1 .'.'. 
I "  

For t h i s  reason, power ,densi ty  should be 1i:mited t o  100 k W / l i t e r  r e q u i r i n g  . ,  
I 
i 

- I s  
a t a r g e t  o f  1.5 x l o 4  l i t e r s .  

As t h e  schematic i g u r e  V - 1  shows, ,the t a r g e t  and b l a n k e t  a re  
* #  

combined i n  t h e  gas cooled approach and the/  p r o t o n  beam i s  spread over  
I 

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

o f  U02 a l s o  increases t h e  p r o t o n  p e n e t r a t i o n  t o  a range o f  190 cm which 

The low\ d e n s i t y  ( 2 3  volume f r a c t i o n )  
1 

a l s o  d i l u t e s  t h e  power d e n s i t y .  I n  t h e  schematic, t h e  core i s  hung 

ups ide down GCFR f a s h i o n  w i t h  a l l  suppor t  s t r u c t u r e  a t  t h e  t o p  ( c a n t i l e v e r  
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Table V-1. GCFR Parameters 

Core Volume F r a c t i o n s  - Fuel 23%; S t a i n l e s s  S tee l  13%, 

He1 ium 64% 

Average Power Dens i t y  - 240 k W / l i t e r  

Power Peaking F a c t o r  - 1.25 I 

I 

He l ium I n l e t  Pressure - 1305 p s i a  

Hel ium Pressure Drop - 42 p s i a  I 

P i n  S ize  - 0.66 crn OD p e l l e t ,  270 pins/assernbly 

L i n e a r  Power - 12.5 kW/f t  

I 

1 

i 
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Table V-2. Parameters f o r  Gas Cooled Blanket 

Target Type - Integral with blanket, diffused proton beam 

Fuel Form - G C F R  type 

Average Power Density Limit - 100 kW/liter for  G C F R  

Power Peak/Average - 2 . 5  

Target Composition - 232 UO2 or T h o 2 ,  13% s t ee l ,  64% helium 

Average Enrichment - 1% 

Target Power - 1500 MW a t  1% enrichment; 800 MW for U233 

Target Volume - 2 x lo4 l i t e r s  

Target Dimensions - 8.2 f t  length by 1 0 . 5  f t  diameter 

Fuel Inventory - 4.83 x l o 4  k g  

Fuel Production - 4.0  kg/day P u 2 3 9  o r  2.8 k g / d a y  U 2 3 3  

Number of Assemblies - 200 

Assembly Inventory - 241.5 kg  

Assembly Fiss i le  Content a t  EOC - 4.83 kg 

Assembly Residence Time - 242 days for 2% EOC enrichment 

Processing and Fabrication Costs - Q, $22 /gm f i s s i l e  

Number of Assemblies Refueled Each Interval - 20 

Refueling Interval - 24 Full Power Days 
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r e s t r a i n t )  and t h e  he l ium f l o w  i s  downward,. I n  a d e p r e s s u r i z a t i o n  

acc ident ,  any f u e l  m e l t i n g  w i l l  f a l l  down ifroni t h e  core  t o  a s u i t a b l e  

core catcher .  

upward p r o t o n  beam which i s  i n c i d e n t  a t  a i s l i g h t  angle t o  a v o i d  a 

I 

Th is  f e a t u r e  seems t o  j u s t i i f y  t h e  inconvenience o f  an 
I 

I 
* ,  

p a r a l l e l  o r i e n t a t i o n  w i t h  t h e  f u e l  p i n .  1 ' -  
T h i s  des ign i s  s i z e d  f o r  Pu p r o d u c t i d n  a t  an average enr ichment o f  

1%. U 2 3 3  p r o d u c t i o n  i n  Th migh t  g i v e  s u b s k a n t i a l l y  lower  minimum power 
I 

l e v e l s  and s u b s t a n t i a l  design r e v i s i o n s .  ?he heavy metal  i n v e n t o r y  i s  
I 48.3 m e t r i c  tons which i s  i a r g e  b u t  n o t  unireasonable. 

I 
I 

Fuel p r o d u c t i o n  i s  g iven  from-a value1 o f  70 captures /pro ton  f o r  an 

i n f i n i t e  uranium s l a b  a s  c a l c u l a t e d  by the1 HETC-MORSE method and an 

e s t i m a t e  o f  t h e  d e l e t e r i o u s  e f f e c t  o f  s t a i n l e s s  s t k e l  and oxygen on t h e  

p r o d u c t i o n  o f  neutrons f rom t h e  pro tons .  f one assumes t h a t  t h e  r a t i o  

o f  p r o t o n  n u c l e a r  c o l l i s i o n s  i n  t h e  s t e e l  and oxygen t o  c o l l i s i o n s  i n  

1 
~ 

I 
I 

1 the  uranium i s  g i v e n  by: 
I 

VF(SS) x p (SS)  x (56)  '/3 + VF(0 

R =  

where VF(SS) = .13, VF(0) = VF(U) = .23, p 

gm/cm3, and p (U)  = 9.28 gm/cm3, then 

R = .21 

I f  about 20% o f  t h e  c o l l i s i o n s  a r e  i n  t h e  
, >  

i s  assumed t o  be reduced, f rom an i d e a l  V a l  

4 kg lday.  For U 2 3 3  t h e  es t imated  p r o d u c t i  

8) L / 3  

S S )  = 7.9 gm/cm3, p ( 0 )  = 1.23 

i g h t  elements, t h e  p r o d u c t i o n  

e o f  5 kg lday t o  a va lue  o f  

n i s  2.8 kg/day because o f  

the  reduced f a s t  f i s s i o n  e f f e c t .  

, 
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For 200 assemblies the inventory for each i s  241.5 kg and the P u  

content a t  2% end-of-cycle conditions i s  4.83 kg .  

time to  achieve th i s  enrichment i s  242 full-power days. 

refueling of 20 assemblies each for  10  refueling intervals,  the interval 

would be 24.2 fu l l  power days. 

of  0.2 percent which would hold the power relat ively cons tan t .  

