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A b s t r a c t 

An improved d e s i g n o f t he HIBALL i n e r t i a ! - c o n f i n e m e n t f u s i o n power s t a t i o n i s 

p r e s e n t e d . The new R F - l i n a c based heavy i o n d r i v e r has improved c o n c e p t s f o r 

beam s t a c k i n g , b u n c h i n g and f i n a l f o c u s i n g . The new t a r g e t d e s i g n t a k e s i n t o 

a c c o u n t r a d i a t i o n t r a n s p o r t e f f e c t s i n a c o a r s e a p p r o x i m a t i o n . The sys tem o f 

f o u r r e a c t o r s w i t h a net t o t a l o u t p u t o f 3 . 8 GW e l e c t r i c i s e s s e n t i a l l y t h e 

same as d e s c r i b e d e a r l i e r , howeve r , p r o g r e s s i n t h e a n a l y s i s has enhanced i t s 

c r e d i b i l i t y and s e l f - c o n s i s t e n c y . C o n s i d e r a t i o n s o f e n v i r o n m e n t a l and s a f e t y 

a s p e c t s and c o s t e s t i m a t e s a r e g i v e n . 

H I B A L L - I I - E i n e v e r b e s s e r t e K o n z e p t s t u d i e f ü r e i n e n s c h w e r i o n e n g e t r i e b e n e n 

F u s i o n s r e a k t o r 

Zusammenfassung 

Es w i r d e i n v e r b e s s e r t e r E n t w u r f des T r ä g h e i t s f u s i o n s k r a f t w e r k e s HIBALL v o r g e 

s t e l l t . Der neue S c h w e r i o n e n t r e i b e r au f de r B a s i s e i n e s H o c h f r e q u e n z - L i n a c 

w e i s t v e r b e s s e r t e K o n z e p t e f ü r S t a c k i n g , B u n c h i n g und E n d f o k u s s i e r u n g a u f . 

Der neue T a r g e t e n t w u r f b e r ü c k s i c h t i g t i n g r o b e r Näherung S t r a h l u n g s t r a n s p o r t 

e f f e k t e . Das Sys tem von v i e r R e a k t o r e n m i t 3 . 8 GW e l e k t r i s c h e r N e t t o g e s a m t 

l e i s t u n g g l e i c h t im w e s e n t l i c h e n dem f r ü h e r b e s c h r i e b e n e n , wurde j e d o c h h i n 

s i c h t l i c h G l a u b w ü r d i g k e i t und K o n s i s t e n z v e r b e s s e r t . Es werden B e t r a c h t u n g e n 

z u r U m w e l t b e e i n f l u s s u n g und S i c h e r h e i t sow ie Kos tenschä t zungen a n g e g e b e n . 
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PREFACE 

HIBALL (Heavy J o n jteams and L i t h i u m Lead) i s a c o n c e p t u a l r e a c t o r d e s i g n 

s t u d y f o r i n e r t i a ! c o n f i n e m e n t f u s i o n ( I C F ) w i t h beams o f heavy i o n s . The 

HIBALL s tudy was s t a r t e d i n J a n u a r y 1980 and r e s u l t e d i n t he p u b l i c a t i o n o f a 

r e p o r t i n 1981 e n t i t l e d "H IBALL - A C o n c e p t u a l Heavy Ion Beam D r i v e n F u s i o n 

R e a c t o r S t u d y , " ( K f K - 3 2 0 2 / U W F D M - 4 5 0 ) . T h a t r e p o r t w i l l some t imes be q u o t e d as 

" H I B A L L - I " i n the p r e s e n t r e p o r t . S u b s e q u e n t l y , i t was d e c i d e d to o p t i m i z e 

the HIBALL d e s i g n and a d d r e s s some c r i t i c i s m s o f the H I B A L L - I d r i v e r c o n c e p t . 

The p r e s e n t s t u d y was c o n d u c t e d by r e s e a r c h g r o u p s o f the 

K e r n f o r s c h u n g s z e n t r u m K a r l s r u h e ( K f K ) 

G e s e l l s c h a f t f ü r S c h w e r i o n e n f o r s c h u n g , D a r m s t a d t (GSI ) 

F u s i o n Power A s s o c i a t e s (FPA) and the U n i v e r s i t y o f W i s c o n s i n , F u s i o n 

T e c h n o l o g y I n s t i t u t e (UW) 

I n s t i t u t fü ' r P l a s m a p h y s i k , G a r c h i n g ( I P P ) , and 

I I . P h y s i k a l i s c h e s I n s t i t u t , U n i v e r s i t ä ' t G i e s s e n . 

The o v e r a l l HIBALL s tudy i s p a r t o f a b a s i c r e s e a r c h p rog ram e s t a b l i s h e d 

by the German F e d e r a l M i n i s t r y o f R e s e a r c h and T e c h n o l o g y ( B M F T ) . T h i s p r o 

gram i s a imed a t t he i n v e s t i g a t i o n o f key p r o b l e m s i n the f i e l d s o f a c c e l e 

r a t o r r e s e a r c h , a t o m i c p h y s i c s , t a r g e t p h y s i c s and r e a c t o r d e s i g n . A n o t h e r 

main p u r p o s e i s t o examine the p r e s e n t c o n v i c t i o n , g e n e r a l l y a c c e p t e d i n the 

a c c e l e r a t o r c o m m u n i t y , t h a t no f u n d a m e n t a l p h y s i c s p r o b l e m s i n h i b i t the use o f 

heavy i o n s as a d r i v e r f o r I C F . 

NOTE 

T h i s r e p o r t was p r i n t e d i n two e d i t i o n s , one a t F P A / U n i v e r s i t y o f W i s c o n s i n 

and s u b s e q u e n t l y t he p r e s e n t one a t K f K . F o r t he p r e s e n t e d i t i o n some m i s t a k e s 

have been c o r r e c t e d . 
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1. INTRODUCTION 

1.1 G e n e r a l P e r s p e c t i v e s 

I n e r t i a ! C o n f i n e m e n t F u s i o n ( I C F ) i s c o n s i d e r e d as an a l t e r n a t i v e t o 

M a g n e t i c C o n f i n e m e n t F u s i o n , w i t h the g o a l , i n b o t h c a s e s , o f e x p l o i t i n g the 

e n e r g y r e l e a s e d f r om t h e r m o n u c l e a r f u s i o n r e a c t i o n s to p r o d u c e e l e c t r i c e n e r 

g y . In the c a s e o f I C F , t h i s i s a c c o m p l i s h e d by i m p l o d i n g t a r g e t s c o n t a i n i n g 

DT f u e l to v e r y h i g h d e n s i t i e s (1000 x l i q u i d d e n s i t y ) w i t h the use o f i n t e n s e 

beams o f pho tons o r c h a r g e d p a r t i c l e s . The d e v e l o p m e n t o f ICF s t a r t e d l a t e r 

(~ 1961) and w i t h s u b s t a n t i a l l y l e s s f i n a n c i a l s u p p o r t t han m a g n e t i c f u s i o n . 

Because o f t h i s f a c t , a s w e l l as the e m p h a s i s on m i l i t a r y r a t h e r t han c i v i l i a n 

a p p l i c a t i o n s i n the U n i t e d S t a t e s , the ICF a p p r o a c h t o e l e c t r i c power g e n e 

r a t i o n i s n o t as w e l l d e v e l o p e d a t t h i s t ime as the m a g n e t i c f u s i o n a p p r o a c h . 

H o w e v e r , i n e r t i a l c o n f i n e m e n t f u s i o n has many a t t r a c t i v e f e a t u r e s , i n c l u d i n g : 

the s e p a r a t i o n o f the d r i v e r f r om the r e a c t o r c a v i t y w i t h i t s h i g h l e v e l o f 

r a d i o a c t i v i t y , and a r e l a t i v e l y s i m p l e geomet ry f o r the n u c l e a r s y s t e m (com

p a r e d w i t h tokamak r e a c t o r s ) w h i c h g i v e s g r e a t e r d e s i g n f l e x i b i l i t y a l o n g w i t h 

b e t t e r m a i n t e n a n c e a c c e s s i b i l i t y o f the r e a c t o r . On the o t h e r h a n d , new 

p r o b l e m s r e l a t e d t o the p u l s e d r e l e a s e o f e n e r g y (~ 10 s) r e q u i r e i n n o v a t i v e 

p r o t e c t i o n schemes f o r t he f i r s t w a l l and t he f i n a l componen ts t h a t f o c u s the 

d r i v e r beams on to the t a r g e t . 

The s p e c i f i c d e s i g n and o v e r a l l e c o n o m i c s o f an ICF r e a c t o r a r e m a i n l y 

d e t e r m i n e d by the c h o i c e o f d r i v e r and the t a r g e t c h a r a c t e r i s t i c s . Heavy i o n 

beams, f r om a c c e l e r a t o r s ys tems s i m i l a r t o t h o s e w i d e l y used i n h i g h e n e r g y 

p h y s i c s , have been c o n s i d e r e d s i n c e 1975-76 as an a t t r a c t i v e d r i v e r c h o i c e f o r 

r e a c t o r s . T h i s i s b e c a u s e they can d e l i v e r l a r g e amounts o f e n e r g y pe r p u l s e 

a t a h i g h r e p e t i t i o n f r e q u e n c y . However , on the way to c o m m e r c i a l r e a c t o r s , 

d i f f e r e n t c r i t e r i a m i g h t f a v o r o t h e r d r i v e r s f o r e x p e r i m e n t a l p r o o f - o f - p r i n c i p i e 

d e v i c e s o r f o r a s i n g l e s h o t f a c i l i t y . 

A m a j o r t a r g e t p h y s i c s r e q u i r e m e n t common t o a l l d r i v e r s - w h e t h e r 

l a s e r s , 1 i g h t i o n s o r heavy i o n s - i s t h a t a few mega j o u l e s o f e n e r g y , a t 

s e v e r a l h u n d r e d s o f t e r a w a t t s o f power s h o u l d be d e l i v e r e d o n t o a t a r g e t o f a 

few mm r a d i u s t o a c h i e v e c o m p r e s s i o n and i g n i t i o n w i t h h i g h g a i n . Heavy i o n s 

a r e the o n l y c a n d i d a t e w h i c h p e r m i t e s s e n t i a l l y b a l l i s t i c beam t r a n s p o r t to 

the t a r g e t and c l a s s i c a l d e p o s i t i o n o f e n e r g y i n the t a r g e t a b l a t o r s h e l 1 . 

T h i s i s due t o the f a c t t h a t , b a s e d on the same c l a s s i c a l p e n e t r a t i o n d e p t h , 

the e n e r g y o f v e r y heavy i o n s (A > 200) can be on the o r d e r o f 10 GeV, w h e r e a s 
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the e q u i v a l e n t e n e r g y o f v e r y l i g h t i o n s i s be low 10 MeV. As a c o n s e q u e n c e , 

the same demand f o r beam power has to be met w i t h megaamperes o f 1 i g h t i o n s 

( a l o n g w i t h p o s s i b l e c o l l e c t i v e e f f e c t s i n b o t h the c a v i t y t r a n s p o r t and the 

t a r g e t d e p o s i t i o n r e g i o n ) whe reas heavy i o n beam c u r r e n t s can r e m a i n i n t he 

k i l o a m p e r e r a n g e . I t i s g e n e r a l l y a c c e p t e d n o w ^ ~ ^ t h a t t h e s e r e q u i r e m e n t s 

can be met — a t l e a s t i n p r i n c i p l e — w i t h e x i s t i n g a c c e l e r a t o r t e c h n o l o g y . 

T h i s t e c h n o l o g y has o t h e r s i g n i f i c a n t a d v a n t a g e s . 

• A h i g h e f f i c i e n c y o f 20-25% i s c r e d i t e d to h i g h e n e r g y a c c e l e r a t o r s . T h i s 

a l l o w s f o r " c o n s e r v a t i v e " t a r g e t d e s i g n w i t h a l l o w a b l e t a r g e t g a i n o f l e s s 

t h a n 1 0 0 . 

• A h i g h d r i v e r r e p e t i t i o n r a t e o f 10 Hz o r more i s r e a l i z a b l e f o r t he RF 

a c c e l e r a t o r b a s e d s c e n a r i o . Such an a c c e l e r a t o r can s u p p o r t s e v e r a l r e 

a c t o r c a v i t i e s , t he number o f w h i c h i s d e t e r m i n e d by the t i m e needed t o r e 

e s t a b l i s h beam p r o p a g a t i o n c o n d i t i o n s . 

• H i g h w o r k i n g r e l i a b i l i t y (70-80%) can be e x t r a p o l a t e d f r o m e x i s t i n g a c c e l e 

r a t o r s . 

• The o p t i o n o f u s i n g q u a d r u p o l e magnets to b a l l i s t i c a l l y f o c u s a beam on 

t a r g e t — as though i n vacuum — i s a v a i l a b l e . T h i s p r o v i d e s an i n d e p e n 

dence f r om p lasma c h a n n e l t r a n s p o r t schemes (as needed f o r l i g h t i o n 

f u s i o n ) w h i c h c a n n o t y e t be a s s e s s e d f o r a r e a c t o r w i t h the p r e s e n t l e v e l 

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

On the o t h e r h a n d , i t has become c l e a r s i n c e the f i r s t Heavy Ion F u s i o n 

S t u d y a t B e r k e l e y ^ i n 1976 t h a t the s i z e and c o s t o f a heavy i o n d r i v e r w i l l 

be c o n s i d e r a b l e and such f a c t o r s c e r t a i n l y have a ma jo r i n f l u e n c e on the a n t i -

c i p a t e d c o s t o f e l e c t r i c i t y . T h i s g i v e s s t r o n g j u s t i f i c a t i o n t o a c o m p l e t e 

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

1.2 D e s i g n O b j e c t i v e s o f H I B A L L - I I S tudy 

The e a r l y s t u d i e s o f Heavy Ion F u s i o n (HIF) c o n c e p t s were f o c u s e d on the 

a c c e l e r a t o r s c e n a r i o s o n l y . I t seemed j u s t i f i e d to i g n o r e the r e a c t o r b e c a u s e 

o f the l o o s e c o u p l i n g be tween the d r i v e r and the r e a c t o r c h a m b e r . Howeve r , 

t h e r e a r e s e v e r a l i m p o r t a n t r e a s o n s to c o n s i d e r b o t h componen ts s i m u l t a n e o u s l y 

and a few o f t h e s e a r e 1 i s t e d b e l o w . 

a ) The p h y s i c a l i n t e r f a c e be tween the " h a r s h " r e a c t o r e n v i r o n m e n t and the 

" c l e a n " a c c e l e r a t o r e n v i r o n m e n t must be d e f i n e d i n o r d e r t o d e t e r m i n e i f 

t h e y can b o t h o p e r a t e w i t h i n t he r e q u i r e d p a r a m e t e r s . 
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b) The i m p a c t o f r a d i a t i o n l e a k a g e on the f i n a l f o c u s i n g magnet t r a i n must be 

c o n s i d e r e d . 

c ) The use o f b a l l i s t i c f o c u s i n g depends on the c a v i t y e n v i r o n m e n t and t h e r e 

f o r e q u e s t i o n s a b o u t beam t r a n s m i s s i o n and r e a l i s t i c r e p e t i t i o n r a t e s must 

be s e t t l e d . 

d) The c o s t o f e l e c t r i c i t y depends on b o t h the d r i v e r and n u c l e a r s y s t e m s and 

the e f f e c t s o f t e c h n o l o g y changes on the f i n a l e c o n o m i c s must be w e i g h e d 

i n r e l a t i o n t o b o t h s y s t e m s . 

The f i r s t s t u d y t h a t p u t e q u a l w e i g h t on b o t h the d r i v e r and the r e a c t o r 

was the HIBALL s t u d y ( h e r e a f t e r r e f e r r e d to as H I B A L L - I ) c o n d u c t e d j o i n t l y i n 

1980 t h r o u g h 1 9 8 1 , by s c i e n t i s t s i n the F e d e r a l Repub 1 i c o f Germany and t he 

U n i t e d S t a t e s . ^ W h i l e t h a t s t u d y i n t r o d u c e d s e v e r a l new c o n c e p t s f o r b o t h 

t h e d r i v e r and r e a c t o r c a v i t y , some q u e s t i o n s r e m a i n e d t o be a d d r e s s e d . 

T h e r e f o r e the H I B A L L - I I s t u d y was i n i t i a t e d , a t a low l e v e l , i n 1 9 8 2 . The 

ma in e m p h a s i s o f H I B A L L - I I was t o p r e s e n t a new and i m p r o v e d d r i v e r d e s i g n and 

t o c o r r e c t some p r o b l e m s e n v i s i o n e d w i t h the H I B A L L - I f i n a l f o c u s i n g t r a i n . 

T h i s r e p o r t documents t h o s e c h a n g e s and i n c l u d e s s e v e r a l o t h e r i m p r o v e m e n t s i n 

the o v e r a l l s c e n a r i o as w e l l . 

F i n a l l y , i t i s i m p o r t a n t t o a p p r e c i a t e the c o n t e x t i n w h i c h the commer

c i a l H I B A L L - I I r e a c t o r s h o u l d be p e r c e i v e d . The re must be a t l e a s t t h r e e 

m a j o r e v e n t s l e a d i n g up to the c o n s t r u c t i o n o f a d e v i c e 1 i k e H I B A L L - I I . 

1) A " s c i e n t i f i c b r e a k e v e n " d e v i c e ( ene rgy o u t o f t a r g e t / e n e r g y i n t o 

t a r g e t = 1) w i l l have t o be b u i 1 t and o p e r a t e d . 

2) An E n g i n e e r i n g T e s t F a c i l i t y w i l l have t o be b u i l t t o show t h a t the compo

n e n t s o f H I B A L L - I I can s t a n d the t e m p e r a t u r e , s t r e s s , and n e u t r o n damage 

e n v i s i o n e d i n a c o m m e r c i a l s y s t e m . 

3) A D e m o n s t r a t i o n P l a n t w i l l have t o be b u i 1 t w h i c h p r o d u c e s s i g n i f i c a n t 

amounts o f n e t e l e c t r i c i t y and has a t r i t i u m b r e e d i n g r a t i o g r e a t e r t h a n 

o n e . 

H I B A L L - I I w i l l t h e n be the b e n e f i c i a r y o f two to t h r e e d e c a d e s o f r e 

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

e c o n o m i c a l f a s h i o n . 

1 . 2 . 1 D r i v e r S c e n a r i o 

The t a s k o f t h e HIBALL d r i v e r i s t o p r o d u c e a h i g h beam i n t e n s i t y w i t h i n 

a s i x - d i m e n s i o n a l phase space vo lume ( i . e . , r , z , 8, P r , P z , P Q ) t h a t i s s m a l l 

enough t o be f o c u s e d o n t o a 7 mm d i a m e t e r t a r g e t , a t a r e a c t o r s t a n d o f f d i s -
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t a n c e o f 8 . 5 m e t e r s , and w i t h a r e p e t i t i o n r a t e o f a t l e a s t 20 H z . We have 

c h o s e n the RF a c c e l e r a t o r and B i i o n s a t 10 GeV t o a c c o m p l i s h t h a t t a s k i n 

b o t h H I B A L L - I and H I B A L L - I I d e s i g n s . The r e q u i r e d e n e r g y pe r p u l s e i s 5 M J . 

The +2 c h a r g e s t a t e o f B i was s e l e c t e d f o r the H I B A L L - I d e s i g n w h i c h 

r e q u i r e d 150 mA o f c u r r e n t to be i n j e c t e d i n t o the 3 km l o n g , 5 GV RF 1 i n a c . 

T h i s was f o l l o w e d by one t r a n s f e r r i n g , 5 c o n d e n s e r r i n g s and 10 s t o r a g e r i n g s 

t o r a i s e the t o t a l c u r r e n t t o 2500 A by a s e r i e s o f s t a c k i n g and b u n c h i n g p r o 

c e d u r e s . F i n a l l y , i n d u c t i o n l i n a c s s u p p l i e d a ramped v o l t a g e o f s e v e r a l 

hund red MV t o a c h i e v e a f i n a l t e n f o l d c o m p r e s s i o n on the l o n g p a t h ( 2 / 3 o f a 

k i l o m e t e r ) to the t a r g e t . The f i n a l c u r r e n t to the c a v i t y was 1250 A p e r beam 

o r 25 kA i n t o t a l . T h i s amounts to 250 TW on t a r g e t a s s u m i n g t h a t 100% o f the 

i o n s h i t the t a r g e t . Two o f the c r i t i c i s m s o f t he H I B A L L - I d r i v e r d e s i g n were 

(1) the l o n g r e s i d e n c e t ime i n the s t o r a g e r i n g s (~ 35 ms) w h i c h m i g h t n o t be 

f e a s i b l e b e c a u s e o f i n s t a b i l i t i e s , and (2) the l a r g e e m i t t a n c e w h i c h r e q u i r e d 

u n r e a s o n a b l y l a r g e and b u l k y f i n a l f o c u s i n g m a g n e t s . 

The c r i t i c i sms o f H I B A L L - I were r e m e d i e d i n H I B A L L - I I by s e v e r a l m a j o r 

c h a n g e s t o the RF a c c e l e r a t o r s c e n a r i o : 

1) B i 2 + was r e p l a c e d by B i * + i n o r d e r t o r e d u c e the s p a c e c h a r g e p r o b l e m s i n 

the s t o r a g e r i n g s , b u t a t the e x p e n s e o f a d d i t i o n a l 1 i n a c l e n g t h ( t o t a l 

now 5 km) . 

2) The f i n a l beam e m i t t a n c e s were r e d u c e d w h i c h r e s u l t e d i n much s m a l l e r beam 

p o r t s i n the r e a c t o r . In s p i t e o f the h i g h e r p a r t i c l e s t i f f n e s s , t he 

s m a l l e r e m i t t a n c e g r e a t l y f a v o r s the d e s i g n o f s m a l l e r l e n s e s , w h i c h can 

a l s o be made w i t h u n s a t u r a t e d i r o n c o r e s . 

3) R e c e n t p r o g r e s s ^ 2 ' 8 ' 9 ) i n the s i m u l a t i o n o f m i c r o w a v e i n s t a b i 1 i t i e s s u g 

g e s t s t h a t , due to f a v o r a b l e n o n l i n e a r e f f e c t s , the a c c e p t a b l e s t o r a g e 

t ime can be made l o n g e r t h a n a n t i c i p a t e d f r om l i n e a r i z e d t h e o r y . On t h i s 

b a s i s we have p r o p o s e d a r e v i s e d a c c e l e r a t o r s c e n a r i o w i t h a 4 ms s t o r a g e 

r i n g f i l l i n g t i m e . 

A c o m p a r i s o n o f some m a j o r p a r a m e t e r s o f the H I B A L L - I and H I B A L L - I I a c 

c e l e r a t o r s c e n a r i o s i s g i v e n be 1ow. A c o n c e p t u a l g r o u n d p l a n o f the H I B A L L - I I 

i n s t a l l a t i o n i s shown i n F i g . 1 . 2 - 1 . 
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P a r a m e t e r H I B A L L - I H I B A L L - I I 

Ion B i 2 + B i 1 + 

RF l i n a c 
Sum v o l tage - GV 5 10 
L e n g t h - km 3 5 

Combined c i r c u m f e r e n t i a l l e n g t h o f a l l 
t r a n s f e r , s t o r a g e and b u n c h e r r i n g s - km 1 5 . 7 2 2 . 2 

Maximum s t o r a g e t ime - ms 40 4 

Combined i n d u c t i o n v o l t a g e o f a l l i n d u c t i o n 
1 i n a c b u n c h e r s - GV 12 

Max. f i e l d ( a t beam edge) i n FF q u a d r u p o l e 
magnets - T 5 .4 1.8 

F i n a l p u l s e : 
T o t a l e n e r g y - MJ 5 5 
E f f e c t i v e w i d t h - ns 20 20 
Number o f beams 20 20 
E l e c t r i c c u r r e n t pe r beam - kA 2 . 5 1 .25 

P u l s e r e p e t i t i o n r a t e - Hz 20 20 

L i n a c e f f i c i e n c y - % 33 33 

T o t a l d r i v e r e f f i c i e n c y - % 27 27 

1 . 2 . 2 T a r g e t D e s i g n 

The t a r g e t ( F i g . 1 . 2 - 2 ) i s the c e n t r a l e l e m e n t o f the r e a c t o r s y s t e m on 

w h i c h the heavy i o n beams a r e f o c u s e d and where the f u s i o n e n e r g y i s r e l e a s e d . 

M o d e s t g a i n t a r g e t s ( f u s i o n e n e r g y / i n p u t beam e n e r g y = 5 0 - 1 0 0 ) a r e r e q u i r e d 

f o r a heavy i o n beam ICF power r e a c t o r . The f e a s i b i l i t y o f such t a r g e t s i s 

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

men ta l t e s t s o f such t a r g e t s . F o r the t ime b e i n g , one has to r e l y on p a r a 

me t e r mode ls and n u m e r i c a l s i m u l a t i o n . 

The c h o s e n w o r k i n g p o i n t f o r the H I B A L L - I t a r g e t ( i n p u t beam e n e r g y - 4 . 8 

M J , r e l e a s e d f u s i o n e n e r g y - 400 M J , and g a i n - 83) was w e l l j u s t i f i e d by 

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

c i e n c y , c o n v e r g e n c e r a t i o , c o l d f u e l i s e n t r o p e , i g n i t i o n p r e s s u r e and bu rn 

r a t e . The work a t KfK c o r r e l a t e d t h e s e p a r a m e t e r s w i t h the i o n e n e r g y o f the 

beam and maximum beam power as w e l l as t a r g e t geomet ry t o a l l o w f o r a g e n e r a l 

o p t i m i z a t i o n . The p h y s i c s o f heavy i o n s t o p p i n g i n h o t dense p l asma has been 

i n v e s t i g a t e d , and a c t u a l r a n g e s and d e p o s i t i o n p r o f i l e s have been c a l c u l a t e d 

f o r a s p e c i f i c t a r g e t c o n f i g u r a t i o n . As a f i r s t a t t e m p t , a c r y o g e n i c s i n g l e 
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C > Combiner septum 
RF« Big RF cavity 

DEB« Oibuncntr 

F i g . 1 . 2 - 1 . H IBALL- I I ground p l a n . 
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s h e l l d e s i g n has been c h o s e n , c l o s e l y f o l l o w i n g a L i v e r m o r e d e s i g n f o r l i g h t 

i o n beam f u s i o n . The o b j e c t i v e was to s t u d y o n e - d i m e n s i o n a l i m p l o s i o n s o f 

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

t h a n to p r e s e n t an o p t i m a l d e s i g n w h i c h , a t the moment, i s beyond the c a p a -

b i 1 i t i e s o f the g r o u p s i n v o l v e d . The s p e c t r a o f X - r a y s and i o n s e m e r g i n g f rom 

the b u r n i n g t a r g e t a s w e l l as the t a r g e t n e u t r o n i c s have been c a l c u l a t e d by 

b o t h o f the g r o u p s a t FPA and KfK and t h e i r e f f e c t on the c a v i t y d e s i g n has 

been a n a l y z e d . 

The r e a d e r s h o u l d be aware t h a t i t was n e c e s s a r y t o " f r e e z e " the t a r g e t 

o u t p u t a t an e a r l y s t a g e o f the H I B A L L - I d e s i g n i n o r d e r t h a t the r e s t o f the 

a n a l y s i s c o u l d p r o c e e d . Changes i n t he o u t p u t n e u t r o n s p e c t r a ^ 1 0 ^ a c c o m p a n i e d 

e v e r y improvement made i n the m o d e l i n g e f f o r t b u t no a t t e m p t was made to i n 

c o r p o r a t e a l l o f t h o s e a d j u s t m e n t s as t hey w o u l d make o n l y m i n o r c h a n g e s i n 

c o o l a n t f l o w r a t e s and t e m p e r a t u r e s . I t was a l s o d e c i d e d t h a t the H I B A L L - I 

t a r g e t p a r a m e t e r s c o u l d be used f o r H I B A L L - I I b e c a u s e t h e r e has been no 

e x p e r i m e n t a l i n f o r m a t i o n w h i c h wou ld change t h o s e v a l u e s f r om the o r i g i n a l 

r e p o r t . I t i s r e c o g n i z e d t h a t i f s i g n i f i c a n t l y d i f f e r e n t t a r g e t d e s i g n s were 

u s e d , the amount o f 1 i q u i d me ta l a b l a t e d f rom the f i r s t w a l l p e r s h o t m i g h t 

i n c r e a s e o r d e c r e a s e t h u s a f f e c t i n g t he r e p e t i t i o n r a t e . Such an a n a l y s i s 

wou ld be a p p r o p r i a t e f o r f u t u r e s t u d i e s b u t was n o t i n c l u d e d i n t h i s H I B A L L - I I 

r e p o r t . 

1 . 2 . 3 R e a c t o r Chamber C o n c e p t 

The r e a c t o r chamber i s a c y l i n d r i c a l v e s s e l w i t h 20 p o r t s f o r t he beam 

e n t r a n c e . A u n i q u e f e a t u r e i s i t s f i r s t w a l l p r o t e c t i o n c o n c e p t . U s i n g a 

e u t e c t i c o f Pb (83%) and L i (17%) as c o o l a n t and b r e e d e r m a t e r i a l , the v a p o r 

p r e s s u r e a t the t ime o f beam and p e l l e t i n j e c t i o n can be k e p t a s low as 1 0 ~ 5 

t o r r . Th rough a s y s t e m o f p o r o u s S i C t u b e s the c o o l a n t i s f l o w i n g down a l o n g 

the w a l l and can be f e d a r o u n d the beam p o r t s . The r e p e t i t i o n r a t e i s 5 Hz 

f o r e a c h chambe r , the t o t a l p l a n t c o n s i s t s o f 4 c h a m b e r s . 

The same g e n e r a l chamber d e s i g n d e s c r i b e d i n the H I B A L L - I r e p o r t ^ was 

u s e d i n H I B A L L - I I . T h e r e was an i m p r o v e d d e s i g n c o n d u c t e d f o r the r o o f o f the 

chamber and the mode l s w h i c h p r e d i c t the t i m e - d e p e n d e n t v a p o r p r e s s u r e i n the 

chamber were i m p r o v e d . A more d e t a i l e d a n a l y s i s o f the f l e x i b l e S i C t u b e s was 

c o n d u c t e d and some a d d i t i o n a l s a f e t y r e l a t e d i s s u e s were i n v e s t i g a t e d i n the 

H I B A L L - I I s t u d y . A mi no r change i n t he r e a c t o r s h i e l d t h i c k n e s s f r om 3 . 5 t o 

2 . 9 m e t e r s a l s o s h o u l d improve the e c o n o m i c s . 
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P e r h a p s t he b i g g e s t change i n the H I B A L L - I I chamber and b l a n k e t c o n c e p t 

i s r e l a t e d to the f i n a l f o c u s i n g magnet c h a i n . In H I B A L L - I , the f i n a l f o c u s 

i n g l e n s was 4 . 6 m e t e r s i n d i a m e t e r . In H I B A L L - I I , b e c a u s e o f the l o w e r e m i t -

t a n c e s a l o n g w i t h a d v a n c e s i n magnet d e s i g n , the d i a m e t e r o f the f i n a l l e n s i s 

2 . 4 m e t e r s . The s m a l l e r d i a m e t e r a l l o w s more f l e x i b i l i t y i n t he a n g l e i n 

w h i c h the beams can e n t e r the chamber and c a u s e s much l e s s i n t e r f e r e n c e wi t h 

t he d e s i g n . F i g u r e 1 . 2 - 3 shows the c o n c e p t u a l l a y o u t o f one r e a c t o r b l o c k . 

1 . 2 . 4 Economic P e r f o r m a n c e 

The a d j u s t m e n t s to the d r i v e r d e s i g n i n H I B A L L - I have added a p p r o x i m a t e l y 

13% to the u n i t c a p i t a l c o s t and 11% t o the b u s b a r c o s t o f H I B A L L - I I when com

p a r e d on an e q u a l b a s i s ( H I B A L L - I d r i v e r e s c a l a t e d a t 3.6% t o 1984 and c o n 

v e r t e d a t the 1984 DM/US$ exchange r a t e ) . F u r t h e r , i f the more r e c e n t u n i t 

c o s t s used i n the H I B A L L - I I d r i v e r a r e a p p l i e d to t he H I B A L L - I d r i v e r , the 

d i f f e r e n c e i s o n l y 1.5% and 1.3% i n the c a p i t a l c o s t and b u s b a r c o s t , r e s p e c 

t i v e l y . The o b t a i n e d u n i t c a p i t a l c o s t o f $2128/kWe i s l o w e r t h a n the 

STARFIRE tokamak ( $ 2 3 0 4 / k W e ) , N U W M A K tokamak ( $ 2 4 1 0 / k W e ) , ( 1 2 ) Vi ITAMIR 

tandem m i r r o r ( $ 2 4 5 4 / k W e ) ( 1 3 ) and the MARS tandem m i r r o r ( $ 2 5 5 8 / k W e ) ( 1 4 ) r e 

a c t o r s . The u n i t c a p i t a l c o s t s f o r t h e s e d e s i g n s have been e s c a l a t e d a t 3.6% 

to 1984 . The c a l c u l a t e d c o s t o f e l e c t r i c i t y f rom H I B A L L - I I ( 4 7 . 9 m i l l s / k W h ) 

i s 30-40% l e s s than i n the S 0 L A S E ( 1 5 ) l a s e r (66 m i l l s / kWh i n 1977) and e q u a l 

to t he M A R S ^ 1 4 ^ r e a c t o r s . W h i l e i t i s r i s k y to p l a c e t o o much e m p h a s i s on 

a b s o l u t e c o s t e s t i m a t e s , i t i s c l e a r t h a t heavy i o n beam d r i v e r f u s i o n r e 

a c t o r s compare v e r y f a v o r a b l y wi t h o t h e r m a g n e t i c and i n e r t i a l c o n f i n e m e n t 

f u s i o n d e v i c e s and s h o u l d be p u r s u e d f u r t h e r as ou r u n d e r s t a n d i n g o f b u r n i n g 

t a r g e t s a d v a n c e s . New d e v e l o p m e n t s such as p o l a r i z e d f u e l t a r g e t s have the 

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

1.3 A s s u m p t i o n s on L e v e l o f T e c h n o l o g y and on U t i l i z a t i o n o f HIBALL 

The l e v e l o f t e c h n o l o g y t h a t has been assumed f o r HIBALL i s wha t we t h i n k 

w i l l be t y p i c a l o f the p e r i o d be tween 2 0 0 0 - 2 0 2 0 . T h i s means t h a t i n f o r m a t i o n 

d e v e l o p e d o v e r t he n e x t 20 y e a r s on a c c e l e r a t o r d e s i g n , s u p e r c o n d u c t i n g mag

n e t s , l i q u i d m e t a l h a n d l i n g , r a d i a t i o n damage, and remote m a i n t e n a n c e w i l l be 

a v a i l a b l e . The t a r g e t p h y s i c s i s assumed to have been e s t a b l i s h e d on a p r o o f -

o f - p r i n c i p l e d e v i c e , the d e l i v e r y o f the t a r g e t and r e p e t i t i v e o p e r a t i o n o f 

the s y s t e m w i l l have been d e m o n s t r a t e d i n an E n g i n e e r i n g T e s t F a c i l i t y , and 

the power h a n d l i n g , as w e l l as i n d i c a t i o n s o f e c o n o m i c p e r f o r m a n c e w i l l have 

been e s t a b l i s h e d i n a D e m o n s t r a t i o n Power R e a c t o r . S i n c e the HIBALL c l a s s o f 





10 

F i g . 1 . 2 - 3 One o f t h e f o u r r e a c t o r b l o c k s o f HIBALL p l a n t 

1 R e a c t o r Chamber 

2 INPORT B l a n k e t 

3 F i n a l F o c u s i n g Q u a d r u p o l e Magnets 

4 R o t a t a b l e Top S h i e l d 

5 C o o l a n t E x i t 

6 P r i m a r y Pump 

7 Heat Exchanger 

8 S e c o n d a r y C o o l a n t Pump 

9 Steam G e n e r a t o r 

10 Water I n t a k e 

11 Steam E x i t 

12 H igh P r e s s u r e T u r b i n e 

13 Low P r e s s u r e T u r b i n e 

14 E l e c t r i c i t y G e n e r a t o r s 

15 Condense r and Water P r e h e a t e r 

16 Beam L i n e s 

17 T a r g e t T r a n s p o r t L i n e 

18 T a r g e t F a c t o r y 

19 R e a c t o r C o n t a i n m e n t 

20 Mach ine B u i l d i n g 
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r e a c t o r s i s d e s i g n e d t o o p e r a t e i n p e r h a p s the 2 0 2 0 - 2 0 3 0 p e r i o d , t he s i z e o f 

the e l e c t r i c a l g r i d s w i l l be l a r g e r t han a t the p r e s e n t t i m e , t h u s a l l o w i n g 

l a r g e r u n i t s t o be i n t e g r a t e d i n t o the u t i l i t y w i t h o u t f e a r o f o v e r d e p e n d e n c e 

on a s i n g l e r e a c t o r . (The l a r g e s t L i g h t Water R e a c t o r u n i t s have a t p r e s e n t a 

power o u t p u t o f 1300 MWe. T h e r e a r e s e v e r a l s i t e s a l r e a d y i n E u r o p e , C a n a d a , 

and the USA where 4 - 8 u n i t s w i t h as much a s 7 -8 GWe t o t a l o u t p u t a r e o p e r a t i n g 

a t one s i t e . ) 

F i n a l l y , we have c h o s e n t o examine t he p r o d u c t i o n o f e l e c t r i c i t y f i r s t 

b e c a u s e we t h i n k t h a t i s where HIF r e a c t o r s y s t e m s w i l l have the most i m m e d i 

a t e i m p a c t . O t h e r modes o f o p e r a t i o n , e . g . , p r o d u c t i o n o f f i s s i l e f u e l , s y n 

t h e t i c f u e l s , o r s team c o u l d a l s o have been c o n s i d e r e d . A t the p r e s e n t t i m e , 

t he r e l a t i v e e c o n o m i c s o f the v a r i o u s o p t i o n s a r e n o t r e a d i l y a p p a r e n t so 

t h e r e i s no way t o d e f i n e the opt imum fo rm i n w h i c h t o d e r i v e e n e r g y f r o m 

H I B A L L . The l a r g e c a p i t a l c o s t s o f a h i g h e n e r g y a c c e l e r a t o r d r i v e n r e a c t o r 

and the f i n i t e l i m i t s t o w a s t e h e a t d i s p o s a l o r e l e c t r i c a l g r i d s i z e , may r e 

q u i r e a c o m b i n a t i o n o f i n t e g r a t i v e ( e . g . , f i s s i l e o r s y n t h e t i c f u e l p r o d u c 

t i o n ) and r e a l t ime ( e . g . , e l e c t r i c i t y o r p r o c e s s s team) s y s t e m s f o r opt imum 

p e r f o r m a n c e . 

R e f e r e n c e s f o r C h a p t e r 1 

1 . B . B a d g e r e t a l . , "H IBALL - A C o n c e p t u a l Heavy Ion Beam D r i v e n F u s i o n 
R e a c t o r S t u d y , " K f K - 3 2 0 2 / U W F D M - 4 5 0 , 1 9 8 1 . 

2 . P r o c e e d i n g s o f 1984 INS I n t e r n . Symp. on Heavy Ion A c c e l e r a t o r s and T h e i r 
A p p l i c a t i o n s t o I n e r t i a l F u s i o n , I n s t i t u t e f o r N u c l e a r S t u d y , U n i v e r s i t y 
o f Tokyo ( 1 9 8 4 ) . 

3 . P r o c e e d i n g s o f t he Heavy Ion F u s i o n W o r k s h o p , D a r m s t a d t , Ma rch 1 9 8 2 , G S I -
8 2 - 8 . 

4 . P r o c e e d i n g s o f t he Heavy Ion F u s i o n W o r k s h o p , B e r k e l e y , Sep tember 1 9 8 0 , 
L B L - 1 0 3 0 1 . 

5 . P r o c e e d i n g s o f the Heavy Ion F u s i o n W o r k s h o p , A r g o n n e , Sep tembe r 1 9 7 8 , 
ANL 7 9 - 4 1 . 

6 . P r o c e e d i n g s o f the Heavy Ion F u s i o n W o r k s h o p , B r o o k h a v e n , O c t o b e r 1 9 7 7 , 
B N L - 5 0 7 6 9 . 

7 . ERDA Summer o f Heavy Ions f o r I n e r t i a l F u s i o n F i n a l R e p o r t , December 
1 9 7 6 , L B L - 5 5 4 3 . 

8 . I. Ho fmann, I. B o s z i k and A . J a h n k e , IEEE T r a n s . N u c l . S e i . N S - 3 0 , 2546 
( 1 9 8 3 ) . 



12 

9 . I. Hofmann and I. B o s z i k , " N o n l i n e a r Phenomena i n Compu te r S i m u l a t i o n o f 
the M i c r o w a v e I n s t a b i l i t y , " G S I - 8 4 - 5 ( 1 9 8 4 ) , p . 3 3 . 

1 0 . B . Goe l and W. Hö 'be l , "The R o l e o f N e u t r o n s i n the P e r f o r m a n c e o f ICF 
T a r g e t s , " 10 th I n t e r n a t i o n a l C o n f e r e n c e on P lasma P h y s i c s & C o n t r o l l e d 
N u c l e a r F u s i o n R e s e a r c h , L o n d o n , U . K . , 12 -19 Sep tember 1 9 8 4 . 

1 1 . "STARFIRE - A Commerc ia l Tokamak F u s i o n Power P l a n t S t u d y , " A rgonne 
R e p o r t A N L / F P P - 8 0 - 1 , S e p t . 1 9 8 0 . 

1 2 . B. Badge r e t a l . , "NUWMAK, A Tokamak R e a c t o r D e s i g n S t u d y , " U n i v e r s i t y o f 
W i s c o n s i n F u s i o n T e c h n o l o g y I n s t i t u t e R e p o r t UWFDM-330 (March 1 9 7 9 ) . 

1 3 . B . B a d g e r e t a l . , " W I T A M I R - I , A U n i v e r s i t y o f W i s c o n s i n Tandem M i r r o r R e 
a c t o r D e s i g n , " U n i v e r s i t y o f W i s c o n s i n F u s i o n T e c h n o l o g y I n s t i t u t e R e p o r t 
UWFDM-400 ( S e p t . 1 9 8 0 ) . 

1 4 . "MARS - A C o m m e r c i a l Tandem M i r r o r R e a c t o r S t u d y , " L a w r e n c e L i v e r m o r e 
N a t i o n a l L a b o r a t o r y R e p o r t U C R L - 5 3 4 8 0 , J u l y 1984 . 