The assembly residence 

I f  one assumes 

This would given an enrichment swing 

The radiation damage problem for the target a n d  b l a n k e t  will l ikely 

be severe, b u t  the hanging core concept i s  such t h a t  only removable fuel 

assemblies see the proton beam and highest neutron fluxes. 

much shorter t h a n  242 days would produce lower enrichments however. 

$22K/gm estimate for  .processing and fabrication i s  high because of the 

large amount of heavy metal that  must be handled. 

were greatly lowered, the cost  would r i se  to an unacceptable value. 

Heating and radiation damage in the window separating the accelerator 

vacuum from the high pressure helium i s  a major problem i n  t h i s  concept 

and needs much s tudy .  

A lifetime 

The 

If discharge enrichments 
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VI ACCELERATOR ECONOMICS ~ N D  ACCELERATOR - 
REACTOR SYMBIOJICS 

I n  t h i s  s e c t i o n ,  t h e  p o t e n t i a l  market' f o r  f i s s i l e  m a t e r i a l  produced 
~ 

by the  a c c e l e r a t o r  i s  assessed, and the  c o s t  o f  the f i s s i l e  p r o d u c t  i s  

es t imated  and compared w i t h  235U c o s t  p rodec t ions .  The f i s s i l e  c o s t  

est imates a r e  then used t o  f u r t h e r  est imat? I t h e  c o s t  of  p roduc ing  power 
I 

i n  LWR's e x i s t i n g  when t h e  accelerator -prohuced f u e l  becomes a v a i l a b l e ,  and 

i n  advanced conver te rs  b u i l t  t o  take  advanltage o f  the  a v a i l a b l e  2 3 3 U .  

I d e n t i f i c a t i o n  o f  P o t e n t i a l  Market (Reacto:r F i s s i l e  Requirements) 

1 

I n  o r d e r  t o  assess the  economic p o t e n i t i a l  o f  the  acce le ra to r -b reeder ,  
i 

i t  i s  necessary t o  determine the wor th  o f  ithe f i s s i l e  m a t e r i a l  produced. 

Table VI-1 g ives  the  annual makeup requirements f o r  a v a r i e t y  of thermal 

r e a c t o r s  and f u e l  cyc les ,  and i n d i c a t e s  th'e power s u s t a i n e d  f o r  each comb 

t i o n  by a f i s s i l e  p r o d u c t i o n  r a t e  o f  1 Kg p e r  day. 

I 
I 

! 

I 

The no- recyc le  cases i n d i c a t e  t h e  p o t a n i i a l  f o r  power p r o d u c t i o n  on a 
! 

"throwaway" b a s i s  w i t h  the f i s s i l e  mater iah p r o v i d e d  by t h e  a c c e l e r a t o r .  

na- 

Note t h a t  makeup requi rements f o r  Pu a r e  s l i g h t l y  h i g h e r  than those f o r  235U 

( t h e  c u r r e n t  no- recyc le  o p e r a t i o n a l  mode) ,I w h i l e  2 3 3 U  makeup requirements 

a r e  s l i g h t l y  lower  than those f o r  2 3 5 U .  Th is  i s  an i n d i c a t i o n  o f  t h e  r e l a -  

t i v e  va lue  o f  the  t h r e e  p r i m a r y : f i s s i l e  rnaLer ia ls as thermal r e a c t o r  f u e l s .  

I 

i 

I '  
A t  p r e s e n t  i t -  i s ' l n o t  c l e a r  .that,therma*l r e a c t o r  f u e l  c o u l d  be prepared i n  

- 7  

t h e  a c c e l e r a t o r  i n  an acceptable f a s h i o n  whth c o n s t r a i n t s  on reprocess ing,  

b u t  t h e  concept i s  w o r t  

The cases consi-der 

i 
h e r  i n v e s t i g a t i o n .  

I 
e n t  reac tor [ *des ign  w i t h  r e c y c l e  a r e  assumed 

t o  i n d i c a t e  mak 

f u e l  becomes av 

t ime when t h e  accel  e ra to r -p roduced 

p rkqu i rements  a r e  low f o r  b o t h  PWR 
" 1  

1 

and HTGR cases, i n d l c a t i n g  t h a t  t h e  higher.! thermal f u e l  va lue o f  2 3 3 U  i s  
I 

n o t  a f u n c t i o n  of r e a c t o r  type. The denatured case cons iders  14% 2 3 3 U  i n  



Table VI-1. F i s s i l e  Requirements and Potential Power Sustained 
For Selected Thermal Fuel Cycl esl 31 

Reactor Fuel Description Conversion Annual Makeup Power Sustained by Accelerator 

Current Design, !lo Fecycle, U235 Makeup 

TY Pe (All Oxides) Ratio Reprocessing ( Kg/MW (e)  Y r ) ( M W  ( e )  /Kg Fi s s i  1 e/Day) 

325 ( a t  0.90 Pu Makeup) No 0.81 PW R 0.60 
HTGR U235/Th02 0.66 rj 0 0.63 479 ( a t  0.61 U233 Makeup) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

PW R PU/UO* 
PWR U233/Th& 

PW R 

L 

$33/$38 

Current Design with Recycle, Supplied Pu o r  U233 Makeup 
495 0.65 Pu 0.59 

0.75 

0.70 

$33 0.31 943 

769 0.38 $33 
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238U,  which i s  comparable i n  c r i t i c a l  mass1 t o  t h e  o f t e n - s t a t e d  20% 2 3 5 U  i n  

2 3 8 U  c o n s t r a i n t  .I6 O v e r a l l  , the system i s  approx imate ly  80% Tho2 and 20% 

235U02 - 238U02. I t s  makeup requirements a r e  n o t  t o o  h i g h ,  even though Pu 

r e c y c l e  i s  n o t  al lowed. The 233U-238U cycile i n d i c a t e s  the d e s i r a b i l i t y  o f  

2 3 3 U  makeup i n  LWR's even i f  Pu r e c y c l e  i s !  a l lowed. 
: 

Advanced conver te rs ,  i n c l  ud i  ng advanc,ed PWR designs , the pebbl e bed 

r e a c t o r ,  the h igh -ga in  HTGR and even the marginal  breeders such as t h e  

LWBR and mol ten  s a l t  rep resen t  the  m o s t  advantageous use o f  2 3 3 U  i n  thermal 

systems. However, t he  implementat ion o f  t'hese concepts r e q u i r e s  an 

i n i t i a l  2 3 3 U  i n v e n t o r y  and hence, i n  c u r r e n t  scenar ios ,  a p reb reeder - reac to r  

w i t h  an accompanying economi c penal t y  . Tdese advanced conver te r  sys terns con- 

s t i t u t e  the  most i o g i c a l  use f o r  t he  2 3 3 U  /produced i n  t h e  acce le ra to r -b reeder ,  

. - .  .. 

I 
which would then be o p e r a t i n g  i n  t h e  p l a c e  o f  t h e  p reb reeder - reac to r .  

sumably these systems cou ld  be developed r a p i d l y  i f  a re1 i a b l  e source o f  
I 

2 3 3 U  were es tab l i shed .  I -  The cases shown here  i n d i c a t e  t h e  low makeup r e q u i r e -  
! 

merits c h a r a c t e r i s t i c  o f  such systems. I 

Pre- I 

I 

I 
i 

Table V I - 2  e x p l a i n s  why 2 3 3 U  f u e l  i s  I r e q u i r e d  f o r  advanced conver te r  
_ -  

systems. 

neu t ron  absorbed i n  a f u e l ,  i s  c o n s i s t a n t l y  b e t t e r  f o r  233U i n  the  energy 

ranges shown. 

The e t a  value, which r e p r e s e n t s l t h e  n e t  neutron produc t ion  pe r  
I 
I 

I Since one neut ron  i s  necessary t o  m a i n t a i n  c r i t i c a l i t y ,  
I 

(e ta-1 ) represents  the  number o f  neutrons,  i which can undergo f e r t i l e  capture  

t o  produce a f i s s i l e  atom (breed) .  

f o r  a t y p i c a l  mixed ep i thermal - thermal  spectrum, o n l y  233U p rov ides  a 

r e a l i s t i c  o p p o r t u n i t y  t o  design a breeder,  o r  even a h igh -ga in  conver te r ,  

s i n c e  non-product ive abso rp t i on  i n  s t r u c t u r e  o r  c o o l a n t  and leakage losses  

I t i s l c l e a r  f rom t h e  values g i v e n  t h a t  

a re  n o t  considered. 
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f o r  u ~ ~ ~ ,  u ~ ~ ~ ,  puZ3’ 
1 5 3 1 7  

Tab1 e VI-2. R e p r e s e n t a t i v e  Eta ( n )  Val ues 

$33 u235 pu 239 

n (0.025 eV) 2.30 2.07 2.11 

1 Typical PWR Thermal 
“ t h  ( Spectrum 

“epi 

n 

1 Typical PWR Epi  thermal 
( Spectrum 

2.27 2.06 1 . 8 4  

2.16 1 .67  1 .88  

2.24 1 .96  1 .a5 

6 - 1  1 1.24 0.96 0 . 8 5  
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Est imated A c c e l e r a t o r  Produc t  Costs 

The c a p i t a l  c o s t  o f  t h e  a c c e l e r a t o r  was taken t o  be $600 M. The c a p i t a l  

c o s t  assumptions used i n  e s t i m a t i n g  the c a p i t a l  c o s t  o f  t he  balance o f  

p l a n t  ( e v e r y t h i n g  b u t  t h e  a c c e l e r a t o r ) ,  and the  c a p i t a l  charge r a t e  and 

formula f o r  computing annual c a p i t a l  c o s t  charges a r e  g i ven  i n  Table VI-3. 

An 80% c a p a c i t y  f a c t o r  was assumed f o r  the a c c e l e r a t o r ,  w h i l e  a 75% c a p a c i t y  

f a c t o r  was assumed f o r  a l l  r e a c t o r s  considered. Annual cos ts  were es t ima ted  

* #  

f o r  two des ign  concepts ( t h e  Pb t a r g e t  w i t h  LMFBR-type b l a n k e t  and t h e  GCFR- 

t ype  t a r g e t - b l a n k e t ) ,  and a t  t h r e e  b l a n k e t  power p r o d u c t i o n >  l e v e l s  f o r  each 

des ign  [ Z O O  MW(e), 600 MW(e), and 1600 MW(e)]. 

600 MW(e) f o r  ope ra t i on ,  t h e  n e t  power p roduc t i ons  a r e  then -400 MW(e), 

S ince ' the  a c c e l e r a t o r  r e q u i r e s  

0 MW(e), and + lo00  MW(e), r e s p e c t i v e l y .  

g i ven  i n  Table VI-4. 

es t ima te  o f  power costs  i n  t h e  1983-1985 t ime frame, and i s  used f o r  bo th  

t h e  c o s t  o f  power 

rece ived  f o r  power s o l d  i n  t h e  +lo00 MW(e) case. Note t h a t  t h e  power and 

heavy meta l  d e n s i t i e s  a r e  assumed t o  remain cons tan t ,  so t h a t  t h e  b l a n k e t  

s i ze  must increase in order t o  increase power and f i s s i l e  produc t ion .  A l l  

d o l l a r  values quoted a r e  i n  1976 d o l l a r s .  

A f u l l  s e t  o f  assumptions used i s  

The c o s t  o f  power assumed, 30 m i l l s / k w . h r ,  i s  an 

rchased f o r  t he  -400 MhfdAe). case, and as t h e  p r i c e  

- 

Table VI-5 g ives  the  es t ima ted  annual cos ts  f o r  t he  acce le ra to r -b reeder  

and t h e  r e s u l t i n g  c o s t  o f  Pu produced f o r  , t h e  cases considered. 

t h e r e  i s  no l a r g e  decrease i n  f i s s i l e  p roduc t  c o s t  w i t h  i n c r e a s i n g  power 

p r o d u c t i o n  unless t h e  system.becomes a l a r g  energy producer, whi 1 e an 

i nc rease  i n  f i s s i l e  p r o d u c t i o n  has a m a r k e d ' e f f e c t  on p roduc t  c o s t .  