1 5 . R.W. Conn e t a l . , "SOLASE - A C o n c e p t u a l L a s e r F u s i o n R e a c t o r D e s i g n , " 
U n i v e r s i t y o f W i s c o n s i n F u s i o n T e c h n o l o g y I n s t i t u t e R e p o r t UWFDM-220 
( D e c . 1 9 7 7 ) . 
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2 . TARGET 

2 .1 T a r g e t D e s i g n 

2 . 1 . 1 T a r g e t D e s i g n f o r H I B A L L - I I (By N . A . T a h i r and K . A . L o n g , K f K - I N R ) 

F o r the H I B A L L - I r e a c t o r s t u d y we have d e s i g n e d a new t a r g e t ^ 1 " 3 ) shown 

i n F i g . 2 . 1 - 1 . I t i s a s i n g l e s h e l l , m u l t i l a y e r e d t a r g e t w i t h a h o l l o w DT 

s h e l l o f 4 mg. T h i s t a r g e t has a number o f a t t r a c t i v e f e a t u r e s w h i c h make i t 

s u i t a b l e f o r use i n a w o r k i n g r e a c t o r s y s t e m l i k e H I B A L L - I I . F o r e x a m p l e , i t 

i s made f rom i n e x p e n s i v e m a t e r i a l s and has a r e l a t i v e l y s i m p l e s t r u c t u r e . The 

f u e l i s p r o t e c t e d a g a i n s t r a d i a t i v e p r e h e a t by u s i n g a h i g h - Z , h i g h - p l e a d 

r a d i a t i o n s h i e l d a r o u n d the f u e l s h e l 1 . In o r d e r t o a v o i d m i x i n g o f l e a d f r o m 

the r a d i a t i o n s h i e l d i n t o the f u e l by h y d r o d y n a m i c i n s t a b i l i t i e s , a l o w - Z , 

l ow-p l i t h i u m c u s h i o n i s p l a c e d between the r a d i a t i o n s h i e l d and the f u e l . 

F u r t h e r m o r e , ou r c a l c u l a t i o n s show t h a t t h i s t a r g e t d e s i g n i s c o m p l e t e l y 

s t a b l e t o w a r d s h y d r o d y n a m i c i n s t a b i l i t i e s w h i c h c a u s e s h e l l b r e a k u p d u r i n g t he 

i m p l o s i o n . 

The t a r g e t i s i m p l o d e d by 10 GeV B i + i o n s w h i c h i m p i n g e on the t a r g e t 

s u r f a c e u n i f o r m l y . These i o n s d e p o s i t a b o u t 60% o f t h e i r e n e r g y i n the o u t e r 

l e a d tamper and they emerge i n t o the l i t h i u m a b s o r b e r w i t h a l o w e r e n e r g y o f 

3 . 74 GeV. The t h i c k n e s s o f the l i t h i u m a b s o r b e r i s a d j u s t e d i n such a manner 

t h a t the i o n s s t o p i n t h i s r e g i o n j u s t a t t h e a b s o r b e r - r a d i a t i o n s h i e l d b o u n 

da ry . As the i n c o m i n g i o n s d e p o s i t t h e i r e n e r g y i n the a b s o r p t i o n r e g i o n , t h e 

t e m p e r a t u r e i n c r e a s e s and a r a d i a t i o n Marshak t y p e w a v e ^ 4 - 7 ^ i s l a u n c h e d i n t o 

the r a d i a t i o n s h i e l d . The m a t e r i a l f rom the r a d i a t i o n s h i e l d i s a b l a t e d w h i c h 

e x e r t s an a b l a t i o n p r e s s u r e on t he p a y l o a d ( c o m p r e s s e d p a r t o f r a d i a t i o n 

s h i e l d + l i t h i u m s t a b i l i z e r ) . T h i s a b l a t i o n p r e s s u r e t o g e t h e r w i t h t he 

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

We have used an e x t e n s i v e l y u p d a t e d v e r s i o n o f the o n e - d i m e n s i o n a l 

l a g r a n g i a n i o n - b e a m f u s i o n code M E D U S A - K A ^ 8 * t o s i m u l a t e a b l a t i o n , c o m p r e s 

s i o n , i g n i t i o n and burn o f the H I B A L L - I I t a r g e t . The MEDUSA-KA code has been 

d e v e l o p e d f r o m the w e l l known l a s e r - f u s i o n code M E D U S A . ^ I t c o n s i d e r s a 

s e p a r a t e t e m p e r a t u r e f o r i o n s and the e l e c t r o n s , T . and T , r e s p e c t i v e l y . We 

have e x t e n d e d MEDUSA-KA t o i n c l u d e r a d i a t i o n t r a n s p o r t e f f e c t s u s i n g a two -

t e m p e r a t u r e ( T i } T e ) p l u s a r a d i a t i o n h e a t c o n d u c t i o n a p p r o x i m a t i o n . In t h i s 

model i t i s c o n s i d e r e d t h a t the r a d i a t i o n f i e l d i s i n t he rmodynamic e q u i l i b r i -

urn w i t h the e l e c t r o n s . One can t hus d e f i n e a s p e c i f i c i n t e r n a l e n e r g y f o r t he 

r a d i a t i o n f i e l d c h a r a c t e r i z e d by T . O t h e r t he rmodynamic v a r i a b l e s i n c l u d i n g 



14 

AO GeV B i + Ions 

0 

F i g . 2 . 1 - 1 . H I B A L L - I I t a r g e t . 

0 

p3 

y ! * A \ 
4 Xi tj*—X? —^ X 3 — * 4 T4 > 

Time, T 

F i g . 2 . 1 - 2 . I n p u t p u l s e . 



15 

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

c a l c u l a t e d f rom t h i s s p e c i f i c i n t e r n a l e n e r g y and t h e s e q u a n t i t i e s a r e added 

t o the c o r r e s p o n d i n g q u a n t i t i e s f o r the e l e c t r o n s . A l s o , r a d i a t i o n c o n d u c 

t i v i t y i s added to the e l e c t r o n t h e r m a l c o n d u c t i v i t y . One t h e r e f o r e s o l v e s a 

m o d i f i e d e l e c t r o n ene rgy e q u a t i o n w h i c h a l s o i n c l u d e s r a d i a t i o n . F o r f u r t h e r 

d e t a i l s see R e f s . 1 - 3 , 5 , 10 and 1 1 . 

The d e p o s i t i o n o f the i n c i d e n t i o n ene rgy i s c a l c u l a t e d u s i n g a n a l y t i c 

f i t s ( 1 2 ) t 0 a n a v e r a g e d e p o s i t i o n p r o f i l e p r o d u c e d by an e n e r g y d e p o s i t i o n 

code GORGON. (13 ,14 ) j n e r a n g e s and p r o f i l e s o f the b i s m u t h i o n s i n l e a d and 

l i t h i u m were c a l c u l a t e d u s i n g the GORGON c o d e . ( 1 3 ~ 1 5 ) The p lasma p a r a m e t e r s 

a r e c a l c u l a t e d u s i n g the Thomas-Fe rm i m o d e l , and t h i s y i e l d s t he number o f 

f r e e and bound e l e c t r o n s . The s t o p p i n g power due to the f r e e e l e c t r o n s i s 

c a l c u l a t e d u s i n g a 1 i n e a r r e s p o n s e t h e o r y wi t h i n the Bo rn a p p r o x i m a t i o n and i s 

w r i t t e n i n te rms o f the i m a g i n a r y p a r t o f the i n v e r s e o f the d i e l e c t r i c 

f u n c t i o n . 

The s t o p p i n g power due t o the bound e l e c t r o n s i s c a l c u l a t e d wi t h i n the 

Thomas -Fe rm i m o d e l . S h e l l e f f e c t s a r e t a k e n i n t o a c c o u n t by n e g l e c t i n g t h o s e 

e l e c t r o n s w h i c h a r e mov ing f a s t e r t han t he i o n . The r e s u l t s o b t a i n e d u s i n g 

t h i s code a r e g i v e n i n R e f s . 1 3 - 1 5 . The c a l c u l a t i o n s do n o t i n c l u d e the 

p l a s m a e f f e c t s on t he e f f e c t i v e c h a r g e o r o f the t ime needed f o r t he i o n t o 

r e a c h i t s e q u i l i b r i u r n e f f e c t i v e c h a r g e i n the p l a s m a . In p e l l e t c a l c u l a t i o n s 

t he n o n l i n e a r f e e d b a c k o f p lasma h e a t i n g on the e n e r g y d e p o s i t i o n ^ 1 6 ^ i s a l s o 

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

the c a l c u l a t i o n o f ene rgy d e p o s i t i o n i n h o t p l a s m a s and i t s i n c o r p o r a t i o n i n 

p e l l e t c a l c u l a t i o n s was g i v e n i n R e f s . 1 7 - 1 9 . 

The e q u a t i o n o f s t a t e v a r i a b l e s a r e c a l c u l a t e d u s i n g a n a l y t i c f i t s to the 

Los A lamos e q u a t i o n o f s t a t e d a t a . ^ 2 0 ^ A l s o , l o c a l c t - p a r t i c l e e n e r g y d e p o s i 

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

i n t e r a c t i n g wi th the t a r g e t m a t e r i a l s . 

A shaped i n p u t p u l s e shown i n F i g . 2 . 1 - 2 i s used to i m p l o d e t h i s t a r g e t . 

The p r e p u l s e h i t s the t a r g e t wi t h a power ~ 6 TW and d r i v e s a shock t h r o u g h 

t h e l e a d r a d i a t i o n s h i e l d . The shock i s t h e n t r a n s m i t t e d i n t o the l i t h i u m 

s t a b i l i z e r and s u b s e q u e n t l y i n t o the f u e l . The f u e l i s c o m p r e s s e d to a 

d e n s i t y o f 0 . 7 g / c c and i s h e a t e d to a t e m p e r a t u r e o f 6 x 1 0 3 K. When t h i s 

shock b r e a k s t h r o u g h the i n n e r f u e l b o u n d a r y , the i n n e r boundary e x p a n d s and a 

d e n s i t y g r a d i e n t i s g e n e r a t e d i n the f u e l r e g i o n . A f t e r t he p r e p u l s e d e l i v e r s 
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i t s e n e r g y , the i n p u t power l i n e a r l y r i s e s t o a maximum v a l u e o f 500 TW. T h i s 

l i n e a r r i s e i n the power g e n e r a t e s a second shock w h i c h i s much s t r o n g e r t h a n 

the f i r s t s h o c k . M o r e o v e r , as i t t r a v e l s down a d e n s i t y g r a d i e n t i n the f u e l , 

i t d e p o s i t s much more e n t r o p y i n the f u e l c e n t e r compared t o the o u t e r p a r t o f 

t he f u e l . Due to t h i s s e l e c t i v e shock h e a t i n g a smal1 f r a c t i o n i n the f u e l 

c e n t e r i s p l a c e d on a v e r y h i g h a d i a b a t w h i c h forms the " h o t s p o t " a f t e r t h e 

v o i d c l o s u r e . As the main p u l s e w i t h 500 TW power s t a r t s t o d e l i v e r e n e r g y , 

the t e m p e r a t u r e i n the a b s o r p t i o n r e g i o n i n c r e a s e s t o a few hund red eV w h i c h 

g e n e r a t e s a r a d i a t i o n h e a t c o n d u c t i o n wave t h r o u g h the r a d i a t i o n s h i e l d . The 

m a t e r i a l i s a b l a t e d f rom the r a d i a t i o n s h i e l d and the t a r g e t i s d r i v e n to t he 

v o i d c l o s u r e . The v o i d c l o s e s a t t = 4 5 . 9 9 ns and a smal1 amount o f the r a d i 

a t i o n s h i e l d i s l e f t a r o u n d the f u e l and the l i t h i u m s t a b i 1 i z e r i n the f o rm o f 

a h i g h - p tamper s h e l 1 , w h i c h i s a d v a n t a g e o u s as i t i m p r o v e s f r a c t i o n a l 

b u r n . ( 1 2 > 2 1 ~ 2 4 ) A s m a l l f r a c t i o n o f the f u e l i n the c e n t e r i s h e a t e d t o a 

t e m p e r a t u r e o f 1 keV w h i c h fo rms the h o t s p o t where n u c l e a r r e a c t i o n s s t a r t . 

I t i s to be n o t e d t h a t the t h e r m o n u c l e a r bu rn w i l l p r o p a g a t e f rom the 

c e n t r a l ho t s p o t i n t o the s u r r o u n d i n g c o l d f u e l p r o v i d e d t he f o l l o w i n g c o n 

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

i n the h o t s p o t s h o u l d e x c e e d t he r a d i a t i o n l o s s r a t e . T h i s r e q u i r e s t h a t the 

t e m p e r a t u r e i n the ho t b u r n i n g zone be > 5 k e V . M o r e o v e r , t h e pR o f the h o t 

s p o t s h o u l d be e q u a l t o the a - p a r t i c l e r a n g e . A c c o r d i n g t o ou r c a l c u l a t i o n s 

the range o f the c t - p a r t i c l e s ^ 2 5 ^ i s 0 . 3 6 g / c m 2 i n the h o t s p o t . In the p r e 

s e n t s i m u l a t i o n s we s w i t c h on n u c l e a r r e a c t i o n s p r o v i d e d t h a t the pR o f the 

ho t s p o t i s > 0 . 4 g / c m 2 and the h o t s p o t t e m p e r a t u r e , T h > 1 k e V . A t 1 k e V , 

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

t i o n r a t e i n the ho t s p o t , t h i s e x t r a e n e r g y l o s s i s c o m p e n s a t e d f o r by t he 

c o m p r e s s i o n a l ene rgy p r o d u c e d due t o the c o m p r e s s i o n o f the h o t s p o t by the 

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

T h i s p r o c e s s goes on u n t i 1 the t e m p e r a t u r e becomes on t he o r d e r o f ~ 5 -8 keV 

and the burn then r a p i d l y s p r e a d s t h r o u g h the e n t i r e f u e l . The t o t a l e n e r g y 

i n the i n p u t p u l s e i s 4 . 5 6 MJ and the t a r g e t y i e l d s an o u t p u t e n e r g y o f 690 MJ 

such t h a t the o v e r a l l e n e r g y g a i n i s 1 5 2 . A summary o f the i m p l o s i o n r e s u l t s 

t o g e t h e r wi t h i n p u t p a r a m e t e r s i s g i v e n i n T a b l e 2 . 1 - 1 . 

In our s i m u l a t i o n s we f i n d t h a t a t the end o f the c o m p r e s s i o n phase t he 

d e n s i t y i n the l i t h i u m s t a b i l i z e r becomes c o m p a r a b l e to t he f u e l d e n s i t y . 

T h i s a v o i d s d e v e l o p m e n t o f the h y d r o d y n a m i c i n s t a b i l i t i e s a c r o s s t h i s i n t e r -
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T a b l e 2 . 1 - 1 . A Summary o f S i m u l a t i o n R e s u l t s 

I n p u t Energy (MO) 4 . 5 6 

O u t p u t Ene rgy (MJ) 690 

G a i n 1 5 1 . 6 

Peak Power (TW) 500 

F r a c t i o n a l B u r n , <j> (%) ~ 50 

F u e l pR a t I g n i t i o n ( g / c m 2 ) 2 . 8 7 

L i S t a b i l i z e r pR a t I g n i t i o n ( g / c m 2 ) 1 .10 

Pb Tamper (Compressed P a r t o f the R a d i a t i o n S h i e l d ) pR a t 

I g n i t i o n ( g / c m 2 ) 1 .63 

T o t a l pR o f the Compressed P a r t a t I g n i t i o n ( g / c m 2 ) 5 . 8 

V o i d C l o s u r e T ime ( n s ) 4 4 . 9 9 

I g n i t i o n S t a r t s a t (ns ) 4 5 . 9 6 

B u r n S t a r t s to P r o p a g a t e a t (ns ) 4 7 . 2 6 

Burn P r o p a g a t i o n Time (ps ) 110 

T o t a l Bu rn Time (ps ) 300 

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

s h i e l d ( p u s h e r ) d u r i n g the c o m p r e s s i o n phase has been a n a l y z e d u s i n g a t h e o r y 

by T a k a b e . ^ 2 6 ^ In t h i s t h e o r y the g rowth r a t e i s c a l c u l a t e d i n c l u d i n g the 

i m p o r t a n t p h y s i c a l e f f e c t s t a k i n g p l a c e a t the a b l a t i o n s u r f a c e , f o r e x a m p l e , 

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

t u r a l d e n s i t y p r o f i l e s . Use o f t h i s t h e o r y shows t h a t the p e r t u r b a t i o n s w i t h 

w a v e l e n g t h on the o r d e r o f minimum s h e l 1 t h i c k n e s s (4 u) a r e c o m p l e t e l y damped 

o u t and the t a r g e t i s c o m p l e t e l y s t a b l e . T h i s i s a v e r y i m p o r t a n t r e s u l t . 

F o r a d e t a i l e d a n a l y s i s see R e f . 1. 

R e f e r e n c e s f o r S e c t i o n 2 . 1 . 1 

1. M.A. T a h i r and K . A . L o n g , " T h e o r e t i c a l A n a l y s i s and N u m e r i c a l S i m u l a t i o n s 
o f C o m p r e s s i o n , I g n i t i o n , Burn and H y d r o d y n a m i c S t a b i l i t y o f a H i g h - G a i n , 
R e a c t o r - S i z e , Heavy Ion Beam D r i v e n I n e r t i a l F u s i o n T a r g e t C a l c u l a t i o n , " 
( 1 9 8 5 ) , s u b m i t t e d to N u c l e a r F u s i o n . 

2 . N . A . T a h i r and K . A . L o n g , " T h e o r y and N u m e r i c a l S i m u l a t i o n s o f H I B A L L - I I 
T a r g e t , " GSI D a r m s t a d t Annua l R e p o r t ( 1 9 8 5 ) , t o be p u b l i s h e d . 
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3 . N . A . T a h i r and K . A . L o n g , " I n f l u e n c e o f R a d i a t i o n on I g n i t i o n and Burn 
P r o p a g a t i o n i n ICF T a r g e t s , " GSI Annua l R e p o r t ( 1 9 8 5 ) , t o be p u b l i s h e d . 

4 . R . E . M a r s h a k , P h y s . F l u i d s 1_, 24 ( 1 9 5 8 ) . 

5 . N . A . T a h i r and K . A . L o n g , L a s e r & P a r t i c l e Beams 2_, 371 ( 1 9 8 4 ) . 

6 . N . A . T a h i r and K . A . L o n g , GSI D a r m s t a d t Annua l R e p . G S I - 8 4 - 5 ( 1 9 8 4 ) , p . 
5 2 . 

7 . K . A . Long and N . A . T a h i r , GSI D a r m s t a d t Annua l R e p . G S I - 8 4 - 5 ( 1 9 8 4 ) , p. 
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271 ( 1 9 7 4 ) . 
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( 1 9 8 1 ) . 

1 4 . K . A . L o n g , N. M o r i t z and N . A . T a h i r , K e r n f o r s c h u n g s z e n t r u m K a r l s r u h e 
R e p o r t K f K - 3 6 0 8 ( 1 9 8 3 ) . 

1 5 . K . A . L o n g , N . M o r i t z and N . A . T a h i r , GSI Annua l R e p . G S I - 8 2 - 6 ( 1 9 8 2 ) , p . 
5 4 . 

1 6 . K . A . Long and N . A . T a h i r , GSI D a r m s t a d t Annua l R e p . G S I - 8 4 - 5 ( 1 9 8 4 ) , p. 
7 3 . 

1 7 . K . A . Long and N . A . T a h i r , P r e s e n t e d a t the m e e t i n g on " A t o m i c P h y s i c s f o r 
Ion Beam F u s i o n , " R u t h e r f o r d L a b o r a t o r y , E n g l a n d , Sep tember 1 9 8 4 . 

1 8 . K . A . Long and N . A . T a h i r , " H I B A L L - I T a r g e t C a l c u l a t i o n s w i t h Range S h o r t 
e n i n g and I t s C o m p e n s a t i o n by Two M e t h o d s , " GSI D a r m s t a d t Annua l R e p o r t 
( 1 9 8 5 ) , t o be p u b l i s h e d . 

1 9 . K . A . Long and N . A . T a h i r , "Range S h o r t e n i n g E f f e c t s i n H I B A L L - I I Type 
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2 4 . R . J . M a s o n , R . L . M o r s e , Los A lamos R e p o r t L A - 5 7 8 9 - M S (1974) . 

2 5 . K . A . L o n g , N. M o r i t z and N . A . T a h i r , GSI D a r m s t a d t Annua l Rep . GS 1 -82 -6 
(1982) , p . 5 6 . 

2 6 . H. T a k a b e , I L E P r o g r e s s R e p o r t on I n e r t i a l F u s i o n P rog ram I L E - Q P R - 8 3 - 6 
(1983) , p. 2 8 . 

2 . 1 . 2 Remarks on the T a r g e t D e s i g n 

The p r e v i o u s s e c t i o n p r e s e n t s a t a r g e t w h i c h , a c c o r d i n g t o the o n e -

d i m e n s i o n a l d e s i g n c a l c u l a t i o n , has a g a i n o f 151 and t h u s t r a n s f o r m s the i n 

p u t ene rgy o f 4 . 5 6 MJ i n t o an o u t p u t o f 690 M J . The re a r e some phenomena t h a t 

have n o t been mode led i n the c a l c u l a t i o n , such as t r a n s p o r t e f f e c t s o f t he 

d i f f e r e n t p a r t i c l e s . M o r e o v e r , a r e a l i m p l o s i o n w i l l n o t be o f i d e a l s p h e r i 

c a l symmetry b e c a u s e o f ^ 

- i m p e r f e c t i o n i n t a r g e t m a n u f a c t u r e , 

- s p a t i a l n o n u n i f o r t u i t y o f i o n i r r a d i a t i o n , 

- h y d r o d y n a m i c i n s t a b i l i t i e s i n the c o m p r e s s i o n p r o c e s s . 

F o r e s t i m a t i n g the r e d u c t i o n i n c o m p r e s s i o n and g a i n r e s u l t i n g f r om a l 1 

o f t h e s e , we r e l y on the l i t e r a t u r e , n o t a b l y on the c u r v e s o f g a i n v e r s u s 

i n p u t e n e r g y t h a t have been pub l i s h e d by LLNL a t d i f f e r e n t t i m e s . d » 2 ) T h e . 

c o n c l u s i o n i s t h a t , f o r the HIBALL c a s e , t he o r i g i n a l l y p o s t u l a t e d v a l u e s ^ 

o f 2 g /cm f o r the f u e l pR a t i g n i t i o n and a b o u t 80 f o r the g a i n a r e v e r y 

r e a s o n a b l e . T h e r e f o r e , the o u t p u t ene rgy o f 400 M J , i t s d i s t r i b u t i o n i n t o the 

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

and t he s p e c t r a o f e a c h o f t h e s e can be used f r om H I B A L L - I . These a r e shown 

i n F i g s . 2 . 1 - 3 t o 2 . 1 - 6 and i n T a b l e 2 . 1 - 2 . 

T a b l e 2 . 1 - 2 . Ion A v e r a g e E n e r g i e s 

N o r m a l i z e d ene rgy 0 . 8 5 keV/amu 

D 1.70 keV 

T 2 . 5 5 keV 

He-4 3 . 4 0 keV 

L i - n a t u r a l 5 . 9 0 keV 

P b - n a t u r a l 1 7 6 . 0 keV 
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The i n p u t ene rgy o f 4 . 5 6 MO a l l o w s f o r some p e r c e n t a g e o f the 5 . 0 MJ 

d r i v e r p u l s e to m i s s the t a r g e t ( see S e c t i o n s 2 . 3 . 1 on t a r g e t p o s i t i o n i n g 

t o l e r a n c e and 4 . 2 on i o n beam f i n a l f o c u s i n g ) . 

The t a r g e t r e q u i r e s the b u l k o f the i n p u t e n e r g y t o be d e l i v e r e d a t a 

power o f 500 TW, i . e . i n a b o u t 10 n s , w h i l e the d r i v e r d e s i g n o f C h a p t e r 3 i s 

f o r 250 TW. A p o t e n t i a l way to r e d u c e the t a r g e t power r e q u i r e m e n t t o 250 TW 

i s d i s c u s s e d i n t he f o l l o w i n g s e c t i o n . 

R e f e r e n c e s f o r S e c t i o n 2 . 1 . 2 

1 . B . Badge r e t a l . , "H IBALL - A C o n c e p t u a l Heavy Ion Beam D r i v e n F u s i o n R e 
a c t o r S t u d y , " K f K - 3 2 0 2 / U W F D M - 4 5 0 , 1 9 8 1 . 

2 . J . D . L i n d l and J . W . - K . M a r k , i n : P r o c . 1984 I n t e r n . Symp. on Heavy Ion 
A c c e l e r a t o r s and t h e i r A p p l i c a t i o n to I n e r t i a l F u s i o n , I n s t i t u t e f o r 
N u c l e a r S t u d y , U n i v e r s i t y o f Tokyo ( 1 9 8 4 ) . 

2 . 2 S p i n P o l a r i z e d F u e l f o r the H I B A L L - I I T a r g e t 

The H I B A L L - I I d r i v e r p r o v i d e s a maximum power o f 250 TW, w h e r e a s t a r g e t 

s i m u l a t i o n c a l c u l a t i o n s show t h a t t he HIBALL t a r g e t needs a power o f 500 TW i n 

the main p u l s e . T h i s power r e q u i r e m e n t may undergo m o d i f i c a t i o n as more r e a l 

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

as the t a r g e t d e s i g n i s o p t i m i z e d . On the o t h e r h a n d , i t has been s h o w n ^ 

t h a t the power r e q u i r e m e n t f o r t he H I B A L L - I t a r g e t can be h a l v e d i f s p i n 

p o l a r i z e d f u e l i s u s e d . O t h e r e s t i m a t e s ^ 2 ' 3 ^ g i v e even h i g h e r r e d u c t i o n i n 

d r i v e r power r e q u i r e m e n t . The e x a c t demand on d r i v e r power can be d e t e r m i n e d 

o n l y i f a t a r g e t i s o p t i m i z e d f o r the use o f p o l a r i z e d f u e l , b u t i t i s s a f e t o 

assume a power r e d u c t i o n by a f a c t o r o f two. The i d e a o f u s i n g p o l a r i z e d f u e l 

i n an ICF t a r g e t i s q u i t e r e c e n t and poses two q u e s t i o n s : (1) how to p o l a r i z e 

the f u e l , and (2) w h e t h e r the f u e l p o l a r i z a t i o n wi11 w i t h s t a n d the h i g h 

t e m p e r a t u r e and d e n s i t i e s e n c o u n t e r e d d u r i n g the i m p l o s i o n and burn phase? 

A p r e r e q u i s i t e t o the p o l a r i z a t i o n o f D T - f u e l i s the p r o d u c t i o n o f pu re 

D T - m o l e c u l e s . R e c e n t l y a t Lawrence L i v e r m o r e N a t i o n a l L a b o r a t o r y 95% pure DT-

m o l e c u l e s have been p r o d u c e d . ^ They e x p e c t t o r e a c h t he 99% mark by 1 9 8 5 . 

W i t h pu re D T - m o l e c u l e s they e x p e c t to be a b l e to a c h i e v e 90% p o l a r i z a t i o n o f 

D T - f u e l . 
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The f u e l wi11 be p o l a r i z e d w h i l e i n the t a r g e t f a c t o r y . D u c t s w i t h a 

p o l a r i z a t i o n r e t a i n i n g f i e l d o f a b o u t 1 t e s l a w i l l c o n n e c t the t a r g e t f a c t o r y 

t o t he r e a c t o r s . The t a r g e t i s i n j e c t e d i n t o the r e a c t o r a t a speed o f 

200 m/s and t a k e s 80 ms to t r a v e l t h r o u g h the gun b a r r e l to the c a v i ty c e n t e r , 

t h e p o i n t o f beam i n t e r s e c t i o n . D u r i n g t he i n j e c t i o n , t he o u t s i d e edge o f the 

f u e l becomes h e a t e d t o a b o u t 14 K. A t t h i s t e m p e r a t u r e and s o l i d d e n s i ty t he 

p o l a r i z a t i o n r e l a x a t i o n t ime i s o f the o r d e r o f a s e c o n d . T h u s , the p o l a r i 

z a t i o n i s n o t r e l a x e d a t the t ime t h a t the beams b e g i n t o h e a t the t a r g e t . 

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

d u r i n g the f i n a l s t a g e s o f the i m p l o s i o n may q u i c k l y c a u s e d e p o l a r i z a t i o n . 

Howeve r , s i n c e the i m p l o s i o n and bu rn o f the f u e l o n l y r e q u i r e a t o t a l o f a 

few t e n s o f n a n o s e c o n d s , the d e p o l a r i z a t i o n wou ld have t o o c c u r v e r y q u i c k l y 

t o deg rade t he t a r g e t p e r f o r m a n c e . As a p r e l i m i n a r y l o o k , one can c a l c u l a t e 

the d e n s i t y and t e m p e r a t u r e o f the f u e l as f u n c t i o n s o f t i m e t o f i n d the s p i n 

r e l a x a t i o n t ime a t d i f f e r e n t t i m e s d u r i n g the i m p l o s i o n . T h i s has been a t 

t emp ted i n F i g . 2 . 2 - 1 where one can see t h a t the r e l a x a t i o n t ime i s u s u a l l y 

much l o n g e r than the c h a r a c t e r i s t i c t ime f o r t he i m p l o s i o n . Even when the 

f u e l b e g i n s to bu rn the r e l a x a t i o n t ime i s an o r d e r o f magni tude above t he 

t i m e s c a l e f o r the bu rn (~ 100 p s ) . From t h i s p r e l i m i n a r y c a l c u l a t i o n , one 

can say t h a t the use o f p o l a r i z e d f u e l i n the t a r g e t may r e d u c e the r e q u i r e 

ments on the d r i v e r w h i l e k e e p i n g the y i e l d pe r u n i t mass o f f u e l c o n s t a n t . 

R e f e r e n c e s f o r S e c t i o n 2 . 2 

1 . W. S e i f r i t z and B. G o e l , A t o m k e r n e n e r g i e 4 3 , 198 ( 1 9 8 3 ) . 

2 . B . G o e l , G S I - 8 4 - 5 , p. 6 4 , D a r m s t a d t ( 1 9 8 4 ) . 

3 . L . C i c c h i t e l l i , A t o m k e r n e n e r g i e 44_, 89 ( 1 9 8 4 ) . 

4 . E . S t o r m , 10 th I n t e r n a t i o n a l C o n f e r e n c e on P l a s m a P h y s i c s and C o n t r o l l e d 
T h e r m o n u c l e a r F u s i o n , L o n d o n , S e p t . 1 2 - 1 9 , 1984 . 

2 . 3 T a r g e t D e l i v e r y 

2 . 3 . 1 I n t r o d u c t i o n 

By t a r g e t d e l i v e r y we deno te the t a s k s o f i n j e c t i n g the c r y o g e n i c t a r g e t 

i n t o the r e a c t o r chamber and o f s y n c h r o n i z i n g the t a r g e t m o t i o n and the i o n 

p u l s e so t h a t they bo th r e a c h the f o c u s l o c a t i o n a t the same t i m e . The g e n e -
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F i g . 2 . 2 - 1 . Fue l d e n s i t y du r i ng compress ion and burn phase . Temperatures and 
p o l a r i z a t i o n r e l a x a t i o n t imes i n d i f f e r e n t phases are a l s o i n d i 
c a t e d . 

PRCPELLANT 
OAS RESERVOIR 

0, 5bor 

CRYOGENIC 
SABOT WITH . 
PELLET FROM 
FACTORY 

SUN 
BARREL 
LOAOER 
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INJECTION 
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5.5m 27.5 m* 

6.5 m 32.5 ms 

•I J. 
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CAVITY CENTER 

Fie ld coils 

.Guide tube 

Sabot 

Ferromagnetic 
cyl inder 

F i g . 2 . 3 - 2 Scheme o f a magnet ic l i n e a r 
a c c e l e r a t o r f o r t a r g e t 
i n j e c t i o n . 

2 . 3 - 1 . Scheme of HIBALL-I pneumatic i n j e c t i o n 
and des ign parameter v a l u e s . Ta rge t 
v e l o c i t y = 200 m/s. F i g . 2 . 3 - 3 . HIBALL c r y o g e n i c t a r g e t . 
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r a l r e q u i r e m e n t s on the i n j e c t i o n p r o c e s s a r e t h a t the t a r g e t must n o t be 

a l t e r e d to such a l a r g e deg ree t h a t i t w i l l n o t p r o p e r l y i m p l o d e . T h i s i n 

c l u d e s 1 im i t i n g the h e a t i n g d u r i n g d e l i v e r y so a s t o n o t c a u s e the DT f u e l t o 

sub 1 ima te o r m e l t . S e c t i o n 2 . 3 . 3 d e a l s wi th t h i s q u e s t i o n o f t a r g e t h e a t i n g . 

The b a s i c p a r a m e t e r g o v e r n i n g the i n j e c t i o n and s y n c h r o n i z a t i o n p r o b l e m s 

i s the t o l e r a n c e ( a d m i s s i b l e i n a c c u r a c y ) o f the t a r g e t p o s i t i o n a t the t i m e 

when i t i s h i t by the i o n p u l s e . T h i s t o l e r a n c e depends on the t a r g e t s i z e , 

on the geomet ry and i n t e n s i t y d i s t r i b u t i o n o f the i o n f o c u s and on the d e g r e e 

o f i r r a d i a t i o n u n i f o r m i t y r e q u i r e d on the t a r g e t s u r f a c e . The t o l e r a n c e s 

a d o p t e d i n H I B A L L - I , ^ 0 . 5 mm i n the v e r t i c a l and 0 .7 mm i n the h o r i z o n t a l 

d i r e c t i o n , were f o u n d a s s u m i n g beams w i t h a G a u s s i a n r a d i a l i n t e n s i t y p r o f i l e 

and 80% o f the i o n s w i t h i n a r a d i u s e q u a l i n g the t a r g e t r a d i u s o f 3 mm. 

S i nee t he de t a i 1 s o f t a r g e t i l l u m i n a t i o n ^ a s w e l l as t he beam s i z e and 

p r o f i l e o b t a i n a b l e f rom the f i n a l f o c u s i n g s y s t e m a r e n o t y e t s u f f i c i e n t l y 

known we f e e l i t i s r e a s o n a b l e t o s t a y wi t h t h e above t o l e r a n c e s . H o w e v e r , i t 

i s c l e a r t h a t m i s s i n g the t a r g e t wi t h 20% o f the i o n s i s n o t v e r y e c o n o m i c a l , 

and t h a t wi t h a beam s i z e c l o s e r to t h a t o f the t a r g e t , t he p o s i t i o n i n g t o l e r 

a n c e s may be n a r r o w e r . T h i s m i g h t r e q u i r e i n j e c t i o n and s y n c h r o n i z a t i o n t e c h 

n i q u e s d i f f e r e n t f rom the ones d i s c u s s e d s u b s e q u e n t l y . 

A n o t h e r key p a r a m e t e r i s the t a r g e t i n j e c t i o n v e l o c i t y . A 1ow v e l o c i t y 

o b v i o u s l y makes i t e a s i e r t o meet the p o s i t i o n i n g t o l e r a n c e i n t he d i r e c t i o n 

a l o n g the t a r g e t t r a j e c t o r y , i . e . v e r t i c a l , and i t r e d u c e s the f o r c e to be 

a p p l i e d t o the t a r g e t . On t he o t h e r h a n d , i t i n c r e a s e s the t ime s p e n t by t he 

c r y o g e n i c t a r g e t i n the ho t e n v i r o n m e n t o f the chamber b e f o r e e x p l o s i o n . As 

shown i n S e c t i o n 2 . 3 . 3 , a v e l o c i ty o f 200 m/s i s s u f f i c i e n t t o p r e v e n t d e t r i 

men ta l h e a t i n g o f the t a r g e t . 

2 . 3 . 2 T a r g e t I n j e c t i o n 

Two i n j e c t i o n t e c h n i q u e s a p p e a r to be f e a s i b l e : a p n e u m a t i c i n j e c t o r gun 

as d e s c r i b e d i n H I B A L L - I ^ and an e l e c t r o m a g n e t i c a c c e l e r a t o r . ^ In any 

c a s e , the t a r g e t has to be m e c h a n i c a l l y and t h e r m a l l y p r o t e c t e d d u r i n g a c c e l e 

r a t i o n by a t a r g e t c a r r i e r o r s a b o t w h i c h mus t , h o w e v e r , be s e p a r a t e d f rom the 

t a r g e t a f t e r a c c e l e r a t i o n . T h i s r emova l i s e a s i e r wi t h the e l e c t r o m a g n e t i c 

t e c h n i q u e . ( 3 » 4 ) 

An a i m i ng a c c u r a c y c o r r e s p o n d i n g to the l a t e r a l p o s i t i o n i ng t o l e r a n c e o f 

0 .7 mm a t a d i s t a n c e o f a b o u t 10 -12 m a p p e a r s a t t a i n a b l e wi th e i t h e r m e t h o d . 
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T a b l e 2 . 3 - 1 . HIBALL T a r g e t D e l i v e r y P a r a m e t e r s 

L o n g i t u d i n a l p o s i t i o n i n g t o l e r a n c e 

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

T a r g e t v e l o c i t y 

0 . 5 mm 

0 .7 mm 

200 m/s 

I n j e c t i o n : 

Type 

P r o j e c t i l e ( s a b o t + t a r g e t ) mass 

P r o p e l l a n t gas 

P r o p , gas e n t e r i n g r e a c t o r c a v i t y 

P r e s s u r e o f p r o p , gas r e s e r v o i r 

A c c e l e r a t i o n d i s t a n c e 

A c c e l e r a t i o n 

A c c e l e r a t i o n t ime 

T o t a l t a r g e t t r a v e l t ime 

D i s t a n c e m u z z l e t o f o c u s 

gas gun 

2 g 

D 2 

1.6 m g / s h o t 

5 b a r 

2 m 

1 0 4 m / s 2 

20 ms 

80 ms 

12 m 

T r a c k i n g : 

L a t e r a l t r a c k i n g 

L o n g i t u d i n a l t r a c k i n g , t y p e 

L a s t t r a c k i n g p o s i t i o n , d i s t a n c e f r om f o c u s 

P r e c i s i o n o f a r r i v a l t ime p r e d i c t i o n 

D u r a t i o n o f p r o c e s s i n g t r a c k i n g r e s u l t 

none 

1 i g h t - b e a m i n t e r c e p t i o n 

3 . 0 m 

± 1 us 

1 ms 

T h u s , no t a r g e t t r a j e c t o r y c o r r e c t i o n s o r c o r r e s p o n d i n g i o n beam s t e e r i n g 

m e a s u r e s a r e n e e d e d . 

T a b l e 2 . 3 - 1 g i v e s the t a r g e t d e l i v e r y p a r a m e t e r s f o r the p n e u m a t i c i n 

j e c t o r d e s i g n w h i c h i s shown s c h e m a t i c a l l y i n F i g . 2 . 3 - 1 . The p r i n c i p l e o f 

e l e c t r o m a g n e t i c i n j e c t i o n i s d e p i c t e d i n F i g . 2 . 3 - 2 . 

2 . 3 . 3 H e a t i n g o f T a r g e t and S a b o t D u r i n g I n j e c t i o n 

The c r y o g e n i c f u s i o n t a r g e t must be i n j e c t e d i n t o the t a r g e t chamber i n 

s u c h a way t h a t the c r y o g e n i c D-T f u e l i n t he t a r g e t r e m a i n s s o l i d . The i n 

s i d e boundary o f the t a r g e t f u e l i s r e q u i r e d t o r e m a i n c o l d e r t han the s u b l i -

m a t i o n t e m p e r a t u r e o f 1 1 . 3 K and no p a r t o f the f u e l i s t o become h o t t e r t h a n 
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the m e l t i n g t e m p e r a t u r e o f 1 9 . 7 K. u ' T h i s s e c t i o n d e s c r i b e s the c a l c u l a t i o n s 

o f the h e a t i n g o f the t a r g e t d u r i n g i t s i n j e c t i o n t h r o u g h the t a r g e t chamber 

and d u r i n g i t s t r a n s i t i n a s a b o t down the i n j e c t o r t u b e . 

The t a r g e t t h a t we c o n s i d e r i n our d i s c u s s i o n s o f t a r g e t h e a t i n g i s shown 

i n F i g . 2 . 3 - 3 . T h i s i s a c r y o g e n i c t a r g e t w h i c h has a l a y e r o f D-T f u e l 

f r o z e n on to the i n s i d e s u r f a c e o f a s o l i d ho l 1ow s p h e r i c a l s h e l 1. Th i s f u e l 

mus t r e m a i n s o l i d u n t i 1 the p r e s s u r e c a u s e d by the a b s o r p t i o n o f the i o n beam 

i n the o u t e r l a y e r s i m p l o d e s i t t o i g n i t i o n . 

The b a s e l i n e scheme f o r i n j e c t i o n o f the t a r g e t i s shown s c h e m a t i c a l l y i n 

F i g . 2 . 3 - 1 . T h i s method uses a p n e u m a t i c gun to a c c e l e r a t e the t a r g e t w h i l e 

i t i s e n c a s e d i n a s a b o t a s s e m b l y . The s a b o t p r o t e c t s the t a r g e t f r om f r i c -

t i o n a l h e a t due t o c o n t a c t wi th the gun b a r r e l and s e p a r a t e s f rom the t a r g e t 

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

chamber . 