Est imated 2 3 5 U  Fuel Costs 

Note t h a t  

1 

I n  assessing the  economic v i a b i l i t y  of acce le ra to r -b reeder  produced 

f i s s i l e  m a t e r i a l ,  i t  i s  i n t e r e s t i n g  t o  compare t h e  es t ima ted  p r i c e s  o f  Pu 

g i ven  on Table VI-5 w i t h  es t ima ted  p r i c e s  f o r  235U.  Table VI-6 p resents  c o s t  
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Table VI-3. CAPITAL COST ASSUMPTIOljS l 4  

$800/kW(e) Basic  C a p i t a l  Cost (Balance o f  P l a n t )  

16% C a p i t a l  Charge Rate 
Consis ts  o f :  9% Bond I n t e r e s t l E q u i t y  

1% S i n k i n g  Fund ( A m o r t i z a t i o n )  
6% Taxes 

Capaci ty  Fac tor  : 80%, A c c e l e r a t o r  Breeder 

Formula f o r  Computing Annual C a p i t a l  Cost Charges : 

1 Y r  (l.l;!.l;) = [$800 
0.16 10 3 M i l l s  
Yr '7- 8760 h r  x 0.80 

CAPITAL COST - 



. ’  

Tab le  VI-4.  Assumptions Used t o  Es t imate  Annual Costs f o r  t h e  A c c e l e r a t o r  Breeder l 4  

A c c e l e r a t o r  Power Produc t ion  

C a p i t a l  Cost, A c c e l e r a t o r  $600M a t  16% charge r a t e  

C a p i t a l  Cost, , -I $800/kW f o r  power g e n e r a t i n g  c a p a c i t y ,  16% charge r a t e  

Comparison o f  low-power, break-even, and 1 GW(e) power 
Producer 

- 1  

Balance, o f  P l a n t  

I n i t i a l  I n v e n t o r y  F a b r i c a t i o n  a t  $150/kg h.m. 

Opera t ing  Costs; Power 50% a c c e l e r a t o r  e f f i c i e n c y  and power c o s t  o f  30 m i l l s / ( k W * h r ) ,  
r e q u i r e s  600 MW(e) 

I I .  

Opera t i ng  Costs, A c c e l e r a t o r  r e q u i r e s  Q 130 emp 
and 50% maintenance p l u s  power 
3 m i  1 1 s/  ( kW h r 1 

Fuel Cyc le  Costs I $300/kg h.m. p rocess ing  p l u s  $ 

Personnel - and Maintenance 
3 .I 

cn a 

oyees a t  $50k/man-yr 
p r o d u c t i o n  c o s t  o f  

50/:kg h.m. r e f a b r i c a t i o n  
(power and heavy meta l  d e n s i t i e s  c o n s t a n t )  

F i s s i l e  Produc t  Cost 2.5 kg/day f i s s i l e  p r o d u c t i o n  a t  80% capac 
30 m i l l s / ( k W * h r )  f o r  power sa les  p r i c e  

F i  s s i  1 e Produc t  Cost 4.0 kg/day f i s s i l e  p r o d u c t i o n  a t  80% capac 
30 m i l l s / ( k W * h r )  power sa les  p r i c e ,  p l u s  $18-.3M 
a d d i t i o n a l  f u e l  c y c l e  c o s t s  

t y  f a c t o r ;  

ty  f a c t o r ;  



Table VI-5. Estimated Annual Costs for  the Accelerator Breeder 

Accelerator Power Production 200 MW(e) 600 MW(e) 1600 MW(e) 

Capital Cost , Accelerator 

Capital Cost, Balance of Plant 

$ 96.OM $ 96.OM !$ 96.OM 

$ 25.6M $ 76.8M $204.8M 

a. 

b. GCFR-type ta rge t  blanket. 

Pb  t a rge t  w i t h  LMFBR-type blanket. 

m 
0 



est imates f o r  235U.  as a f u n c t i o n  o f  var ious  U308 o r e  and s e p a r a t i v e  work 

u n i t  (SWU) costs ,  a long w i t h  exp lanat ions  o f  t h e  s i g n i f i c a n c e  o f  t h e  

s e l e c t e d  c o s t  l e v e l  s . 
on Table VI-5 a r e  q u i t e  comparable t o  t h e  es t imated  235U cos ts  i n v o l v i n g  

addi  t i o n a l  s e p a r a t i v e  work c a p a c i t y  and low-grade uranium Sources. However 

a comparison s t r i c t l y  on t h e  b a s i s  o f  f i s s i l e  p r i c e  p e r  gram does n o t  take  

i n t o  account t h e  r e l a t i v e  worths o f  t h e  f u e l s  f o r  power p roduc t ion .  A more 

meaningful  comparison i s  t h e  c o s t  o f  power produced i n  LWR's u t i l i z i n g  

accelerator -produced f u e l  w i t h  LWR power cos ts  u s i n g  235U ob ta ined under 

severa l  p r e d i c t e d  o r e  and s e p a r a t i  ve work p r i c e  c o n d i t i o n s  . 
Est imated LWR Power Costs as a Func t ion  o f  235U Costs 

The es t imated c o s t  o f  accel  erator -produced Pu g i  ven 

Est imate LWR power, cos ts  as a f u n c t i o n  o f  235U cos ts  a r e  g i v e n  i n  
! 

Table VI-7. The $/g va lues considered a r e  comparable t o  those presented i n  

Table VI-6 f o r  var ious  o r e  and s e p a r a t i v e  work c o s t s .  Power c o s t  est imates 

the  l a t e r  

would dom 

ava i  1 ab1 e 

are  g iven f o r  bo th  c u r r e n t l y  o p e r a t i n g  LWR"s w i t h  an assumed n o n - f i s s i l e  

power c o s t  o f  12 m i l l s / k w . h r ,  and f o r  LWR's now b e i n g  planned. Presumably 

LWR's, with.assumed n o n - f i s s i l e  power c o s t s  o f  25 m i l l s / k w . h r ,  

na te  t h e  marke t  a t  t he  t i m e  when t h e  accelerator -produced f u e l  i s  
. _  

To ta l  power c o s t  est imatesi  f o r  these l a t e r  LWR's range f rom 
. I  8 

31 mi l ls / -kw.hr  u s i n g  235U now ordered ; (esca la ted  t o  1983-1985 d e l i v e r y ) ,  t o  

55 m i l l s / k w . h r  f o r  235U-  f rom low-grade: uranium sources -processed a t  new 

s e p a r a t i v e  work f a c i l i t i e s .  . 

I n i t i a l  Est imates o f  LWR Power Costs : U t i l i z i n g  Accelerator -Breeder  Produced 
Fuel 

Table VI -8 presents  t h e  LWR power c o s t  and power l e v e l  sus ta ined f o r  t h e  
I 

est imated Pu and 233U p r o d u c t i o n  leve l is  i n  t h e  Pb t a r g e t  - LMFBR b l a n k e t  and 

GCFR-type t a r g e t - b l a n k e t  designs. 

comparable t o  t h e  42 m i l l s / k w . h r  e s t i m a t e  g i v e n  i n  Table VI-7 f o r  $2OO/g 

235U, except  f o r  t h e  lower  Pu p r o d u c t i o n  l e v e l  c o s t .  

p r i c e  corresponds t o  $300/ lb U308 and $2OO/SWU, t h i s  i s  i n  t h e  medium p r i c e -  

The r e s u l t i n g  power c o s t s  a r e  q u i t e  

S ince  t h e  $2OO/g 2 3 5 U  
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Table VI-6. 

f o r  Var ious Ore and Separat ive Work Costs l4 

Est imated Cost o f  U235 ( $ / g )  

Natura l  U308 ($ /1  b )  25 40a 70b 100 300 500d 

swu c o s t  ($/SWU) 25 32 50 150' 200 2 50 

Natura l  Uranium U308 9.2 14.7 25.6 36.6 110 183 

-- -- -- -- (CANDU Fuel ) SWU -- -- 
- -  - -  

$/g T o t a l  9.2 14.7 25.6 36.6 110 183 

3.2% Enr iched U308 13.3 21.2 37.2 53.1 159 265 

3.6 4.5 7.1 21.4 28 35 

$/g T o t a l  16.9 25.7 44.3 74.5 187 300 
- ----- swu 

93.5 Enr iched U308 14.2 22.8 39.8 56.9 171 284 

swu 6.2 8.0 12.5 37.5 50 75 
- -  - -  

$/g T o t a l  20.4 30.8 52.3 94.4 221 359 

a. 

b. 

c. 

d. 

Cost es t imates  f o r  c u r r e n t  d e l i v e r y .  
Cost es t imates  f o r  c u r r e n t  o r d e r  (1983 d e l i v e r y ) ,  assuming 7% i n f l a t i o n  r a t e .  

E s c a l l a t i o n  i n  SWU c o s t s  p r i m a r i l y  due t o  n e c e s s i t y  f o r  c o n s t r u c t i o n  of 
a d d i t i o n a l  s e p a r a t i v e  c a p a c i t y  a t  2, 1980 c o n s t r u c t i o n  c o s t s .  

Est imated c o s t  of U308 recovered f rom low-grade uranium sources such as 

Chattanooga s h a l e  v a r y  f rom $200-$1000/1 b .  
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Table VI-8. I n i t i a l  Est imates of Symbiot ic  Acce le ra to r  Breeder-LWR Power Costs 

Fuel  F i  s s i  1 e P r o d u c t i  on LWR Power Power Cost 
( F i s s i l e  I s o t o p e )  ( kg/day )a Sus t a i  ned (MW ( e )  ) M i l l s / ( k W . h r ) b  

Pu 4.0 

2.5 

1980 

1238 

42 

50 

"233 2.8 

1.8 

2640 

1697 

38 

43 

a. Produc t ion  r a t e s  correspond t o  t h e  Pb t a r g e t  and LMFBR b l a n k e t  des ign f o r  lower  va lues 
(2.5 kg/day Pu and 1 . 8  kg/day U 2 3 3 ,  and t o  t h e  GCFR-type t a r g e t - b l a n k e t  f o r  t h e  h i g h e r  
p r o d u c t i o n  r a t e s .  

b. Assumed A M  break-even power case w i t h  t o t a l  c o s t  o f  $204.6M/yr f o r  Pb-LMFBR and 
$222.9M/yr f o r  t h e  GCFR-type des ign,  w i t h  n o n - f i s s i l e  LWR p r o d u c t i o n  c o s t s  of 

m i l l s  
kW - h r '  25 - 

0-l 
P 
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e s t i m a t e  range f o r  23,5U recovered f rom low-grade uranium o r e  u t i 1  i z i n g  
I 

s e p a r a t i v e  work c a p a c i t y  n o t  c u r r e n t l y  a v a i l a b l e .  

o f  233U over  Pu as a thermal r e a c t o r  f u e l  i s  t r a n s l a t e d  i n t o  an economic 

advantage i n  power c o s t s , i n  s p i t e  o f  t h e  lower  233U p r o d u c t i o n  r a t e s .  