T h e r e a r e two p e r i o d s o f t ime d u r i n g w h i c h we have c o n s i d e r e d h e a t i n g o f 

the t a r g e t f u e l : w h i l e the t a r g e t and s a b o t a s s e m b l y a r e i n the gun b a r r e l 

and w h i l e the t a r g e t i s i n the r e a c t o r chambe r . The l a t t e r was c a l c u l a t e d and 

t e m p e r a t u r e p r o f i l e s i n the t a r g e t were o b t a i n e d f o r v a r i o u s p e r i o d s o f t i m e 

i n the chamber . T h e s e a r e shown i n F i g . 2 .3-4 and were o b t a i n e d f rom the 

t e m p e r a t u r e d i f f u s i o n compu te r code P E L L E T , w h i c h s i m u l a t e s the t ime d e p e n d e n t 

h e a t i ng o f a m a t e r i a l wi t h t e m p e r a t u r e - d e p e n d e n t t h e r m a l p r o p e r t i e s unde r t he 

i n f l u e n c e o f a t i m e - d e p e n d e n t s u r f a c e h e a t l o a d . A s u r f a c e h e a t l o a d , due t o 

500°C b l a c k b o d y r a d i a t i o n i n the t a r g e t chamber , o f 2 . 0 2 W/cm 2 has been a s 

sumed f o r the t a r g e t i n F i g . 2 . 3 - 3 . I t i s seen i n F i g . 2 . 3 - 4 t h a t the maximum 

t e m p e r a t u r e i n the f u e l a t 3 2 . 5 ms a f t e r the t a r g e t e n t e r s the t a r g e t c h a m b e r , 

the t ime a t w h i c h a t a r g e t mov ing a t 200 m/s wou ld i n t e r s e c t the i o n beams, i s 

s l i g h t l y l e s s than 14 K. T h i s o c c u r s a t t he D T - L i P b i n t e r f a c e and i s s t i l l 

be low the m e l t i ng t e m p e r a t u r e o f DT so t h a t a s i i g h t 1ower i ng o f the i n j e c t i o n 

v e l o c i t y w i11 n o t l e a d t o m e l t i n g o f the f u e l . F u r t h e r m o r e , the t e m p e r a t u r e 

a t the i n s i d e boundary o f the f u e l i s be iow the s u b l i m a t i o n t e m p e r a t u r e . T h i s 

c a l c u l a t i o n was b a s e d on an a s s u m p t i o n t h a t t he t a r g e t e n t e r s the c a v i t y w i t h 

a u n i f o r m t e m p e r a t u r e o f 4 K. S i n c e the f u e l i s o n l y s i i g h t l y be low the mel t -

i n g and s u b l i m a t i o n c o n d i t i o n s , i f the i n j e c t i o n v e l o c i t y i s to be k e p t a t 200 

m/s the t a r g e t must n o t be h e a t e d to any s i g n i f i c a n t d e g r e e w h i l e i t i s i n t he 

gun b a r r e l . 
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q" • 2.02 W / e m 2 ( T f | r , t «urface • SOO'C) 
32.S msec 

20.0 mssc 

10.0 mssc 

• 5.0 msec 

0.0 ms sc. -) 

°Z1 L PbLi Pb 

0.15 0.20 025 Q30 
RAOIUS (cm) 

0.35 

F i g . 2 . 3 - 4 . T a r g e t t e m p e r a t u r e p r o f i l e s due t o h e a t i n t a r g e t chamber . 

annular contact areas 
y between sabot and gun barrel 

A , ^ 

3 mm mm 
24 mm 

F i g . 2 . 3 - 5 . HIBALL t a r g e t and s a b o t . 

70 »- HEATING OF TARGET a SABOT IN INJECTOR 

q" * 51.3 W / c m 2 —FRICT IONAL HEATING 

60 

50 

u 40 
IT 

b 
2 30 

a. 

UJ 20 

10 

t« 20.0msec 

Void |PT |pb-uKPb T E F L O N ,t=0.0 

.1 .2 .3 .4 .5 .6 
P ft 

3 RAOIUS (cm) 

.7 .8 

F i g . 2 . 3 - 6 . T a r g e t and s a b o t t e m p e r a t u r e p r o f i l e s due to h e a t i n g i n gun 
b a r r e l . 
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A s a b o t w h i c h i s shown i n F i g . 2 . 3 - 5 wi t h a p e l l e t i n s i d e has been d e 

s i g n e d a t I n t e r a t o m ^ . The s a b o t i s h e a t e d by f r i c t i o n wi th the gun b a r r e l 

a t a n n u l a r c o n t a c t a r e a s A 1 and A 2 . H e a t i s c o n d u c t e d t o the t a r g e t t h r o u g h 

c o n t a c t a r e a s a p a 2 and a 3 . The s a b o t m a t e r i a l i s t a k e n to be T e f l o n and the 

gun b a r r e l m a t e r i a l i s s t e e l , g i v i n g a c o e f f i c i e n t o f f r i c t i o n o f 0 . 0 5 1 3 . The 

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

q f = f A P V 

where f i s the c o e f f i c i e n t o f f r i c t i o n , A i s the c o n t a c t a r e a , P i s the f o r c e 

per u n i t a r e a e x e r t e d on the s a b o t by the gun b a r r e l and V i s the a v e r a g e 

v e l o c i t y o f the s a b o t i n the gun b a r r e l . W i t h V* = 100 m/s and P = 1 0 5 N / m 2 , 

t h e f r i c t i o n a l h e a t l o a d i s 5 1 . 3 W / c m 2 . 

The g r e a t e s t c o n d u c t i o n o f h e a t f r om the c o n t a c t be tween the s a b o t and 

gun b a r r e l and the t a r g e t f u e l wi 11 o c c u r a l o n g the p a t h shown as P ^ P ß i n 

F i g . 2 . 3 - 5 . P o i n t P^ i s a t the f o r w a r d - m o s t edge o f c o n t a c t a r e a A ^ , w h i c h i s 

the l a r g e s t c o n t a c t a r e a a t 0 . 7 8 c m 2 . P o i n t P 2 i s a t c o n t a c t a r e a a 1 be tween 

the t a r g e t and t he s a b o t w h i c h i s 0 . 0 3 c m 2 and i s b o t h much l a r g e r and c l o s e r 

to A^ than e i t h e r a 2 o r a ^ . P o i n t P 3 i s a t the i n s i d e edge o f the s o l i d D-T 

f u e l , a t t he p o i n t c l o s e s t t o P 2 . 

We have used t he PELLET code t o c a l c u l a t e the h e a t i n g o f the t a r g e t by 

f r i c t i o n a l h e a t f rom c o n t a c t a r e a A ^ . PELLET i s a o n e - d i m e n s i o n a l c o m p u t e r 

code w h i c h we have a p p l i e d to h e a t t r a n s f e r a l o n g the 1 i n e P ^ P 2 P - j . H e a t 

t r a n s f e r i s a c t u a l l y a t h r e e - d i m e n s i o n a l p r o b l e m i n the s a b o t a s s e m b l y so t h a t 

t h i s o n e - d i m e n s i o n a l a n a l y s i s wi11 o v e r e s t i m a t e the h e a t t r a n s f e r r e d t o the 

t a r g e t . B e c a u s e the o n e - d i m e n s i o n a l h e a t t r a n s f e r i s an o v e r e s t i m a t e and b e 

c a u s e we a r e c o n s i d e r i n g the p a t h o f g r e a t e s t h e a t t r a n s f e r , t he method i s 

f e l t to be c o n s e r v a t i v e . 

The t e m p e r a t u r e p r o f i l e s p r e d i c t e d by PELLET a r e shown i n F i g . 2 . 3 - 6 . 

P r o f i l e s a r e shown a t the t ime t h a t the a c c e l e r a t i o n s t a r t s and 20 ms 1 a t e r , 

when the t a r g e t l e a v e s the gun b a r r e l . N o t i c e t h a t the t a r g e t i s n o t h e a t e d 

a t a l l and t h a t most o f the s a b o t i s n o t h e a t e d e i t h e r . Thus the t a r g e t 

e n t e r s the c a v i t y a t a un i f o rm t e m p e r a t u r e o f 4 K. We have s t i l l n e g l e c t e d 

h e a t i n g d u r i n g s t o r a g e due to t r i t i u m decay and h e a t i n g w h i l e the t a r g e t i s 

mov ing f rom the gun b a r r e l t o the t a r g e t chamber . 
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Thus we have shown t h a t the h e a t i n g due t o f r i c t i o n d u r i n g a c c e l e r a t i o n 

and due to b l a c k b o d y r a d i a t i o n i n the t a r g e t chamber o f HIBALL do n o t damage 

the t a r g e t . 

2 . 3 . 4 S y n c h r o n i z a t i o n 

The s i m p l e s t way t o e n s u r e s y n c h r o n i c i t y o f the t a r g e t and the i o n p u l s e 

w o u l d be t o use an i n j e c t i o n t e c h n i q u e i n w h i c h the t o t a l t r a v e l t ime o f t he 

t a r g e t ( e . g . , 80 ms f o r v = 200 m/s) i s r e p r o d u c i b l e t o w i t h i n ± 1 y s and t o 

t r i g g e r bo th the i o n p u l s e and the t a r g e t i n j e c t o r by f i x e d s i g n a l s d e r i v e d 

f r o m a common t ime b a s e . Howeve r , i t a p p e a r s d i f f i c u l t t o a t t a i n t h a t p r e 

c i s i o n i n a m e c h a n i c a l p r o c e s s . A more r e a l i s t i c method c o n s i s t s i n t r a c k i n g 

t he t a r g e t d u r i n g i t s b a l l i s t i c f l i g h t w i t h i n t he r e a c t o r chamber by p h o t o 

e l e c t r i c g a t e s , c a l c u l a t i n g i t s t ime o f a r r i v a l and t r i g g e r i n g the i o n p u l s e 

a c c o r d i n g l y . The c o m p l e t e p u l s e b u i l d u p and t r a n s p o r t p r o c e d u r e i n t he 

H I B A L L - I I d r i v e r t a k e s o n l y a b o u t f o u r m i l l i s e c o n d s . The d r i v e r i s , t h e r e 

f o r e , t r i g g e r e d a t a t ime when the t a r g e t i s o n l y a b o u t 1 m f r o m the f o c u s 

l o c a t i o n . By t h i s t ime i t s a r r i v a l can be p r e d i c t e d to w i t h i n ± 1 u s , as shown 

i n H I B A L L - I . ( 1 ) (See a l s o S e c t i o n 3 . 2 . 3 . ) 
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3 . DRIVER 

3 .1 C o n s i d e r a t i o n s L e a d i n g to the M o d i f i e d D r i v e r o f H I B A L L - I I 

S i nee the c o m p l e t i o n o f the f i r s t r e p o r t on HIBALL we have r e c o n s i d e r e d 

the i o n cha rge s t a t e , as w e l l as 1 i n a c p e r f o r m a n c e and the scheme o f c u r r e n t 

m u l t i p l i c a t i o n . The main i s s u e had been c o n t r o l o f space c h a r g e e f f e c t s , 

w h i c h s t r o n g l y u rged the use o f B i 2 + . In 1982 , f o i l owing a d e t a i l e d a n a l y s i s 

o f space c h a r g e p rob lems p r e s e n t e d a t the GSI Symposium on A c c e l e r a t o r A s p e c t s 

o f Heavy Ion F u s i o n ^ and p u r s u e d t h e r e a f t e r , we chose s i n g l e - c h a r g e d Bi as a 

more c o n v e n i e n t c a n d i d a t e . Here we b e n e f i t f rom the f a c t t h a t a c c e l e r a t o r 

space cha rge 1 imi t s g e n e r a l l y s c a l e wi th q 2 / A , wi th q the c h a r g e s t a t e ; hence 

s i n g l e - c h a r g e d i o n s o f f e r c o n s i d e r a b l e r e l a x a t i o n . T h i s i s a t the expense o f 

a d o u b l e d 1 i n a c l e n g t h and h i g h e r demand on g u i d i n g m a g n e t i c f i e l d s due to the 

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

l y b e n e f i t e d f rom the a l l o w a n c e o f a s m a l l e r e m i t t a n c e e, due t o the f a c t t h a t 

q 2 / e i s a q u a n t i t y t h a t s h o u l d be k e p t a b o u t c o n s t a n t i n the s t o r a g e r i n g s . 

The n e x t i m p o r t a n t i s s u e s i s the f i l l i n g t ime o f the s t o r a g e r i n g s , w h i c h 

i s i n v e r s e l y p r o p o r t i o n a l t o the 1 i n a c c u r r e n t . A t the 1982 GSI Workshop i t 

was e m p h a s i z e d t h a t the mic rowave i n s t a b i l i t y s h o u l d be the ma jo r mechani sm t o 

1 i m i t the f i l l i n g t i m e , and t h a t the f i r s t HIBALL d r i v e r was o p e r a t i n g i n an 

u n s t a b l e r e g i m e . ^ As an i n t e r m e d i a t e s t e p , a s c e n a r i o was s t u d i e d w h i c h 

p r o m i s e d a v e r y s h o r t f i l l i n g t ime o f the s t o r a g e r i n g s (1 ms) so t h a t l e s s 

than t h r e e e - f o l d i n g s o f the mic rowave i n s t a b i l i t y , f o l l o w i n g the 1 i n e a r i z e d 

t h e o r y , s h o u l d o c c u r . ^ The l i n a c c u r r e n t had to be r a i s e d to the l a r g e 

v a l u e o f 660 mA, w h i c h i s s t i l l i n a c c o r d a n c e wi th s p a c e - c h a r g e t r a n s p o r t 

t h e o r y , bu t demands e x c e s s i v e c o s t f o r RF i n s t a l l a t i o n , because more than 7 .5 

GW o f RF power i n s h o r t p u l s e s i s n e e d e d . The c o s t f o r the RF g e n e r a t o r s 

w o u l d amount t o a b o u t h a l f o f the t o t a l d r i v e r c o s t . 

R e c e n t p r o g r e s s i n s i m u l a t i o n o f the m ic rowave i n s t a b i 1 i ty s u g g e s t s t h a t , 

due t o f a v o r a b l e n o n l i n e a r e f f e c t s , the a c c e p t a b l e s t o r a g e t ime can be made 

much l o n g e r than a n t i c i p a t e d f rom the l i n e a r i z e d t h e o r y . ( 4 , 5 ) 0 n t h i s b a s i s 

we have p r o p o s e d a r e v i sed s c e n a r i o wi th 4 ms s t o r a g e r i n g f i 1 1 i n g t i m e ; the 

l t n a c c u r r e n t i s r e d u c e d to the c o m f o r t a b l e v a l u e o f 165 mA. T h i s p r o m i s e s a 

b e t t e r b a l a n c e between the l o a d on the 1 i n a c and s t o r a g e r i ngs f rom the de s i gn 

and c o s t p o i n t o f v i e w . 

A f u r t h e r s i g n i f i c a n t change has been the r e p l a c e m e n t o f the l i n e a r 

i n d u c t i o n b u n c h e r s i n the f i n a l beam 1 i n e s by a s t a c k o f RF buncher r i n g s . 
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The f a c t t h a t 20 such beam l i n e s e x i s t wou ld have r e q u i r e d a t o t a l i n d u c t i o n 

v o l t a g e o f a b o u t 10 GV, w h i c h i s p r a c t i c a l l y p r o h i b i t i v e i n our s c e n a r i o f o r 

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

the buncher r i n g s i s p r e s e n t l y b e i n g i n v e s t i g a t e d by s i m u l a t i o n , y e t unpub 

l i s h e d r e s u l t s have no t i n d i c a t e d any p rob lem f o r the p a r a m e t e r s c o n s i d e r e d . 

R e s u l t s o f compute r s i m u l a t i o n s o f the d e b u n c h i n g p r o c e s s o f the l i n a c 

beam o f the t r a n s f e r r i n g have s u g g e s t e d t h a t i t i s p r e f e r a b l e to r e p l a c e the 

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

r i n g s . T h i s c o n s i d e r a b l y r e d u c e s l o n g i t u d i n a l and a l so t r a n s v e r s e emi t t a n c e 

g r o w t h . The l a t t e r i s due t o the f a c t t h a t the t r a n s v e r s e space c h a r g e e f f e c t 

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

c h a n g e d . Mul t i t u r n s t a c k i n g i n the e a r l i e r l a r g e t r a n s f e r r i n g s has been r e 

p l a c e d by a sys tem where two beams a r e r e p e a t e d l y comb ined t r a n s v e r s e l y by a 

comb ine r septum o u t s i d e o f the r i n g s . 

3 .2 D r i v e r D e s c r i p t i o n 

3 . 2 . 1 A c c e l e r a t o r Scheme 

3 . 2 . 1 . 1 L i n e a r A c c e l e r a t o r 

The l i n a c i s to p r o v i d e a l 1 the k i n e t i c ene rgy o f the B i + i o n s to d r i v e 

the t a r g e t , whereas the t r a n s f e r and s t o r a g e r i n g s a r e to m u l t i p l y the beam 

c u r r e n t i n a f i r s t s t e p , and the bunche r r i n g s to p e r f o r m a second c o m p r e s s i o n 

s t e p . In o r d e r to keep the c o m p r e s s i o n f a c t o r s l o w , and to a v o i d d e t e r i o r -

a t i o n o f the beam q u a l i t y by i n s t a b i l i t i e s d u r i n g s t o r a g e , the 1 i n a c s h o u l d 

d e l i v e r as h i g h a beam c u r r e n t as p o s s i b l e . The 1 i m i t i s s e t by economy, 

r a t h e r t han by beam s t a b i l i t y i n the l i n a c , a t 100 t o 200 mA. F o r much h i g h e r 

c u r r e n t s , the beam power , and hence the RF power , become so l a r g e t h a t a p r o 

h i b i t i v e f r a c t i o n o f the t o t a l i n v e s t m e n t c o s t must be s p e n t f o r t e t r o d e s , 

k l y s t r o n s and RF c i r c u i t r y . We have chosen 165 mA, hence the beam power i s 

1 .65 GW, r e q u i r i n g 2 . 5 GW o f RF power , o r r o u g h l y 0 . 5 MW/m o f s t r u c t u r e ( a s 

suming 5 km s t r u c t u r e l e n g t h ) , wh i ch g i v e s a r e a s o n a b l e r a t i o o f RF e q u i p m e n t 

t o s t r u c t u r e c o s t . 

The beam i s p r o d u c e d i n 8 i o n s o u r c e s o f the H0RDIS t y p e . ^ 6 ^ Each o f 

t hese beams i s s t a t i c a l l y p r e a c c e l e r a t e d by a b o u t 300 k V , and c a p t u r e d by a 10 

MHz l o w - v e l o c i t y l i n a c o f the RFQ t y p e . ^ Near the i o n s o u r c e s 1.6 us pu l ses 

s e p a r a t e d by 0 . 4 us gaps have to be s h a p e d ; t h e s e gaps a r e n e c e s s a r y t o f a 

c i l i t a t e swi t c h i n g o f the beam i n t o s e p a r a t e t r a n s f e r r i ngs ( S e c t i o n 3 . 2 . 2 ) . 
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S t e p w i s e " f u n n e l i n g " o f p a i r s o f b e a m s ^ 0 ' b r i n g s the m i c r o b u n c h f r e q u e n c y 

up to 80 MHz i n the main 1 i n a c , w h i c h , however , may have a h i g h e r ( h a r m o n i c ) 

RF f r e q u e n c y f o r r e a s o n s o f economy, depend i ng on the i o n v e l o c i ty (wh i ch 

d e t e r m i n e s the most economic type o f 1 i n a c s t r u c t u r e ) and on bunch l e n g t h . 

The debuncher a t the end o f the l i n a c , however , o p e r a t e s a t the bunch f r e q u e n 

cy a g a i n , i n o r d e r to p roduce the s m a l l e s t p o s s i b l e momentum w i d t h i n l o n g 

m i c r o b u n c h e s . The d i s t a n c e f rom the debunche r to the t r a n s f e r r i n g s , where 

the beam i s no l o n g e r under c o n t r o l o f RF b u c k e t s , s h o u l d be as s h o r t a s 

p o s s i b l e . 

3 . 2 . 1 . 2 T r a n s f e r R i n g s and T r a n s v e r s e S t a c k i n g P r o c e d u r e 

The u s u a l way t o s t e p up the beam c u r r e n t s by " t r a n s v e r s e p h a s e - s p a c e 

s t a c k i n g " has been m u l t i t u r n i n j e c t i o n , n - f o l d i n g the beam c u r r e n t s by n - t u r n 

i n j e c t i o n r e q u i r e s e i t h e r n - f o l d c i r c u m f e r e n c e s o f the p r e c e d i n g t r a n s f e r 

r i n g , o r n p r e c e d i n g r i n g s c o n t a i n i n g beams s i m u l t a n e o u s l y and d e l i v e r i n g 

t h e i r beams i n a c l o s e s e q u e n c e . 

S i nee we a r e c o n c e r n e d a b o u t momentum b lowup d u r i n g d e b u n c h i n g i n the 

t r a n s f e r r i n g s , we wou ld p r e f e r smal1 r i n g s , i . e . e i t h e r the second o f t he 

a f o r e m e n t i o n e d a l t e r n a t i v e s , o r a more economic v e r s i o n w h i c h i s p o s s i b l e f o r 

n = 2 , i . e . d o u b l i n g the beam c u r r e n t i n e a c h s t e p . S t o r a g e f o r o n l y the 

f i r s t o f the two beams i s needed ( e x c e p t f o r the f i r s t combi n a t i o n s t e p ) ; the 

second beam i s t aken a t " f r e e f l i g h t " when i t emerges f rom the f o r e g o i n g 

combi n a t i o n s t e p . No beam r o t a t o r s a r e needed because t h i s " f r e e - f l i g h t " 

c o m b i n a t i o n works as w e l l v e r t i c a l l y as h o r i z o n t a l l y . 

N a t u r a l l y , the number o f such s t e p s must be l a r g e . T h e r e f o r e , the d i 

l u t i o n f a c t o r i n each s t e p must be s m a l 1 , 1.2 o r l e s s . In o r d e r to have such 

a smal1 d i l u t i o n f a c t o r , c o m b i n a t i o n o f pa i r s o f beams i s p r o p o s e d , i n t r a n s 

v e r s e phase space o u t s i d e o f the r i n g s , by means o f c o m b i n e r s e p t a . T h i s e l e 

ment i s the i n v e r s i o n o f a beam s p l i t t e r r o u t i n e l y u s e d , e . g . a t UNILAC o f 

G S I . To make the beams f i t o p t i m a l l y i n t o a combined e l l i p s e , some d i s t o r t i o n 

i s p r o p o s e d by means o f s e x t u p o l e magne ts . I n j e c t i o n i n t o the s u b s e q u e n t r i n g 

i s then by s i n g l e - t u r n t e c h n i q u e s . 

We p r o p o s e 3 - t u r n i n j e c t i o n f rom the 1 i n a c i n t o a f i r s t and a second 

t r a n s f e r r i n g , a t o t a l o f 4 d o u b l i n g s t e p s u s i n g t hese and 3 f u r t h e r r i n g s i n 

the manner j u s t d e s c r i b e d , and 2 - t u r n i n j e c t i o n i n t o the s t o r a g e r i n g s . T h i s 

r e s u l t s i n a s t a c k i n g f a c t o r o f 3 « 2 5 = 9 6 . The f i v e t r a n s f e r r i n g s each have 

t w i c e the c i r c u m f e r e n c e o f a s t o r a g e r i n g and can be a r r a n g e d on top o f e a c h 
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o t h e r , s i m i l a r to the CERN b o o s t e r r i n g s . M u l t i t u r n i n j e c t i o n f rom the l i n a c 

i n t o the f i r s t two r i n g s i s n e c e s s a r y i n o r d e r to d e s t r o y the m i c r o b u n c h 

s t r u c t u r e o f the beams w h i c h , i f c o n s e r v e d , wou ld l e a d t o momentum-spread 

b l o w u p . The number o f 3 has been chosen f o r the sake o f a low d i l u t i o n 

f a c t o r ; a h i g h e r number o f t u r n s wou ld be a p o s s i b l e d i f f e r e n t c h o i c e . 

F i g u r e 3 . 2 - 1 shows the c o m p l e t e s c e n a r i o and F i g . 3 . 2 - 2 i s a p o s s i b l e 

g round p l a n . 

3 . 2 . 1 . 3 S t o r a g e R i n g s 

The s t o r a g e r i n g s must be as s m a l l as p o s s i b l e , and t h e r e f o r e e q u i p p e d 

w i t h s u p e r c o n d u c t i n g magne ts , f o r the same r e a s o n as i n H I B A L L - I . To a l l o w 

the t r a n s f e r r i n g s to be made w i t h normal i r o n m a g n e t s , t w o - t u r n i n j e c t i o n 

i n t o the S R ' s g i v e s a c i r c u m f e r e n c e r a t i o o f 2 f o r the t r a n s f e r r i n g s to the 

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

T h e r e i s one e s s e n t i a l d i f f e r e n c e f rom the H I B A L L - I s t o r a g e r i n g s . The 

RF sys tem c r e a t e s 0 . 2 5 MHz b u c k e t s o n l y i n o r d e r to c o n s e r v e the 1.6 us 

b u n c h e s , n o t to compress them a d i a b a t i c a l l y , because t h i s wou ld t ake t o o much 

t i me. To match the s i t u a t i o n o f n o n - p a r a b o l i c c h a r g e - d e n s i ty d i s t r i b u t i o n 

wi t h i n the 1.6 us b u n c h e s , the b u c k e t s must have a f l a t b o t t o m , w h i c h r e q u i r e s 

a t l e a s t two more RF h a r m o n i c s . ' 

The r e s i d e n c e t ime o f the beam i n the l a s t t r a n s f e r r i n g ( w a i t i n g r i n g WR 

3) i s 192 us o r 12 t u r n s . T h i s t ime i s m a r g i n a l and may r e q u i r e a s i m i l a r RF 

s y s t e m as f o r the s t o r a g e r i n g s . In F i g . 3 . 2 - 1 such an RF sys tem has been a s 

sumed. 

3 . 2 . 1 . 4 Bunche r R i n g s 

F i n a l bunch c o m p r e s s i o n to the f i n a l l e n g t h o f 20 ns ( e f f e c t i v e ) o r 30 ns 

( b a s i c w i d t h ) i s done i n the buncher r i n g s . The c o n c e p t o f l i n e a r b u n c h e r s , 

used i n H I B A L L - I , has been abandoned because o f e x c e s s i v e c o s t . In c o n t r a s t 

to the l o w - v o l t a g e RF c a v i t i e s o f the S R ' s , the h i g h - v o l t a g e RF c a v i t i e s o f 

the B R ' s p r o b a b l y c a n n o t c o n t a i n f e r r i t e l o a d i n g s to r e d u c e the s i z e o f the 

0 . 2 5 MHz c a v i t i e s . The vacuum r e e n t r a n t , h i g h - Q c a v i t i e s o f the B R ' s p r e s e n t 

a ma jo r m e c h a n i c a l d e s i g n p r o b l e m ; n e v e r t h e l e s s , i t i s b e i i e v e d t h a t t hey can 

be c o n s t r u c t e d , and t h a t they a r e l e s s e x p e n s i v e than a l a r g e number o f smal1 

f e r r i t e - l o a d e d c a v i t i e s (wh i ch wou ld a l s o p r e s e n t a space p r o b l e m ) . Some 
(9) 

ha rmon ic RF components o f somewhat l o w e r a m p l i t u d e have to be a d d e d . 

The r e s i d e n c e t ime o f the beams i n the B R ' s i s 160 u s , o r 20 t u r n s . In 

t h i s smal1 number o f t u r n s the beam has to t o l e r a t e a s p a c e - c h a r g e b e t a t r o n 
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C= Combiner septum 
RF= Big RF cavity 

DEB= Debuncher 

F i g . 3 . 2 - 2 . H I B A L L - I I g round p l a n . 
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t ime s p r e a d o f up to more than 50% o f the o r i g i n a l t i m e , w h i c h , however , t a k e s 

p l a c e ove r q u i t e a few t u r n s ou t o f the 2 0 . The q u e s t i o n o f i n t e g e r r e s o n a n c e 

c r o s s i n g under t h e s e c o n d i t i o n s i s p r e s e n t l y b e i n g s t u d i e d , b u t so f a r no 

s e r i o u s e f f e c t has been f o u n d . 

3 . 2 . 2 T i m i n g 

F i g u r e 3 . 2 - 3 shows the beam p u l s e s t r u c t u r e i n the l i n a c , i n the f i r s t 

t r a n s f e r r i ng , the s t o r a g e r i n g s and a t the t a r g e t . 

As p o i n t e d o u t i n S e c t i o n 2 . 3 . 4 , the s y n c h r o n i z a t i o n o f the d r i v e r t o the 

p e l l e t mo t i on i s s t r a i g h t f o r w a r d w i t h the p r e s e n t d r i v e r d e s i g n , i . e . when the 

r e l a t i v e l y low f r e q u e n c y v o l t a g e s f o r the s t o r a g e and b u n c h e r r i n g s a r e 

s w i t c h e d o f f a f t e r e a c h s h o t and swi t c h e d on a g a i n so as to be i n phase wi t h 

t he new t a r g e t . The v a r i a b l e (0 -100 us) b u f f e r t ime i n d i c a t e d i n F i g . 3 . 2 - 3 

i s , t h e r e f o r e , an o p t i o n wh i ch i s n o t needed i n the p r e s e n t d e s i g n . 

The s i t u a t i o n wou ld be more comp lex 1 f the b u n c h i n g RF power s u p p l i e s had 

to be r u n n i n g c o n t i n u o u s l y . In t h a t c a s e , the d i s c r e t e i n s t a n t s 4 us a p a r t a t 

w h i c h the i ons can be swi t c h e d o u t o f the bunche r r i n g s w o u l d be p r e d e t e r m i n e d 

and c o u l d no t e a s i l y be s h i f t e d a c c o r d i n g to the measured t a r g e t m o t i o n . The 

maximum l o n g i t u d i n a l t a r g e t p o s i t i o n i n g e r r o r thus i n t r o d u c e d wou ld be ±2 us • 

200 m/s = ± 0 . 4 mm, s t i l l wi t h i n our assumed t o l e r a n c e . I f a f i n e r a d j u s t m e n t 

were n e e d e d , s h o t - t o - s h o t beam s t e e r i ng wou ld be a remedy ( see d i s c u s s i o n i n 

H I B A L L - I ) . 

3 . 3 Components 

3 . 3 . 1 Ion S o u r c e s 

The m u l t i p o l e magnet , cusped f i e l d o r r e f l e x i o n s o u r c e s have undergone 

some deve lopmen t p r o g r e s s i n r e c e n t y e a r s . An improved d e s i g n f o r g a s e o u s 

e l e m e n t s , C O R D I S , ^ d e l i v e r s a more s t a b l e beam o v e r l o n g e r d i s c h a r g e p u l s e s , 

and consumes l e s s power than the o l d e r ELSIRE d e s i g n . A v e r s i o n wi th an 

e v a p o r a t i o n oven f o r l o w - m e l t i n g m e t a l s , H0RDIS I I , ^ d e l i v e r e d a B i + beam o f 

37 mA i n t o a n o r m a l i z e d e m i t t a n c e o f 0 .16 x 1 0 ~ 6 m, g i v i n g a b r i l l i a n c e n e a r l y 

f o u r t i m e s g r e a t e r than needed f o r the p r e s e n t d r i v e r d e s i g n . No f u r t h e r a t -

tempts have been u n d e r t a k e n to r a i s e the B i o u t p u t l e v e l beyond the l e v e l 

r e p o r t e d i n H I B A L L - I . 

Space c h a r g e c o m p e n s a t i o n i s needed i n the t r a n s f e r l i n e f rom the s o u r c e 

to the RFQ i n p u t . S u c c e s s f u l measures have been d e v e l o p e d i n the c o u r s e o f 

work on s t a t i c beam t r a n s p o r t to keep c o m p e n s a t i n g e l e c t r o n s i n s i d e the i o n 

beam. The t y p i c a l b u i l d u p t ime f o r the e l e c t r o n c l o u d i s on the o r d e r o f 1 0 -



-4.8 ms -4.3 ms -1ms -0.3 ms 
-80ms 

-27.5 ms -15 ms 

Start 
peilet 

\ ^ 
R LF i noQnC\ 1 v 2° u r v C e End Linac beam 

\ / 
Measure 
pellet Transit 
times at 
-5.5 and -3.0 m 

Switch on 
Linac-RF 
BR-RF 

Timing 
Overview 

Transit I 
'through 
TR's & beam lines 

Transit through 
Linac 0.1 ms 

SR 1 Storage 
v 9 x 10 \ 

SR10-
Storage 

-0.2 ms 
0 

Bunching 

Buffer time 

Shot 

Trigger 

x 2 5 0 

Switch on 
SR1-RF 

Linac b e a m j l i i i 

SR b e a m / 2 \ i s \ 

Option •- Remeasure 
pellet transit 
at -0.2m; 
Decide on Buffer time 

165 mA 

y 12.5 A 

x 4 0 / 
10MHz R F Q beam _ A _ _ ^ \ A I -

200 mA (aver 21mA) 

80 MHz Alvarez beam AAJIAAJUIAAAAJUUIAAAJLA ~2A{aven 0.165A) 

—\ 
0.1 us 

F i g . 3 . 2 - 3 . T i m i n g o v e r v i e w . 



39 

50 u s ; s h o r t e r t i m e s can be a t t a i n e d b u t n o t a n a l y z e d a t p r e s e n t because the 

b u i l d u p t ime of the d i s c h a r g e i n the s o u r c e i s o f the same o r d e r . S u b t l e 

t e c h n i q u e s f o r a n a l y z i n g the space c h a r g e p o t e n t i a l i n beams have been d e 

v e l o p e d . ^ 1 0 ^ Deve lopment o f i n t e n s i t y m o d u l a t i o n t e c h n i q u e s d i r e c t l y a f t e r 

the s o u r c e , n o t u s i n g the s o u r c e d i s c h a r g e i t s e l f , i s u r g e n t l y n e e d e d . 

3 . 3 . 2 RFQ Type Low V e l o c i t y A c c e l e r a t o r s 

In the l a s t two y e a r s RFQ a c c e l e r a t i n g s t r u c t u r e s have f ound ve ry w i d e 

s p r e a d a c c e p t a n c e . Many l a b s a r e d e v e l o p i n g 1 i g h t - i o n RFQ s t r u c t u r e s o f 

the f o u r - v a n e t y p e , the f r e q u e n c y range o f w h i c h i s f rom 440 MHz down to 80 

MHz, and the maximum m a s s - t o - c h a r g e r a t i o A / q i s 7. 

There i s , however , 1 i m i t e d a c t i v i t y i n d e v e l o p i n g s t r u c t u r e s s u i t a b l e f o r 

h e a v i e r m a s s e s , o r l o w e r c h a r g e s t a t e s . F o r g i v e n n o r m a l i z e d a c c e p t a n c e and 
l / 2 

s u r f a c e f i e l d s t r e n g t h , the f r e q u e n c y i s r o u g h l y p r o p o r t i o n a l to ( A / a ) . F o r 

B i + i o n s , and beams o f 20 mA, the f r e q u e n c y must be a t 10 to 15 MHz. F o u r -

vane s t r u c t u r e s then can no l o n g e r be a p p l i e d . 

Two t y p e s a r e under c o n s i d e r a t i o n : s p i r a l - s u p p o r t e d Q r o d s (Los A l a m o s , 

F r a n k f u r t ) and s p l i t - c o a x i a l c a v i t i e s ( G S I , F r a n k f u r t , I N S ) . The l a t t e r have 

been b r i e f l y d e s c r i b e d i n H I B A L L - I , and i n some GSI r e p o r t s . ^ A t G S I , one 

module i s b e i n g s u c c e s s f u l l y o p e r a t e d wi t h A r + and K r + i o n s , a t beam ( o u t p u t ) 

i n t e n s i t i e s o f up t o 22 mA ( K r + ) . Fou r more modules have been m a n u f a c t u r e d i n 

1984 and were b e i n g c o p p e r - p l a t e d and a s s e m b l e d a t the end o f 1984 . T h i s 

p r o t o t y p e ( "MAXILAC" ) can be used f o r A / q < 1 3 0 ; the f r e q u e n c y i s 1 3 . 5 MHz. 

T h i s c h o i c e f a c i l i t a t e s a l a t t e r i n j e c t i o n o f the beam i n t o UNILAC. F o r B i + 

i o n s , 10 MHz i s a ve ry s a f e e x t r a p o l a t i o n . 

B e c a u s e o f the s t a b l e d e s i g n and easy a d j u s t m e n t , the s p l i t - c o a x i a l t ype 

has p roven to be a good c h o i c e . Even the tank d i a m e t e r o f 1.2 m need no t be 

changed f o r a new d e s i g n because i t a l l o w s d i r e c t a c c e s s o f i n s p e c t i o n p e r s o n 

ne l t o the i n n e r s y s t e m . (A tank d i a m e t e r o f , e . g . , 0 . 5 m, wou ld mean o n l y a 

s l i g h t l y l o w e r s h u n t i m p e d a n c e . ) P r a c t i c a l a s p e c t s 1 i k e t h e s e a r e e x t r e m e l y 

i m p o r t a n t i n a c c e l e r a t o r d e v e l o p m e n t 

3 . 3 . 3 F u n n e l i n g 

The f u n n e l i n g p r i n c i p l e i s q u i t e s i m p l e : RF d e f l e c t o r f i e l d s k i c k two 
(a) 

bunched beams i n t o a common p a t h . S t u d i e s have been done a t K f K v ' a n s w e r i n g 

e s s e n t i a l l y two q u e s t i o n s : 

a . Can the tendency o f o v e r c r o w d i ng the f u n n e l l i n e wi th d e f l e c t o r s , septum 

magnets a n d / o r e l e c t r o s t a t i c s e p t a , t r a n s v e r s e q u a d r u p o l e l e n s e s , 
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r e b u n c h e r c a v i t i e s ( l o n g i t u d i n a l l e n s e s ) , pumps and d i a g n o s t i c d e v i c e s , be 

managed? 

b. What i s the l o s s o f beam b r i l l i a n c e i n d u c e d by f r i n g i n g f i e l d s and by the 

c u r v a t u r e o f the s i n e d e f l e c t o r v o l t age? 

T y p i c a l s i t u a t i o n s a t 1.7 MeV/u (54 MHz d e f l e c t o r ) , and 19 MeV/u (160 MHz d e 

f l e c t o r ) have been a n a l y z e d . F o r bo th c a s e s , and f o r B i + 2 and B i + i o n s the 

answer i s y e s f o r q u e s t i o n ( a ) , and the b r i 1 1 i a n c e l o s s i s n e g l i g i b l e . The 

d e f l e c t o r f i e l d s t r e n g t h has been ( c o n s e r v a t i v e l y ) 1 im i t e d to 5 MV/m. 

3 . 3 . 4 Beam Load o f L i n a c C a v i t i e s and I t s C o m p e n s a t i o n 

L o s s e s a t the septum o f a s t o r a g e r i n g (o r a s y n c h r o t r o n ) must be m i n i -

m i z e d , and t h e r e f o r e the beam q u a l i t y , e s p e c i a l l y the beam e n e r g y , must be 

p r e c i s e l y c o n s t a n t o v e r a p u l s e . ( L o s s e s i n a p r o t o n f a c i l i ty g e n e r a l l y may 

r a d i o a c t i v a t e mach ine p a r t s , b u t n o t i m m e d i a t e l y d e s t r o y them, because o f the 

l o n g e r s t o p p i n g range o f p r o t o n s . ) 

The key p a r a m e t e r s w h i c h must r ema in c o n s t a n t a r e the RF v o l t age i n the 

l i n a c c a v i t i e s , i t s d i s t r i b u t i o n a l o n g the gaps o f m u l t i g a p - c a v i t i e s , and i t s 

p h a s e . As soon as beam bunches p a s s t h r o u g h the c a v i t y g a p s , t h e i r m i r r o r 

c u r r e n t s f l o w a round the i n d u c t i v e volume o f the c a v i t y and change the v o l t age 

i n the g a p s . These c u r r e n t s a r e i n c o m p e t i t i o n wi t h the c u r r e n t s f e d i n t o the 

c o u p l i n g l o o p f rom the d r i v i n g a m p l i f i e r . A l s o , the bunches draw e n e r g y o u t 

o f the s t o r e d c a v i t y f i e l d . T h i s l e a d s to a new v o l tage l e v e l . The t r a n 

s i t i o n f rom the u n l o a d e d to the l o a d e d v o l t a g e l e v e l t a k e s a b o u t the same t i m e 

( i . e . , has a t ime c o n s t a n t on the same o r d e r ) as the l o a d i n g p r o c e s s o f the 

c a v i t y a t the RF p u l s e o n s e t , name ly , a b o u t Q RF p e r i o d s , where Q i s the 

f i g u r e o f m e r i t o f the l o a d e d RF c a v i t y . 

Feedback s t a b i l i z a t i o n by a m p l i t u d e and phase c o n t r o l l o o p s u s u a l l y must 

be s low to rema in s t a b l e . Thus they c a n n o t p r e v e n t an i n i t i a l d rop o f v o l t -

a g e , b u t can o n l y r a i se the v o l tage to the o l d l e v e l a f t e r Q RF p e r i o d s , o r 

o p t i m i s t i c a l l y a f r a c t i o n o f them. N e v e r t h e l e s s , most p r o t o n l i n a c s , i n c l u d 

i n g the new CERN II l i n a c , r e l y upon i t . The re a r e two a l t e r n a t i v e me thods . 

The o l d e r CERN I 1 i n a c had a d d i t i o n a l b e a m - l o a d a m p l i f i e r s whose anode 

v o l t a g e p u l s e was t r i g g e r e d when the beam came o n . Though what t h i s s ys tem 

d i d was u n s a t i s f a c t o r y f o r t e c h n i c a l r e a s o n s and was l a t e r s h u t down, i t was 

what i s c a l l e d a " f e e d - f o r w a r d . " More p r e c i s e l y , a f e e d - f o r w a r d s h o u l d f e e d 

a d d i t i o n a l power p r o p o r t i o n a l to the beam c u r r e n t s , whose pu l se shape i s n o t 

a l w a y s a s i m p l e r e c t a n g l e . T h i s has been s u c c e s s f u l l y t r i e d w i t h the GSI RFQ 
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1 i n a c : the c o n t r o l s i g n a l i s t aken f rom a beam t r a n s f o r m e r a t the RFQ e n 

t r a n c e , a m p l i f i e d and s i m u l t a n e o u s l y f e d to an ampl i tude and a phase c o n 

t r o l l e r . 

Some i m p e r f e c t i o n s r e m a i n : the t r a n s f o r m e r s i g n a l i s a l i t t l e (~ 10 RF 

p e r i o d s ) ahead o f the a v e r a g e beam l o a d ; a m p l i f i e r s and c o n t r o l l e r s have a 

f i n i t e t ime c o n s t a n t ; the anode c u r r e n t has t o s t e p u p , and may cause anode 

v o l tage t r a n s i e n t s ; and f i n a l l y , changes o f v o l tage d i s t r i b u t i o n i n mul t i g a p 

c a v i t i e s c a n n o t be c o r r e c t e d . A second method uses the f a c t t h a t d u r i n g 

b u i l d u p o f the RF f i e l d i n the c a v i ty the a m p l i f i e r has to d e l i v e r more power 

t h a n c o r r e s p o n d s to the RF v o l tage a t t h a t t i m e . I f the beam p u l s e s e t s on a t 

a t ime when the RF v o l tage i s s t i l l r i s i n g , the v o l tage c o n t i n u e s wi t h a m o r e -

o r - l e s s f l a t e n v e l o p e . The method c o n s i s t s o f i n d i v i d u a l l y t i m i n g the o n s e t 

o f the RF p u l s e f o r e v e r y c a v i t y . S i n c e a l e a r n i n g p r o c e s s i s r e q u i r e d , i t s 

r e s u l t may come too l a t e f o r the p r o t e c t i o n o f mach ine e l e m e n t s a g a i n s t 

damage. 