The n e u t r o n i c  advantage 

" j  

I .  - 
Est imated Power Cost and Power Level  Susta ined f o r  A Symbiot ic  R e l a t i o n s h i p  
Between The Accelerator -Breeder  and Pebble Bed Near-Breeder Reactors 

Table VI-9 presents  a l i f e t i m e  h i s t o r y  o f  a s y m b i o t i c  a c c e l e r a t o r -  

breeder-pebble bed near breeder r e a c t o r  network system. Time-dependent 

power p r o d u c t i o n  r a t e s  and t o t a l  power p r o d u c t i o n  a r e  g iven,  a long w i t h  

average power cos t .  

t a r g e t - b l a n k e t  design, and t h e  r e a c t o r  i n v e n t o r y ,  makeup, and power o u t p u t  

correspond t o  t h e  J u l i c h  design, l88dera ted  t o  0.90 convers ion r a t i o ,  

i n c l u d i n g  process ing  losses .  Table VI-9 es t imates  t h a t  t h e  a c c e l e r a t o r -  

breeder can p r o v i d e  t t ie  i n v e n t o r y  and makeup requi rements f o r  up t o  f o u r  

1200 MW(e) pebble bed near-breeder r e a c t o r s .  Th is  a l l o w s  t h e  s t a r t u p  o f  

a 1200 MW(e) p l a n t  ro 'ughly every  s i x  years. '  I n  a 30-year l i f e t i m e ,  t h e  

f u e l  produced enables t h e  genera t ion  o f  130.4 GW(e) o v e r  a 66-year power 

p roduc t ion  p e r i o d .  

The acce le ra to r -b reeder  considered i s  t h e  GCFR-type 

The average f i s s i l e  c o s t  f o r  t h e  power produced i n  

t h i s  system i s  about 6 m i l l s / k w . h r ,  h h i c h  g i v e  

power c o s t  o f  31 m i l l s / k w . h r ,  assuming n o n - f i s s i l e  power cos ts  o f  25 

m i l l s / k w . h r .  T h i s  power c o s t  [31 m i l l s / k w . h r ]  i s  q u i t e  comparable t o  

t h a t  es t imated  f o r  1980-v in tage LWR-produced power a t  $30-$5O/g 2 3 % .  

Al though an 80% c a p a c i t y  f a c t o r  i s  a l m i t t e d l y  o p t i m i s t i c  and may even 

c o n s t i t u t e  an upper bound, t h e  economics o f  a c c e l e r a t o r  -breeder, advanced 

c o n v e r t e r  symbiosis appears p romis ing  even a t  lower  a v a i l a b i l i t y  f a c t o r s .  

For  example, i f  t h e  above a c c e l e r a t o r  breeder  operates a t  50% c a p a c i t y ,  

o t a l  es t imated  average 

t h e  f i s s i l e  c o s t  f o r  a symbio t ic  system w i t h  t h e  pebble-bed r e a c t o r  
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descr ibed i n  Table VI-9 i s  s t i l l  o n l y  10 m i l l s / k w . h r ,  which i s  comparable 

t o  LWR produced-power a t  $125/g 2 3 5 U .  Even f o r  t h e  a c c e l e r a t o r  breeder  

model w i t h  t h e  lower  p r o d u c t i o n  r a t e  (1 .8  kg 233U/day) o p e r a t i n g  a t  50% 

capac i ty ,  t h e  f i s s i l e  c o s t  f o r  a s y m b i o t i c  system w i t h  t h e  pebble-bed 

advanced c o n v e r t e r  f rom Table VI-9 appeared comparable t o  LWR produced- 

power a t  % $2OO/g 23%. 

Economic Observat ions 

1. F i s s i l e  m a t e r i a l  produced by t h e  acce le ra to r -b reeder  appears c o m p e t i t i v e  

w i t h  low-grade uranium sources. 

Symbiot ic  r e l a t i o n s h i p s  between t h e  acce le ra to r -b reeder  on a Th-233U 

c y c l e  and advanced conver te rs  appear p romis ing  f o r  t h e  development of  

1 arge-capaci  t y  power g r i d s  . 
Produc t ion  o f  233U shows a d e f i n i t e  n e u t r o n i c  advantage over  Pu, even 

a t  lower  2 3 3 U  p r o d u c t i o n  r a t e s .  

F i s s i l e  p r o d u c t i o n  c o s t s  show l i t t l e  v a r i a t i o n  f rom low-power t o  

break-even o p e r a t i  on. 

Est imated power p r o d u c t i o n  cos ts  appear p romis ing  enough t o  war ran t  

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

2. 

3 .  

4. 

5. 
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Tab1 e V I -  9. Specul a t  i ve Symbiot i c Re1 a t  i ons h i  p Between 
Accelerator -Breeder  and Pebble Bed Near-Breeders Over 30 Years 

1. Accelerator -Breeder  produces 2.8 kg U233/day (818.2 k g / y r  a t  80% 

c a p a c i t y )  and l o s e s  2% i n  reprocess ing.  
Pebble-Bed Near-Breeder has i n v e n t o r y  o f  2900 kg U233 ,  r e q u i r e s  

144 k g / y r  makeup f o r -  1200 MW(e) p lant , ' *  dera ted  f rom 0.97 convers ion 

r a t i o  t o  0.90, i n c l u d i n g  process ing losses.  

2. 

3. H i s t o r y  o f  a c c e l e r a t o r  l i f e t i m e :  

P l a n t  Power Power Produced 
(Consecut ive) (MW (e)  ) (MW(e).Yr a t  75% Capac i ty )  

3.62 0 0 
4.41 1200 3,968 
5.64 2400 10,159 

'7.84 - 3600 ' 21,171 
8.49 4800 30,564 

TOTAL 30 Years , 65,862 

4. P e r i o d  a f t e r  a c c e l e r a t o r  shutdown (assuming r e a c t o r s  have 30-year 

l i f e t i m e ,  and u t i l i z i n g  remain ing 1917 kg U 2 3 3  a t  end a c c e l e r a t o r  

1 i f e t i m e )  

P l a n t  Power Power Produced 
(Consecut ive)  (MW ( e ) )  (MW(e).Yr a t  75% Capac i ty )  

3.33 4800 11,981 
12,690 
22,477 

4.70 3600 
12.49 2400 
19.35 ; 1 -1200 17; 397 

130,407 
! TOTAL 40 Years , . . .  - <I t 64,545 

. I  . 
GRAND TOTAL 70 Years 

5. F i s s i l e  Econom'ics - 'Assuming a c c e l e r a t o r  operates a t  power break-even 
and ($222.9 M j y r ) ,  can-produce f u e l  f o r  1'30.4 GW(e) o v e r  70-year 
p e r i o d  a t  a f i s s i J e  c o s t  o f  about 16 
est imated power c o f  31 m., w i t h  , _  n o n - f i s s i ! e  power charges o f  

25 A f u l l  i n v e n t o r y  (2900 kg  233U)  remains a t  t h e  conc lus ion  

o f  t h e  above scenar io .  

.. T h i s  g i v e s  a t o t a l  

kW.hr ' 
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V I I .  CONCLUSIONS 

If economic f e a s i  b i l  i t y  f o r  ABACS i s  reasonably c l o s e  t o  o u r  c u r r e n t  

est imates,  t h i s  i s  an a t t r a c t i v e  a l t e r n a t i v e  t o  t h e  f a s t  breeder.  With 

advanced conver te r  r e a c t o r s ,  ABACS c o u l d  supply  a s u b s t a n t i a l  f r a c t i o n  

o f  our  e l e c t r i c i t y  demand f o r  a thousand o r  more years  a t  a c o s t  o f  

about 30 mi l ls /kWh i n  c u r r e n t  d o l l a r s .  The ABACS a l t e r n a t i v e  w i t h o u t  

development o f  advanced conver te rs  g ives  e l e c t r i c i t y  cos ts  o f  about 45 

mi l ls /kWh which may be a t t r a c t i v e  c o n s i d e r i n g  non-nuclear a l t e r n a t i v e s .  

Another impor tan t  f a c t o r  o f  ABACS, however, i s  t h a t  a c c e l e r a t o r  

breeders appears i n h e r e n t l y  s a f e r  than t h e  f a s t  breeders and a l l o w  

g r e a t l y  increased f l e x i b i l i t y  i n  t h e  f u e l  c y c l e  which p e r m i t s  m i t i g a t i o n  

o f  severa l  o f  t h e  perce ived problems o f  f i s s i o n  technology.  

n e x t  30 t o  100 years,  o u r  concerns may vary  r e g a r d i n g  s a f e t y ,  waste 

d i s p o s a l ,  and d i v e r s i o n ,  b u t  t h e  ABACS f l e x i b i l i t y  a l l o w s  adjustment o f  

Over t h e  

t h e  f u e l  c y c l e  t o  meet changing concerns. 

F i g u r e  V I I - 1  show two o f  t h e  many poss ib  

a v a i l a b l e  w i t h  ABACS. Note t h a t  t h e  P u  c y c l e  

w i t h  18.8 kg lday i n  Pu239 f l o w .  The U 2 3 3  cyc 

~ 

e symbio t ic  f u e l  c y c l e s  

suppor ts  about 2000 MWe 

e w i t h  an advanced c o n v e r t e r  

w i t h  CR = .90 i n c l u d i n g  process ing  losses  suppor ts  n e a r l y  7000 MW(e), 

and t h e r e  i s  a c y c l e  f l o w  o f  53 kg lday which i s  p r o p o r t i o n a l l y  l e s s  than 

t h a t  f o r  t h e  Pu c y c l e .  

o u t p u t  p e r  a c c e l e r a t o r  a t  t h e  lowest  power c o s t .  

hazard i s  reduced by as much as l o 6  w i t h  t h e  i s o t o p e  cha in  e s s e n t i a l l y  

The U233 c y c l e  suppor ts  t h e  maximum e l e c t r i c a l  

A lso t h e  a c t i n i d e  

t e r m i n a t i n g  w i t h  Np237. 
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6 :  s -  L i 

F i g .  VII.l. ABACS for'  Pu and U 2 3 3  Cycles 
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F igure  V I I - 2  shows two a d d i t i o n a l  o p t i o n s .  I n  t h e  denatured f u e l  

c y c l e  t h e  U 2 3 3  o u t p u t  f rom t h e  a c c e l e r a t o r  i s  d i l u t e d  t o  7% i n  U 2 3 8  t o  

make t h e  m a t e r i a l  u n a t t r a c t i v e  f o r  d i v e r s i o n ,  and t h e  uranium m i x t u r e  

i s  f u r t h e r  mixed w i t h  thor ium. 

1 t o  2 r a t i o s  w i t h  a CR = .68. The a c c e l e r a t o r  burns p 1 . 1 ~ 3 ~  which boosts 

U 2 3 3  p r o d u c t i o n  t o  about 6 kg/day. 

c i r c u l a t i o n  f o r , 2 0 0 0  MW(e) genera t ion  and t h a t  i s  o n l y  found i n  h i g h l y  

The r e a c t o r  produces PuZ33 and U 2 3 3  a t  

Only 2.4 kg lday  o f  P u 2 3 9  i s  i n  

r a d i o a c t i v e  spent f u e l  a long w i t h  U 2 3 3 ,  U 2 3 8 ,  and Th232 making i t  a l s o  

u n a t t r a c t i v e  f o r  d i v e r s i o n .  A c t i n i d e  waste w i l l  be produced i n  t h i s  

r a t i o  

c i  r c u  

would 

would 

c y c l e ,  but ,  l i k e  t h e  plutonium, i t  can be burned i n  t h e  a c c e l e r a t o r  

b l a n k e t  which e f f e c t i v e l y  conver ts  t h e  a c t i n i d e s  t o  U 2 3 3 .  