The b e s t method i s then a c o m b i n a t i o n o f bo th i n d i v i d u a l m e t h o d s , and i n 

f a c t t h i s i s what i s done e x p e r i m e n t a l l y . 

However , t h i s p r o b l e m needs c o n t i n u o u s s t u d y and r e f i n e m e n t , k e e p i n g i n 

mind the need f o r f a s t beam i n t e n s i t y m o d u l a t i o n . 

3 . 3 . 5 R i n g Components 

In f u s i o n d r i v e r s t o r a g e r i n g s , c a r e must be t a k e n i n the p r o p e r d e s i g n , 

o r d e v e l o p m e n t , o f the f o l 1 owing i t e m s : 

a . Any component , e . g . , r e s o n a t o r c a v i t i e s , k i c k e r s , d i a g n o s t i c e l e m e n t s , 

vacuum j o i n t s , must p r e s e n t a 1ow ohmic r e s i s t a n c e t o l o n g i t u d i n a l c u r r e n t 

RF F o u r i e r components wi t h i n the i n s t a b i l i t y e x c i t a t i o n b a n d s . 

b. I n j e c t i o n and e x t r a c t i o n k i c k e r s a r e e x c i t e d a t an u n u s u a l l y h i g h r e p e 

t i t i on r a t e . Many o f them can be r e p l a c e d by s q u a r e - w a v e RF d e f l e c t o r s 

f e d r e s o n a n t l y . Fo r the r e s t , e . g . , the e x t r a c t i o n k i c k e r s o f the s t o r a g e 

r i n g s o p e r a t e d a t a rep r a t e o f 20 s - 1 , t e c h n i c a l d e v e l o p m e n t has to be 

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

e t c . On the o t h e r h a n d , the r i s e t ime o f any k i c k e r may be r e l a t i v e l y 

l o n g , up to 2 u s ; the s t a t e o f the a r t i s a t a few n s . 

c . In the bunche r r i n g s , the combi n a t i o n o f low f r e q u e n c y ( 0 . 2 5 MHz and 

ha rmon i cs t h e r e o f ) and h i g h v o l tage r e q u i r e s h i g h - Q vacuum r e e n t r a n t c a v i 

t i e s o f a huge s i z e ; f e r r i te o r d i e l e c t r i c l o a d i n g o f the c a v i t i e s , w h i c h 

wou ld d e c r e a s e the s i z e , i s p r o h i b i t e d . 
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d . In c a s e o f beam l o s s e s any mach ine e l e m e n t h i t by the beam w i l l be d e 

s t r o y e d . The danger o f damage i s e s p e c i a l l y g r e a t f o r i n j e c t i o n and e x 

t r a c t i o n e l e m e n t s , and f o r beam d i a g n o s t i c d e v i c e s . A l 1 t h e s e e l e m e n t s 

m u s t , among o t h e r f e a t u r e s , be p r e p a r e d f o r q u i c k c h a n g e , even i n s p i t e o f 

some r a d i o a c t i v i t y l e v e l s . T h i s i s an e n g i n e e r i n g c h a l l e n g e . 

A comment on i t e m (a) s h o u l d be g i v e n ; t h i s i s p r o b a b l y the most i m 

p o r t a n t i s s u e . H i g h - i n t e n s i t y mach ines f o r r e l a t i v i s t i c p r o t o n s can c o n t r i 

bu te some e x p e r i e n c e , b u t i n some r e s p e c t they behave i n a d i f f e r e n t way: 

t r a n s v e r s e c o l l e c t i v e i n s t a b i l i t i e s used to be more c r i t i c a l than l o n g i t u d i n a l 

i n s t a b i l i t i e s . In a s u b r e l a t i v i s t i c m a c h i n e , i n c o n t r a s t t o the a f o r e 

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

more p r o b a b l e , and hence more c r i t i c a l , a t ß < 0 . 5 . The c l a s s e s o f d i s t u r b i n g 

c o n s t r u c t i o n e l e m e n t s become d i f f e r e n t , e . g . , vacuum b e l l o w s w i l l p l a y a m i n o r 

r o l e , whereas f e r r i t e c a v i t i e s , f e r r i t e k i c k e r s , e t c . , become more and more 

d i s t u r b i n g . The c h a r a c t e r o f the o n s e t o f i n s t a b i 1 i t i e s i s a l s o e x p e c t e d to 

be d i f f e r e n t ; i n s u b r e l a t i v i s t i c mach ines s e l f - s t a b i l i z i n g mechani sms a r e e x 

p e c t e d to be e f f e c t i v e . 

U n f o r t u n a t e l y , t hose few mach ines w h i c h c o u l d s e r v e as s u b j e c t s o f 

i n v e s t i g a t i o n , e . g . , the CERN b o o s t e r r i n g s , a r e e x t r e m e l y b u s y , and t h e r e i s 

no a c c e s s t ime f o r e x p e r i m e n t s . F o r y e a r s i t was hoped t h a t the SNS mach ine 

a t R u t h e r f o r d L a b , U . K . , wou ld be open f o r e x p e r i m e n t s o f t h i s k i n d . New 

hopes c o n c e n t r a t e upon the LEAR r i n g a t CERN, and on the GSI (W. Germany) 

mach ines S IS and ESR, o f w h i c h the l a t t e r two do n o t y e t e x i s t . 

3 . 4 P r o g r e s s i n Beam S i m u l a t i o n 

G i v e n the f a c t t h a t p r e s e n t l y e x i s t i n g a c c e l e r a t o r f a c i 1 i t i e s a r e n o t 

s u i t a b l e to t e s t most o f the h i g h - c u r r e n t beam dynamics p rob lems o f the d r i v e r 

a c c e l e r a t o r , more emphas is had to be pu t on compute r s i m u l a t i o n . We have d e 

v e l o p e d 2 - and 2 - 1 / 2 - d i m e n s i o n a l m a n y - p a r t i d e s i m u l a t i o n p r o g r a m s ^ 2 a n d 

a p p l i e d them t o p rob lems o f e m i t t a n c e g r o w t h , beam s t a b i 1 i t y and i n t e r f a c e 

p rob lems between d i f f e r e n t a c c e l e r a t o r d e v i c e s and between d r i v e r and t a r g e t . 

S i n c e c o m p l e t i o n o f the f i r s t HIBALL s tudy we have t h u s been a b l e t o a n a l y z e 

q u a l i t a t i v e l y and q u a n t i t a t i v e l y s e v e r a l o f the key p r o b l e m s i n beam dynamics 

and to d e t e r m i n e the new d r i v e r s c e n a r i o on a more c o n s i s t e n t t h e o r e t i c a l 

b a s i s . 

In the f o i l owing we 1 i s t the i s s u e s t h a t have e n t e r e d p a r t i c u l a r l y i n t o 

the new d e s i g n , as w e l l as t hose r e l e v a n t to the d r i v e r - t a r g e t i n t e r f a c e . 
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D e t a i l e d r e s u l t s w i l l be found i n S u b s e c t i o n s 3 . 4 . 1 - 3 . 4 . 5 . 

( i ) Debunch ing o f L i n a c Beam — The u n d e s i r e d momentum w i d t h b lowup due t o 

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

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

s m a l l e r r i n g r a d i u s . 

( i i ) L o n g i t u d i n a l M i c r o w a v e I n s t a b i l i t i e s — A newly found mechanism s u p 

p r e s s i n g d e s t r u c t i v e growth o f the i n s t a b i l i t y has been used to keep 

the h o l d i n g t ime i n s t o r a g e r i n g s ( t h u s a l s o the l i n a c c u r r e n t ) as a 

" f r e e " pa rame te r f o r d e s i g n , 

( i i i ) F i n a l Bunch C o m p r e s s i o n — I t was f o u n d t h a t l o n g i t u d i n a l p u l s e com

p r e s s i o n dynamics behave i n the d e s i r e d way i f two RF h a r m o n i c s a r e 

s w i t c h e d on i n the buncher r i n g s . 

( i v ) P r e p u l s e F o r m a t i o n — We have found a method o f p r o d u c i n g an e x t e n d e d 

p r e p u l s e by a p p l y i n g an RF v o l t a g e t o the beam, 

(v) F i n a l T r a n s p o r t — " P e r f e c t l y " matched beam d i s t r i b u t i o n s have been 

found f o r ve ry h i g h space cha rge c o n d i t i o n s , w h i c h c o n s i d e r a b l y r a i s e s 

the c o n f i d e n c e t h a t no beam d e g r a d a t i o n o c c u r s d u r i n g the l o n g f i n a l 

t r a n s p o r t 1 i n e s . 

3 . 4 . 1 Debunch ing o f L i n a c Beams 

The p r o b l e m i s the i n c r e a s e i n Ap/p due to space c h a r g e a f t e r the m i c r o -

bunches have l e f t the h o l d i n g RF b u c k e t s o f the l i n a c , i . e . on t h e i r f l i g h t t o 

the t r a n s f e r r i n g and d u r i n g the f i r s t r e v o l u t i o n s . The c r i t i c a l c u r r e n t 

above wh i ch the e f f e c t can be n o t i c e a b l e depends on the momentum s p r e a d and 

bunch l e n g t h . The e l e c t r o s t a t i c ene rgy o f the bunch i s t r a n s f e r r e d i n t o 

l o n g i t u d i n a l " t h e r m a l " e n e r g y ( i . e . , momentum w i d t h ) d u r i n g f r e e f l i g h t ( see 

F i g . 3 . 4 - 1 ) . 

The amount o f momentum w i d t h blowup depends on the c r i t i c a l r a t i o o f 

e l e c t r o s t a t i c to " t h e r m a l " e n e r g y . In the 1 i m i t where t h i s r a t i o i s l a r g e , 

the f i n a l momentum w i d t h a f t e r d e b u n c h i n g o f an i n i t i a l l y p a r a b o l i c bunch has 

been found as g i v e n by 

r 4 L ) 2 q 1B/ z o g , 3 . , , 
L p J d e b ~ , 2 , 0 2 > 0 0 2 K ' ' 

v (ume / e n y 0 ) 2 B Y 

w i t h : q — cha rge s t a t e 

I — e l e c t r i c c u r r e n t 

B f — b u n c h i n g f a c t o r 
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F i g . 3 . 4 - 1 . Computer s i m u l a t i o n o f d e b u n c h i n g o f a p e r i o d i c c h a i n o f i n t e n s e 
m i c r o b u n c h e s i n j e c t e d i n t o the t r a n s f e r r i n g . Shown a r e p r o 
j e c t i o n s i n t o the l o n g i t u d i n a l phase space a t d i f f e r e n t t i m e s o f 
the d e b u n c h i n g p r o c e s s . 
(a) s e p a r a t e d m i c r o b u n c h e s 
(b) no gaps between m i c r o b u n c h e s o f s u b s e q u e n t l y i n j e c t e d t u r n s 
(c ) 30% o v e r l a p o f m i c r o b u n c h e s 
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X) = 1 / Y 2 

ZQ — impedance o f vacuum (377 ft) 

g = 1 + 2 In R p i - p e / R b e a m . 

Hence , i t i s g i v e n by the c u r r e n t , however s m a l l the i n i t i a l Ap /p i s . As an 

e x a m p l e , we f i n d f o r 10 GeV B i + and a b u n c h i n g f a c t o r o f = 1 / 4 : 

^ d e b = ± X - 8 x 1 0 ' 4 • < 3 - 4 " 2 > 

T h i s c o r r e s p o n d s to a ( A p / p ) f w h m = ± 3 . 5 x 1 0 ~ 4 , w h i c h i s a f a c t o r 3 . 5 l a r g e r 

than demanded. A l a r g e r c u r r e n t o r c h a r g e s t a t e makes the e f f e c t w o r s e . 

To c u r e the e f f e c t we s u g g e s t the f o i l o w i n g : choose the r a d i u s o f the 

debuncher r i n g smal1 enough to a v o i d d e b u n c h i n g d u r i n g the f i r s t r e v o l u t i o n ; 

by p r o p e r l y t u n i n g the r e v o l u t i o n f r e q u e n c y i t can be r e a l i z e d t h a t the second 

t u r n i s i n j e c t e d such t h a t i t s m i c r o b u n c h e s a r e a d j a c e n t to t hose o f t he 

p r e v i o u s t u r n , and so o n . I f no gaps a r e l e f t between the m i c r o b u n c h e s , o r 

even a s i i g h t o v e r l a p i s a c h i e v e d , t h e r e i s p r a c t i c a l l y no momentum b lowup 

( F i g . 3 . 4 - l b , c ) , hence E q . ( 3 . 4 - 1 ) i s i n v a l i d a t e d . 

3 . 4 . 2 L o n g i t u d i n a l M i c rowave I n s t a b i l i t y 

In s t o r a g e r i n g s wi th h i g h c u r r e n t s o f n o n r e l a t i v i s t i c heavy i o n s , a s 

c o n s i d e r e d f o r d r i v e r s i n i n e r t i a l f u s i o n , c o n t r o l o f the r e s i s t i v e m ic rowave 

i n s t a b i l i t y has been r e c o g n i z e d as a key i s s u e d u r i n g the l a s t HIF Workshop 

h e l d a t GSI i n 1982 . By means o f computer s i m u l a t i o n wi th the p a r t i c l e - i n -

c e l l code S C O P - R Z ^ * 5 ) w e have shown t h a t the p r e d i c t i o n s f rom the 1 i n e a r i z e d 

t h e o r y o f i n s t a b i l i t y a r e o v e r l y p e s s i m i s t i c . T h i s i s due to an e a r l y n o n -

1 i n e a r s a t u r a t i o n o f the i n s t a b i l i t y , w h i c h p r e v e n t s a ha rm fu l b r o a d e n i n g o f 

the momentum d i s t r i b u t i o n . The main e f f e c t o f the i n i t i a l l y u n s t a b l e b e h a v i o r 

i s the d e v e l o p m e n t o f a t h i n s t a b i l i z i n g t a i 1 i n the momentum d i s t r i b u t i o n 

towards l o w e r momenta, w h i c h p r o d u c e s enough Landau damping t o s u p p r e s s any 

f u r t h e r m ic rowave a c t i v i t y . 

The main c o n c e r n has been the e f f e c t o f a b roadband (Q = 1) r e s o n a t o r 

c e n t e r e d a t a b o u t the 1 owest magne t i c c u t o f f f r e q u e n c y mQ = ymQR/b, wi th R t he 

mach ine r a d i u s and b the vacuum chamber r a d i u s . T h i s r e s o n a t o r i s supposed t o 

d e s c r i b e the e f f e c t o f many c r o s s s e c t i o n v a r i a t i o n s . The r e s i s t i v e impedance 

o f t h i s r e s o n a t o r (~ 10 Q) i s supp lemen ted by the l a r g e ( p u r e l y c a p a c i t a t i v e ) 

impedance due t o space c h a r g e (> 1 k n ) . The l a r g e r a t i o ImZ/ReZ o f a b o u t 100 



46 

i s the r e a s o n why n o n l i n e a r c o u p l i n g e f f e c t s domina te o v e r the g rowth o f a 

s i n g l e mode f o r HIF p a r a m e t e r s . In F i g . 3 . 4 - 2 a , b we show the momentum d i s t r i 

b u t i o n s f o r two d i s t i n c t c a s e s . Case (a) r e f e r s to a n e a r l y r e l a t i v i s t i c beam 

wi th ImZ/ReZ = 2 and a momentum w i d t h w h i c h i s a f a c t o r 2 .2 be low the K e i 1-

S c h n e l l s t a b i l i t y l i m i t . The d i s t r i b u t i o n becomes r a p i d l y u n s t a b l e and shows 

the e x p e c t e d o v e r a l 1 b r o a d e n i n g . In c a s e (b) we have assumed ImZ/ReZ = 16 and 

a momentum w i d t h t h a t i s even a f a c t o r 4 be low the K e i 1 - S c h n e l 1 l i m i t . The 

i n s t a b i l i t y i s s u b s t a n t i a l l y weaker and s t o p s a f t e r h a v i n g d e v e l o p e d a s t a b i -

1 i z i n g t a i l . 

The main p a r t o f the d i s t r i b u t i o n r e m a i n s n a r r o w , hence the i n i t i a l l y 

h i g h phase space d e n s i t y i s n o t d i l u t e d . The f r a c t i o n o f t o t a l i n t e n s i t y 

w i t h i n the s t a b i l i z i n g t a i l d e c r e a s e s w i t h i n c r e a s i n g r a t i o ImZ /ReZ . F o r the 

heavy i o n f u s i o n c a s e , where t h i s r a t i o i s a b o u t 1 0 0 , we t hus e x p e c t o n l y a 

few p e r c e n t o f t a i l p o p u l a t i o n . T h i s s i m u l a t i o n r e s u l t i s c o n s i s t e n t w i t h the 

p r e d i c t i o n o f s t a b i l i t y o b t a i n e d f rom s o l u t i o n o f the d i s p e r s i o n i n t e g r a l f o r 

a na r row G a u s s i a n momentum d i s t r i b u t i o n w i t h a b r o a d s t a b i l i z i n g t a i l ( o f 

G a u s s i a n s h a p e , b u t c o n t a i n i n g o n l y a few p e r c e n t o f the t o t a l i n t e n s i t y ) , as 

an a p p r o x i m a t i o n t o the s a t u r a t e d d i s t r i b u t i o n o b t a i n e d f rom s i m u l a t i o n . 

F u t u r e e x p e r i m e n t a l v e r i f i c a t i o n o f t h i s s t a b i l i z i n g mechani sm i s h i g h l y 

d e s i r a b l e . Such e x p e r i m e n t s w i l 1 have t o check w h e t h e r the p r e d i c t e d r a p i d 

c o u p l i n g to h i g h e r h a r m o n i c s above the c u t o f f f r e q u e n c y t a k e s p l a c e i n a r e a l 

mach ine t o the same degree as i n the s i m u l a t i o n , where the d e v i a t i o n s ( i n 

impedance) f rom a c i r c u l a r c o n d u c t i o n p i p e have been i n c o r p o r a t e d i n t he 

s i m p ! i f i e d model o f a Q = 1 r e s o n a t o r n e a r c u t o f f . 

3 . 4 . 3 F i n a l Bunch C o m p r e s s i o n 

The f i n a l l o n g i t u d i n a l c o m p r e s s i o n o f i n t e n s e beams t o the d e s i r e d 20 ns 

p u l s e l e n g t h a t the t a r g e t t a k e s p l a c e i n the bunche r r i n g s and i n the f i n a l 

t r a n s f e r 1 i n e s to the t a r g e t chamber . In l o n g i t u d i n a l phase space such a com

p r e s s i o n i s e s s e n t i a l l y a 90° r o t a t i o n o f the phase space e l 1 i p s e , i f s p a c e 

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

r i n g , the bunch i s n o t e x p o s e d to an a p p l i e d RF f o r c e ; hence p a r t i c l e s move a t 

c o n s t a n t v e l o c i t y ( i n the absence o f space c h a r g e ) u n t i l the e l l i p s e i s u p 

r i g h t a t the t a r g e t p o s i t i o n . I n c l u d i n g space c h a r g e a t the c u r r e n t l e v e l s 

c o n s i d e r e d h e r e , we f i n d t h a t c o m p r e s s i o n i s p r a c t i c a l l y j u s t as e f f e c t i v e , 

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

r e p u l s i v e space c h a r g e f o r c e . ^ R e s u l t s f o r the f i n a l s t a g e o f such a s e i f -
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F i g . 3 . 4 - 2 . (a) S i m u l a t i o n o f the r e s i s t i v e mic rowave i n s t a b i 1 i t y f o r a n e a r l y 

r e l a t i v i s t i c beam, showing d e s t r u c t i v e e f f e c t on the moment 
d i s t r i b u t i o n . 

(b) Same, bu t n o n r e l a t i v i s t i c ene rgy (heavy i o n f u s i o n c a s e ) show
i n g the s e i f - s t a b i 1 i z i n g e f f e c t o f a t a i l i n momentum s p a c e . 
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c o n s i s t e n t computer s i m u l a t i o n a re shown i n F i g . 3 . 4 - 3 . The i n i t i a l bunch 

( p r i o r to a p p l y i n g the RF) had n e a r l y c o n s t a n t l i n e d e n s i t y i n r e a l space and 

a G a u s s i a n v e l o c i t y d i s t r i b u t i o n . Due to the r o t a t i o n i n phase space t hese 

p r o f i l e s appear i n t e r c h a n g e d i n the f i n a l c o m p r e s s i o n s t a g e , wi th o n l y a 

s l i g h t m o d i f i c a t i o n by space c h a r g e , hence the f i n a l l i n e d e n s i t y i s a p p r o x i 

ma te l y G a u s s i a n . The l o n g i t u d i n a l e m i t t a n c e i n c r e a s e s by o n l y a b o u t 5%. 

3 . 4 . 4 P r e p u l s e F o r m a t i o n 

An i m p o r t a n t q u e s t i o n has been to p r o v i d e a p r e p u l s e , w h i c h c o n t a i n s 

s e v e r a l p e r c e n t o f the t o t a l i n t e n s i t y o v e r a t ime l o n g e r than the d u r a t i o n o f 

the main p u l s e ( see S e c t i o n 2 . 1 . 1 ) . I t was f e l t t h a t the p r e p u l s e s h o u l d use 

the same beam l i n e s as the main p u l s e , s i n c e no space i s a v a i l a b l e i n the r e 

a c t o r chamber f o r a d d i t i o n a l e n t r a n c e p o r t s , a s i d e f rom the e x t r a c o s t o f 

a d d i t i o n a l beam l i n e s . 

Here we s u g g e s t a method t h a t r e q u i r e s no e x t r a hardware e x c e p t f o r an 

a d d i t i o n a l RF c a v i t y i n each s t o r a g e r i n g . The i d e a i s to g e n e r a t e a t a i l i n 

the momentum d i s t r i b u t i o n towards l a r g e r momenta; the s u b s e q u e n t bunch com

p r e s s i o n i s a r o t a t i o n i n phase s p a c e , hence the momentum t a i l t r a n s f o r m s i n t o 

a p r e p u l s e ( F i g . 3 . 4 - 4 ) . 

The RF v o l t a g e r e q u i r e d f o r t h i s s h a p i n g o f the momentum d i s t r i b u t i o n d e 

pends on the d e s i r e d l e n g t h o f the p r e p u l s e and i s o f the o r d e r o f 100 kV f o r 

a f r e q u e n c y o f t y p i c a l l y 50 MHz. We o b s e r v e t h a t the i n t e n s i t y and l e n g t h o f 

the p r e p u l s e can be v a r i e d by p r o p e r t u n i n g o f the f r e q u e n c y and a m p l i t u d e o f 

the RF v o l t a g e . The use o f s e v e r a l RF c a v i t i e s a l s o a l l o w s s h a p i n g o f the mo

mentum d i s t r i b u t i o n and thus the p r e p u l s e p r o f i l e i n o r d e r to match the t a r g e t 

r e q u i r e m e n t s . 

3 . 4 . 5 F i n a l T r a n s p o r t 

T r a n s p o r t o f h i g h - c u r r e n t beams o v e r l o n g d i s t a n c e s i s n e c e s s a r y f o r two 

d i f f e r e n t r e a s o n s : f i r s t , i n o r d e r to t r a n s f e r the beam f rom the bunche r 

r i n g s to the r e a c t o r chamber ; and s e c o n d l y to p r o v i d e a s u f f i c i e n t l y l o n g 

d r i f t d i s t a n c e f o r the f i n a l l o n g i t u d i n a l bunch c o m p r e s s i o n , wh i ch n e c e s s a r i l y 

has to t ake p l a c e o u t s i d e o f the buncher r i n g s . 

The q u e s t i o n o f whe ther such t r a n s p o r t can be e x p e c t e d to o c c u r w i t h o u t 

d e g r a d a t i o n o f beam e m i t t a n c e and no l o s s o f beam i n t e n s i t y has been p u r s u e d 

i n t e n s i v e l y d u r i n g the p a s t y e a r s . An i m p o r t a n t s t ep towards d e f i n i n g an 

optimum channe l has been the d i s c o v e r y by s i m u l a t i o n ^ ' o f s t a b l e and e m i t -

tance c o n s e r v i n g t r a n s p o r t f o r c u r r e n t s c l o s e to the space cha rge l i m i t , p r o -



F i g . 3 . 4 - 3 . F i n a l s t a g e o f s i m u l a t i o n o f bunch c o m p r e s s i o n by RF f i e l d . Shown 
a r e the l i n e d e n s i t y [ X ( z ) ] and the v e l o c i t y d i s t r i b u t i o n [ M ( A v z ) ] 
a t d i f f e r e n t t imes c l o s e t o the maximum c o m p r e s s i o n p o i n t . 
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F i g . 3 . 4 - 4 . S i m u l a t i o n o f p r e p u l s e f o r m a t i o n by RF v o l t a g e . Shown a r e p r o 
j e c t i o n s i n t o the l o n g i t u d i n a l - t r a n s v e r s e r e a l space (z - x) and 
1 o n g i t u d i n a l phase space (z - v z ) a t d i f f e r e n t t i m e s . S h a p i n g RF 
v o l tage i s on between T = 0 - 1 2 . A t T = 12 the bunch c o m p r e s s i o n 
v o l tage i s t u r n e d o n . The p r e p u l s e has a peak a t i t s ve r y f r o n t 
f o r T = 2 5 , wh i ch i s smeared o u t s h o r t l y sooner o r l a t e r . 
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v i d e d t h a t oQ, the b e t a t r o n phase advance pe r f o c u s i n g p e r i o d ( i n the absence 

o f space c h a r g e ) , was chosen to be 6 0 ° . The e f f e c t o f space cha rge i s to r e 

duce the phase advance to a v a l u e o , wh i ch one a t t e m p t s to make as s m a l l as 

p o s s i b l e f o r optimum c u r r e n t t r a n s m i s s i o n . T h i s becomes e v i d e n t f rom the 
(16) 

r e l a t i o n s h i p f o r c u r r e n t ^ ' 

I ~ a " e/a 

where a i s the channe l a p e r t u r e and e the beam emi t t a n c e . 
(17) 

In F i g . 3 . 4 - 5 i s shown the r e s u l t o f a s i m u l a t i o n , ' where the beam has 

been t r a n s p o r t e d ove r 50 e e l Is o f a p e r i o d i c channe l ve r y c l o s e to the space 

c h a r g e l i m i t (aQ = 6 0 ° , a = 5 ° ) . The i n i t i a l d i s t r i b u t i o n i s a " w a t e r - b a g " 

( i . e . , un i form) i n phase s p a c e ; the f i n a l d i s t r i b u t i o n to h i g h a c c u r a c y i s the 

same. In p a r t i c u l a r , no p a r t i c l e s have been s c a t t e r e d o u t i n phase s p a c e . We 

have a l s o examined the e f f e c t o f f r i n g e f i e l d s and found i t was n e g l i g i b l e . 

More d e t a i l e d r e s u l t s a r e found i n a r e c e n t su rvey a r t i c l e . I n v iew o f 

r e c e n t e x p e r i m e n t a l r e s u l t s ^ ^ t h a t ve ry c l o s e l y c o n f i r m the t h e o r e t i c a l p r e 

d i c t i o n s , i t can be c o n c l u d e d t h a t l o n g p e r i o d i c t r a n s p o r t f o r heavy i o n 

f u s i o n i s now a r e l i a b l e c o n c e p t . 
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4 . BEAM TRANSPORT 

4 . 1 Beam S t r i p p i n g D u r i n g T r a n s m i s s i o n 

The maximum a l l o w a b l e gas d e n s i t y a t the t ime o f beam p r o p a g a t i o n i s 

d e t e r m i n e d by the s t r i p p i n g o f the beam i o n s w h i l e they a r e moving t h r o u g h the 

r e a c t o r c a v i t y . In H I B A L L - I where B i + 2 was the d r i v e r i o n s p e c i e s , a Born a p 

p r o x i m a t i o n c a l c u l a t i o n o f the s t r i p p i n g c r o s s s e c t i o n f o r 10 GeV B i + 2 on Pb 

was p e r f o r m e d . ^ In H I B A L L - I I , the d r i v e r i o n s p e c i e s i s 10 GeV B i + . In the 

y e a r s s i n c e the c o m p l e t i o n o f the H I B A L L - I r e p o r t , t h e r e has been some e x p e r i 

men ta l work to t e s t the a c c u r a c y o f the Born a p p r o x i m a t i o n . The s t r i p p i n g 

c r o s s s e c t i o n has been r e e v a l u a t e d to i n c l u d e bo th c h a n g e s . 

The change i n i o n i z a t i o n s t a t e o f the beam i o n s w i l l u n d o u b t e d l y have 

some e f f e c t on the s t r i p p i n g c r o s s s e c t i o n b u t t h i s i s n o t e a s i l y q u a n t i f i e d . 

The o u t e r a t o m i c e l e c t r o n i c s t r u c t u r e changes f rom a s i n g l e 6p e l e c t r o n t o two 

6p e l e c t r o n s where the e l e c t r o n s a r e i n d i f f e r e n t p s h e l l s . Fo r b o t h B i + 2 and 

B i + s t r i p p i n g i n v o l v e s the remova l o f an e l e c t r o n f rom a h a l f f i l l e d p s h e l 1 . 

I t i s assumed t h a t the d i f f e r e n c e i n i o n i z a t i o n p o t e n t i a l f o r the 6 p 1 and 6 p 2 

e l e c t r o n s does n o t p l a y a ma jo r r o l e i n the s t r i p p i n g . T h u s , to a f i r s t a p 

p r o x i m a t i o n , i t w i l l be assumed t h a t the s t r i p p i n g c r o s s s e c t i o n i s the same 

f o r bo th i o n s . 

The re have been measurements c o m p l e t e d a t Lawrence B e r k e l e y L a b o r a t o r y ^ 

of the c h a r g e - c h a n g i n g c o l l i s i o n c r o s s s e c t i o n s f o r heavy i o n s moving a t t he 

same speed a s B i + i n H I B A L L - I I. Measured c r o s s s e c t i o n s f o r the l o s s and 

c a p t u r e o f e l e c t r o n s by Xe and Pb i o n s e n c o u n t e r i n g N£ m o l e c u l e s a r e shown i n 

F i g . 4 . 1 - 1 f o r h i g h l y i o n i z e d beam i o n s and f o r a few v a l u e s o f ß = v / c . A 

c o m p a r i s o n has been g i v e n here f o r the measured e l e c t r o n l o s s c r o s s s e c t i o n s 

wi t h the ma jo r t h e o r e t i c a l me thods . The Born A p p r o x i m a t i o n Sum R u l e (BASR) i s 

the method used i n H I B A L L - I . One can see t h a t the BASR v a l u e s a r e h i g h by a t 

l e a s t a f a c t o r o f f o u r . 

T h e r e f o r e , the s t r i p p i n g c r o s s s e c t i o n o f 7 x 1 0 ~ 1 6 c m 2 w h i c h was used i n 

H I B A L L - I i s p r o b a b l y a c o n s e r v a t i v e v a l u e wh i ch can be used f o r H I B A L L - I I as 

w e l l . I f t h e r e were a g r e a t a d v a n t a g e t o c h o o s i n g a v a l u e a few t i m e s s m a l l e r 

than t h i s , one c o u l d do so wi th a smal1 l o s s i n c o n s e r v a t i sm. The p r e s e n t gas 

c o n d e n s a t i o n c a l c u l a t i o n s p r e d i c t t h a t a 5 Hz rep r a t e i s p o s s i b l e wi th t h i s 

c r o s s s e c t i o n . 
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F i g . 4 . 1 - 1 . (a) C a p t u r e and (b) s i n g l e - e l e c t r o n - l o s s c r o s s s e c t i o n s i n N 2 as 
a f u n c t i o n o f the i o n i z a t i o n s t a t e f o r Pb and Xe i o n s . E x p e r i 
ment i s shown as open s y m b o l s , t h e o r y w i t h the c o r r e s p o n d i n g 
c l o s e d symbo ls and w i t h b roken and s o l i d l i n e s . 
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A t a Pb d e n s i t y o f 8 x 1 0 1 0 a t o m s / c m 3 t he mean f r e e pa th between B i + - P b 

c h a r g e c h a n g i n g c o l l i s i o n s i s 150 m. The f r a c t i o n o f beam s t r i p p e d i s t h u s , 

1 - e x p ( - 7 m/150 m) o r a b o u t 5%. 
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4 . 2 D e s i g n o f the F i n a l F o c u s i n g Sys tem 

4 . 2 . 1 I n t r o d u c t i o n 

The f i n a l f o c u s i n g sys tem i s the l a s t s t a g e o f the i o n beam g u i d a n c e l i n e 

and p e r f o r m s the t ask o f d i r e c t i n g the i o n s on to the f u s i o n p e l l e t . The f o l 

l o w i n g c o n d i t i o n s d e t e r m i n e the d e s i g n o f the f o c u s i n g i o n o p t i c s : 

1. i t must c o n c e n t r a t e the a c c e l e r a t e d i o n beam on to the t a r g e t o f 4 mm 

r a d i u s w i t h m in ima l l o s s o f i n t e n s i t y w h i c h means weak e f f e c t s o f c h r o 

m a t i c o r g e o m e t r i c l e n s a b e r r a t i o n s ; 

2 . the c o n s t r u c t i o n a l a r r a n g e m e n t o f the r e a c t o r v e s s e l r e s t r i c t s the me

c h a n i c a l c o n s t r u c t i o n o f the i o n o p t i c a l l e n s e s u s e d ; and 

3 . the geomet ry o f the f i n a l f o c u s i n g sys tem p r e v e n t s the c o n t a m i n a t i o n o f 

w ide r e g i o n s o f the beam g u i d a n c e l i n e s by n e u t r o n r a d i a t i o n e m i t t e d f r o m 

the f u s i o n t a r g e t . 

4 . 2 . 2 C h o i c e o f the Ion O p t i c a l Lens 

F o r the i n e r t i a l c o n f i n e m e n t f u s i o n s t u d y H I B A L L - I I the use o f 10 GeV B i + 

i o n s i s assumed . Hence the momentum o f t h e s e i o n s l e a d s to a m a g n e t i c r i g i d i 

t y o f 208 T -m. A t p r e s e n t , m a g n e t i c q u a d r u p o l e l e n s e s seem c a p a b l e o f f o c u s -

i n g such s t i f f i o n beams. ' ' 

The phase space a r e a o f the p r o p o s e d i o n beam amounts to x Q - x ^ = y Q » y ^ = 

30 irmm mrad , so t h a t the i o n s imp inge upon a s p o t o f 3 . 5 mm r a d i u s w i t h m a x i 

mal a n g l e s o f a b o u t ±9 mrad ( l e a v i n g 0 . 5 mm f o r image a b e r r a t i o n s ) . Under the 

s i m p l i f i e d a s s u m p t i o n t h a t the i o n s t r a v e l s t r a i g h t t r a j e c t o r i e s i n s i d e the 

r e a c t o r chamber , the beam d i a m e t e r a t the r e a c t o r w a l l r e a c h e s 160 mm. How

e v e r , the i n f l u e n c e o f space c h a r g e due to the s t r o n g beam c u r r e n t demands 

even l a r g e r a p e r t u r e s . 

The c o m p a r a t i v e l y s h o r t f o c a l l e n g t h s f o r the h i g h r i g i d i t y o f the i o n 

beam r e q u i r e s t r o n g m a g n e t i c f l u x g r a d i e n t s i n the q u a d r u p o l e l e n s e s up to the 
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maximal 9 T /m . To reduce e l e c t r i c power c o n s u m p t i o n , the q u a d r u p o l e l e n s e s 

c o u l d be d r i v e n by s u p e r c o n d u c t i n g c o i I s . However , such c o n d u c t o r s a r e s e n s i 

t i v e t o n e u t r o n r a d i a t i o n thus r e q u i r i n g heavy s h i e l d i n g between the c o i 1 s and 

the p a r t i c l e beam. C o n s e q u e n t l y , the d i s t a n c e between the c o i l s and the o p t i 

c a l a x i s becomes even l a r g e r . 

Our goa l was to r e d u c e the m a g n e t i c f l u x g r a d i e n t s and t hus the n e c e s s a r y 

f l u x d e n s i ty a t the beam e n v e l o p e to be low 2 T . In t h i s c a s e , the m a g n e t i c 

f l u x can be g u i d e d by i r o n s t r u c t u r e s and the m a g n e t i c f l u x d e n s i t y a t the 

c o n d u c t o r c o i l s r e m a i n s n e a r 2 T , even i f the c o i l s a r e removed f rom the beam 

tube b e c a u s e o f the r e q u i r e d s h i e l d i n g . 

In F i g . 4 . 2 - 1 , the shape o f an " i r o n - d o m i n a t e d " q u a d r u p o l e l e n s i s shown, 

d e s i g n e d wi th c o n v e n t i o n a l t e c h n i q u e s . The o u t e r d i a m e t e r o f 2 .4 m l e t s the 

l e n s f i t i n the v e r t i c a l d i s t a n c e o f the beam l i n e s a t the r e a c t o r w a l l . The 

a p e r t u r e d i a m e t e r o f 0 . 4 m i s s u f f i c i e n t l y l a r g e r than the e x p e c t e d beam e n v e 

l o p e o f ± 0 . 1 8 m m a x i m a l . The c u r r e n t c o i l s a r e mounted to the i r o n y o k e s a t a 

l a r g e d i s t a n c e o f a b o u t 0 .4 m f rom the o p t i c a x i s to e n s u r e enough space f o r 

r a d i a t i o n s h i e l d i n g . N e v e r t h e l e s s , the m a g n e t i c q u a d r u p o l e f i e l d i n the beam 

r e g i o n i s q u i t e a c c u r a t e and the i n f l u e n c e o f h i g h e r m u l t i p o l e te rms i s l e s s 

than 1 p e r c e n t . F o r t h i s c a l c u l a t i o n we have chosen i r o n w i t h m a t e r i a l p r o 

p e r t i e s o f STABOLEC 520-50 A . The f l u x d e n s i t y g r a d i e n t o f 9 T/m i s a c h i e v e d 

w i t h a d r i v i n g c u r r e n t o f a b o u t 200 kA pe r c o i l ( c u r r e n t d e n s i t y 10 A/mm ) . 

The e l e c t r i c power needed amounts to a p p r o x i m a t e l y 2 MW f o r one q u a d r u p o l e 

l e n s and normal c o n d u c t i n g c o i l s . 

4 . 2 . 3 The P r o p o s e d F i n a l F o c u s i n g Sys tem 

The d e s i g n o f the f i n a l f o c u s i n g sys tem i s shown i n F i g . 4 . 2 - 2 . The e s 

s e n t i a l o p t i c a l e l e m e n t s a r e the m a g n e t i c q u a d r u p o l e l e n s e s a r r a n g e d i n two 

t r i p l e t s . As m e n t i o n e d a b o v e , the beam e n v e l o p e near the l a s t f o c u s i n g l e n s 

s h o u l d be a b o u t 18 cm i n d i a m e t e r . On the c o n t r a r y , the c o a s t i n g beam has an 

e n v e l o p e o f o n l y 2 to 3 cm. To e n l a r g e the beam, a c r o s s o v e r i s n o t r e c o m 

mended because o f the s t r o n g space cha rge o f the beam. T h e r e f o r e , f i r s t a 

l o n g d r i f t d i s t a n c e e n s u r e s the w i d e n i n g o f the beam. Because o f the h i g h 

r i g i d i t y o f the i o n beam the t a s k o f f o c u s i n g the beam i s a s s i g n e d to two l e n s 

t r i p l e t s , w i t h a l a m i n a r beam i n b e t w e e n . In t h i s r e g i o n the beam l i n e i s 

ben t f o r the pu rpose o f s e p a r a t i n g the n e u t r o n r a d i a t i o n 1 i n e f rom the u p 

s t r e a m p a r t o f the beam g u i d a n c e s y s t e m . As F i g . 4 . 2 - 3 shows , the back s t r e a m 

i n g n e u t r o n s f rom the f u s i o n p r o c e s s c a n n o t pass beyond the b e n d i n g magne t . 
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c u r r e n t c o i l 

F i g . 4 . 2 - 1 . Shape o f the l a s t q u a d r u p o l e o f the f i n a l f o c u s i n g s y s t e m . The 
d i s t a n c e between the c u r r e n t c o i l s and the beam tube i s l a r g e t o 
a H o w s u f f i c i e n t s h i e l d i n g a g a i n s t n e u t r o n r a d i a t i o n . 

F i g . 4 . 2 - 2 . The f i n a l f o c u s i n g sys tem f o r the H I B A L L - I I r e a c t o r d e s i g n i n 
p r o j e c t i o n s on the h o r i z o n t a l (upper p a r t ) and v e r t i c a l ( l o w e r 
p a r t ) p l a n e s . The t r a n s v e r s a l d i r e c t i o n s a r e 8 t i m e s e n l a r g e d 
compared to the l o n g i t u d i n a l d i r e c t i o n . The sys tem uses i r o n -
dom ina ted l e n s e s wi th p o l e t i p f l u x d e n s i t i e s be low 2 T . 
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neutron radiation line> 

F i g . 4 . 2 - 3 . The l o w e r p a r t o f F i g . 4 . 2 - 2 , i . e . the p r o j e c t i o n o f the f i n a l 
f o c u s i n g sys tem on the v e r t i c a l p l a n e i s shown a g a i n , b u t wi t h 
e q u a l s c a l e s i n the t r a n s v e r s a l and the l o n g i t u d i n a l d i r e c t i o n . 
Note t h a t b a c k s t r e a m i n g n e u t r o n s c a n n o t p a s s beyond the b e n d i n g 
magnet . 
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F i g . 4 . 2 - 4 . Ion beam i n t e n s i t y d i s t r i b u t i o n a t the p e l l e t as o b t a i n e d by the 
f i n a l f o c u s i n g sys tem o f F i g . 4 . 2 - 2 f o r an i o n beam w i t h n e g l i -
g i b l e momentum s p r e a d ( l e f t d i ag ram) and one wi th a momentum 
s p r e a d o f ±1% ( r i g h t d i a g r a m ) . The shape o f the f u s i o n t a r g e t i s 
i n d i c a t e d by dashed 1 i n e s . 
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Note t h a t a n o t h e r bend ing magnet i s i n s e r t e d to compensate the d i s p e r s i o n and 

to a c h i e v e an a c h r o m a t i c s p o t on the t a r g e t . 

4 . 2 . 4 O p t i c a l A b e r r a t i o n s o f the F o c u s i n g Lens Sys tem 

The o p t i c a l p r o p e r t i e s o f the f i n a l f o c u s i n g s y s t e m a r e d e t e r m i n e d by the 

use o f our computer code " G I O S " ^ w h i c h can p e r f o r m t h i r d o r d e r c a l c u l a t i o n s 

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

The p r o p o s e d f i n a l f o c u s i n g sys tem i s o p t i m i z e d to be e s s e n t i a l l y f r e e o f 

g e o m e t r i c a b e r r a t i o n s o f second and h i g h e r o r d e r , and hence needs no c o r r e c 

t i o n by m u l t i p o l e e l e m e n t s . However , s i n c e the f o c a l l e n g t h o f the q u a d r u p o l e 

l e n s e s depends on the momentum d e v i a t i o n , the f o c u s i n g s y s t e m has a second 

o r d e r c h r o m a t i c a b e r r a t i o n . The i n t e n s i t y d i s t r i b u t i o n a t the t a r g e t i s shown 

i n F i g . 4 . 2 - 4 f o r a monochromat i c beam and f o r a beam wi th a momentum s p r e a d 

o f ± 1 % . The shape o f the s p o t shows t h a t p a r t o f the beam m i s s e s the t a r g e t 

i f t he momentum s p r e a d does n o t v a n i s h . The r e s u l t o f q u a n t i t a t i v e c a l c u 

l a t i o n s on the e f f i c i e n c y i s p r e s e n t e d i n F i g . 4 . 2 - 5 . I t s h o u l d be m e n t i o n e d 

t h a t the f i e l d s t r e n g t h o f the l a s t two q u a d r u p o l e l e n s e s i s a d j u s t e d a c c o r d 

i n g to the s e l e c t e d momentum s p r e a d to a c h i e v e maximal e f f i c i e n c y . 

The momentum s p r e a d o f the beam a r i s e s m a i n l y f rom the beam b u n c h i n g . 

The r e s u l t i ng momentum d i s t r i b u t i o n a l o n g the beam bunch i s s k e t c h e d i n F i g . 

4 . 2 - 6 a . I f one f o l d s i t w i t h F i g . 4 . 2 - 6 b w h i c h shows the e f f i c i e n c y o f i n t e n 

s i ty on the t a r g e t v e r s u s the momentum d e v i a t i o n f o r a monoch roma t i c beam, i t 

g i ves an i d e a on the t ime dependence o f the i n t e n s i t y on the t a r g e t . 

4 . 2 . 5 U n c e r t a i n t y o f the T e c h n i c a l R e a l i z a t i o n 

One o f the unknowns i n the H I B A L L - I s tudy i s the d e g r e e o f the space 

c h a r g e n e u t r a l i z a t i o n o f the i o n beam wi th the e x i s t i n g r e s t gas p r e s s u r e . In 

c a s e any such e f f e c t o c c u r s , the r a t e o f n e u t r a l i z a t i o n may be d i f f e r e n t f o r 

the head and the t a i 1 o f the beam bunch o r i t may f l u c t u a t e wi t h t i me. C a l c u 

l a t i o n s on the s e n s i t i v i t y o f the o p t i c a l sys tem v e r s u s v a r i a t i ons o f the e f 

f e c t i v e i o n c u r r e n t l e a d to the f o l l o w i n g r e s u l t s : 

Assuming space cha rge c o m p e n s a t i o n i s un i fo rm a l o n g the o p t i c a l s y s t e m , 

the c a l c u l a t e d e f f i c i e n c y v a r i e s o n l y s i i g h t l y wi th the e f f e c t i v e beam 

c u r r e n t , i . e . a one p e r c e n t change i n c u r r e n t r e s u l t s i n a b o u t 0 . 1 6 p e r 

c e n t change i n e f f i c i e n c y . S i m i l a r c o n s e q u e n c e s f o l 1 o w f rom v a r i a t i o n s o f 

space c h a r g e c o m p e n s a t i o n i n the r e a c t o r chamber o n l y (see F i g . 4 . 2 - 7 ) . 

On the o t h e r hand , the e f f i c i e n c y i s ve r y s e n s i t i v e to the v a r i a t i o n o f 

e f f e c t i v e beam c u r r e n t (see F i g . 4 . 2 - 8 ) i n the f i r s t r e g i o n o f the f o c u s -
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F i g . 4 . 2 - 5 . The p e r c e n t a g e o f the i o n c u r r e n t w h i c h r e a c h e s the f u s i o n t a r g e t 
i s p l o t t e d as a f u n c t i o n o f the momentum s p r e a d o f the beam. 
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F i g . 4 . 2 - 6 a . 

b. 

S c h e m a t i c o f the momentum d i s t r i b u t i o n i n a bunched beam. 

The p e r c e n t a g e o f i o n c u r r e n t wh i ch r e a c h e s the f u s i o n t a r g e t as 
a f u n c t i o n o f the momentum d e v i a t i o n . F i g . 4 . 2 - 6 a f o l d e d w i t h 
F i g . 4 . 2 - 6 b g i v e s an i n d i c a t i o n o f the t ime dependence o f the 
i n t e n s i t y on the pe 11 e t . 
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F i g . 4 . 2 - 7 . The p e r c e n t a g e o f i o n s wh i ch r e a c h the f u s i o n t a r g e t as a 
f u n c t i o n o f the space c h a r g e c o m p e n s a t i o n : 
a) u n i f o r m t h r o u g h o u t the e n t i r e s y s t e m ; 
b) c o m p e n s a t i o n i n r e a c t o r v e s s e l r e g i o n o n l y . 
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F i g . 4 . 2 - 8 . The p e r c e n t a g e o f i o n c u r r e n t wh i ch r e a c h e s the f u s i o n p e l l e t 
p l o t t e d as a f u n c t i o n o f the space c h a r g e c o m p e n s a t i o n i n the 
f i r s t d r i f t r e g i o n o n l y : 
a) a l l o t h e r sys tem p a r a m e t e r s f i x e d ; 
b) the l a s t two q u a d r u p o l e s a d j u s t e d i n f l u x d e n s i ty to a c h i e v e 

maximal e f f i c i e n c y . 
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i n g sys tem e x c l u s i v e l y ( t he f i r s t d r i f t d i s t a n c e up to the f i r s t q u a d r u 

p o l e l e n s ) . In d e t a i 1 , one g e t s a change i n e f f i c i e n c y o f a b o u t 20% due 

t o a change o f 1% i n e f f e c t i v e beam c u r r e n t , f o r a l 1 o t h e r sys tems p a r a -

me te r s f i x e d . Wi th a d j u s t e d f l u x d e n s i t i e s f o r the l a s t two q u a d r u p o l e 

l e n s e s , a c c o r d i n g to v a r i o u s e f f e c t i v e beam c u r r e n t s , the e f f i c i e n c y s t a y s 

c o n s t a n t . However , f o r 1ow e f f e c t i v e c u r r e n t the r e q u i r e d f1ux d e n s i ty a t 

the p o l e t i p s r e a c h e s 2 . 2 T . 

4 . 2 . 6 U n c e r t a i n t i e s i n the C a l c u l a t i o n s 

The i o n o p t i c a l d e s i g n program "G IOS" c a l c u l a t e s space c h a r g e e f f e c t s a s 

suming an e q u a l d e n s i t y d i s t r i b u t i o n w i t h i n the beam c r o s s s e c t i o n . The so 

c a l l e d KV d i s t r i b u t i o n i s assumed as i n v a r i a b l e and e f f e c t s r e s u l t i n g f rom 

v a r y i n g the fo rm o f the d e n s i t y d i s t r i b u t i o n t hus c a n n o t be c a l c u l a t e d by t h i s 

c o d e . No t a f f e c t e d by t h i s r e s t r i c t i o n a r e a l 1 terms o f f i r s t and second 

o r d e r because o f n e g l i g i b l e e x t e r n a l h e x a p o l e i n f l u e n c e . However , a r a d i a l 

dependence o f the space c h a r g e d e n s i t y i s e x p e c t e d l e a d i n g to an o c t u p o l e mo

ment . The c o m p a r i s o n w i t h ray t r a c i n g methods v e r i f i e s t h i s s u s p i c i o n . F i g . 

4 . 2 - 9 shows the i o n d e n s i t y d i s t r i b u t i o n a l o n g the f i n a l f o c u s i n g sys tem as 

c a l c u l a t e d by computer code " B E A M T R A C E . " ^ 

4 . 2 . 7 C o n c l u s i o n 

Even f o r l a r g e image d i s t a n c e s a smal1 s p o t i s f e a s i b l e . The o p t i c a l 

sys tem can be r e a l i z e d f o r the assumed h i g h r i g i d i t y i o n beam by c l a s s i c a l 

i r o n - d o m i n a t e d m a g n e t i c q u a d r u p o l e l e n s e s w i t h a f i e l d s t r e n g t h a t the p o l e 

t i p s o f l e s s than 1.8 T . The l a y o u t o f the sys tem p r e s e n t e d c o r r e s p o n d s wi th 

p r e s e n t l y e x i s t i n g t e c h n i c a l e x p e r t i s e . A more e x a c t p r e d i c t i o n o f the e f f i 

c i e n c y can be g i v e n w i t h a b e t t e r knowledge o f the i n t e n s i t y d i s t r i b u t i o n i n 

the f o u r - d i m e n s i o n a l phase space e l l i p s o i d o f the c o a s t i n g beam and i t s v a r i 

a t i o n by e x t e r n a l and s e l f - f i e l d s . 

R e f e r e n c e s f o r S e c t i o n 4 . 2 

1. J . B r e z i n a and H. W o l l n i k , GSI R e p o r t 8 3 - 2 ( 1 9 8 2 ) , p. 2 4 . 

2 . H. W o l l n i k and J . B r e z i n a , P r o c . Symp. on A c c . A s p e c t s o f Heavy Ion 
F u s i o n , GSI R e p o r t 8 2 - 8 ( 1 9 8 2 ) , p. 3 8 7 . 

3 . H. W o l l n i k , J . B r e z i n a , M. B e r z and W. W e n d e l , P r o c . 7 t h I n t . C o n f . on 
A t o m i c M a s s e s , ( 1 9 8 4 ) , i n p r i n t . 

4 . M. B e r z , D ip loma T h e s i s , G i e s s e n U n i v e r s i t y ( 1 9 8 3 ) . 
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F i g . 4 . 2 - 9 . The i o n d e n s i t y d i s t r i b u t i o n i s shown a t f o u r p o s i t i o n s a l o n g the 
f i n a l f o c u s i n g s y s t e m , the d i s t r i b u t i o n i n x - y space changes b e 
tween u n i f o r m and p a r a b o l i c , l e a d i n g to d i f f e r e n t o c t u p o l e mo-
mments o f the s e i f - f i e l d o f the beam. 
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4 . 3 S h i e l d i n g o f F i n a l F o c u s i n g Magnets 

4 . 3 . 1 I n t r o d u c t i o n 

F u s i o n r e a c t o r s a r e r e q u i r e d to accommodate a v a r i e t y o f p e n e t r a t i o n s . 

The pu rpose and s i z e o f t hese p e n e t r a t i o n s v a r y d e p e n d i n g on the r e a c t o r 

t y p e . ' However , i n a l l c a s e s p r o p e r s h i e l d i n g i s r e q u i r e d to p r o t e c t 

v i t a l components i n the p e n e t r a t i o n f rom e x c e s s i v e r a d i a t i o n damage c a u s e d by 

the s t r e a m i n g r a d i a t i o n . A ma jo r p e n e t r a t i o n i n a heavy i o n beam f u s i o n r e 

a c t o r i s the i o n beam l i n e p e n e t r a t i o n and a l a r g e number o f t h e s e p e n e t r a 

t i o n s (~ 20) i s r e q u i r e d to p r o v i d e u n i f o r m i l l u m i n a t i o n o f the t a r g e t . 

The H I B A L L - I I r e a c t o r u t i l i z e s twenty 10 GeV B i + i o n beams to b r i n g t he 

t a r g e t t o i g n i t i o n . Each beam p o r t i s r e c t a n g u l a r i n shape w i t h a h e i g h t o f 

0 .216 m and a w i d t h o f 0 .166 m a t the r e a c t o r c a v i t y w a l l o f r a d i u s 7 m. The 

twen ty beam p o r t s occupy 0.12% o f the 4tt s o l i d a n g l e a t the t a r g e t . A number 

o f magnets a r e a r r a n g e d a l o n g the beam 1 ine to f o c u s the i o n beam to a s p o t 

a b o u t 7 mm i n d i a m e t e r a t the t a r g e t . Adequa te s h i e l d i n g i s r e q u i r e d to r e 

duce the r a d i a t i o n e f f e c t s i n the magnets be iow the d e s i g n l i m i t s . In a 

p r e v i o u s s t u d y ^ i t was shown t h a t r a d i a t i o n e f f e c t s i n the magnets can be 

r e d u c e d s i g n i f i c a n t l y by t a p e r i n g the i n n e r s u r f a c e o f s h i e l d a l o n g the d i r e c t 

1 i n e - o f - s i g h t o f s o u r c e n e u t r o n s i n bo th the q u a d r u p o l e and d r i f t s e c t i o n s 

l e a d i n g t o a number o f n e u t r o n dumps a l o n g the beam p e n e t r a t i o n . A s i m i l a r 

s h i e l d c o n f i g u r a t i o n i s used to p r o t e c t the f i n a l f o c u s i n g magnets o f H I B A L L -

I I . 

The f i n a l f o c u s i n g sys tem i n H I B A L L - I I u t i l i z e s two d e f l e c t i o n s e c t o r 

magnets r e s u l t i n g i n two v e r t i c a l bends i n the beam 1 i n e p e n e t r a t i o n . These 

bends s i g n i f i c a n t l y r educe the amount o f r a d i a t i o n s t r e a m i n g t o the p e r i o d i c 

t r a n s p o r t sys tem as compared to H I B A L L - I where a s t r a i g h t beam l i n e was u s e d . 

In t h i s s e c t i o n the n e u t r o n i c a n a l y s i s f o r the beam 1 ine p e n e t r a t i o n i s 

p r e s e n t e d . R a d i a t i o n e f f e c t s i n the magnets a r e d e t e r m i n e d and n e u t r o n 

s t r e a m i ng a l o n g the p e n e t r a t i o n i s a s s e s s e d . Neu t ron s p e c t r a i n d i f f e r e n t 

s h i e l d zones a l o n g the beam 1 ine a r e d e t e r m i n e d . These a r e u s e f u l i n c a l c u -

l a t i n g the dose o u t s i d e the f i n a l f o c u s i n g s y s t e m . 

4 . 3 . 2 Magnet and S h i e l d C o n f i g u r a t i o n 

The f i n a l f o c u s i n g sys tem i n H I B A L L - I I f o c u s e s the B i + i o n beam f rom the 

p e r i o d i c t r a n s p o r t 1 ine on to the t a r g e t . The sys tem c o n s i s t s o f s i x q u a d r u 

p o l e l e n s e s and two d e f l e c t i o n m a g n e t i c s e c t o r s . Two d e f l e c t i n g s e c t o r f i e l d s 

a re r e q u i r ed to o b t a i n a c h r o m a t i c f o c u s i n g . F i g u r e 4 . 3 - 1 shows the v a r i a t i on 
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o f the v e r t i c a l and h o r i z o n t a l w i d t h o f the beam a l o n g the o p t i c a x i s as i t i s 

t r a n s p o r t e d f rom the p e r i o d i c t r a n s p o r t 1 i n e to the t a r g e t . The p o s i t i o n o f 

t he s i x q u a d r u p o l e l e n s e s and two m a g n e t i c s e c t o r s i s a l s o shown. The s q u a r e 

l i n e r e p r e s e n t s the r e l a t i v e f o c u s i n g s t r e n g t h ( f i e l d g r a d i e n t ) o f the q u a d r u 

p o l e s . The d e f l e c t i o n r a d i i and a n g l e s f o r the two d e f l e c t i n g s e c t o r s a r e 

a l s o i n d i c a t e d . A d e s c r i p t i o n o f the o v e r a l 1 geometry i s g i v e n i n T a b l e 4 . 3 - 1 . 

The l e n g t h s o f the d i f f e r e n t m a g n e t i c e l e m e n t s as w e l l as the f i e l d f r e e d r i f t 

s e c t i o n s a r e g i v e n . The a p e r t u r e r a d i i as w e l l as the p o l e t i p f i e l d 

s t r e n g t h s and f i e l d g r a d i e n t s a r e a l s o i n c l u d e d . On ly q u a d r u p o l e s wi th mag

n e t i c f 1ux d e n s i t i e s be low 2 t e s l a a r e used such t h a t i r o n dom ina ted q u a d r u 

p o l e l e n s e s can be u s e d . Q u a d r u p o l e Q6 i s d r i v e n w i t h normal c o i l s w h i l e a l 1 

o t h e r q u a d r u p o l e s a re d r i v e n wi th s u p e r c o n d u c t i n g c o i 1 s . 

The i n n e r d i m e n s i o n s o f the magnet s h i e l d a l o n g the beam 1 i n e s were 

d e t e r m i n e d u s i n g the beam e n v e l o p e s shown i n F i g . 4 . 3 - 1 . A minimum c l e a r a n c e 

o f 1 cm i s m a i n t a i n e d between the s h i e l d and the i o n beam. In o r d e r t o m i n i -

mize the r a d i a t i o n e f f e c t s i n the magnets the i n n e r s u r f a c e o f the s h i e l d i s 

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

t a r g e t such t h a t no d i r e c t s o u r c e n e u t r o n s wi11 imp inge on the s h i e l d i n the 

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

magnets l e a d i n g to v e r t i c a l n e u t r o n dumps i n t h e s e s e c t i o n s . S i n c e s c a t t e r i n g 

i s f o r w a r d peaked f o r h i g h ene rgy n e u t r o n s , the p o s i t i o n o f the n e u t r o n dump 

i n the d r i f t s e c t i o n i s chosen to be c l o s e r to the t a r g e t . T h i s s h i e l d c o n 

f i g u r a t i o n was f ound to i n c r e a s e the s h i e l d i n g e f f e c t i v e n e s s c o n s i d e r a b l y . ^ 

F i g u r e s 4 . 3 - 2 , 4 . 3 - 3 , 4 . 3 - 4 and 4 . 3 - 5 show v e r t i c a l and h o r i z o n t a l c r o s s 

s e c t i o n s o f the f i n a l f o c u s i n g s y s t e m . These c r o s s s e c t i o n s a r e g i v e n f o r 

f o u r a x i a l zones c o v e r i n g the 100 m l o n g s y s t e m . The s h i e l d c o n f i g u r a t i o n and 

t he l o c a t i o n s o f the n e u t r o n dumps a r e i l l u s t r a t e d . S i n c e no d i r e c t s o u r c e 

n e u t r o n s w i l l s t r e a m p a s t the n e u t r o n dump between SI and S 2 , t a p e r i n g the 

i n n e r s u r f a c e o f s h i e l d beyond t h i s p o i n t i s no t r e q u i r e d and no n e u t r o n dumps 

a r e n e e d e d . The c o i 1 s used to d r i v e the i r o n domina ted magnets a r e a l s o 

shown. The s h i e l d i n f r o n t o f the c o i 1 s was r e q u i r e d t o have a minimum t h i c k 

ness o f 0 . 3 m. 

The f i n a l f o c u s i n g sys tem i n H I B A L L - I I has s e v e r a l a t t r a c t i v e f e a t u r e s . 

T a b l e 4 . 3 - 2 g i v e s a c o m p a r i s o n between some o f the g e n e r a l f e a t u r e s t h a t i m 

p a c t the n e u t r o n i c s c h a r a c t e r i s t i c s o f the f i n a l f o c u s i n g sys tems i n H I B A L L - I 

and H I B A L L - I I. The phase space volume f o r the i o n beams i n H I B A L L - I I i s r e -
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T a b l e 4 . 3 - 1 . D e s c r i p t i o n o f the F i na l F o c u s i n g Sys tem 

F i e l d A p e r t u r e F i e l i 
E l e m e n t Leng th (m) S t r e n g t h (T) R a d i u s (m) G r a d i e n t 

Q l 22 0 0 0 
4 0 . 6 5 0 .20 2 . 6 
3 0 0 0 

Q2 4 - 1 . 5 5 0 .25 - 6 . 2 
3 0 0 o 

Q3 4 1.15 0 .25 3 .833 
3 0 0 0 

S l 6 .469 1.757 0 .20 [R=120m, Q-
16 0 0 0 

S2 6 .283 1.757 0 .25 [R=120m, 
2 0 0 0 

Q4 4 1.45 0 .32 4 .531 
2 0 0 0 

Q5 7 .173 - 1 . 7 0 .32 - 5 . 3 1 3 
2 0 0 0 

Q6 3 .508 1.8 0 .20 9 . 0 
8 . 5 0 0 0 

F i g . 4 . 3 - 1 . V e r t i c a l and h o r i z o n t a l e n v e l o p e s o f the i o n beam. 
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X (m) 

L_ TARGET 
Q6 Q5 Q4 

l»Z(m) 

0 

I 

2 

Y(m) 

10 15 

SHIELD 

20 25 

\r7^r7V~y^777y'/ / / / / / / 7 7/ / //Z^2///^ZZ2 
~ ^ ^ ^ 7 ^ ^ 

F i g . 4 . 3 - 2 . V e r t i c a l and h o r i z o n t a l c r o s s s e c t i o n s o f the f i n a l f o c u s i n g 
sys tem i n the zone 0 < z < 25 m f rom the t a r g e t . 

X(m) 

Q4 S2 SHIELD 

0<- ^ZZZZZZZZZZZZZZZZZZZZZZi 

2 Z 2 Z 2 Z Z 2 2 

25 30 35 40 45 50 Z(m) 

I 

2 
\ 

Y(m) 

F i g . 4 . 3 - 3 . V e r t i c a l and h o r i z o n t a l c r o s s s e c t i o n s o f the f i n a l f o c u s i n g 
s y s t e m i n the zone 25 £ z £ 50 m f rom the t a r g e t . 
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X( m) 

Q3 SHIELD Q2 

i I Z Z Z Z 7 7 7 r 7 ^ / / 7~7~7~7i 

7 7 / / y y 7 r / / / / / / 7 7 / / / / / ' 
3.084' 

7 - / 7 / / / Z T / / / / / 

Z(m) 

50 55 60 65 7 0 

77:7T77T>^^^-^^ 7 y_Z/////ArV / / / / / 77/ ///£ 
Yy~7~E3^zi7• /• /• /• / / ; / / ^ / / / / / y p - i T T ^ z z i i j ^ L ^ / / / / / a / / / / / ^ l ^ / / / / y y . 

Y(m) 

F i g . 4 . 3 - 4 . V e r t i c a l and h o r i z o n t a l c r o s s s e c t i o n s o f the f i n a l f o c u s i n g 
s y s t e m i n the zone 50 < z < 75 m f rom the t a r g e t . 

z(m) 

75 80 85 9 0 95 100 

O r 

I 
2 -

Y(m) 

F i g . 4 . 3 - 5 . V e r t i c a l and h o r i z o n t a l c r o s s s e c t i o n s o f the f i n a l f o c u s i n g 
sys tem i n the zone z > 75 m f rom the t a r g e t . 
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T a b l e 4 . 3 - 2 . G e n e r a l F e a t u r e s o f the F i n a l F o c u s i n g 

Sys tems i n H I B A L L - I and H I B A L L - I I 

H I B A L L - I H I B A L L - I I 

Number o f q u a d r u p o l e l e n s e s 

Number o f d e f l e c t i o n s e c t o r s 

T o t a l sys tem l e n g t h (m) 

Beam p o r t s i z e a t vacuum w a l l (cm x cm) 

V e r t i c a l a n g l e between beams ( d e g r e e s ) 

L a r g e s t beam e l e v a t i o n above 
r e a c t o r mi dp i ane (m) 

Number o f n e u t r o n dumps i n the sys tem 
p e r l i n e 

8 

0 

60 

102 .8 x 3 4 . 3 

32 

1 6 . 6 

8 

6 

2 

100 

2 1 . 6 x 16 .6 

16 

1 3 . 0 

4 

duced as compared to H I B A L L - I . T h i s r e s u l t s i n r e d u c e d q u a d r u p o l e a p e r t u r e s . 

C o n s e q u e n t l y , the beam p o r t a r e a a t the vacuum w a l l o f r a d i u s 7 m i s r e d u c e d 

by a f a c t o r o f ~ 1 0 . T h i s l e a d s to s i g n i f i c a n t r e d u c t i o n i n r a d i a t i o n s t r e a m 

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

f o r use o f s m a l l e r magne ts . A normal c o i 1 d r i v e n f i n a l f o c u s i n g magnet (Q6) 

w i t h 1.6 m o u t s i d e d i a m e t e r yoke i s u s e d . ' T h i s a l l o w s f o r r e d u c t i o n o f the 

v e r t i c a l a n g l e between beams t o 1 6 ° . The beam b e n d i n g by two s e t s o f s e c t o r 

magnets a l s o a l l o w s f o r dumping a l l d i r e c t s t r e a m i n g s o u r c e n e u t r o n s (E" n ~ 12 

MeV) i n the sys tem wi t h the p e r i o d i c t r a n s p o r t s ys tem b e i n g c o m p l e t e l y c o n 

c e a l e d f rom the d i r e c t l i n e - o f - s i g h t o f s o u r c e n e u t r o n s . Four n e u t r o n dumps 

a r e used a l o n g t he beam l i n e w i t h most o f the s o u r c e n e u t r o n s b e i n g dumped i n 

the l a r g e f i n a l dump 4 6 . 5 m f rom the t a r g e t . On ly s l o w e d down n e u t r o n s wi t h a 

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

f i c a n t r e d u c t i o n i n the amount o f r a d i a t i o n s t r e a m i n g i n t o the p e r i o d i c t r a n s 

p o r t as compared t o H I B A L L - I w h i c h u t i l i z e s s t r a i g h t beam l i n e s . 

* ^ T h e f i n a l magnet c o n s i d e r e d here i s no t the one d e s c r i b e d i n S e c t i o n 4 . 2 . 2 
b u t a s i m i l a r d e s i g n d e s c r i b e d e l s e w h e r e / 5 ' 
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4 . 3 . 3 C a l c u l a t i o n a l Model 

H I B A L L - I I u t i l i z e s a 2 m t h i c k b l a n k e t c o n s i s t i n g o f S i C tubes t h r o u g h 

w h i c h the L i 1 7 P b 8 3 l i q u i d meta l e u t e c t i c f l o w s . The t u b e s occupy 33% o f the 

b l a n k e t r e g i o n . A c y l i n d r i c a l vacuum w a l l 7 m i n r a d i u s i s u s e d . The f i r s t 

w a l l i s made o f HT-9 and i s 1 cm t h i c k . A 0 .4 m t h i c k r e f l e c t o r composed o f 

90 v / o HT-9 s t r u c t u r e and 10 v / o L i 1 7 P b 8 3 c o o l a n t i s used and f o l l o w e d by a 

2 . 9 m t h i c k r e i n f o r c e d c o n c r e t e b i o l o g i c a l s h i e l d . The r e s u l t s p r e s e n t e d he re 

a r e based on a DT y i e l d o f 400 MJ and a r e p e t i t i o n r a t e o f 5 Hz y i e l d i n g 7.1 x 

1 0 2 0 f u s i o n n e u t r o n s pe r s e c o n d . Neu t ron m u l t i p l i c a t i o n , s p e c t r u m s o f t e n i n g 

and gamma p r o d u c t i o n i n the t a r g e t have been t a k e n i n t o a c c o u n t by p e r f o r m i n g 

o n e - d i m e n s i o n a l n e u t r o n i c s and p h o t o n i c s c a l c u l a t i o n s ^ i n the s p h e r i c a l 

t a r g e t u s i n g the d i s c r e t e o r d i n a t e s code A N I S N . ^ 

The twenty beam p o r t s a r e a r r a n g e d i n two rows w h i c h a r e s y m m e t r i c a b o u t 

the r e a c t o r m i d p l a n e (Z = 0 ) . The beam p o r t s a r e 2 m a p a r t v e r t i c a l l y a t the 

vacuum w a l l . Because o f symmetry o n l y h a l f a p e n e t r a t i o n i s mode led i n the 

p r e s e n t a n a l y s i s w i t h r e f l e c t i n g a l b e d o b o u n d a r i e s a t the p l a n e s o f symmet ry . 

Hence , o n l y 1/40 o f the r e a c t o r i s m o d e l e d . T h i s c o r r e s p o n d s to a " p i e s l i c e " 

o f the upper h a l f o f the r e a c t o r w i t h an a z i m u t h a l a n g l e o f 1 8 ° . The a n g l e 

between the c e n t e r l i n e o f the beam 1 i n e p e n e t r a t i o n and the r e a c t o r m i d p l a n e 

i s 8 ° . The a x e s a r e r o t a t e d by 8° a round the y a x i s f o r the p e n e t r a t i o n 

c e n t e r l i n e to c o i n c i d e w i t h the x a x i s o f the c a l c u l a t i o n a l m o d e l . The magnet 

s h i e l d i s c o n s i d e r e d to c o n s i s t o f 63 v / o t ype 316 s t a i n l e s s s t e e l , 15 v / o 

l e a d , 17 v / o B 4 C and 5 v / o H 2 0 . 

The n e u t r o n i c s and p h o t o n i c s c a l c u l a t i o n s were p e r f o r m e d u s i n g the t h r e e -

d i m e n s i o n a l Monte C a r l o code MORSE. ^ A c o u p l e d 25 n e u t r o n - 2 1 gamma group 

c r o s s s e c t i o n l i b r a r y was u s e d . The s p e c t r a o f n e u t r o n s and gammas e m i t t e d 

f rom the t a r g e t a re used to r e p r e s e n t the s o u r c e w h i c h i s c o n s i d e r e d t o be a 

p o i n t i s o t r o p i c s o u r c e a t the o r i g i n . To g e t s t a t i s t i c a l l y a d e q u a t e e s t i m a t e s 

f o r the f l u x a l o n g the beam l i n e p e n e t r a t i o n wi t h a r e a s o n a b l e number o f h i s -

t o r i e s , an a n g u l a r s o u r c e b i a s i n g t e c h n i q u e was u s e d . The b i a s i n g t e c h n i q u e 

i s s i m i l a r to t h a t used p r e v i o u s l y f o r the a n a l y s i s o f the beam l i n e p e n e t r a 

t i o n i n H I B A L L - I . ( 9 ) 

T h i s n e u t r o n i c a n a l y s i s has s e v e r a l g o a l s . The f i r s t goa l i s to a s s e s s 

the s h i e l d i n g r e q u i r e m e n t s f o r the s u p e r c o n d u c t i n g and normal c o i l s . The 

r a d i a t i o n e f f e c t s a r e to be c a l c u l a t e d i n t h e s e c o i l s and compared to the d e 

s i g n 1 im i t s . Because o f the 1 / R 2 g e o m e t r i c a l a t t e n u a t i o n , the l a r g e s t r a d i -
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a t i o n e f f e c t s o c c u r i n the magnets c l o s e r to the s o u r c e . F o r t h i s r e a s o n and 

to reduce the compu t i ng t i m e , o n l y the f i n a l two q u a d r u p o l e s Q5 and Q6 a r e 

m o d e l e d . V e r t i c a l and h o r i z o n t a l c r o s s s e c t i o n s o f the geomet ry used i n the 

c o m p u t a t i o n a l model a r e g i v e n i n F i g s . 4 . 3 - 6 and 4 . 3 - 7 . Zone 1 r e p r e s e n t s the 

b i o l o g i c a l s h i e l d and zones 2 and 3 r e p r e s e n t the r e f l e c t o r and b l a n k e t , r e 

s p e c t i v e l y . The i n n e r vacuum r e g i o n (zone 14) i s e x t e n d e d t o the r e g i o n o u t 

s i d e the b i o l o g i c a l s h i e l d and f o c u s i n g magne t s . T h i s a l l o w s the n e u t r o n s 

l e a k i n g ou t o f the b i o l o g i c a l s h i e l d t o have a d d i t i o n a l c o l l i s i o n s i n the 

f o c u s i n g magnets i n s t e a d o f b e i n g d i s c a r d e d as they wou ld be i f an o u t e r 

vacuum r e g i o n i s u s e d . The peak r a d i a t i o n e f f e c t s a r e e x p e c t e d to o c c u r i n 

z o n e s 5 and 7 f o r Q6 and Q5 , r e s p e c t i v e l y . F o r t y t h o u s a n d h i s t o r i e s were used 

i n the Monte C a r l o c a l c u l a t i o n l e a d i n g to s t a t i s t i c a l u n c e r t a i n t i e s o f l e s s 

than 40% i n the c o i 1 r e g i o n s . 

A n o t h e r g o a l o f t h i s a n a l y s i s i s to q u a n t i f y r a d i a t i o n s t r e a m i n g a l o n g 

the beam l i n e p e n e t r a t i o n and d e t e r m i n e the n e u t r o n f l u x i n the n e u t r o n dumps 

and d i f f e r e n t s h i e l d s e c t i o n s f o r a c t i v i t y and dose c a l c u l a t i o n s . F o r t h i s 

p u r p o s e , the g e o m e t r i c a l model was e x t e n d e d to model the beam l i n e up to the 

f i n a l n e u t r o n dump 4 6 . 5 m away f rom the t a r g e t . S i nee no d i r e c t s o u r c e 

n e u t r o n s wi11 s t r e a m p a s t t h i s dump, o n l y n e g l i g i b l e a c t i v a t i o n w i l l o c c u r i n 

the r e m a i n d e r o f the beam 1 i n e . To q u a n t i f y the s t r e a m i n g p a s t t h i s dump, a 

t r a p p i n g s u r f a c e was used a t the d u c t o p e n i n g a t t h i s f i n a l dump. Twenty 

t housand h i s t o r i e s were used i n t h i s c a l c u l a t i o n . 

4 . 3 . 4 R a d i a t i o n E f f e c t s i n the C o i l s 

The l i m i t s on the r a d i a t i o n e f f e c t s i n s u p e r c o n d u c t i n g and normal c o i l s 

a r e d e s i g n d e p e n d e n t . The most c o n s e r v a t i v e 1 imi t s were p i c k e d . The d e s i g n 

c r i t e r i a a r e a l s o d i f f e r e n t f o r s u p e r c o n d u c t i n g and normal c o i I s . 

Fo r s u p e r c o n d u c t i n g c o i l s , the dpa 1 i m i t i n the c o p p e r s t a b i l i z e r i s 

d e t e r m i n e d by the f i e l d a t the c o i l and the t o t a l r e s i s t i v i t y l i m i t a l l o w e d by 

the magnet d e s i g n e r . The dpa l i m i t d e c r e a s e s as the r e s i s t i v i ty 1 i mi t d e 

c r e a s e s because o f the d e c r e a s e d a l 1 o w a b l e r a d i a t i o n i n d u c e d r e s i s t i v i t y . The 

m a g n e t i c f i e l d a t the c o i l s i s l e s s than 1 t e s l a . For oxygen f r e e h i g h c o n -

d u c t i v i t y (OFHC) c o p p e r w i t h a r e s i d u a l r e s i s t i v i t y r a t i o o f 1 0 7 , the a t o m i c 

d i s p l a c e m e n t s s h o u l d no t e x c e e d 2 x 1 0 " ^ dpa f o r the r e s i s t i v i t y n o t to e x 

c e e d 5 x 1 0 " 8 ftcm i n a 1 t e s l a f i e l d . ^ 1 0 ^ However , 80% o f the r a d i a t i o n 

i n d u c e d d e f e c t s can be removed by room t e m p e r a t u r e a n n e a l i n g . S e v e r a l magnet 

a n n e a l s can be p e r f o r m e d d u r i n g the r e a c t o r 1 i f e . A minimum p e r i o d o f 5 f u l 1 
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Z ' Z 

VERTICAL CROSS SECTION PLANE Y = 0 

F i g . 4 . 3 - 6 . V e r t i c a l c r o s s s e c t i o n o f c o m p u t a t i o n a l m o d e l . 
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power y e a r s (FPY) i s r e q u i r e d b e f o r e the f i r s t magnet a n n e a l wh i ch r e s u l t s i n 

a p e r i o d o f 1 FPY between the f i n a l two a n n e a l s f o r an e s t i m a t e d r e a c t o r l i f e 

o f 21 F P Y . T h e r e f o r e , the l i m i t on the dpa r a t e i s 4 . x 1 0 " 5 d p a / F P Y . 

The dose l i m i t f o r the e l e c t r i c a l i n s u l a t o r depends on the i n s u l a t o r 

t y p e . F o r e p o x i e s the dose s h o u l d n o t e x c e e d 4 x 1 0 8 r a d a f t e r 21 FPY o f r e -

a c t o r l i f e w h i l e the 1 i m i t f o r p o l y i m i d e s i s 5 x 10 r a d f o r the same 

p e r i o d . T h i s impl i e s t h a t the dose r a t e s s h o u l d no t e x c e e d 1.9 x 1 0 7 and 

2 .4 x 10 r a d / F P Y f o r e p o x i e s and p o l y i m i d e s , r e s p e c t i v e l y . I r r a d i a t i o n o f 

the s u p e r c o n d u c t i n g m a t e r i a l (NbT i ) r e s u l t s i n d e g r a d a t i o n o f the c r i t i c a l 

c u r r e n t d e n s i t y . In t h i s wo rk , we r e q u i r e t h a t t h e peak n e u t r o n f l u e n c e (E > 
77 7 

0.1 MeV) n o t e x c e e d 3 x 10 n/m w h i c h c o r r e s p o n d s to a 10% d e c r e a s e i n the 
( l ? ) 

c r i t i c a l c u r r e n t d e n s i t y . ' The 1 i m i t on the peak magnet hea t l o a d i s c o n 

s i d e r e d to be 0.1 mW/cm 3 . 

F o r normal c o i l s a f l u e n c e l i m i t o f 1.1 x 1 0 2 6 n / m 2 (E > 0 .1 M e V ) , w h i c h 

c o r r e s p o n d s to 3% s w e l l i n g o f p o l y c r y s t a l l i n e s o l i d MgO i n s u l a t o r s , i s c o n -

s i d e r e d . ' The f l u e n c e l i m i t w i l l be a b o u t an o r d e r o f magn i tude h i g h e r i f 

compacted MgO powder i s u s e d . Ce ram ic r e s i s t i v i t y d e g r a d a t i o n due to i n s t a n 

t a n e o u s dose r a t e s were d e t e r m i n e d t o be s i g n i f i c a n t o n l y f o r v e r y h i g h dose 

4 

r a t e s (> 10 r a d / s ) i n c o n j u n c t i o n wi th the h i g h v o l tage g r a d i e n t s a c r o s s the 

i n s u l a t o r (> 1 0 4 V / c m ) . ^ ^ In t h i s w o r k , the 1 i m i t on the i n s t a n t a n e o u s dose 

r a t e i n the MgO i n s u l a t o r i s t aken t o be 1 0 4 r a d / s . 

A l though the f i n a l f o c u s i n g magnets Q6 and Q5 a r e to be d r i v e n by normal 

and s u p e r c o n d u c t i n g c o i l s , r e s p e c t i v e l y , the r a d i a t i o n e f f e c t s i n zones 4 , 5 , 

9 and 10 were c a l c u l a t e d f o r bo th normal and s u p e r c o n d u c t i n g c o i l s to i n v e s t i 

g a t e the p o s s i b i 1 i t y o f r e p l a c i n g one c o i 1 t ype by the o t h e r . T a b l e 4 . 3 - 3 

g i v e s the r a d i a t i o n e f f e c t s i n the c o i l s o f Q5 and Q6 i f t hey a re d e s i g n e d t o 

be s u p e r c o n d u c t i n g . I t i s c l e a r t h a t the peak hea t l o a d and the peak n e u t r o n 

f l u e n c e a r e w e l l be low the d e s i g n 1 i mi t s f o r bo th magne ts . A f t e r an e s t i m a t e d 

r e a c t o r l i f e o f 21 FPY peak dpa v a l u e s o f 3 .78 x 1 0 ~ 4 and 6 . 5 x 1 0 " 5 a r e o b 

t a i n e d i n the c o i l s o f Q6 and Q5 , r e s p e c t i v e l y . T h i s i m p l i e s t h a t no magnet 

a n n e a l i n g i s r e q u i r e d f o r Q5 , w h i l e i f Q6 i s d r i v e n by s u p e r c o n d u c t i n g c o i 1 s 

i t w i l l r e q u i r e two a n n e a l s . The t o t a l dose i n the i n s u l a t o r a f t e r 21 FPY i s 

6 . 3 x 1 0 8 r a d i n Q6 and 1.3 x 1 0 8 r a d i n Q5. T h i s s u g g e s t s t h a t e p o x i e s can 

be used as e l e c t r i c a l i n s u l a t o r s i n the c o i l s o f Q5 w h i l e i f Q6 i s d r i v e n by 

s u p e r c o n d u c t i n g c o i 1 s the more r a d i a t i o n r e s i s t a n t p o l y i m i d e s have to be u s e d . 
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T a b l e 4 . 3 - 3 . R a d i a t i o n E f f e c t s i n S u p e r c o n d u c t i n g C o i l s 

DPA Rate Dose Ra te Power D e n s i t y N e u t r o n F l u e n c e 

Q u a d r u p o l e Zone i n Cu i n I n s u l a t o r i n C o i l (E > 0 .1 MeV) 

Lens Number ( d p a / F P Y ) ( r a d / F P Y ) (mW/cm"3) ( n / m 2 / F P Y ) 

Q6 

4 9 .8 x 1 0 " 7 2 .4 x 1 0 7 

5 1.8 x 1 0 " 5 3 . 0 x 1 0 7 

0 .0023 

0 .0076 

1.6 x 10 19 

3 .2 x 10 20 

Q5 

9 3 .1 x 1 0 " 6 6 .3 x 1 0 6 

10 3 .2 x 1 0 " 7 5 . 6 x 1 0 5 

0 .0018 

0 .0002 

5 .0 x 10 

6 .2 x 10 

19 

18 

The r a d i a t i o n e f f e c t s i n the c o i l s o f Q5 and Q6 a r e g i v e n i n T a b l e 4 . 3 - 4 

i f they a r e d e s i g n e d to be n o r m a l . I t i s c l e a r t h a t t h e s e v a l u e s a r e much 

l o w e r than the s p e c i f i e d d e s i g n 1 i m i t s . T h i s s u g g e s t s t h a t a r e d u c e d s h i e l d 

t h i c k n e s s can be used w i t h normal c o i l s . The f l u e n c e i n zone 7 a f t e r 21 FPY 

i s 7 .9 x 1 0 2 4 n / m 2 (E > 0.1 MeV) w h i c h i s s t i l l w e l l be low the d e s i g n l i m i t o f 

1.1 x 1 0 2 6 n / m 2 . The i n s t a n t a n e o u s dose r a t e i n MgO i f i t were used i n t h i s 

zone i s 250 r a d / s ( i . e . , i f the c o i l was n o t s h i e l d e d ) w h i c h i s a l s o w e l l b e 

low the d e s i g n l i m i t o f 1 0 4 r a d / s . T h i s i m p l i e s t h a t i f normal c o n d u c t o r s a r e 

used to d r i v e the q u a d r u p o l e l e n s e s , no s h i e l d i n g i s r e q u i r e d p r o v i d e d t h a t 

the i n n e r s u r f a c e s o f the c o i l s a r e t a p e r e d a l o n g the d i r e c t 1 i n e - o f - s i g h t o f 

s o u r c e n e u t r o n s . T h i s r e s u l t s i n f u r t h e r r e d u c t i o n o f magnet s i z e . 