U 2 3 4 ,  U 2 3 5  f u e l  p r o d u c t i o n  i s  n o t  w e l l  understood, b u t  we do know t h a t  such 

f u e l  can be produced i n  t h e  a c c e l e r a t o r  b l a n k e t  and t h a t  t h e  convers ion 

The U233, 

m a t e r i a l  

l e  which 

c y c l e  

f o r  t h e  r e a c t o r s  may exceed u n i t y  f o r  such a f u e l .  The 

a t i n g  i n  t h e  f u e l  c y c l e  would be approx imate ly  50% f i s s  

make i t  somewhat l e s s  a t t r a c t i v e  f o r  d i v e r s i o n ,  and t h e  

produce e s s e n t i a l  

Table V I I - 1  s t a t e s  

LMFBR. Because ABACS n 

y no a c t i n i d e  waste. 

t h e  major  advantages o f  ABACS r e l a t i v e  t o  t h e  

v e r  exceeds a kef f  o f  .7, e n e r g e t i c  acc idents  

a re  imposs ib le .  The l o s s  of  c o o l a n t  decay heat  induced m e l t i n g  o f  some 

b l a n k e t  m a t e r i a l  i s  t h e  w o r s t  p o s s i b l e  acc ident .  A lso  t h e  a c c e i e r a t o r  

b l a n k e t  conta ins  l e s s  than 1/4 o f  t h e  Pu found i n  an LMFBR and produces 

about t w i c e  t h e  breed ing  produc t .  Table V I I - 2  l i s t s  t h e  f u r t h e r  advantages 

o f  t h e  U 2 3 3  c y c l e  ABACS compared w i t h  t h e  Pu c y c l e .  

much e l e c t r i c a l  c a p a c i t y  i s  supported p e r  a c c e l e r a t o r .  

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

Up 

A pure  U 2 3 3  f u e  

t o  f o u r  t imes 

Some p o s s i b l e  

c y c l e  essent  

as 

a1 l y  
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POSSIBLE SYSTEMS 

239 2.4 KG/DA PU 
233 KG/DA U 

\ 

232 FABR I CAT I ON 233/ Th 10.5 KG/DA U 

WASTE 

DENATURED 7% U-233 I N  U-238 CYCLE 

Th232 

1973 MWE 

CONVERTERS 

CR = .68 

CONVERTERS 
CR = ? 

WASTE 

F i g .  VII.2. ’ ABACS Flow Sheets for. Denatured Fuel Cycles 
I I _  
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Table VII-1.  Advantages of  Pu Cycle ABACS vs LMFBR 

1 .  ABACS eliminates potential for  energetic accidents. 

2 .  ABACS Pu inventorv i n  breeder is  much less .  

Table VII-2.  Advantages of U233 Cycle vs Pu Cycle ABACS 

1 .  More e lec t r ica l  capacity supported. 

2 .  Denatured U 2 3 3  fuel cycles may mitigate diversion 

and pro1 i feration threats .  

3 .  A U 2 3 3  fuel cycle would substantially reduce 

actinide hazard.  

ABACS breeder s u p p l y i n g  U 2 3 3  enables use of 4. 

advanced converters. 
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,- 

e l  im ina tes  a c t i n i d e  waste. 

U 2 3 3  d i r e c t l y  f rom T i 2 3 2  enables t h e  use o f  advanced conver te rs  which 

requ r e  an i n i t i a l  l o a d  of U 2 3 3  r a t h e r  than U 2 3 5  i n  o r d e r  t o  f u n c t i o n  

we1 1 

L a s t l y ,  t h e  a c c e l e r a t o r  breeder by producing 

O v e r a l l  conc lus ions  a r e  l i s t e d  i n  Table VII-3. The p o t e n t i a l  

a p p l i c a t i o n  o f  severa l  o f  t h e  p o s s i b l e  f u e l  c y c l e s  l o o k s  promis ing.  

Much needs t o  be done, however, t o  b u i l d  up a body o f  des ign exper ience 

needed t o  assess t h e  eng ineer ing  f e a s i b i l i t y  o f  a c c e l e r a t o r  breeding. 

It should be noted t h a t  these p r e l i m i n a r y  c o s t  es t imates  f o r  t h e  

a c c e l e r a t o r  breeder  a r e  s u b j e c t  t o  many u n c e r t a i n t i e s  i n  a c c e l e r a t o r  and 

t a r g e t  performance, ' a v a i l a b i l i t y ,  breeding, and i n  t h e  r e l i a b i l i t y  o f  t h e  

combined a c c e l e r a t o r  breeder  power p r o d u c t i o n  system. I n  p a r t i c u l a r ,  t h e  

U3Oa o r e  and SWU c o s t  es t imates  g iven i n  Table VI-6 assume a f a i r l y  aggress ive,  

expanding n u c l e a r  economy, and a n u c l e a r  slowdown would r e s u l t  i n  a c o r -  

responding r e d u c t i o n  i n  o r e  p r i c e  and SWU c o s t  e s c a l a t i o n .  

. .  . .  , , ' .  
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1 

Table VII-3. O v e r a l l  Conclusions 

A c c e l e r a t o r  b reed ing  i s  t e c h n i c a l  l y  f e a s i b l e  based on moderate 

ex tens ions  o f  p resent  technology, b u t  much work must be done 

be fo re  engi  n e e r i  ng f e a s i  b i  1 i t y  i s  known. 

2. Al though U238-Pu239  p r o d u c t i o n  may be 25% h i g h e r  than Th232-U233 

produc t ion ,  t h e  U 2 3 3  p r o d u c t i o n  i s  more impor tan t  because o f  

lower  makeup requirements i n  t h e  conver te rs ,  improved s a f e t y  and 

safeguards concerns, and the  e l i m i n a t i o n  o f  a c t i n i d e  waste. 

3. I n  o r d e r  t o  keep t h e  power l e v e l  n e a r l y  cons tan t ,  t h e  a c c e l e r a t o r  

breeder t a r g e t  and b l a n k e t  f u e l  must be processed n e a r l y  con t inuous ly .  

High e f f i c i e n c y  coo lan ts  degrade t h e  neu t ron  spectrum and sub- 4. 

s t a n t i a l l y  lower  fue  

5 .  R a d i a t i o n  damage may 

s t r u c t u r e s .  

p roduc t i on .  

s e v e r e l y  1 i m i  t 

6. The p o t e n t i a l  f o r  a c c e l e r a t o r  breed 

t o  determine conceptual f e a s i  b i  1 i t y  

economic judgement. 

t h e  1 i f e t i m e s  o f  t a r g e t / b l a n k e t  

ng j u s t i f i e s  an i n i t i a l  study 

w i t h i n  sound eng ineer ing  and 
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