4 . 3 . 5 R a d i a t i o n S t r e a m i n g A l o n g the Beam L i n e 

To q u a n t i f y r a d i a t i o n s t r e a m i n g a l o n g the beam 1 i n e p e n e t r a t i o n , a compu

t a t i o n a l model f o r the p e n e t r a t i o n up to the f i n a l n e u t r o n dump was u s e d . 

P a r t i c l e s c r o s s i n g the t r a p p i n g s u r f a c e a t the 65 cm x 42 cm d u c t o p e n i n g 4 6 . 5 

m f rom the t a r g e t were c o u n t e d a c c o r d i n g to ene rgy b i n s to d e t e r m i n e t he 

amount and s p e c t r u m o f s t r e a m i ng r a d i a t i o n . The n e u t r o n and gamma s t r e a m i n g 

c u r r e n t s a r e 6 .68 x 1 0 1 1 n / c m 2 s and 1.13 x 1 0 1 1 y / c m 2 s , r e s p e c t i v e l y . I t i s 

i n t e r e s t i n g to no te t h a t the n e u t r o n and gamma s t r e a m i n g c u r r e n t s a t the p e r i 

o d i c t r a n s p o r t (end o f f i n a l f o c u s i n g sys tem) i n H I B A L L - I were 4 . 4 x 1 0 1 2 
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T a b l e 4 . 3 - 4 . R a d i a t i o n E f f e c t s i n Normal C o i 1 s 

Q u a d r u p o l e Zone 

Lens Number 

Q6 

Neu t ron F l u e n c e 

(E > 0 .1 MeV) a f t e r 

21 FPY ( n / m 2 ) 

3 .36 x 10 20 

6 . 7 2 x 10 21 

I n s t a n t a n e o u s Dose 

Ra te i n MgO ( r a d / s ) 

0 . 5 0 

1.00 

Q5 

10 

1.05 x 10 21 

1.30 x 10 20 

0 . 1 6 

0 . 0 2 

n / c n r s and 1.7 x 10 T / C I D s , r e s p e c t i v e l y . A s m a l l e r s t r e a m i n g c u r r e n t i s 

o b t a i n e d i n H I B A L L - I I as a r e s u l t o f the beam 1 i n e p e n e t r a t i o n b e n d i n g a t S 2 . 

The r e d u c t i o n i n gamma s t r e a m i n g i s l e s s p ronounced than t h a t i n n e u t r o n 

s t r e a m i n g b e c a u s e most o f the gamma p h o t o n s a r e p roduced a l o n g the beam l i n e 

d u c t . F i g u r e 4 . 3 - 8 shows the s p e c t r a o f n e u t r o n s and gammas s t r e a m i n g p a s t 

the f i n a l dump i n H I B A L L - I I . The a v e r a g e e n e r g i e s o f s t r e a m i n g n e u t r o n s and 

gammas a r e 0 .77 and 1.52 MeV, r e s p e c t i v e l y . The c o r r e s p o n d i n g v a l u e s f o r 

n e u t r o n s and gammas s t r e a m i n g i n t o the p e r i o d i c t r a n s p o r t i n H I B A L L - I were 

11 .7 and 1.5 MeV, r e s p e c t i v e l y . S i n c e o n l y s l owed down n e u t r o n s w i l l s t r e a m 

p a s t the f i n a l dump i n H I B A L L - I I , the n e u t r o n spec t rum i s much s o f t e r than 

t h a t i n H I B A L L - I . 

F u r t h e r r e d u c t i o n i n bo th s t r e a m i n g c u r r e n t and a v e r a g e ene rgy w i l l r e 

s u l t as the n e u t r o n s t r a v e l f u r t h e r up the beam 1 i n e p e n e t r a t i o n to the p e r i 

o d i c t r a n s p o r t 100 m f rom the t a r g e t . The n e u t r o n s t r e a m i n g c u r r e n t t h r o u g h 

the d u c t o p e n i n g a t the vacuum w a l l o f r a d i u s 7 m i s 8 .26 x 1 0 1 4 n / c m 2 s w i t h 

an a v e r a g e energy o f 12 MeV. T h i s i m p l i e s t h a t the n e u t r o n s t r e a m i n g c u r r e n t 

i s r e d u c e d by a b o u t t h r e e o r d e r s o f magn i tude and the a v e r a g e ene rgy i s r e 

duced by a b o u t an o r d e r o f magni tude as the n e u t r o n s t r a v e l a d i s t a n c e o f ~ 40 

m i n the d u c t w i t h 1 t s 3° b e n d . The gamma s t r e a m i n g c u r r e n t i s r e d u c e d by 

a b o u t an o r d e r o f magn i tude i n t h i s p a r t o f the d u c t . S i n c e the n e u t r o n s 
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T a b l e 4 . 3 - 5 . V o l u m e t r i c A v e r a g e d Neu t ron and Gamma F l u x e s i n 

Di f f e r e n t S h i e l d Zones A l o n g the Beam D u c t 

Di s t a n c e f rom T a r g e t (m) Neu t ron F l u x ( n / c m 2 s ) Gamma F l u x ( y / c m 2 s ! 

8 . 5 - 1 2 8 .34 X l o i o ( 0 . 1 2 ) * 1.81 X l o i o ( 0 . 1 3 ) 

12 -14 5 .26 X i o n ( 0 . 1 3 ) 1.34 X i o n ( 0 . 1 8 ) 

1 4 - 2 1 . 2 1.11 X l o i o ( 0 . 1 6 ) 1.32 X 109 ( 0 . 2 7 ) 

2 1 . 2 - 2 3 . 2 2 . 1 6 X i o n ( 0 . 2 2 ) 5 .06 X l o i o ( 0 . 2 6 ) 

2 3 . 2 - 2 7 . 2 1.67 X l o i o ( 0 . 5 4 ) 5 .66 X 1 0 9 ( 0 . 5 6 ) 

2 7 . 2 - 2 9 . 2 6 . 2 3 X i o n ( 0 . 1 6 ) 1.81 X i o n ( 0 . 1 8 ) 

2 9 . 2 - 3 5 . 5 1.44 X l o i o ( 0 . 4 0 ) 1.59 X 109 ( 0 . 5 8 ) 

3 5 . 5 - 4 6 . 5 3 .32 X l o i o ( 0 . 1 0 ) 5 . 1 5 X 109 ( 0 . 0 9 ) 

4 6 . 5 - 4 7 1.77 X 1012 ( 0 . 1 0 ) 5 .32 X i o n ( 0 . 1 1 ) 

* F r a c t i o n a l s t a n d a r d d e v i a t i o n 

i Q - a 

z 
o 
to 

ID 
2 

< 
oc 
h-

m 1 0 - 8 

UJ 
_i 
o 
J_ 
or 
< 
Q. 

( 0 - 9 

~i—I , ( i-rrn r—T 

NEUTRONS 

GAMMAS 

_l I—i—LXJLi I 

i I I n i I f 1 ' 1 I I I tall 

1 "1 

L - J L J - L L L l I I L - L - I J - U J I L__L 

Jl 

LT 

..t.JLll] 
10* 10* 10s 10" 10' 

ENERGY(eV) 

F i g . 4 . 3 - 8 . Spec t rum o f r a d i a t i o n s t r e a m i n g p a s t the f i n a l dump. 
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S t r e a m i n g p a s t the f i n a l n e u t r o n dump wi11 t r a v e l ~ 54 m i n a d u c t wi th a 

3 .084° bend b e f o r e r e a c h i n g the p e r i o d i c t r a n s p o r t s y s t e m , i t i s e x p e c t e d t h a t 

the n e u t r o n s t r e a m i n g c u r r e n t wi11 be r e d u c e d by a t l e a s t a n o t h e r t h r e e o r d e r s 

o f magn i tude w i t h f u r t h e r s p e c t r u m s o f t e n i n g . Even more r e d u c t i o n i s e x p e c t e d 

b e c a u s e s c a t t e r i n g becomes more i s o t r o p i c as the n e u t r o n ene rgy goes down. 

T h e r e f o r e , the f i n a l f o c u s i n g sys tem d e s i g n e d f o r H I B A L L - I I r e s u l t s i n much 

l e s s r a d i a t i o n s t r e a m i n g i n t o the p e r i o d i c t r a n s p o r t as compared wi t h t h a t i n 

H I B A L L - I . 

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

a l o n g the beam l i n e d u c t f o r a c t i v a t i o n and dose c a l c u l a t i o n s . The t o t a l 

( ene rgy i n t e g r a t e d ) n e u t r o n and gamma f l u x e s a v e r a g e d o v e r z o n e s wi t h a 0 . 5 m 

t h i c k n e s s a re g i v e n i n T a b l e 4 . 3 - 5 . The l a s t zone r e p r e s e n t s the f i n a l 

n e u t r o n dump. I t i s c l e a r t h a t the l a r g e s t n e u t r o n a c t i v a t i o n w i l l o c c u r i n 

t h i s dump. I f n e c e s s a r y e x t r a s h i e l d i n g can be used b e h i n d t h i s dump to r e 

duce the dose a f t e r shutdown t o p e r m i s s i b l e l e v e l s . W h i l e i n g e n e r a l t h e s e 

n e u t r o n f l u x e s wi11 n o t cause l a r g e m e c h a n i c a l damage, they a r e s u f f i c i e n t l y 

l a r g e to i n d u c e c o n s i d e r a b l e r a d i o a c t i v i ty i n the beam 1 i ne ( see C h a p t e r 9 ) . 

4 . 3 . 6 Beam L i n e A c t i v i t y and Dose L e v e l s 

The s h i e l d i n g e f f e c t s o f the v a r i o u s components i n the beam 1 i n e i m p l y 

t h a t t h e s e components w i l l become a c t i v a t e d . The f l u x e s g e n e r a t e d f rom the 

s h i e l d i n g c a l c u l a t i o n s were combined wi th the DKR code t o e s t i m a t e the i n d u c e d 

a c t i v i t y i n the beam l i n e s and the r e s u l t a n t dose r a t e o u t s i d e the s h i e l d . 

The a n a l y s i s had t o be r e s t r i c t e d to one d i m e n s i o n , c o n s e q u e n t l y a l 1 magnet 

s h i e l d s were t aken to be 0 . 3 m t h i c k and a l l s h i e l d i n g i n d r i f t r e g i o n s was 
(15) 

t a k e n as 0 . 5 m t h i c k . The s h i e l d s were 316 S S . C a l c u l a t i o n s ^ ' were p e r 

fo rmed o n l y f o r t h a t p a r t o f the beam l i n e o u t to the beam dump i n the f i r s t 

d e f l e c t i o n magnet . These c a l c u l a t i o n s showed t h a t the r e s u l t i n g a c t i v i t y i s 

r e l a t i v e l y m o d e s t , i . e . o n l y 66 c u r i e s a t shutdown f o l l o w i n g two y e a r s o f 

o p e r a t i o n . The l a r g e s t c o n t r i b u t i o n t o t h i s a c t i v i t y i s 3 Mn wi th a 2 . 5 8 hr 

h a l f l i f e . 

W h i l e t h e s e a c t i v i t i e s a r e low r e l a t i v e to t h o s e i n the chamber , they a r e 

l a r g e enough to cause c o n c e r n a b o u t r a d i a t i o n l e v e l s on the o u t e r s u r f a c e s . 

In the c a l c u l a t i o n s p r e s e n t e d above the f l u x e s and t h u s the a c t i v i t i e s a r e 

o n l y g i v e n on a vo lume a v e r a g e b a s i s . - The s o u r c e d i s t r i b u t i o n f o r s h i e l d i n g 

p u r p o s e s i s based on a r e d i s t r i b u t i o n o f the a c t i v i t y a c c o r d i n g to an e x p o 

n e n t i a l w i t h a 0 .05 m r e l a x a t i o n l e n g t h . An a d d i t i o n a l 1 / r term was used f o r 
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c a l c u l a t i o n s i n the r a d i a l d i r e c t i o n . Two c a s e s were i n v e s t i g a t e d , namely the 

o u t s i d e d r i f t r e g i o n between the l a s t two magnets ' (Q5 and Q6) and beh i nd the 

beam s t o p i n the l a s t d e f l e c t i o n magnet . 

O u t s i d e the d r i f t r e g i o n between the l a s t two m a g n e t s , the dose f o i l owing 

shutdown a f t e r two y e a r s o f o p e r a t i o n was 1.1 mrem/h r . A f t e r one day o f decay 

i t had f a l l e n t o 0 . 0 2 mrem/hr due to the decay o f 5 6 M n . The a c t i v i t i e s b e h i n d 

the beam s top a t the same t i m e s were 2 .6 mrem/hr and 0 .03 m r e m / h r . 

These q u i t e c o n s e r v a t i v e c a l c u l a t i o n s i n d i c a t e t h a t the s h i e l d i n g p r e 

s e n t e d f o r the beam l i n e i s a d e q u a t e . In f a c t , i t may be r e d u c e d i n c e r t a i n 

p o r t i o n s o f the 1 i n e such as the d r i f t s p a c e s between the magne t s . 

4 . 3 . 7 Summary 

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

H I B A L L - I I . The i n n e r s u r f a c e o f the s h i e l d i s t a p e r e d a l o n g the d i r e c t 1 i n e -

o f - s i g h t o f s o u r c e n e u t r o n s w i t h a number o f n e u t r o n dumps used i n the d r i f t 

s e c t i o n s between the m a g n e t i c e l e m e n t s . U s i n g a minimum s h i e l d t h i c k n e s s o f 

0 . 3 m i t was f o u n d t h a t the s u p e r c o n d u c t i n g c o i 1 s w i l l be w e l l p r o t e c t e d . The 

r a d i a t i o n e f f e c t s i n the normal c o i l w h i c h d r i v e s the f i n a l f o c u s i n g magnet 

a r e s e v e r a l o r d e r s o f magn i tude l o w e r than the d e s i g n l i m i t s . No s h i e l d i n g i s 

r e q u i r e d i n f r o n t o f the normal c o i l s . A s u p e r c o n d u c t i n g c o i 1 can be used t o 

d r i v e the f i n a l q u a d r u p o l e l e n s . However , p o l y i m i d e s s h o u l d be used f o r 

e l e c t r i c a l i n s u l a t i o n and magnet a n n e a l i n g wi11 be r e q u i r e d tw i ce d u r i ng the 

r e a c t o r l i f e . As a r e s u l t o f u s i n g two d e f l e c t i o n s e c t o r s i n the s y s t e m , the 

p e r i o d i c t r a n s p o r t sys tem i s c o m p l e t e l y c o n c e a l e d f rom the d i r e c t 1 i n e - o f -

s i g h t s o u r c e n e u t r o n s . C o n s e q u e n t l y , n e u t r o n s t r e a m i ng i n t o the p e r i o d i c 

t r a n s p o r t i s more than f o u r o r d e r s o f magni tude l e s s t han t h a t i n H I B A L L - I 

where a s t r a i g h t beam l i n e was u s e d . F u r t h e r m o r e , the s p e c t r u m o f s t r e a m i n g 

n e u t r o n s i s much s o f t e r . 
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5 . REACTOR CHAMBER DESIGN 

5 .1 G e n e r a l R e q u i r e m e n t s and D e s c r i p t i o n 

5 . 1 . 1 R e q u i r e m e n t s 

The d e s i g n r e q u i r e m e n t s o f the HIBALL chamber a r e d e t e r m i n e d by a number 

o f s e e m i n g l y c o n f l i c t i n g c o n s i d e r a t i o n s . The b a s i c r e q u i r e m e n t s a r e : (1) t he 

chamber be c a p a b l e o f d i s s i p a t i n g the e n e r g y f rom the t a r g e t i n a c o o l a n t 

o p e r a t i n g a t t e m p e r a t u r e s c o n s i s t e n t w i th m a t e r i a l r e q u i r e m e n t s and the need 

t o p roduce s team a t s u i t a b l e c o n d i t i o n s , (2) the c a v i t y a tmosphere be s u i t a b l e 

f o r p r o p a g a t i n g and f o c u s i n g a heavy i o n beam on the t a r g e t , (3) the sys tem be 

m a i n t a i n a b l e i n a r e a s o n a b l e f a s h i o n , (4) the sys tem be a b l e to b r e e d t r i t i u m 

a t a r a t i o g r e a t e r than o r equa l to u n i t y , (5) the t r i t i u m be r e c o v e r a b l e 

w i t h o u t e x c e s s i v e a c c u m u l a t i o n i n the b r e e d i n g m a t e r i a l , and (6) the dose r a t e 

o u t s i d e the s h i e l d i n g be a t an a c c e p t a b l e l e v e l . 

The two r e q u i r e m e n t s w h i c h have the g r e a t e s t i m p a c t a r e the need to 

d i s s i p a t e the t a r g e t ene rgy and p r o p a g a t e the beam t h r o u g h the chamber to t h e 

t a r g e t . The f u s i o n y i e l d o f the HIBALL t a r g e t i s 400 MJ and the r e p e t i t i o n 

r a t e i s 5 H z , y i e l d i n g a f u s i o n power o f 2000 MW pe r chamber . T h r e e -

d i m e n s i o n a l n e u t r o n i c s s t u d i e s r e p o r t e d i n S e c t i o n 5 . 3 . 4 i n d i c a t e t h a t b e c a u s e 

o f e n d o t h e r m i c r e a c t i o n s i n the t a r g e t the a c t u a l e n e r g y a v a i l a b l e i s o n l y 396 

M J / s h o t , o f w h i c h 285 MJ i s f rom 12 MeV ( a v e r a g e e n e r g y ) n e u t r o n s , 90 MJ i s 

f rom x - r a y s and 21 MJ f rom t a r g e t d e b r i s , i . e . He, unburned D and T , P b , and 

L i . A ve ry s m a l l amount a p p e a r s as h i g h ene rgy gamma r a d i a t i o n . T h i s means 

t h a t a l t h o u g h the g r e a t e s t p a r t o f the e n e r g y i s c a r r i e d by n e u t r o n s and 

t h e r e f o r e i s v o l u m e t r i c a l l y d e p o s i t e d i n the b l a n k e t m a t e r i a l s , a s i g n i f i c a n t 

amount , namely 109 M J , i s i n a form t h a t wou ld be d e p o s i t ed on or v e r y n e a r 

the s u r f a c e o f any f i r s t w a l l m a t e r i a l . 

5 . 1 . 2 The INP0RT C o n c e p t 

A p e r s i s t e n t t e c h n i c a l p rob lem i n i n e r t i a l c o n f i n e m e n t f u s i o n ( I C F ) has 

been the p r o t e c t i o n o f the f i r s t l o a d b e a r i n g w a l l s f rom t a r g e t d e b r i s , x - r a y s 

and n e u t r o n s . V a r i o u s schemes have been p r o p o s e d i n the p a s t : s w i r l i n g 1 i q u i d 

meta l p o o l s ^ , w e t t e d w a l l s ^ 2 , 3 ' 4 ' 5 ^ , m a g n e t i c p r o t e c t i o n ^ , gaseous p r o 

t e c t i o n ^ , d ry w a l l a b l a t i v e s h i e l d s ^ 8 - 1 1 ) , and f r e e f a l 1 i n g s h e e t s o f l i q u i d 

me ta l s ^ 1 2 - ' * 5 ^ . None o f t h e s e schemes have been c o m p l e t e l y s a t i s f a c t o r y , b u t 
(15) 

the f r e e f a l 1 i n g 1 i q u i d me ta l co lumn p r o t e c t i o n scheme, used i n H Y L I F E , v ' 

seems to be the b e s t d e v e l o p e d thus f a r . 
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One d i s a d v a n t a g e o f the HYLIFE scheme i s the d i s a s s e m b l y o f the l i q u i d 

meta l co lumns f o l l o w i n g each s h o t and the need to r e e s t a b l i s h them b e f o r e t he 

s u b s e q u e n t s h o t . The low r e p e t i t i o n r a t e r e s u l t s i n a smal1 AT, a h i g h r e c i r 

c u l a t i o n r a t e , and a l a r g e pumping power . T h i s i s e s p e c i a l l y t r u e f o r P b L i 

a l l o y s . I d e a l l y , t h i s scheme can be v a s t l y imp roved i f i t were p o s s i b l e to 

s low the f l o w o f l i q u i d meta l such t h a t i t can a b s o r b the ene rgy o f s e v e r a l 

s h o t s b e f o r e e x i t i n g the r e a c t o r . 

Such a scheme was d e v e l o p e d i n l a t e 1979 f o r the HIBALL p r o j e c t . ^ 1 6 ^ The 

b a s i s o f t h i s new d e s i g n i s the use o f b r a i d e d S i C t u b e s w h i c h a r e f l e x i b l e , 

s u f f i c i e n t l y s t r o n g , c o m p a t i b l e w i t h the L i P b a l l o y used i n H I B A L L , and p o r o u s 

enough to a l l o w a l i q u i d l a y e r to c o v e r the o u t s i d e s u r f a c e w h i l e the b u l k o f 

the f l u i d f l o w s down the c e n t e r o f the tube ( F i g . 5 . 1 - 1 ) . T h i s i d e a i s c a l l e d 

the INPORT c o n c e p t , s t a n d i n g f o r the I n h i b i t e d F low - P o r o u s X U D e
 C o n c e p t . 

The f i l m t h i c k n e s s o f r o u g h l y 1 mm i s s u f f i c i e n t to a b s o r b the energy f rom x -

r a y s and t a r g e t d e b r i s w h i l e s e v e r a l banks o f t u b e s p r o v i d e adequa te L i P b 

a l l o y to modera te the n e u t r o n f l u x and reduce the t o t a l damage and damage r a t e 

i n the f i r s t s t r u c t u r a l w a l l ( F i g . 5 . 1 - 2 ) . F i g u r e 5 . 1 - 3 shows the r a d i a l 

b l a n k e t i n the HIBALL chamber and the o v e r a l l chamber d e s i g n i s shown i n F i g . 

5 . 1 - 4 . 

I t i s c l e a r t h a t the INPORT c o n c e p t enhances ICF r e a c t o r s by r e m e d y i n g 

two o f the ma jo r d rawbacks o f the HYLIFE c o n c e p t : the r e c i r c u l a t i o n r a t e and 

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

a s p e c t s o f the INPORT C o n c e p t i n more d e t a i 1 . 

5 . 1 . 3 M e c h a n i c a l D e s c r i p t i o n o f Chamber 

The chamber i s an u p r i g h t c y l i n d e r w i t h i n t e r n a l d i m e n s i o n s o f 1 1 . 5 m 

h e i g h t on a x i s and 10 m i n d i a m e t e r , F i g . 5 . 1 - 4 . From the c e n t e r and ou twa rd 

i n a l 1 d i r e c t i o n s , the chamber i s c h a r a c t e r i z e d by t h r e e d i s t i n c t z o n e s ; the 

b l a n k e t , r e f l e c t o r and s h i e l d . A l o n g the v e r t i c a l s i d e s o f the c a v i t y , t he 

b l a n k e t c o n s i s t s of a 2 m t h i c k zone o f S i C tubes t h r o u g h w h i c h L i 1 7 P b g 3 i s 

c i r c u l a t e d , F i g . 5 . 1 - 3 . I t i s f o l l o w e d by a r e f l e c t o r zone made o f m a i n l y 

HT-9 w h i c h i s 40 cm t h i c k and f i n a l l y by the s h i e l d , w h i c h i s p r i m a r i l y c o n 

c r e t e and i s 2 . 9 m t h i c k . The top of the chamber has wedge shaped b l a n k e t 

m o d u l e s , 50 cm t h i c k , w h i c h a r e a l s o f i l l e d wi th L i 1 7 P b 8 3 . They t oo a r e 

f o l l o w e d by 40 cm o f HT-9 r e f l e c t o r and a 2 . 9 m c o n c r e t e s h i e l d . The bo t tom 

o f the c a v i t y has a poo l o f L i 1 7 P b 8 3 one meter t h i c k , f o l l o w e d by a 40 cm 

t h i c k r e f l e c t o r wh i ch has h o l e s i n i t t o a l l o w the c o o l a n t to d r a i n o u t . A 



F i g . 5 .1 -1 S c h e m a t i c o f INPORT u n i t c o n c e p t . 

< 
> 

o 
a. 

5 
a. 

I 
H 
CO 
tr 

UJ 
X 
(_ 

UJ 
o < 
< a 

1000 

0.01 

dpa 

He appm 
He appm/dpa 

10 20 30 40 50 60 70 80 

E F F E C T I V E TUBE 
REGION THICKNESS (cm) 

F i g . 5 . 1 - 2 E f f e c t o f IMPORT tubes on damage i n HT-9 f i r s t w a l l 



86 

Shield (concrete + water coolant) 

F i g . 5 . 1 - 3 . S e c t i o n t h r o u g h the HIBALL chamber w a l l . 
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c a t c h b a s i n then d i r e c t s the f l o w to an o u t l e t tube t h r o u g h w h i c h i t i s pumped 

to the s team g e n e r a t o r . 

The top o f the chamber has a un i que d e s i g n . A l though the b l a n k e t modules 

a re d e s i g n e d to s t a y s t a t i o n a r y , the r e f l e c t o r and s h i e l d a r e c a p a b l e o f b e i n g 

r o t a t e d a b o u t the c e n t r a l a x i s . T h i s i s needed to p r o v i d e a c c e s s to the 

b l a n k e t modules f o r r e p l a c e m e n t . The upper b l a n k e t modu les a r e 1ocked t o the 

r e f l e c t o r by means o f s t u d s w h i c h f i t i n m i l l e d s l o t s . D u r i n g r e a c t o r o p e r 

a t i o n when the modu les a re f i l l e d wi th L i j j P b g ß , the s t u d l a t c h e s a r e a c t u a t e d 

and the modules a r e l o c k e d to the r e f l e c t o r . However , d u r i n g s e r v i c i n g , when 

the modules a r e d r a i n e d o f a l l the b r e e d i n g m a t e r i a l , the s t u d l a t c h e s a r e 

d e a c t i v a t e d . A t t h i s t ime the b l a n k e t modules a r e o n l y s u p p o r t e d on the o u t e r 

p e r i p h e r y and i n the c e n t e r , where they a r e a t t a c h e d t o a c e n t r a l hub . T h i s 

makes i t p o s s i b l e to r o t a t e the r e f l e c t o r and s h i e l d w h i l e the b l a n k e t modules 

rema in s t a t i o n a r y . 

The c a v i t y i s s e a l e d to the o u t s i d e by a 1 i n e r w h i c h i s w e l d e d to the 

r e f l e c t o r a t the upper end o f the c a v i t y . A c i r c u m f e r e n t i a l we ld (o r s e a l ) 

be tween the l i n e r on the s t a t i o n a r y p a r t o f the top s h i e l d and the r o t a t a b l e 

p a r t m a i n t a i n s the c a v i ty a tmosphere d u r i n g o p e r a t i o n . 

A t the j u n c t i o n between the top b l a n k e t modules and the S i C t u b e s , t h e r e 

a r e 20 a p e r t u r e s , 65 cm h i g h and 1 . 2 m w i d e . These a r e the vacuum sys tem 

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

and l e a d to pumping s t a t i o n s l o c a t e d i n the upper c o r n e r o f the r e a c t o r 

chamber . These pumps a r e used t o e v a c u a t e the c a v i t y p r i o r to o p e r a t i o n and 

to pump the n o n c o n d e n s a b l e g a s e s , such as the hydrogen s p e c i e s and the he l iu rn 

d u r i n g o p e r a t i o n . The pumping sys tem i s d i s c u s s e d f u r t h e r i n S e c t i o n 5 . 5 . 

The re a r e 20 beam p o r t s i n each chamber . Each p a i r o f beams comes i n a t 

±8° to the h o r i z o n t a l , spaced a t 36° c i r c u m f e r e n t i a l l y . The b l a n k e t i s 

d i v i d e d i n such a way t h a t e v e r y t h i r d module has two beam p o r t s b u i l t i n . A t 

the f i r s t s u r f a c e (5 m r a d i u s ) the beam p o r t s a r e 12 cm wide and 15 .4 cm h i g h . 

Di s t r i b u t i o n m a n i f o l d s s u r r o u n d the beam t u b e s such t h a t the S i C t u b e s a r e 

a t t a c h e d to them on the top and b o t t o m . Each beam t r a n s p o r t 1 i n e i s a t t a c h e d 

to the chamber a t the p o i n t o f e n t r y and c o n s t i t u t e s the vacuum i n t e r f a c e b e 

tween the c a v i t y and the beam h a n d l i n g s y s t e m . 

5 . 1 . 4 Chamber P a r a m e t e r s 

T a b l e 5 . 1 - 1 p r e s e n t s r e f e r e n c e p a r a m e t e r s w h i c h have been used as a b a s i s 

f o r the c a l c u l a t i o n s i n the f o l l o w i n g s e c t i o n s o f t h i s c h a p t e r . These v a l u e s 



88 

T a b l e 5 . 1 - 1 

C a v i t y and INPORT R e g i o n 

N e u t r o n e n e r g y / s h o t (MJ) 285 

X - r a y e n e r g y / s h o t (MJ) 90 

D e b r i s e n e r g y / s h o t (MJ) 21 

Gamma e n e r g y / s h o t (MJ) < 1 

C a v i t y shape c y l i n d r i c a l 

C a v i t y d i a m e t e r to vacuum w a l l (m) 14 

C a v i ty h e i g h t a t c e n t e r (m) 1 1 . 5 

C o o l a n t and b r e e d i n g m a t e r i a l L 1 ' l 7 p b 8 3 (na 

INPORT tube s t r u c t u r a l m a t e r i a l S i C 

INPORT r e g i o n s u p p o r t s t r u c t u r e HT-9 

F i r s t s u r f a c e r a d i u s (m) 5 

INPORT tube r e g i o n p a c k i n g f r a c t i o n 0 .33 

INPORT tube l e n g t h (m) 10 

INPORT tube d i a m e t e r (cm) 

F i r s t two rows 3 

Remainder 10 

Number o f f i r s t row tubes 1230 

Number o f r e m a i n i n g t u b e s 3060 

Number o f beam p e n e t r a t i o n s 20 

T o t a l a r e a o f beam p e n e t r a t i o n s a t the 

f i r s t s u r f a c e (m ) 3 .6 

Pb atom d e n s i t y (x 1 0 " 1 0 a t o m / c m 3 ) 

j u s t b e f o r e s h o t 4 

Noncondensab le atom d e n s i t y a t 500°C 

(x 1 0 " 1 0 a t o m s / c m 3 ) 0 . 1 3 

Chamber top t h i c k n e s s (m) 0 . 5 

C o o l a n t volume f r a c t i o n 0 .97 

Bot tom r e g i o n t h i c k n e s s (m) 1 

C o o l a n t volume f r a c t i o n 1 

Vacuum Wal l ( f i r s t m a t e r i a l w a l l ) 

S t r u c t u r a l m a t e r i a l HT-9 

I n s i d e d i a m e t e r (m) 14 

T h i c k n e s s (m) 0 .01 
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T a b l e 5 . 1 - 1 ( c o n t i n u e d ) 

R e f l e c t o r 

S t r u c t u r a l m a t e r i a l 

C o o l a n t 

C o o l a n t volume f r a c t i o n 

I n s i d e d i a m e t e r (m) 

T h i c k n e s s (m) 

S h i e l d 

S t r u c t u r a l M a t e r i a l 

C o o l a n t 

C o o l a n t volume f r a c t i o n 

I n s i d e d i a m e t e r (m) 

T h i c k n e s s (m) 

L i Pbp-jt C o o l a n t 

I n l e t t e m p e r a t u r e ( °C) 

O u t l e t t e m p e r a t u r e ( °C) 

P r e s s u r e (MPa) 

HT-9 

L i 1 7 P b 

0 . 9 

1 4 . 0 2 

0 . 4 
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C o n c r e t e ( u n r e i n f o r c e d ) 

H 2 0 

0 . 0 5 

1 4 . 8 2 

3 . 5 

330 

500 

0 . 2 

were chosen on the b a s i s o f : (1) d e f i n i n g the n a t u r e and r o l e o f the s y s t e m , 

(2) c o n s i s t e n c y wi th known m a t e r i a l s c h a r a c t e r i s t i c s o f v a r i o u s p a r t s o f the 

s y s t e m , o r (3) as a r e s u l t o f p r e v i o u s c a l c u l a t i o n s . A more d e t a i l e d 

p a r a m e t e r s e t i s g i v e n i n A p p e n d i x A . 
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5 .2 M e c h a n i c a l Response o f INPORT U n i t s 

5 . 2 . 1 I n t r o d u c t i o n 

T a r g e t g e n e r a t e d x - r a y s p a r t i a l l y v a p o r i z e the P b L i f i l m o f the f i r s t two 

rows o f the c a v i ty tube bank . Th i s g e n e r a t e s an i m p u l s i v e r e a c t i o n , p r o d u c i n g 

a dynamic r a d i a l l o a d i n g on the INPORTs. In t h i s s e c t i o n n u m e r i c a l r e s u l t s 

a r e p r e s e n t e d f o r the m e c h a n i c a l r e s p o n s e o f INPORTs to such s e q u e n t i a l i m p u l -

s i v e p r e s s u r e d i s t r i b u t i o n s . 

The i n i t i a l c a v i t y d e s i g n used INPORTs c o n s t r u c t e d o f p i i a b l e b r a i d e d 

s i 1 i c o n c a r b i d e f i b e r . (The y a r n s a r e t y p i c a l l y composed o f 500 f i b e r s , e a c h 

a p p r o x i m a t e l y 10 um i n d i a m e t e r . ) S u p p o r t was p r o v i d e d a t the top wi th the 

l o w e r end f r e e to move. F o r t h i s c a s e , the t h e o r e t i c a l r e s u l t s o f the me

c h a n i c a l a n a l y s i s showed t h a t the c y c l i c d i s p l a c e m e n t s wou ld be e x c e s s i v e , 

p r o d u c i n g c o n t a c t and i n t e r f e r e n c e between the t u b e s . 

In the second d e s i g n c o n s i d e r e d , INPORTs had f l e x u r a l r i g i d i t y , the r e 

s u l t o f the s o f t b r a i d b e i n g s t i f f e n e d by c h e m i c a l vapo r d e p o s i t i on o f a d d i -

t i o n a l s i l i c o n c a r b i d e . From the r e s p o n s e c a l c u l a t i o n s , the b e n d i n g s t r e s s e s 

were found to s u b s t a n t i a l l y e x c e e d the s t r e n g t h o f the s i 1 i c o n c a r b i d e . The 

l a r g e u n s u p p o r t e d span o f the INPORT i n a beam mode i s the p r i m a r y r e a s o n f o r 

t h i s r e s u l t . P r o v i d i n g i n t e r m e d i a t e s u p p o r t to r e d u c e the e f f e c t i v e span d i d 

n o t appea r t o be a p r a c t i c a l s o l u t i o n . D e t a i l s o f the a n a l y s i s and m e c h a n i c a l 

r e s p o n s e f o r t h e s e two c a s e s a r e p r e s e n t e d i n the o r i g i n a l HIBALL r e p o r t . 

The g e n e r a l d e s i g n w h i c h was a d o p t e d c o n s i s t s o f INPORTs wi th b r a i d e d 

p i i a b l e w a l I s , s u p p o r t e d a t bo th top and b o t t o m . The ends i n c o r p o r a t e mecha

n i sms to p r o v i d e f o r p r e t e n s i o n l o a d s . One p o s s i b l e d e s i g n o f t h i s type i s 

shown c o n c e p t u a l l y i n F i g . 5 . 2 - 1 . 

5 . 2 . 2 Q u a n t i t a t i v e C h a r a c t e r i z a t i o n o f the Impu lse 

One can c o n s e r v a t i v e l y e s t i m a t e the b u i k k i n e t i c ene rgy o f the v a p o r i z e d 

f l u i d to be e q u a l t o the the rma l ene rgy o f the g a s . 

( | ) ( ^ ) V g a s ; «gas»' ^ 
1 on 3 3 

Here the l e f t s i d e r e p r e s e n t s the t he rma l ene rgy o f the gas w h i c h i s equa l to 

the d e p o s i t ed x - r a y ene rgy l e s s the e n e r g i e s o f i on i z a t i on and v a p o r i z a t i o n . 

The b u i k v e l o c i t y o f the gas i s deno ted by V w h i l e o n r e p r e s e n t s the a v e r a g e 

mass o f i o n s i n the g a s . F o r the c a s e o f 8 7 . 6 MJ o f x - r a y e n e r g y and 1 3 . 3 kg 

o f v a p o r i z e d P b L i , T Q a s = 1.26 eV . The r e a c t i v e i m p u l s e e q u a l s M a a _ V . 
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3 k n T 
U l ü ) 1 / 2 = 1.89 x 1 0 9 dyn AI = M 

m 
e - s ( 5 . 2 - 2 ) 

gas i on 

T h i s can a l s o be e x p r e s s e d as an i m p u l s i v e p r e s s u r e per u n i t s u r f a c e a r e a . 

The r e s u l t i s c o n s e r v a t i v e s i n c e i t i s assumed t h a t a l l v a p o r i z e d atoms a r e 

i n i t i a l l y moving towards the c e n t e r o f the c a v i ty wi th t h e i r t he rma l v e l o c i t y . 

T h i s w i l l c l e a r l y o v e r e s t i m a t e the r e a c t i v e i m p u l s e . 

5 .2 .3 INPORT D i s p l a c e m e n t H i s t o r i e s 

The d i s p l a c e m e n t a n a l y s i s i s based upon modal s u p e r p o s i t i o n . F o r t h i s 

pu rpose i t i s n e c e s s a r y to d e t e r m i n e the n a t u r a l v i b r a t i o n f r e q u e n c i e s f o r 

e a c h mode. From n u m e r i c a l v a l u e s shown i n F i g . 5 . 2 - 2 i t can be seen t h a t 

t e n s i o n i n c r e a s e s have a modest i n f l u e n c e on f r e q u e n c i e s f o r 1ower modes b u t a 

s t r o n g e r e f f e c t on h i g h e r modes. F o r a u n i f o r m l y d i s t r i b u t e d i m p u l s e , the 

l a r g e s t c o n t r i b u t i o n to the t o t a l mo t ion i s f rom the l o w e s t mode w h i c h has a 

n a t u r a l f r e q u e n c y l e s s than 1 Hz f o r the t e n s i o n range c o n s i d e r e d . Wi t h the 

c a v i t y o p e r a t i n g a t a r e p e t i t i on r a t e o f 5 H z , m e c h a n i c a l r e s o n a n c e i s n o t a 

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

A t y p i c a l s t a r t u p and shutdown r e s u l t i s shown i n F i g . 5 . 2 - 3 . R a d i a l 

mo t ion p r o g r e s s e s wi th a s m a l l o v e r s h o o t f o l 1 owed by a s t e a d y s t a t e d i s p l a c e -

ment . A f t e r 3 seconds (15 i m p u l s e s ) , the l o a d sequence s t o p s and the INPORT 

r e s p o n s e c o n s i s t s o f damped f r e e v i b r a t i o n a b o u t the o r i g i n a l s t r a i g h t p o 

s i t i o n . P a r a m e t r i c c o m p a r i s o n s a r e made f rom the n e x t f o u r f i g u r e s . In F i g . 

5 . 2 - 4 i t can be seen t h a t modest i n c r e a s e s i n t e n s i o n s u b s t a n t i a l l y r e d u c e 

d i s p l a c e m e n t s b u t l a r g e r i n c r e a s e s a r e no t r e l a t i v e l y as e f f e c t i v e . A d e 

c r e a s e i n l e n g t h ( e . g . , by i n t e r m e d i a t e s u p p o r t s ) wou ld s u b s t a n t i a l l y r e d u c e 

the m i d p o i n t d i s p l a c e m e n t as shown i n F i g . 5 . 2 - 5 . In c o n t r a s t , the r e s u l t s o f 

F i g . 5 . 2 - 6 i n d i c a t e t h a t v a r i a t i o n s i n the damping l e v e l do n o t p roduce 

d r a m a t i c changes i n the r e s p o n s e , p a r t i c u l a r l y f o r the s t e a d y s t a t e a m p l i t u d e . 

T h i s i s a l s o shown i n F i g . 5 . 2 - 7 wh i ch i n c l u d e s the a c a d e m i c c a s e o f 99% 

c r i t i c a l damp ing . 

From t h e s e r e s u l t s , i t a p p e a r s t h a t the INPORT c o n c e p t can l e a d t o a 

v i a b l e d e s i g n f o r a range o f p h y s i c a l p a r a m e t e r s . The b e s t e s t i m a t e s f o r a 

p r a c t i c a l d e s i g n c o r r e s p o n d to the d a t a f o r F i g . 5 . 2 - 3 , r e s u l t i n g i n s t e a d y 

s t a t e mo t i on w h i c h i s j u s t s l i g h t l y more than 1% o f the INPORT 's l e n g t h . 

AP = 600 d y n e - s / c m ( 5 . 2 - 3 ) 
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F i g . 5 .2 -1 

SUPPORT MECHANISMS FOR INPORTS 

/ C O N I C A L 
FLANGE 

RETAINER 
RING 

F i g . 5 . 2 - 2 

INPORT V IBRATION F R E Q U E N C Y v«. 
TENSION 

300 600 900 1200 

TENSION (N) 

1500 1800 

F i g . 5 . 2 - 3 
IN PORT MECHANICAL RESPONSE - STARTUP ANO SHUTDOWN 



F i g . 5 . 2 - 4 F i g . 5 . 2 - 5 

INPORT M E C H A N I C A L R E S P O N S E 
AT STARTUP 

35f 

_ 30 f 
E 

T 1—i—i 1 1 j 1 1 1 — r 

IMPULSE 60 N - t « c / m 2 

TUBE: 3cm x 10m 
REP RATE: 5Hz 
DAMPING: 20% 

1.0 2.0 

T I M E (nee) 

SO 

INPORT M E C H A N I C A L R E S P O N S E 
AT S T A R T U P 

1.0 20 
T I M E ( tec ) 

3.0 

F i g . 5 . 2 - 6 s F i g . 5 . 2 - 7 

INPORT M E C H A N I C A L R E S P O N S E INPORT M E C H A N I C A L RESPONSE 
AT STARTUP AT STARTUP 

T I M E ( t «c ) T I M E ( t « c ) 
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5 . 3 N e u t r o n i c s and P h o t o n i c s 

5 . 3 . 1 I n t r o d u c t i o n 

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

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

c a v i t y i s mode led i n a d e t a i l e d t h r e e - d i m e n s i o n a l n e u t r o n i c s and p h o t o n i c s 

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

n e u t r o n i c s a n a l y s i s i s a l s o p r e s e n t e d to p r o p e r l y a c c o u n t f o r the p u l s e d 

n a t u r e o f the n e u t r o n s o u r c e . 

5 . 3 . 2 O n e - D i m e n s i o n a l Time I n t e g r a t e d S t u d i e s 

5 . 3 . 2 . 1 I n t r o d u c t i o n 

In t h i s s e c t i o n , a c o n s i s t e n t c o u p l e d t a r g e t - b l a n k e t n e u t r o n i c s and 

p h o t o n i c s s tudy o f HIBALL i s g i v e n . The n e u t r o n and gamma s o u r c e f o r b l a n k e t 

c a l c u l a t i o n s was o b t a i n e d f rom the t a r g e t n e u t r o n i c s and p h o t o n i c s r e s u l t s . 

The HIBALL b l a n k e t i s r e q u i r e d to b r e e d t r i t i u m and c o n v e r t the k i n e t i c 

e n e r g y o f the f u s i o n r e a c t i o n i n t o h e a t . F u r t h e r m o r e , the INPORT t u b e s a r e 

r e q u i r e d to p r o t e c t the vacuum w a l l and HT-9 s t r u c t u r e i n the r e f l e c t o r f r om 

r a d i a t i o n damage. O n e - d i m e n s i o n a l s t e a d y s t a t e c a l c u l a t i o n s a r e p e r f o r m e d to 

d e t e r m i n e the opt imum b l a n k e t t h i c k n e s s wh i ch y i e l d s the l a r g e s t p o s s i b l e 

e n e r g y m u l t i p l i c a t i o n wi t h adequa te t r i t i u m b r e e d i n g r a t i o and f i r s t w a l l p r o 

t e c t i o n . The t h i c k n e s s o f b i o l o g i c a l s h i e l d r e q u i r e d to r e d u c e the b i o l o g i c a l 

dose to p e r m i s s i b l e l e v e l s i s a l s o d e t e r m i n e d . 

5 . 3 . 2 . 2 B l a n k e t and S h i e l d Model 

HIBALL i n c o r p o r a t e s f o u r c y l i n d r i c a l c a v i t i e s ; each i s 7 m i n r a d i u s and 

10 m h i g h . The INPORT tubes occupy 33% o f the 2 m t h i c k b l a n k e t r e g i o n y i e l d 

i n g an e f f e c t i v e b l a n k e t t h i c k n e s s o f 66 cm. The L i P b c o o l a n t o c c u p i e s 98% o f 

the tube volume w i t h the S i C o c c u p y i n g the r e m a i n i n g 2%. The f i r s t w a l l i s 

made o f f e r r i t i c s t e e l ( H T - 9 ) . The f i r s t w a l l has a t h i c k n e s s o f 1 cm. 

A 0 .4 m t h i c k r e f l e c t o r composed o f 90 v / o HT-9 and 10 v / o L i ^ P b g ß c o o l a n t 

(7.42% L i - 6 ) i s u s e d . The r e a c t o r u t i l i z e s a 2 . 9 m t h i c k c o n c r e t e s h i e l d . A 

s c h e m a t i c o f the b l a n k e t , f i r s t w a l 1 , r e f l e c t o r , and s h i e l d c o n f i g u r a t i o n i s 

g i v e n i n F i g . 5 . 1 - 3 . 

5 . 3 . 2 . 3 C a l c u l a t i o n a l Method and N u c l e a r Data 

The o n e - d i m e n s i o n a l d i s c r e t e o r d i n a t e s code AN ISN ^ ^ was used w i t h a P 3 -

S4 a p p r o x i m a t i o n . S p h e r i c a l geometry was used i n the c a l c u l a t i o n s and the 

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

y i e l d s c o n s e r v a t i v e l y h igh damage r a t e s and 1ow t r i t i u m b r e e d i n g r a t i o s . The 
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n e u t r o n and gamma s p e c t r a o b t a i n e d f rom the t a r g e t c a l c u l a t i o n s a r e used to 

r e p r e s e n t the s o u r c e f o r the b l a n k e t c a l c u l a t i o n s . An i s o t r o p i c p o i n t s o u r c e 

i s used a t the c e n t e r o f the c a v i t y . The c a l c u l a t i o n s a c c o u n t f o r n e u t r o n 

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

t a r g e t . A c o u p l e d 25 n e u t r o n - 2 1 gamma group c r o s s s e c t i o n l i b r a r y based on 

E N D F / B - I V was u s e d . The l i b r a r y c o n s i s t s o f the RSIC D L C - 4 1 B / V I T A M I N - C d a t a 

l i b r a r y ( 2 ) and the D L C - 6 0 / M A C K L I B - I V r e s p o n s e d a t a l i b r a r y . ( 3 ) The r e s u l t s 

a r e based on a DT y i e l d o f 400 MJ and a r e p e t i t i o n r a t e o f 5 H z . 

5 . 3 . 2 . 4 T r i t i u m B r e e d i n g and N u c l e a r H e a t i n g 

T a b l e 5 . 3 - 1 g i v e s the t r i t i u m b r e e d i n g i n the d i f f e r e n t z o n e s . The c o n 

t r i b u t i o n s f rom 7 L i ( n . n ' a ) t and 6 L i ( n , a ) t a r e a l s o shown. T a b l e 5 . 3 - 2 g i v e s 

t h e n e u t r o n , gamma, and t o t a l ene rgy d e p o s i t i o n i n the d i f f e r e n t z o n e s . 

N o t i c e t h a t more than 50% o f ene rgy d e p o s i t e d comes f rom gamma-ray h e a t i n g 

b e c a u s e o f n e u t r o n r e a c t i o n s i n the HT-9 s t r u c t u r e . The ene rgy m u l t i p l i c a t i o n 

d e f i n e d as the t o t a l ene rgy d e p o s i t e d i n the s y s t e m , i n c l u d i n g the e n e r g y 

d e p o s i t e d by X - r a y s and t a r g e t d e b r i s a t the f i r s t s u r f a c e o f the b l a n k e t , 

d i v i d e d by the f u s i o n r e a c t i o n y i e l d o f 17 .6 MeV i s a l s o i n c l u d e d . 

5 . 3 . 2 . 5 R a d i a t i o n Damage to S t r u c t u r a l M a t e r i a l s 

U s i n g INPORT tubes w i t h an e f f e c t i v e t h i c k n e s s o f 66 cm r e s u l t s i n a peak 

dpa r a t e o f 2 .7 dpa /FPY i n the HT-9 f i r s t w a l l . The h e l i u m and hyd rogen p r o 

d u c t i o n r a t e s a r e 0 .36 and 1.4 appm/FPY , r e s p e c t i v e l y . I t i s c l e a r f rom the 

r e s u l t s t h a t the INPORT tubes reduce d i s p l a c e m e n t damage and gas p r o d u c t i o n i n 

the HT-9 f i r s t w a l l c o n s i d e r a b l y , a l l o w i n g i t t o l a s t f o r the who le r e a c t o r 

l i f e t i m e . 

5 . 3 . 2 . 6 B i o l o g i c a l S h i e l d D e s i g n 

The r e a c t o r c a v i ty s h i e l d i s d e s i g n e d such t h a t the b i o l o g i c a l dose r a t e s 

o u t s i d e the s h i e l d do no t e x c e e d a p p r o x i m a t e l y 5 mrem/hr d u r i n g r e a c t o r 

o p e r a t i o n . T h i s d e s i g n c r i t e r i o n has been s e t i n o r d e r to a l l o w h a n d s - o n 

ma in tenance o f a u x i l i a r y components o u t s i d e the r e a c t o r d u r i n g o p e r a t i o n . The 

s h i e l d con s i s t s o f 87 v / o o r d i n a r y c o n c r e t e (Type 3 c o n c r e t e f rom r e f e r e n c e 

4 ) , 8 v / o c a r b o n s t e e l (C1020) r e i n f o r c e m e n t , and 5 v / o w a t e r c o o l a n t . The 

c o n c r e t e used has a d e n s i t y o f 2 . 3 g / c m 3 . The c a r b o n s t e e l used has a d e n s i t y 

o f 7 .93 g / c m 3 and c o n s i s t s o f 9 9 . 4 w/o i r o n , 0 .2 w/o c a r b o n , and 0 .4 w /o 

manganese. 
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T a b l e 5 . 3 - 1 R e s u l t s f o r T r i t i u m P r o d u c t i o n 

Reg ion E l e m e n t 

T r i t i u m 
P r o d u c t i o n 

( T r i t o n s / F u s i o n ) 

6 L i 1 .1500 

B l a n k e t 7 L i 0 .0270 

T o t a l 1 .1770 

F i r s t Wa l l T o t a l 0 . 0 

6 L i 0 . 0 1 8 0 

R e f l e c t o r 7 L i 0 . 0 

T o t a l 0 . 0180 

T r i t i u m B r e e d i n g R a t i o 1 .1950 

T a b l e 5 . 3 - 2 N u c l e a r Energy D e p o s i t i o n ( M e V / F u s i o n ) 

N e u t r o n s 7 .467 

B l a n k e t Gamma 6 .687 

T o t a l 14 .154 

N e u t r o n s 0 .016 

F i r s t Wa l l Gamma 0 . 1 8 0 

T o t a l 0 .196 

N e u t r o n s 0 . 2 3 2 

R e f l e c t o r Gamma 3 .367 

T o t a l 3 .599 

Sys tem T o t a l 1 7 . 9 4 9 

O v e r a l 1 Energy 

Mul t i p l i c a t i o n 1.281 



98 

T a b l e 5 . 3 - 3 Dose R a t e s (mrem/hr) 

O u t s i d e a 3 . 5 m T h i c k S h i e l d D u r i n g O p e r a t i o n 

W i th R e i n f o r c e m e n t W i t h o u t R e i n f o r c e m e n t 

Neu t ron Dose 4 . 9 x 1 0 " 7 1.4 x 1 0 " 5 

Gamma Dose 2 .1 x 1 0 " 2 2 . 6 4 

T o t a l Dose 2 .1 x 1 0 ~ 2 2 . 64 

A s e r i e s o f o n e - d i m e n s i o n a l c a l c u l a t i o n s has been p e r f o r m e d . The n e u t r o n 

and gamma f l u x e s a t the o u t e r s u r f a c e o f the s h i e l d were used to d e t e r m i n e the 

c o r r e s p o n d i n g b i o l o g i c a l dose v a l u e s f o r d i f f e r e n t s h i e l d t h i c k n e s s e s . 

T a b l e 5 . 3 - 3 g i v e s a c o m p a r i s o n between the dose l e v e l s o b t a i n e d a t the 

o u t e r s u r f a c e o f a 3 . 5 m t h i c k s h i e l d w i t h and w i t h o u t s t e e l r e i n f o r c e m e n t . 

I t i s c l e a r f rom the r e s u l t s t h a t i n c l u d i n g 8 v / o s t e e l r e i n f o r c e m e n t r e d u c e s 

the b i o l o g i c a l dose r a t e by n e a r l y two o r d e r s o f magni t u d e . The r e d u c t i o n i n 

the gamma dose i s more p ronounced than the r e d u c t i o n i n the n e u t r o n d o s e . 

S t i l l a l m o s t a l l o f the c o n t r i b u t i o n to the dose comes f rom gamma r a d i a t i o n . 

These r e s u l t s s u g g e s t t h a t r e i n f o r c e d c o n c r e t e s h i e l d t h i c k n e s s s m a l l e r than 

t h a t used i n H I B A L L - I ^ can be u s e d . The v a r i a t i o n o f the a n t i c i p a t e d dose 

r a t e w i t h s h i e l d t h i c k n e s s i s shown i n F i g . 5 . 3 - 1 . These r e s u l t s show t h a t a 

s h i e l d t h i c k n e s s o f 2 . 9 m can be u s e d , y i e l d i n g an a c c e p t a b l e dose r a t e o f 2 . 2 

mrem/h r . 

The r e s u l t s g i v e n i n the H I B A L L - I r e p o r t ^ i n d i c a t e d t h a t the dose o u t 

s i d e the s h i e l d f rom a c t i v a t i o n o f the r e f l e c t o r and s h i e l d a f t e r shutdown i s 

q u i t e l o w . T h i s v e r y low v a l u e i n d i c a t e s t h a t the main c o n c e r n i n d e s i g n i n g 

the b i o l o g i c a l s h i e l d f o r HIBALL i s i n r e d u c i n g the dose d u r i n g o p e r a t i o n t o 

a c c e p t a b l e l e v e l s . We c o n c l u d e f rom the p r e s e n t s t udy t h a t a s h i e l d t h i c k n e s s 

o f 2 . 9 m w i l l be adequa te f o r a l 1 hands -on ma in tenance d u r i n g o p e r a t i o n . 
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F i g . 5 . 3 - 1 . V a r i a t i o n o f b i o l o g i c a l dose r a t e 
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F i g . 5 . 3 - 2 . HIBALL geometry f o r Monte C a r l o 
c a l c u l a t i o n s . 
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5 . 3 . 2 . 7 Summary 

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

was p e r f o r m e d t o d e s i g n the b l a n k e t and s h i e l d f o r H I B A L L . An e f f e c t i v e tube 

r e g i o n t h i c k n e s s o f 66 cm r e s u l t s i n an o v e r a l 1 energy mul t i p l i c a t i o n o f 1.28 

and a b r e e d i n g r a t i o o f 1 . 1 9 5 . The INPORT t u b e s r e d u c e r a d i a t i o n damage i n 

the HT-9 f i r s t w a l l c o n s i d e r a b l y , a l l o w i n g i t t o l a s t f o r the who le r e a c t o r 

l i f e t i m e . A 2 . 9 m t h i c k r e i n f o r c e d c o n c r e t e s h i e l d was c h o s e n , r e s u l t i n g i n a 

dose r a t e o f 2 . 2 mrem/hr o u t s i d e the s h i e l d d u r i n g r e a c t o r o p e r a t i o n . 

5 . 3 . 3 T h r e e - D i m e n s i o n a l Time I n t e g r a t e d S t u d i e s 

5 . 3 . 3 . 1 I n t r o d u c t i o n 

The o n e - d i m e n s i o n a l c a l c u l a t i o n s a r e n o t c a p a b l e o f a d e q u a t e l y m o d e l i n g 

the c y l i n d r i c a l HIBALL r e a c t o r w i t h the l a r g e p e n e t r a t i o n s f o r vacuum pump ing . 

In t h i s s e c t i o n , a t h r e e - d i m e n s i o n a l n e u t r o n i c s and p h o t o n i c s a n a l y s i s i s 

p r e s e n t e d w h i c h a d e q u a t e l y mode ls the HIBALL r e a c t o r c a v i t y . 

5 . 3 . 3 . 2 R e a c t o r G e o m e t r i c a l Model and Method o f C a l c u l a t i o n 

The INPORT tube r e g i o n has a t h i c k n e s s o f 2 m and a h e i g h t o f 10 m. The 

INPORT tubes have a p a c k i n g f r a c t i o n o f 0 . 33 w i t h L i 1 7 P b 8 3 o c c u p y i n g 98 v / o o f 

the t u b e s and the r e m a i n i n g 2 v / o o c c u p i e d by S i C . The tube s u p p o r t s t r u c t u r e 

i s made o f HT-9 and o c c u p i e s 0 .7 v / o o f the tube r e g i o n . A one meter deep 

L i ] j P b g 3 poo l e x i s t s a t the bo t tom o f the r e a c t o r c a v i t y . The upper b l a n k e t 

c o n s i s t s o f 30 segments t h a t c o n s i s t o f 97 v / o L i 1 7 P b 8 3 , 1 v / o H T - 9 , and 2 v / o 

S i C and a r e 50 cm t h i c k . The L i 1 7 P b 8 3 i n the r e g i o n c o n n e c t i n g the top b l a n 

k e t w i t h the INP0RT tubes h e l p s p r o t e c t i n g the HT-9 s t r u c t u r e between the 

vacuum d u c t s . T h i r t y vacuum pumps a r e used t o m a i n t a i n the c a v i t y p r e s s u r e a t 

1 0 ~ 4 t o r r . Each vacuum d u c t i s 1 m w ide and 0 .6 m h i g h . The f i r s t w a l l i s 1 

cm t h i c k and i s made o f H T - 9 . The s i d e w a l l i s 12 m h i g h . The top l i n e r i s 7 

and 6 m above the m i d p l a n e a t r e a c t o r c e n t e r 1 i n e and s i d e w a l l , r e s p e c t i v e l y . 

A 40 cm t h i c k r e f l e c t o r c o n s i s t i n g o f 90 v / o HT-9 and 10 v / o L i 1 7 P b 8 3 i s u s e d . 

A 40 cm t h i c k s p l a s h p l a t e i s used a t the bo t tom o f the r e a c t o r and i s 

r e f e r r e d to as the bo t tom r e f l e c t o r i n the f o i l owing a n a l y s i s . A 2 . 9 m t h i c k 

b i o l o g i c a l s h i e l d s u r r o u n d s the r e a c t o r . 

The n e u t r o n i c s and p h o t o n i c s c a l c u l a t i o n s were p e r f o r m e d u s i n g the m u l t i -

group t h r e e - d i m e n s i o n a l Monte C a r l o code MORSE. ^ A c o u p l e d 25 n e u t r o n - 2 1 

gamma group c r o s s s e c t i o n 1 i b r a r y was u s e d . The c o m b i n a t o r i a l geomet ry c a p a -

b i l i t y o f the MORSE code was used to model the p rob lem g e o m e t r y . A p o i n t 

i s o t r o p i c s o u r c e was used a t the c e n t e r o f the r e a c t o r c a v i ty wi t h n e u t r o n and 
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gamma s p e c t r a o b t a i n e d f rom the t a r g e t n e u t r o n i c s and p h o t o n i c s c a l c u l a t i o n s . 

4000 h i s t o r i e s were used y i e l d i n g l e s s than 2% s t a t i s t i c a l u n c e r t a i n t y i n the 

e s t i m a t e s f o r the t r i t i u m b r e e d i n g r a t i o and the ene rgy m u l t i p l i c a t i o n . 

Because o f symmet ry , o n l y 1/60 o f the r e a c t o r was mode led wi th r e f l e c t i n g 

a l b e d o b o u n d a r i e s used a t the p l a n e s o f symmet ry . The geomet ry f o r the compu

t a t i o n a l model used i s g i v e n i n F i g . 5 . 3 - 2 . To q u a n t i f y n u c l e a r h e a t i n g i n 

the vacuum pump, a 2 cm t h i c k r e g i o n c o n s i s t i n g o f 50 v / o 316 SS and 50 v / o Cu 

i s d e s i g n a t e d as zone 13 to s i m u l a t e the c r y o p a n e l s . 

5 . 3 . 3 . 3 T r i t i u m P r o d u c t i o n 

T a b l e 5 . 3 - 4 shows the r e s u l t s f o r t r i t i um p r o d u c t i o n per DT f u s i o n 

r e a c t i o n i n the d i f f e r e n t r e a c t o r z o n e s . The c o n t r i b u t i o n s f rom L i ( n , o t ) and 
7 L i ( n , n ' a ) r e a c t i o n s a r e shown s e p a r a t e l y . The c o n t r i b u t i o n f rom 7 L i r e p r e 

s e n t s ~ 2% o f the t o t a l t r i t i u m p r o d u c t i o n . 

We n o t i c e t h a t as much t r i t i urn p r o d u c t i o n o c c u r s i n the top b l a n k e t as i n 

the bo t tom L i 1 7 P b 8 3 p o o l , even though the top b l a n k e t i s o n l y h a l f as t h i c k a s 

the bot tom poo l and i n c l u d e s 1 v / o HT-9 s t r u c t u r e . The r e a s o n i s t h a t the 2 

v / o S i C p r e s e n t i n the top b l a n k e t enhances n e u t r o n s i owing down and hence 

i n c r e a s e s the t r i t i u m b r e e d i n g e f f e c t i v e n e s s . 

The o v e r a l l t r i t i u m b r e e d i n g r a t i o i s 1.25 ± 0 . 0 2 5 . The o v e r a l l t r i t i u m 

b r e e d i n g r a t i o o b t a i n e d here w i t h the a c t u a l r e a c t o r c a v i t y c y l i n d r i c a l g e o 

met ry i s l a r g e r than t h a t o b t a i n e d f rom the o n e - d i m e n s i o n a l s p h e r i c a l geomet ry 

c a l c u l a t i o n s ( 1 . 1 9 5 ) . T h i s r e s u l t s f rom the n e u t r o n s o u r c e b e i n g s u r r o u n d e d 

by a l a r g e r volume o f b r e e d i n g m a t e r i a l i n the a c t u a l c y l i n d r i c a l c a s e a s 

compared w i t h the c a s e o f an e q u i v a l e n t s p h e r i c a l b l a n k e t . 

5 . 3 . 3 . 4 N u c l e a r H e a t i n g 

T a b l e 5 . 3 - 5 shows the n u c l e a r ene rgy d e p o s i t i o n f o r n e u t r o n s and gammas 

i n the d i f f e r e n t z o n e s . The a v e r a g e power d e n s i t y i s a l s o i n c l u d e d . I t i s 

c l e a r t h a t the c o n t r i b u t i o n s f rom n e u t r o n and gamma h e a t i n g a r e n e a r l y the 

same i n the b r e e d i n g b l a n k e t w h i l e the gamma c o n t r i b u t i o n i n the f i r s t w a l l 

and r e f l e c t o r i s a b o u t an o r d e r o f magni tude h i g h e r than the n e u t r o n c o n t r i 

b u t i o n . Abou t 60% o f the t o t a l r e a c t o r t he rma l power comes f rom gamma 

h e a t i n g . The ene rgy d e p o s i t ed i n the b i o l o g i c a l s h i e l d r e p r e s e n t s o n l y 0.27% 

o f the t o t a l r e a c t o r t he rma l power . The t o t a l r e c o v e r a b l e n e u t r o n and gamma 

ene rgy i n the r e a c t o r pe r DT f u s i o n i s 17 .553 + .292 MeV w h i c h i s s l i g h t l y 

l e s s than t h a t o b t a i n e d f o r an e q u i v a l e n t s p h e r i c a l r e a c t o r ( 1 7 . 9 5 MeV) . 
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T a b l e 5 . 3 - 4 T r i t i u m P r o d u c t i o n ( T r i t o n s / F u s i o n ) 

R e g i o n Zone Number 6 L i ( n , a ) T 7 L i ( n , n ' a ) T 

B r e e d i n g B l a n k e t 1 0 . 7 2 9 0 . 0 1 8 
2 0 . 0 1 4 0 .00001 
3 0 .212 0 .004 
4 0 . 2 3 5 0 .004 

Reg ion T o t a l 1.190 0 .026 

R e f l e c t o r 8 0 . 0 2 2 0 .000002 
9 0 .001 0 .0000001 

10 0 .009 0 .000002 
11 0 . 0 0 2 0 .0000001 

R e g i o n T o t a l 0 . 0 3 4 0 .000004 

Sys tem T o t a l 1.224 0 .026 

T a b l e 5 . 3 - 5 N u c l e a r H e a t i n g 

R e g i o n Zone Number Energy D e p o s i t i o n A v e r a g e Power 

( M e V / f u s i o n ) D e n s i t y (W/cm 3 ) 

N e u t r o n s Gammas 

B r e e d i n g B l a n k e t 1 4 . 8 0 6 4 . 8 3 9 4 . 4 0 9 B r e e d i n g B l a n k e t 
2 0 . 0 7 4 0 . 0 1 7 3 .911 
3 1.339 1.147 3 . 5 1 5 
4 1 .430 1.007 1 .800 

Reg ion T o t a l 7 .649 7 .010 4 . 4 0 9 

F i r s t W a l l 5 0 .004 0 . 0 5 0 1 .222 
6 0 .0001 0 .0004 2 . 0 1 0 
7 0 .003 0 . 0 3 9 3 . 0 6 8 

R e g i o n T o t a l 0 .007 0 . 0 8 9 1 .653 

R e f l e c t o r 8 0 . 1 5 5 1.628 0 . 9 3 9 
9 0 .007 0 .066 1.020 

10 0 . 0 7 0 0 . 7 3 3 1 .465 
11 0 . 0 1 3 0 .126 0 .257 

R e g i o n T o t a l 0 . 2 4 5 2 . 5 5 3 0 .941 

System, T o t a l 7 .901 9 .652 3 . 3 4 5 
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A volume t r i e n u c l e a r h e a t i n g r a t e o f 6 x 10 W/cm was o b t a i n e d i n the 

vacuum pump (zone 1 3 ) . The f r a c t i o n a l s t a n d a r d d e v i a t i o n was 0 . 2 5 . Because 

the vacuum d u c t s do n o t see d i r e c t 1 i n e - o f - s i g h t s o u r c e n e u t r o n s and they a r e 

b e n t t w i c e , n e u t r o n s t r e a m i n g t h rough the d u c t s was found to no t cause any 

s e r i o u s p r o b l e m to the vacuum pump. 

The energy f l o w f o r the HIBALL f u s i o n r e a c t o r d e s i g n i s i l l u s t r a t e d i n 

F i g . 5 . 3 - 3 . The v a l u e s g i v e n f o r the power c o r r e s p o n d to one r e a c t o r c a v i 

t y . T h e r e f o r e , t h e s e v a l u e s need to be m u l t i p i i e d by 4 to c a l c u l a t e the power 

f rom the who le power p l a n t . T h i s c o r r e s p o n d s to a t o t a l power p l a n t t h e r m a l 

power o f 1 0 , 1 9 3 MW( th ) . The o v e r a l 1 ene rgy m u l t i p l i c a t i o n o f the b l a n k e t , 

w a l l and r e f l e c t o r i s 1 . 2 7 4 . 

5 . 3 . 3 . 5 Summary 

A t h r e e - d i m e n s i o n a l Monte C a r l o a n a l y s i s was p e r f o r m e d f o r the r e a c t o r 

chamber . An o v e r a l l t r i t i u m b r e e d i n g r a t i o o f 1.25 and an o v e r a l l e n e r g y 

m u l t i p i i c a t i o n o f 1.274 were o b t a i n e d . The t r i t i um b r e e d i n g r a t i o i s h i g h e r 

than t h a t f o r the e q u i v a l e n t s p h e r i c a l r e a c t o r c a v i t y . N u c l e a r h e a t i ng i n the 

vacuum pumps was f o u n d to be ve ry s m a l 1 . The power i n the b i o l o g i c a l c o n c r e t e 

s h i e l d r e p r e s e n t s o n l y 0.27% o f the t o t a l r e a c t o r t he rma l power . The t h e r m a l 

power f o r the HIBALL power p l a n t i s 10 ,193 MW( th ) . 

5 . 3 . 4 T ime -Dependen t N e u t r o n i c s and P h o t o n i c s 

5 . 3 . 4 . 1 I n t r o d u c t i on 

In an i n e r t i a l c o n f i n e m e n t f u s i o n r e a c t o r the n e u t r o n s o u r c e has a p u l s e d 

n a t u r e , because o f the ve ry s h o r t burn t ime o v e r wh i ch the f u s i o n r e a c t i o n s 

o c c u r (10-100 p s ) . F u r t h e r m o r e , the n e u t r o n p u l s e does no t r e a c h the f i r s t 

s u r f a c e o f the b l a n k e t u n t i 1 ~ 100 ns a f t e r the burn and the n e u t r o n s l o w i n g 

down t ime i n the b l a n k e t i s much g r e a t e r than the d u r a t i o n o f the n e u t r o n 

s o u r c e . Neu t ron i n t e r a c t i o n wi th the dense (~ 1 0 " / c m ) t a r g e t m a t e r i a l l e a d s 

t o a c o n s i d e r a b l e t ime o f f l i g h t s p r e a d as n e u t r o n s r e a c h the f i r s t s u r f a c e . 

T h e r e f o r e , t ime dependen t n e u t r o n i c s s t u d i e s a r e e s s e n t i a l f o r the p r o p e r 

a n a l y s i s o f i n e r t i a l c o n f i n e m e n t f u s i o n r e a c t o r s . 

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

ous damage r a t e s a r e p r e s e n t i n an i n e r t i a l c o n f i n e m e n t f u s i o n r e a c t o r w a l l 

and s t r u c t u r e . T h i s can l e a d to s i g n i f i c a n t changes i n the m i c r o s t r u c t u r e ^ 

o f the f i r s t w a l l m a t e r i a l . A c c u r a t e i n s t a n t a n e o u s damage r a t e s can be 

c a l c u l a t e d by p e r f o r m i n g t i m e - d e p e n d e n t n e u t r o n i c s s t u d i e s . 
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numbers i n d i c a t e t h e e n e r g y g roups 
a s s o c i a t e d w i t h t h e v a r i o u s t i m e s . 
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A m o d i f i e d v e r s i o n o f the t ime dependen t d i s c r e t e o r d i n a t e s code TDA^ ' 

has been used to p e r f o r m t i m e - d e p e n d e n t n e u t r o n i c s a n a l y s i s . The e f f e c t s o f 

the INPORT f i r s t w a l l p r o t e c t i o n c o n c e p t on the peak i n s t a n t a n e o u s and a v e r a g e 

dpa and gas p r o d u c t i o n r a t e s i n the HT-9 f i r s t w a l l have been i n v e s t i g a t e d . 

A l s o , the i n s t a n t a n e o u s energy d e p o s i t i o n r a t e s a t d i f f e r e n t p o s i t i o n s i n the 

b l a n k e t and f i r s t w a l l have been c a l c u l a t e d . 

5 . 3 . 4 . 2 C o m p u t a t i o n a l Model 

A s c h e m a t i c o f the b l a n k e t , f i r s t w a l l , r e f l e c t o r , and s h i e l d c o n f i g u 

r a t i o n i s g i v e n i n F i g . 5 . 1 - 3 . 

The s p e c t r u m o f n e u t r o n s g e n e r a t e d i n the t a r g e t was used as a s o u r c e f o r 

the t ime dependen t b l a n k e t n e u t r o n i c s a n a l y s i s . S p h e r i c a l geomet ry was u s e d 

i n the c a l c u l a t i o n s . A P 3 - S 8 a p p r o x i m a t i o n was used w i t h a c o u p l e d 25 

n e u t r o n - 2 1 gamma group c r o s s s e c t i o n 1 i b r a r y . 

As n e u t r o n s t r a v e l f rom the t a r g e t to the f i r s t s u r f a c e o f the b l a n k e t 

c o n s i d e r a b l e t ime o f f 1 i g h t s p r e a d i n g o c c u r s because o f the b road e n e r g y 

d i s t r i b u t i o n o f t h e s e n e u t r o n s . The a r r i v a l t ime s p e c t r u m a t the f i r s t s u r 

f a c e l o c a t e d 5 m f rom the n e u t r o n s o u r c e i s shown i n F i g . 5 . 3 - 4 . The numbers 

a t the bo t tom o f the g raph i n d i c a t e the energy g roups a s s o c i a t e d w i t h the 

v a r i o u s t i m e s . 

5 . 3 . 4 . 3 A t o m i c D i s p l a c e m e n t Rate 

The i n s t a n t a n e o u s damage r a t e s i n the f i r s t w a l l have been c a l c u l a t e d . 

The i n s t a n t a n e o u s dpa r a t e i n the p r o t e c t e d f e r r i t i c s t e e l f i r s t w a l l i s g i v e n 

i n F i g . 5 . 3 - 5 . I t i s c l e a r t h a t the damage o c c u r s o v e r a r e l a t i v e l y l o n g t ime 

r e s u l t i n g i n a peak i n s t a n t a n e o u s dpa r a t e o f 0 .009 d p a / s a t 140 ns a f t e r 

b u r n . T h i s peak c o r r e s p o n d s to the 14 MeV s o u r c e n e u t r o n s a r r i v i n g w i t h o u t 

c o l 1 i s i o n . A b road peak a t ~ 270 ns c o r r e s p o n d s to n e u t r o n s e m i t t e d i n ( n , 2 n ) 

r e a c t i o n s wi th l e a d i n the INP0RT t u b e s . T h i s c o n s i d e r a b l e t ime s p r e a d 

r e s u l t s f rom the r e l a t i v e l y l o n g s i owing down t ime i n the b l a n k e t a l 1 ow ing 

n e u t r o n s o f e n e r g i e s g r e a t e r than the dpa t h r e s h o l d ene rgy o f i r o n (~ 1 keV) 

to e x i s t i n the f i r s t w a l l ove r a l o n g p e r i o d o f t i m e . The w a l l p r o t e c t i o n i s 

f ound to d e c r e a s e the t o t a l c u m u l a t i v e dpa and the peak i n s t a n t a n e o u s dpa r a t e 

by f a c t o r s o f 9 .4 and 1190 , r e s p e c t i v e l y . 



F i g . 5 . 3 - 5 . DPA r a t e i n the p r o t e c t e d f i r s t 
w a l l . 

F i g . 5 . 3 - 6 . H e l i u m p r o d u c t i o n r a t e i n the 
p r o t e c t e d f i r s t w a l l . 
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5 . 3 . 4 . 4 H e l i u m P r o d u c t i o n Ra te 

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

f i r s t w a l l i s g i v e n i n F i g . 5 . 3 - 6 . A peak i n s t a n t a n e o u s h e l i u m p r o d u c t i o n 

r a t e o f 0 .11 appm/s o c c u r s a b o u t 15 ns a f t e r the l e a d i n g edge o f the p u l s e 

a r r i v e s a t the w a l l . I t i s c l e a r t h a t the t ime s p r e a d here i s much s m a l l e r 

than t h a t f o r the d p a . O n l y one peak o c c u r s because the ( n , 2 n ) n e u t r o n s do 

no t c o n t r i b u t e to h e l i u m p r o d u c t i o n . The t o t a l he l iu rn p r o d u c t i o n i n a f u l 1 

power y e a r i s f ound to d e c r e a s e by a f a c t o r o f 630 w h i l e the peak i n s t a n 

taneous h e l i u m p r o d u c t i o n r a t e i s found to d e c r e a s e by a l a r g e r f a c t o r o f 1627 

when the INPORT tubes a re u s e d . 

5 . 3 . 4 . 5 Energy Depos i t i o n Ra te 

The t i m e - d e p e n d e n t n e u t r o n and gamma f l u x e s a r e used t o g e t h e r wi th the 

a p p r o p r i a t e kerma f a c t o r s f o r n e u t r o n and gamma ene rgy d e p o s i t i o n to c a l c u l a t e 

the energy d e p o s i t i o n r a t e i n the b l a n k e t and f i r s t w a l l . The r e s u l t s a re 

g i v e n i n F i g . 5 . 3 - 7 a t the b l a n k e t f i r s t s u r f a c e , the c e n t e r o f the b l a n k e t , 

and the f i r s t w a l l . The t ime d i s t r i b u t i o n i s ve r y nar row a t the f i r s t s u r f a c e 

and b roadens as one moves towards the f i r s t w a l l . W h i l e the t ime s p r e a d a t 

the f i r s t s u r f a c e i s d e t e r m i n e d by the t ime o f f 1 i g h t s p r e a d , the s p r e a d a t 

the f i r s t w a l l i s d e t e r m i n e d by the s l o w i n g down t ime i n the i n n e r b l a n k e t . 

F o r a 400 MJ f u s i o n y i e l d the peak i n s t a n t a n e o u s power d e n s i t i e s i n the 

b l a n k e t and the f i r s t w a l l a r e found to be 1.82 x 1 0 8 and 2 . 7 3 x 1 0 5 W / c m 3 , 

r e s p e c t i v e l y . T h i s c o r r e s p o n d s to peak to a v e r a g e t empora l power d e n s i t y 

r a t i o s o f 8 .48 x 1 0 6 and 1.65 x 1 0 5 , r e s p e c t i v e l y . The INP0RT c o n c e p t i s 

f ound to d e c r e a s e the peak i n s t a n t a n e o u s power d e n s i t y i n the w a l l by a f a c t o r 

o f ~ 1210 and the t o t a l n u c l e a r h e a t i n g i n the w a l l by a f a c t o r o f ~ 1 8 . 

These r e s u l t s a r e u s e f u l f o r s t r e s s a n a l y s i s s t u d i e s . 

5 . 3 . 4 . 6 Summary 

Time dependen t n e u t r o n i c s a n a l y s i s f o r the HT-9 f i r s t w a l l has been 

p e r f o r m e d . The t ime dependence o f the n e u t r o n s o u r c e i s m o d i f i e d i n such a 

way t h a t the m u l t i g r o u p t r e a t m e n t a d o p t e d i n the t ime dependen t t r a n s p o r t code 

p r e d i c t s the c o r r e c t t ime o f f l i g h t s p r e a d o f n e u t r o n s i n each group as t h e y 

t r a v e l f rom the s o u r c e to the f i r s t s u r f a c e o f the b l a n k e t . A m o d i f i e d v e r 

s i o n o f the t ime dependen t d i s c r e t e o r d i n a t e s code TDA has been u s e d . 

N e u t r o n s l o w i n g down i n the INP0RT f i r s t w a l l p r o t e c t i o n sys tem i s found 

to have a s i g n i f i c a n t e f f e c t on the t ime dependen t s p e c t r u m and damage i n the 

f i r s t w a l l . The t ime ove r w h i c h the damage o c c u r s i s found to be d e t e r m i n e d 
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p r i m a r i l y by the s l o w i n g down t ime i n the b l a n k e t . In the c a s e o f an u n p r o 

t e c t e d w a l l , where no s l o w i n g down o c c u r s i n f r o n t o f the w a l l , the s p r e a d i s 

d e t e r m i n e d p r i m a r i l y by the t ime o f f 1 i g h t s p r e a d . 

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

r e d u c t i o n s i n peak i n s t a n t a n e o u s and t o t a l dpa and h e l i u m p r o d u c t i o n r a t e s 

a l l o w i n g the f i r s t w a l l to l a s t f o r the r e a c t o r l i f e t i m e (~ 20 F P Y ) . Our 

r e s u l t s a l s o show t h a t the peak power d e n s i ty i n the f i r s t w a l l r e s u l t i n g f rom 

n u c l e a r h e a t i n g d e c r e a s e s c o n s i d e r a b l y when the INPORT tube c o n c e p t i s used t o 

p r o t e c t the wal 1. 

5 . 3 . 5 R a d i o a c t i v i t y and A f t e r h e a t 

R a d i o a c t i v i ty w i l l be i n d u c e d i n the c o o l a n t and s t r u c t u r e o f the r e a c t o r 

t h r o u g h a c t i v a t i o n by the f u s i o n n e u t r o n s . The r e a c t o r was mode led i n s p h e r i 

c a l geometry wi th m a t e r i a l s and d i m e n s i o n s c o n s i s t e n t wi t h a c u t t h r o u g h the 

m i d p l a n e o f the r e a c t o r . No i m p u r i t i e s o r c o r r o s i o n p r o d u c t s i n the c o o l a n t 

were c o n s i d e r e d , wi t h the e x c e p t i o n o f b i s m u t h (see C h a p t e r 9 ) . The m u l t i 

g roup n e u t r o n f1ux used i n the a c t i v a t i o n c a l c u l a t i o n s was t a k e n f rom the o n e -

d i m e n s i o n a l ANISN c a l c u l a t i o n s . F o r the pu rpose o f the c a l c u l a t i o n the r e 

a c t o r was b roken up i n t o 37 i n t e r v a l s and the a v e r a g e f1ux i n each i n t e r v a l 

was u s e d . The DKR code(9) was used to c a l c u l a t e the r a d i o a c t i v i ty p a r a m e t e r s 

— a c t i v i t y , a f t e r h e a t , and b i o l o g i c a l h a z a r d p o t e n t i a l ( B H P ) . 

The a c t i v i t i e s were c a l c u l a t e d f o r an o p e r a t i n g t ime o f two y e a r s . The 

a c t i v i t y a t t imes a f t e r shutdown o f much l e s s than two y e a r s i s r e l a t i v e l y 

i n d e p e n d e n t o f o p e r a t i n g t ime w h i l e the a c t i v i t y a t t i me s v e r y much l o n g e r 

than two y e a r s a f t e r shutdown i s a p p r o x i m a t e l y p r o p o r t i o n a l to o p e r a t i n g t i m e . 

The t o t a l a c t i v i t y per u n i t o f t he rma l power i s shown i n F i g . 5 . 3 - 8 . The 

l e v e l a t shutdown i s 0 . 6 2 C i / W t n . The a c t i v i t y f a l l s o f f r a t h e r s l o w l y wi t h 

t ime a f t e r shutdown r e q u i r i n g a p p r o x i m a t e l y t h r e e weeks to be r e d u c e d by a 

f a c t o r o f 10 and two y e a r s to be r e d u c e d by a f a c t o r o f 1 0 0 . The i n i t i a l 

a c t i v i t y i s dom ina ted by the c o n t r i b u t i o n s o f 5 6 M n and 2 0 3 P b . 5 6 M n ( T 1 / 2 = 

2 . 5 8 hr ) d e c a y s away f i r s t f o l l o w e d by 2 0 3 P b ( T ^ = 5 2 h r ) . Note t h a t u n l e s s 

f l o w were m a i n t a i n e d , the 2 0 3 P b a c t i v i t y wou ld n o t be p r e s e n t i n the r e a c t o r 

i t s e l f b u t wou ld be a s s o c i a t e d wi th the c o o l a n t s t o r a g e f a c i 1 i t y . The n e x t 

m a j o r d e c r e a s e i n a c t i v i t y i s due to the decay o f 5 ^ C r ( T j y 2 = 2 7 . 7 d a y s ) . I t 

i s f o l l o w e d by the decay o f 5 5 F e ( T ^ / 2 = 2 . 7 y r ) w h i c h p r o d u c e s the l a r g e 

a c t i v i ty d rop between 1 and 100 y e a r s . The l o n g term a c t i v i t y i s due to 9 3 M o 

and 9 3 N b o r i g i n a t i n g i n the s m a l l amount o f Mo i n the s t e e l ( H T - 9 ) . 
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The a f t e r h e a t i s shown i n F i g . 5 . 3 - 9 . The v a l u e a t shutdown i s 0.66% o f 

the o p e r a t i n g power . S i n c e the decay e n e r g i e s o f the v a r i o u s i s o t o p e s a r e 

d i f f e r e n t the a f t e r h e a t c u r v e has a shape w h i c h d i f f e r s f rom t h a t o f the 

a c t i v i t y . I t f a l l s o f f much more r a p i d l y , by a f a c t o r o f 10 i n a b o u t two days 

and a f a c t o r o f 100 i n two w e e k s . A t shutdown Mn i s the d o m i n a t i n g l s o t o p e . 

The decay o f t h i s i s o t o p e p l u s the r e l a t i v e l y r a p i d decay o f Pb a c c o u n t f o r 
51 

t he o r d e r o f magni tude d rop i n two d a y s . C r , w h i c h c o n t r i b u t e s s i g n i f i c a n t 

l y to the a c t i v i ty i n the one week to one month p e r i o d , c o n t r i b u t e s v e r y 
1 i t t l e to the a f t e r h e a t . T h u s , the a f t e r h e a t i n t h i s p e r i od i s gove rned p r i 

on-} c c 
m a r i l y by the decay o f P b . The decay ene rgy o f Fe i s a l s o low as i s the 

decay ene rgy o f the r e m a i n i n g i s o t o p e s w h i c h l e a d s to the r a t h e r low r e s i d u a l 

a f t e r h e a t s u b s e q u e n t to a b o u t 100 y e a r s . 

The B i o l o g i c a l H a z a r d P o t e n t i a l (BHP) i s shown i n F i g . 5 . 3 - 1 0 . BHP i s 

d e f i n e d as the r a t i o o f the a c t i v i t y p r e s e n t i n the sys tem pe r u n i t o f power 

to the l e v e l o f a c t i v i t y a l l o w e d per u n i t volume o f a i r i n the U . S . N u c l e a r 

R e g u l a t o r y Commiss ion R e g u l a t i o n s (10 CFR 2 0 ) . Thus i t i s a measure o f the 

p o t e n t i a l h a z a r d o f a r a d i o a c t i v e m a t e r i a l . The shape o f the c u r v e i s s i m i l a r 

to the shape o f the a c t i v i t y c u r v e b e i n g 2 6 . 0 a t shutdown and r e q u i r i n g a l m o s t 

one month to be down by a f a c t o r o f ten and w i t h a l o n g te rm r e d u c t i o n o f o n l y 

t h r e e o r d e r s o f magni t u d e . 

The a c t i v i t y i n the s h i e l d i s 6 . 3 x 1 0 " 3 C i / W t h a f t e r shutdown w h i c h i s 

s i g n i f i c a n t l y l o w e r than the a c t i v i ty i n the r e f l e c t o r . The t ime b e h a v i o r o f 
55 

t he a c t i v i t y i s dom ina ted a f t e r the f i r s t day by the a c t i v i t y o f Fe w h i c h 

c o n t i n u e s to be the major c o n t r i b u t o r u n t i l t i m e s g r e a t e r than 100 y e a r s . The 
-7 

a f t e r h e a t a t shutdown i s 7 .7 x 10 % o f the o p e r a t i n g power w h i c h w h i l e r e l a 

t i v e l y s m a l 1 , w i l l s t i l l r e q u i r e some r e s i d u a l h e a t remova l c a p a c i t y . The 

a f t e r h e a t d r o p s o f f f a s t e r w i t h t ime than does the a c t i v i t y p r i m a r i l y because 

of the low decay energy o f 5 5 F e . The BHP i s a l s o r e l a t i v e l y low and f a l 1 s o f f 

s l o w l y , a g a i n because o f the h a z a r d c h a r a c t e r i s t i c s o f n u c l e i i n v o l v e d . To 

g e t a somewhat d i f f e r e n t a p p r e c i a t i o n o f the magni tude o f the a c t i v i t i e s i n 

the s h i e l d the above v a l u e s a t shutdown c o r r e s p o n d to an a v e r a g e a c t i v i t y o f 

3 . 4 x i o ~ 3 C i / c m 3 , an a f t e r h e a t o f 4 . 1 x 1 0 " 5 W / c m 3 , and a BHP o f 6 .7 x 1 0 " 1 1 

k m 3 / c m 3 . 

The dose due to a c t i v a t i o n p r o d u c t s was c a l c u l a t e d u s i n g the a c t i v i t i e s 

c a l c u l a t e d above a l o n g w i t h a o n e - d i m e n s i o n a l gamma t r a n s p o r t p r o g r a m . The 

r e s u l t s o f t h i s c a l c u l a t i o n i n d i c a t e d t h a t the dose o u t s i d e the s h i e l d f rom 
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a c t i v a t i o n o f the r e f l e c t o r and m a t e r i a l s i n the s h i e l d i s q u i t e l o w , ~ 10 

mrem/hr a t s h u t d o w n . 
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5.4 B e h a v i o r o f L i P b Vapor 

A un i que e n g i n e e r i n g p rob lem f o r ICF r e a c t o r s i s the d e s i g n o f a f i r s t 

s u r f a c e w h i c h can c a r r y away the s t e a d y s t a t e a v e r a g e s u r f a c e hea t and a t the 

same t ime s u r v i v e the t r a n s i e n t t e m p e r a t u r e i n c r e a s e g e n e r a t e d by x - r a y and 

i on d e b r i s f rom the t a r g e t e x p l o s i o n . In H I B A L L , the INPORT tubes s e r v e t h i s 

f u n c t i o n . The INPORT t u b e s , f i l l e d w i t h f l o w i n g L i 1 7 P b 8 3 c o o l a n t , p r o t e c t the 

f i r s t s t r u c t u r a l w a l l f rom e x c e s s i v e n e u t r o n damage. The S i C tubes t h e m s e l v e s 

a r e p r o t e c t e d f rom the s h o r t range x - r a y and i o n d e b r i s by a t h i n l a y e r o f 

L i P b t h a t f l o w s down the o u t s i d e o f the po rous t u b e . 

A f t e r a t a r g e t e x p l o s i o n , the x - r a y energy i s d e p o s i t e d w i t h i n 1 0 cm o f 

the f i r s t s u r f a c e . The t e m p e r a t u r e o f a t h i n l a y e r o f L i j j P b g ß i s r a i s e d 

above i t s b o i 1 i n g t e m p e r a t u r e , and i s v a p o r i z e d . T h i s a b l a t e d m a t e r i a l f l o w s 

toward the c e n t e r o f the c a v i ty and i n t e r c e p t s the i o n s g e n e r a t e d by the 

e x p l o s i o n . The ene rgy a s s o c i a t e d wi t h the i o n s i s a b s o r b e d by the L i yPbgß 

vapor and does no t d i r e c t l y imp inge on the f i r s t s u r f a c e . The v a p o r i s s u p e r 

h e a t e d t o a h i g h t e m p e r a t u r e and s t a r t s to r e l e a s e i t s ene rgy by t h e r m a l r a d i -

a t i on toward the c o o l f i r s t s u r f a c e . The 1 i q u i d s u r f a c e t e m p e r a t u r e i n c r e a s e s 

upon r e c e i v i n g ene rgy f rom t h i s t he rma l r a d i a t i o n and c o n d e n s a t i o n o f the 

v a p o r . The h i g h e r s u r f a c e t e m p e r a t u r e i n c r e a s e s the vapo r p r e s s u r e and c o n s e 

q u e n t l y i n c r e a s e s the v a p o r i z a t i o n r a t e . The c a v i ty p r e s s u r e i s v e r y h i g h 

a f t e r the i n i t i a l x - r a y d e p o s i t i o n , and v a r i e s f rom the combi ned e f f e c t s o f 

e v a p o r a t i o n and c o n d e n s a t i o n . I t i s o f c r i t i c a l i m p o r t a n c e to beam t r a n s p o r t 

a n d , to a l e s s e r d e g r e e , vacuum pumpi ng t o c a l c u l a t e the p r e s s u r e h i s t o r y 

a f t e r an e x p l o s i o n . 

The re a r e a number o f f a c t o r s t h a t d e t e r m i n e the t ime r e q u i r e d f o r the 

L i P b vapor to c l e a r f rom the c a v i t y . The d e n s i t y r e q u i r e d f o r b a l l i s t i c i o n 

p r o p a g a t i o n has an o b v i o u s e f f e c t and i t i s n o t a p a r t i c u l a r l y w e l l known 

q u a n t i t y . No e x p e r i m e n t a l measurements a r e known o f the r e l e v a n t i o n - i o n c o l 

l i s i o n c r o s s s e c t i o n s so the v a l u e used i s based on t h e o r e t i c a l c a l c u l a t i o n s . 

O t h e r s have a r g u e d ^ 1 ^ t h a t the r a t e o f hea t t r a n s f e r a c r o s s the c o n d e n s i n g 

s u r f a c e 1 i m i t s the r a t e o f c o n d e n s a t i o n and t h i s has been f o u n d t o be t r u e i n 

H IBALL . A f i n a l p o i n t i s t h a t the c h o i c e o f the 1 i q u i d me ta l u n d e r g o i n g the 

v a p o r i z a t i o n and c o n d e n s a t i o n has an e f f e c t on the c o n d e n s a t i o n r a t e due to 

the the rma l speed o f the c o n d e n s i n g m a t e r i a l . T h i s i s most i m p o r t a n t l a t e i n 

the c o n d e n s a t i o n phase when the c o n d e n s a t i o n h e a t f l ux i s l o w , meaning t h a t 

the hea t c o n d u c t i o n a c r o s s the c o n d e n s i n g s u r f a c e i s l e s s i m p o r t a n t . 
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In t h i s s e c t i o n , the b e h a v i o r o f the L i P b vapo r i s d i s c u s s e d . In S e c t i o n 

5 . 4 . 1 the d e p o s i t i o n o f t a r g e t g e n e r a t e d x - r a y s and the s u b s e q u e n t v a p o r i -

z a t i o n o f the L i P b i s d e s c r i b e d . S e c t i o n 5 . 4 . 2 d e a l s wi th the s t o p p i n g o f 

t a r g e t g e n e r a t e d i o n s i n the v a p o r , the f l o w o f L i P b i n t o the r e a c t o r chamber 

and the r a d i a t i o n o f pho ton ene rgy f rom the vapo r back on to the t u b e s . 

S e c t i o n 5 . 4 . 3 c o n t a i n s a d e s c r i p t i o n o f the v a p o r i z a t i o n and c o n d e n s a t i o n o f 

the L i P b v a p o r . The p r e s s u r e h i s t o r y o f the c a v i t y i s thus e s t a b l i s h e d . Work 

t h a t i s i n p r o g r e s s and c o n c l u s i o n s a r e d i s c u s s e d i n 5 . 4 . 4 . 

5 . 4 . 1 X -Ray Energy D e p o s i t i o n and the R e s u l t i n g E v a p o r a t i o n 

The d e p o s i t i o n o f t a r g e t x - r a y s i n the f i l m , the h e a t t r a n s f e r i n the 

f i l m and the v a p o r i z a t i o n o f L i P b have been c a l c u l a t e d . The x - r a y e n e r g y 

s p e c t r u m o b t a i n e d f rom the t a r g e t c a l c u l a t i o n s ^ d i s c u s s e d i n S e c t i on 2 . 1 . 2 

i s peaked a r o u n d 3 keV and e x t e n d s up to 300 k e V . S i n c e most o f the p h o t o n s 

have e n e r g i e s w e l l be low 100 keV , we have used the B i g g s d a t a . ^ 3 ' 4 ^ F i g u r e 

5 . 4 - 1 shows the v o l u m e t r i e ene rgy d e p o s i t i on i n Pb u s i n g the s p e c t r u m g i v e n i n 

F i g . 2 . 1 - 5 . The A * T H E R M A L ^ code was used i n t h i s c a l c u l a t i o n . Note t h a t 88 

MJ o r 22% o f the t a r g e t y i e l d i s i n the fo rm o f x - r a y s . The amount o f mass 

v a p o r i z e d due t o the x - r a y energy d e p o s i t i o n i s computed u s i n g a s i m p l e a d i -

a b a t i c m o d e l . I t i s assumed t h a t a l l mass w i t h a d e p o s i t e d e n e r g y g r e a t e r 

than the v a p o r i z a t i o n e n e r g y , 8 .7 x 10 J / c m , w i l l be v a p o r i z e d . T h i s a d i -

a b a t i c model becomes more a c c u r a t e f o r ve ry s h o r t x - r a y d e p o s i t i o n t i m e s , i . e . 

i n s t a n t a n e o u s . From the x - r a y ene rgy d e p o s i t i o n c u r v e ( F i g . 5 . 4 - 1 ) t h i s 

c o r r e s p o n d s t o a t h i c k n e s s o f a p p r o x i m a t e l y 2 .5 m i c r o n s . To a c c o u n t f o r the 

mass t h a t has been r a i s e d to s a t u r a t e d 1 i q u i d c o n d i t i o n s , we have assumed t h a t 

t h e r e i s some a d d i t i o n a l v a p o r i z a t i o n . T h i s a d d i t i o n a l v a p o r i z a t i o n a c c o u n t s 

f o r the ene rgy c o n t e n t above C p ( T D - T 0 ) as i s shown s c h e m a t i c a l l y i n F i g . 

5 . 4 - 2 . T h i s g i v e s an a d d i t i o n a l t h i c k n e s s o f the v a p o r i zed l a y e r o f a b o u t 1.8 

m i c r o n s . T h e r e f o r e , the t o t a l t h i c k n e s s o f m a t e r i a l v a p o r i z e d = 4 . 3 m i c r o n s . 

T h i s i s e q u i v a l e n t to 13 kg o f v a p o r i z e d m a t e r i a l pe r s h o t . 

5 . 4 . 2 L i P b Gas Dynamics and R a d i a t i o n 

As d i s c u s s e d i n the p r e c e d i n g s e c t i o n , t a r g e t g e n e r a t e d x - r a y s v a p o r i z e 

s e v e r a l k i l o g r a m s o f L i P b f rom the INPORT t u b e s . The r e s u l t i n g vapo r a b s o r b s 

the t a r g e t g e n e r a t e d i o n s , r e a c h e s a t e m p e r a t u r e o f a b o u t 1.4 eV and becomes 

p a r t i a l l y i o n i z e d . As t h i s gas s p r e a d s f rom the t ubes i n t o the c e n t e r o f the 

r e a c t o r c a v i t i e s , i t r a d i a t e s a h e a t f l u x back on to the t u b e s . E v e n t u a l l y , 

the gas un i f o r m l y f i l l s the c a v i t y and c o o l s enough t h a t the h e a t f1ux on the 
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ENERGY DEPOSITION FOR 87.62 MJ X-RAYS 
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F i g . 5 . 4 - 1 . X - r a y v o l u m e t r i c ene rgy d e p o s i t i o n i n l i q u i d l e a d . 
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DISTANCE INTO FILM 

F i g . 5 . 4 - 2 . C o n c e p t u a l r e p r e s e n t a t i o n o f L i P b v a p o r i z a t i o n . 
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t ubes i s i n s i g n i f i c a n t . B e f o r e t h i s h a p p e n s , t h o u g h , t h e r e may be some a d d i -

t i o n a l v a p o r i z a t i o n o f L i P b due to the hea t f l u x . As the gas r a d i a t e s , i t 

a l s o c o o l s , a f f e c t i n g the r a t e o f r e c o n d e n s a t i o n . F o r t h e s e r e a s o n s , i t i s 

i m p o r t a n t to c o n s i d e r the b e h a v i o r o f t h i s gas between the t ime o f v a p o r i -

z a t i o n and r e c o n d e n s a t i o n . 

We have modeled the b e h a v i o r o f the L i P b gas w i t h the 1-D L a g r a n g i a n 

r a d i a t i o n - h y d r o d y n a m i c s computer c o d e , F I R E . ^ T h i s code has e x p l i c i t h y d r o 

dynamics and i m p l i c i t ene rgy t r a n s p o r t where hea t i s c o n d u c t e d t h r o u g h two 

f l u i d s — the gas a t a l o c a l t e m p e r a t u r e o f T g a s and the r a d i a t i o n f l u i d a t a 

t e m p e r a t u r e o f T r a c j 1 - a t l - o n . In t h e s e c a l c u l a t i o n s , c o n d u c t i o n t h r o u g h the 

r a d i a t i o n f i e l d dom ina tes the the rma l t r a n s p o r t . T r a n s p o r t c o e f f i c i e n t s and 

e q u a t i o n o f s t a t e i n f o r m a t i o n i s o b t a i n e d f rom a t a b l e o f d a t a p r o v i d e d by a 

c a l c u l a t i o n w i t h M I X E R . ( 7 ) 

FIRE c a n n o t a c c u r a t e l y model the b e h a v i o r o f a f l u i d w h i c h i s as dense as 

a 1 i q u i d . T h u s , a n a l y t i c a l c a l c u l a t i o n s o f the dynamics must be p e r f o r m e d 

f r om the t ime when the L i P b i s a t l i q u i d d e n s i ty u n t i l the t ime t h a t the 

d e n s i t y i s 1ow enough f o r F IRE c a l c u l a t i o n s to be a p p r o p r i a t e . I t i s assumed 

t h a t the gas obeys an i s o t h e r m a l b l o w o f f f o r m a l i s m where the t e m p e r a t u r e o f 

the gas i s t h a t due to the d e p o s i t e d t a r g e t g e n e r a t e d x - r a y e n e r g y minus the 

ene rgy o f v a p o r i z a t i o n and the energy o f i o n i z a t i o n . I t i s a r b i t r a r i l y a s 

sumed t h a t the energy f rom t a r g e t g e n e r a t e d i o n s i s un i f o r m l y d e p o s i t e d i n t h e 

gas a t 1.5 x 1 0 " ^ seconds a f t e r v a p o r i z a t i o n and t h a t F IRE can be used any 

t ime a f t e r t h i s . T h u s , a t t h i s t ime the computer c a l c u l a t i o n s a r e s t a r t e d 

wi th the gas d e n s i ty p r o f i l e b e i n g the G a u s s i a n shape p r e d i c t e d by the b l o w o f f 

model and the t o t a l ene rgy i n the gas b e i n g the t a r g e t g e n e r a t e d x - r a y and i o n 

ene rgy minus the v a p o r i z a t i o n and i o n i z a t i o n e n e r g y . 

The F IRE c a l c u l a t i o n s i m u l a t e s the gas dynamics u n t i 1 the t ime the gas 

r e a c h e s the c e n t e r o f the c a v i t i e s . F i g u r e 5 . 4 - 3 shows the p o s i t i o n s o f the 

L a g r a n g i a n zone b o u n d a r i e s f o r a t y p i c a l c a l c u l a t i o n d u r i n g t h i s p e r i o d . Upon 

r e a c h i n g the c e n t e r , the gas b e g i n s to c o n v e r t i t s b u i k k i n e t i c ene rgy i n t o 

h e a t , bu t F I R E , b e i n g a o n e - d i m e n s i o n a l c o d e , p r e d i c t s t h a t the gas w i l 1 r e 

f l e c t o f f the c e n t e r and p r o p a g a t e back toward the t u b e s . T h i s i s n o t p h y s i 

c a l l y r e a l i s t i c because the sys tem does n o t have the symmetry needed f o r such 

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

the t ime when the gas r e a c h e s the c e n t e r , t y p i c a l l y a b o u t 1 m i l l i s e c o n d a f t e r 

v a p o r i z a t i o n . 
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To s i m u l a t e the b e h a v i o r p a s t t h i s t ime i t i s assumed t h a t the gas has a 

un i form t e m p e r a t u r e and d e n s i ty and has no b u l k k i n e t i c e n e r g y i m m e d i a t e l y 

a f t e r the gas c o l l a p s e s i n the c e n t e r . I t i s f ound t h a t the t e m p e r a t u r e t h a t 

w i l l l e a d to the p r o p e r amount o f ene rgy i n the g a s , 

E g a s = E x - r a y + E i o n ~ ^ v a p o r i z a t i o n " ^ i o n i z a t i o n ~ ^ r a d i a t i o n ' 

where E r a ( j j a t i o n 1 S t n e e n e r 9 y r a d i a t e d back i n t o the t u b e s by t h i s t i m e . We 

then use FIRE a g a i n wi t h t h i s new i n i t i a l c o n d i t i o n and wi th the gas c o n 

s t r a i n e d no t t o move. By c o m b i n i n g b o t h uses o f F I R E , the h e a t f l u x on t he 

t u b e s due to r a d i a t i o n and the a v e r a g e t e m p e r a t u r e o f the gas v e r s u s t ime a r e 

c a l c u l a t e d . 

The r e s u l t s c o n s i s t o f the hea t f l u x on the f i r s t row o f t ubes and the 

a v e r a g e gas t e m p e r a t u r e as a f u n c t i o n o f t i m e , w h i c h a r e shown i n F i g s . 5 . 4 - 4 

and 5 . 4 - 5 . N o t i c e t h a t t h e r e i s i n each c a s e a l a r g e p u l s e o f h e a t r e a c h i n g 

the s u r f a c e i m m e d i a t e l y a f t e r the gas c o l l a p s e s i n the c e n t e r . T h i s i s an 

e f f e c t o f the c o n v e r s i o n o f b u l k k i n e t i c ene rgy i n t o h e a t . The re i s a l s o a 

p u l s e i n the a v e r a g e t e m p e r a t u r e o f the gas w h i c h i s due to t h i s c o n v e r s i o n o f 

k i n e t i c ene rgy i n t o h e a t and w h i c h c a u s e s the i n c r e a s e i n h e a t f 1 u x . The same 

p r o c e s s has been seen i n i m p l o d i n g w i r e e x p e r i m e n t s . 

5 . 4 . 3 E v a p o r a t i o n and C o n d e n s a t i o n C a l c u l a t i o n 

The r a t e s t h a t L i P b e v a p o r a t e and condense a r e gove rned by the d e n s i ty 

and t e m p e r a t u r e o f vapo r and the t e m p e r a t u r e o f the s u r f a c e o f the f i l m . F o r 

H I B A L L , the s u r f a c e t e m p e r a t u r e o f the f i l m i s c a l c u l a t e d u s i n g a s i m p l e 

t e m p e r a t u r e d i f f u s i o n method where the hea t f 1ux on the s u r f a c e i s due to 

r a d i a t i o n and mass f l o w between the r e a c t o r c a v i ty gas and the f i l m . The mass 

f l o w r a t e s due to c o n d e n s a t i o n and e v a p o r i z a t i o n a r e 

m = 3 .64 Pg(M/RTg) 1/2 ( 5 . 4 - 1 ) cond 

and ( 5 . 4 - 2 ) 

r e s p e c t i v e l y . In t h e s e e q u a t i o n s , m

c o r ) ( j i and m y a p a r e mass f l ow r a t e s i n u n i t s 

o f g / s - c m 2 , Pg i s the p r e s s u r e o f the vapo r i n t o r r and M i s the m o l e c u l a r 

w e i g h t o f the v a p o r . T and T g a r e vapo r and f i l m s u r f a c e t e m p e r a t u r e s i n K, 
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P s i s the s a t u r a t i o n p r e s s u r e a t the f i l m s u r f a c e t e m p e r a t u r e and R i s the gas 

c o n s t a n t . 

T h i s model i s the b a s i s o f a f i n i t e d i f f e r e n c e compute r code t h a t was 

w r i t t e n to c a l c u l a t e the t i m e - d e p e n d e n t f i l m t e m p e r a t u r e p r o f i l e and the mass 

f l o w . U s i n g t h i s c o d e , one can show how the t e m p e r a t u r e p r o f i l e j u s t b e f o r e 

the n e x t t a r g e t m i c r o e x p l o s i o n a p p r o a c h e s a c y c l i c s t e a d y s t a t e . T h i s i s 

shown f o r HIBALL i n F i g . 5 . 4 - 6 . I t i s seen t h a t the t e m p e r a t u r e a l m o s t c o n 

v e r g e s a f t e r 3 c y c l e s . The s u r f a c e hea t l o a d s a r e shown i n F i g . 5 . 4 - 7 a s 

f u n c t i o n s o f t ime a f t e r a m i c r o e x p l o s i o n f o r the case when the f i l m has 

r e a c h e d c y c l i c s t e a d y s t a t e . One s h o u l d no te t h a t the r a d i a t i o n hea t f l u x i s 

dom inan t o v e r the e a r l y p a r t o f the c y c l e b u t t h a t when most o f the c o n d e n 

s a t i o n i s o c c u r r i n g the c o n d e n s a t i o n h e a t f l u x d o m i n a t e s . The a v e r a g e number 

d e n s i t y o f the r e a c t o r c a v i t y gas i s shown i n F i g . 5 . 4 - 8 . The gas r e a c h e s 

4 x 1 0 1 0 a t o m s / c m 3 i n a b o u t 0 .2 s , a l l o w i n g a 5 Hz r e p e t i t i o n r a t e . 

5 . 4 . 4 Work i n P r o g r e s s and C o n c l u s i o n s 

The model d e s c r i b e d above p r e d i c t s t h a t H I B A L L - I I may o p e r a t e a t a 5 Hz 

r e p e t i t i o n r a t e . In t h i s m o d e l , the r a d i a t i o n h e a t f l u x on the f i r s t row o f 

INPORT tubes i s assumed to be u n a f f e c t e d by the c o n d e n s a t i o n p r o c e s s — a 

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

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

t h i n g s , i t i s a l so known t h a t c a l c u l a t i o n s o f the mass f l o w r a t e s ' a r e p o s s i b l e 

w h i c h i n c l u d e the e f f e c t s o f n o n - M a x w e l l i a n v e l o c i t y d i s t r i b u t i o n s and the 

p r e s e n c e o f n o n c o n d e n s a b l e g a s e s . 

A c o n s i d e r a b l e amount o f work has t aken p l a c e s i n c e the H I B A L L - I r e p o r t 

was p u b l i s h e d on i m p r o v i n g the models and c a l c u l a t i o n a l t o o l s f o r s t u d y i n g 

c o n d e n s a t i o n and e v a p o r a t i o n phenomena i n ICF r e a c t o r c a v i t i e s . A ma jo r p a r t 

o f t h i s i s the deve lopmen t o f the CONRAD computer c o d e . T h i s code s i m u l t a n e -

o u s l y s i m u l a t e s the dynamics o f the r e a c t o r c a v i t y g a s , the r a d i a t i o n s p e c t r u m 

and s u r f a c e hea t l o a d , h e a t t r a n s f e r i n the f i l m and mass t r a n s f e r between the 

gas and the f i l m . A s e p a r a t e e f f o r t has been ongo ing to s tudy the e f f e c t o f 

n o n c o n d e n s a b l e g a s e s on the c o n d e n s a t i o n wi th a k i n e t i c t h e o r y f o r m a l i s m ^ 

t h a t has shown the c o n d e n s a t i o n r a t e to be l o w e r e d by such n o n c o n d e n s a b l e s . A 

t h i r d i n d e p e n d e n t e f f o r t has u n c o v e r e d b e t t e r e x p r e s s i o n s f o r the mass t r a n s 

f e r r a t e s as f u n c t i o n s o f gas d e n s i t y and t e m p e r a t u r e and s u r f a c e t e m p e r a 

t u r e . In the near f u t u r e , t hese w i l l be a l 1 combined to a l l o w more a c c u 

r a t e c a l c u l a t i o n o f the r e p e t i t i o n r a t e . 
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Since these new tools are in a developmental stage, they have not been 
applied d i rec t ly to the HIBALL-II case. The present best estimate of the 
repet i t ion rate remains at 5 Hz. 
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5 . 5 Vacuum System 
5.5.1 General Descript ion 

The previous section described the behavior of the LiPb vapor in the 
cavity af ter each shot. The present section w i l l deal with the noncondensable 
f ract ion of the gas load within the cav i ty , namely D 2 , T 2 and He. An attempt 
to assess the e f fec t of the LiPb vapor on the vacuum systems for the cavi ty 
and the beam l ines w i l l be made. 

The equi l ibr ium pressure of the noncondensable f ract ion has to be main
tained reasonably low, although i t s e f fec t on beam propagation is not as great 
as LiPb at the same number density. Furthermore, the noncondensable par t ia l 
pressure has to be kept low because i t provides a continuous source of mole
cules migrating into the beam l ines where the pressure must be kept at ~ 10~7 

to r r . 

Most of the recent fusion reactor design studies have u t i l i z e d compound 
cryopumps for pumping hydrogen and heliurn. In these pumps, hydrogen species 
are condensed on chevrons cooled to ~ 15 K while the helium is cryotrapped on 
molecular sieves attached to panels which are at 4.2 K. Typica l ly these pumps 
have speeds of ~ 5 i/s cm for D 2 , T 2 and ~ 2 £/s cm for He. A major d i s 
advantage of any cryopump is the need for periodic regeneration. This is done 
by valving the pump off and warming up the cryosurfaces. Although regener
at ion may only take ~ 20-30 min, during this time the pump is not avaiIable 
for operation. Some designs have resorted to providing twice as many pumps as 
needed, such that only half are online at any one time. This is not space 
e f f i c i e n t , par t i cu la r l y where there are space 1 imi ta t ions. In several past 
designs the Universi ty of Wi sconsin group has proposed the use of back to back 
cryopumps where two sets of cryopanels, wi th integral baf f les and chevron 
shields are provided. While the front panel is in use, the rear panel i s 
being regenerated and the pump body i t s e l f const i tutes the shutoff valve. 
Although some development work wi11 be needed to perfect the seals for such a 
pump, we feel that i t hoids the promise for substant ia l ly increasing the 
pumping capaci ty in systems which are space 1imi ted. Such pumps are proposed 
for the present study. 

In the HIBALL design, vacuum ports have been provided at the junction 
between the upper blanket modules and the top of the INPORT tubes. There are 
30 ports 65 cm high and 120 cm wide, connected to rectangular ducts of the 
same dimensions, leading to cryopumps located in the upper corners of the 
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cavi ty as shown in F ig . 5 .1-4. These pumps are well out of the radiat ion 
f i e l d and Monte Carlo analysis has shown that the e f fec t of neutron streaming 
on them is neg l ig ib le . 
5.5.2 Pumping of Noncondensable Species 

Table 5.5-1 gives the source and species of the noncondensable gas 
load. The vacuum ducts are assumed to be about 400°C in order to condense any 
LiPb vapor that they admit. At th is temperature the throughput i s : 

D2 = 108 torr »Ä/s 
T 2 = 89 t o r r « Ä / s 

He = 110 t o r r ' V s 

The conductance of a short duct (L < 25 r ) ' for molecular flow is given by the 

r e l a t i o n s h i p : ^ 

1 _ ,3_ LU U /21M 
~ 46 .2 A ; / R T 

2ttM s 
C duct 1 6 A 2 / R T cm3 

where C d u c t i s the conductance of the duct in cm 3 / s , L the length in cm, A the 
cross-sect ional area in cm 2 , U the perimeter in cm, M the molecular weight in 
g, R the gas constant (8.3 x 10 7 ergs/mole) and T the temperature in degrees 
Ke lv in . 

For the given duct area of 65 x 120 cm 2, L = 450 cm, M = 5 for D 2T 2 and 
taking T = 673 K we get for the 30 ducts: 

C n j = 2 x 10 6 Ä/s 
U 2 ' 2 

C H e = 2.2 x 10 6 Ä/s . 

The area avai lable for locat ing the cryopumps is ~ 85 nr and the u t i l i 
zation factor for back to back pumps i s ~ 85%. The total pumping speeds 
(using 5 Ä/s cm2 for D 2 , T 2 and 2 Ä/s cm2 for He) are then: 

S n T = 3.6 x 10 6 Ä/s 
U 2 12 

S u = 1.44 x 10 6 Ä/s . He 



125 

Table 5.5-1. Gas Load on Cryopumps 

Source Species Atoms/Shot Total (atoms/shot) 

Target Injector D 2.83 x 1 0 2 0 

Unburned Fuel D 3.4 x 1 0 2 0 6.23 x 1 0 2 0 

Unburned Fuel T 3.4 x 1 0 2 0 

Newly Bred T 1.76 x 1 0 2 0 5.16 x 1 0 2 0 

DT Reaction He 1.4 x 1 0 2 0 

T 2 Breeding He 1.76 x 1 0 2 0 

To Decay He 1.9 x 1 0 1 1 3.16 x 1 0 2 0 

The e f fec t ive pumping speed i s obtained from: 

1 _ 1 + 1 
S e f f S p C duct 

where Sp is the pump speed and C ( j u c t the conductance of the ducts. The 
e f fec t ive pumping speed i s then: 

S D, T 0 = 1.3 x 10 6 Ä/s e f f 2 2 

S e f f He = 8.7 x 10 5 Ä/s . 

Using the throughputs obtained e a r l i e r , the equil ibriurn pressures of the 
noncondensable species in the cavity at 400°C are: 

P n j - (108+89) Xr i/s - 1.5 x 10 " 4 torr 
2 12 1.3 x 10° Ä/s 

P . HO torr Ä/s a 1 > 3 x 1 0 - 4 t o r r # 

" e 8.7 x 10 3 Ä/s 

The equivalent pressure r ise /shot at 400°C consistent with a cavity 
volume of 900 m3 i s 4.4 x IO" 5 torr for D 2 T 2 and 2.5 x 1 0 ' 5 torr for He. The 
time needed to evacuate the chamber to the equil ibriurn pressure i s given by: 
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e f f 2 

where t is the time, V the cavi ty volume, SQ^ the e f fec t ive pumping speed, P± 
the pressure in the cavity af ter a shot and P 2 the equi l ibr ium pressure. For 
both U 2 , T 2 and He, i t is found that the time needed to reach equ i1 ib r i urn 
pressure i s less than 200 ms. Thus, from the standpoint of recondi t ion i ng the 
chamber wi th respect to the noncondensable species, a repeti t ion rate of 5 Hz 
i s reasonable. 

5.5.3 E f fec t of LiPb Vapor on the Vacuum Ducts 
I t was mentioned ea r l i e r that the walls of the vacuum ducts wi11 be main

tained at 4 0 0 ° C . At this temperature, the surfaces are essent ia l l y black to 
LiPb vapor, and w i l l condense i t immediately upon contact. There w i l l not be 
a boundary layer developed and the vapor w i l l obey molecular flow condi t ions . 
For th is reason a l1 the LiPb vapor which enters the vacuum ducts wi11 be con
densed before i t reaches the cryopumps. Since i t w i l l be maintained molten, 
the LiPb wi11 be returned to the cavity and w i l l re jo in the bulk of the breed
ing mater ia l . The chevrons in front of the cryopumps are cooled to ~ 70 K 
with 1 iquid N 2 and w i l l cer ta in ly cryotrap any i t ineran t LiPb molecules before 
they can contaminate the hydrogen and helium pumping surfaces. 

5.5.4 E f fec t of Cavity Atmosphere on the Beam Lines 
The beam l i nes ' interface with the reactor cavi ty presents some unique 

problems to the beam l ine vacuum system. Because the pressure in the cavi ty 
during operation never gets below I O - 4 to r r , i t represents a continuous gas 
load which i s admitted into the beam 1ines. Beam str ipping and charge 
exchange problems require that the beam l ine pressure be on the order of 1 0 ~ 7 

to r r . The storage rings themselves operate at vacuum on the order of 1 0 - 1 0 

to r r . 

In the early stages of the study rotat ing shutters in the beam ports were 
proposed in order to minimize the in f lux of LiPb vapor into the beam l i n e s . 
The chief concerns were the accumulation of LiPb on the beam ducts amounting 
to - 3 tonnes/day for the 20 beams, and the migration of the vapor deep into 
the beam 1ine system due to viscous e f fec ts . A reassessment of th is problem 
has lead to the conclusion that shutters may not be needed. There are two 
complementary developments which have led to th is conclusion; they are: 
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1. If the beam duct wall temperature can be carefu l ly contro l led such that 
the condensed vapor runs of f in l i qu id form and i s returned to the cav i t y , 
then accumulation ceases to be a problem. 

2. Wi th a s t ick ing coe f f i c ien t of uni ty on the beam duct walIs, the vapor 
does not develop a boundary layer and there are no viscous ef fects from 
the wa l ls . Using molecular flow theory, i t i s evident that the expanding 
vapor which enters the beam port i s immediately condensed on the walIs. 
It can be shown that the pressure can fa l1 two orders of magni tude per 
meter of beam l ine i f the narrow dimension of the 1ine i s < 40 cm. 

Although the problem of LiPb vapor in the beam l ine needs a more rigorous 
analys is before i t can be put to res t , for the present i t i s assumed that the 
rotat ing shutters w i l l not be needed. 

The noncondensable species, however, wi11 not condense on the beam l ine 
walIs but w i l l proceed further into the beam l i n e s . The conductance of a beam 
1 ine for D 2 , T 2 and He at 673 K i s estimated at ~ 125 Ä/S which gives r i se to 
a throughput of ~ 1.25 x 10~ 2 torr Ä / S . For th is gas load to be pumped at 
I O - 6 torr requires a cryopump system with a capacity of 1.25 x 10 4 Ä / s , namely 
~ 0.25 m2 of cryosurface for each beam 1ine. D i f fe ren t ia l pumping downstream 
from the main beam 1ine pumping stat ion w i l l quickly reduce the pressure to 
the prescribed value of 10~ 7 torr and lower. 
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5.6 Steady-State Thermal-Hydraulic Analysis 
The or ig ina l design of HIBALL (designated HIBALL-I) was reviewed in th is 

design study. The purpose of our work was to optimize the or ig ina l design for 
HIBALL-II so that the repeti t ion rate could be more eas i l y achieved while 
minimizing the thermal hot spots on the INPORT tubes. For th is work we used 
the or ig ina l neutronic analysis in HIBALL-I and the same governing equations 
for mass and energy balances. The i n i t i a l and boundary condit ions used in the 
or ig ina l analysis are presented in Table 5.6-1, with a conceptual picture of 
the cavi ty and INPORT tubes given in F i g . 5.6-1. 

The f i r s t thing to notice i s that there are actual ly two hot spot l o 
cat ions, one at the midplane of the front row of INPORT tubes and one at the 
out le t of the back row of INPORT tubes. This occurs because the l i th ium- lead 
breeder/coolant flow i s s p l i t at the entrance to provide extra cool ing of the 
f ront INPORT tubes. This extra cooling is needed to o f fse t the high surface 
energy deposited on these tubes. To minimize th is hot spot we have performed 
a simple optimization study where the flow s p l i t to the front tubes i s reduced 
unt i l the out let temperature, T 3 , at the back tube i s reduced to a value below 

Table 5.6-1. I n i t i a l Results for Steady State HIBALL Design 

Repeti t ion rate (N p - Hz) 5 
Total energy deposited per pulse ( Q t o t - MJ) 509.5 MJ 
Volumetric energy deposited per pulse (Qv - MJ) 399.0 MJ 
Surface energy deposited per pulse (Q s - MJ) 110.5 MJ 
Mass flowrate of LiPb (m - kg/hr) 3.38 (10 8) 
Or ig inal f lowrate to front INPORT tubes (m^ - kg/hr) 2.21 (10 8) 
In le t temperature of LiPb to cavi ty ( T i n - K) 330° 
Inlet temperature for back tubes (T 2 - K) 398.6° 
Outlet temperature for back tubes (T 3 - K) 579.3° 
In let temperature for f ront tubes ( T i n - K) 330° 
Outlet temperature for f ront tubes (T5 - K) 410° 
Mean i n l e t for LiPb pool ( T m e a n - K) 468.3° 
Outlet temperature of LiPb from cavi ty ( T o u t - K) 486.2° 
Bulk LiPb temperature at hot spot locat ion (T 4 - K) 370° 
Average hot spot temperature for front tubes ( T n o t s p o t - K) 522.1° 
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Table 5.6-2. Summary of Optimization Study 

m F / m F O 100% 85% 83% 80% 

Tin CO 330 330 330 330 
T 2 398.64 383.82 382.27 380.11 
T 3 579.27 525.5 519.8 512.1 
T 4 370.05 376.36 377 .5 379.26 
T 5 410.1 422.72 424.96 428.52 
T 
'mean 

468.27 468.27 468.77 468.27 

^hot spot 522.1 529.86 530.98 532.76 
T 

out 
486.22 486.22 486.22 486.22 

T hot spot " T 3 -57.17 4.36 11.14 20.75 

that of the front tube midplane hot spot value, T h o t s p o t . In HIBALL-II, to 
sa t i s f y this requirement (Table 5.6-2) , the front tube flow rate i s a l tered to 
about 83% of the or ig ina l value. This causes the hot spot at the front tube 
to r i se only 8 degrees above i t s or ig ina l value and assures that the back tube 
out let temperature remains below i t . The back tube out le t temperature T 3 i s 
kept below T n o t s p o t in the HIBALL-II design because vapor condensation is as
sumed to occur only in the front tubes. This assumption i s conservative be
cause i t actua l ly increases the hot spot temperature. In rea l i t y some vapor 
condensation w i l l occur on the back tubes, which w i l l ra ise T 3 and lower 
T hot spot- T n i s W l 1 1 tend to even out the small temperature di f ferences be
tween the two locat ions . 
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Figure 5.6.1 
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5 .7 Support Mechanism and Sta t ic Stress Considerations 
5.7.1 General Descript ion 

The SiC tubes are designed to be suspended from the top on a support 
plate which also is the coolant d is t r ibu t ion manifold. Restraint against 
la te ra l motion i s provided by a support plate on the bottom which also con
tains the flow contrgl nozzles. Several schemes for attaching the INPORTs to 
the support structure were considered. One i s shown in F i g . 5.2-1. 

The cy l i nd r i ca l blanket zone i s divided into 30 modules, each subtending 
12° of cavity circumference. Each module consists of the upper d is t r ibu t ion 
manifold and tube support p la te , the tubes themselves and the bottom support 
p la te . 

The f i r s t two rows of tubes are 4 cm apart and consist of 3 cm diameter 
tubes spaced at ~ 5.1 cm center to center. The remaining tubes are 10 cm in 
diameter, fol1ow behind and are arranged on a 12.5 cm tr iangular pi tch in be
tween support s t ru ts . 

The upper tube support plate i s welded to struts which are anchored into 
the 40 cm thick re f lec to r wa l l . The sections at the end of each st rut s l ide 
into mi l led s lo ts in the re f lec to r . Pu l l ing up on the upper manifold, which 
i s part of the tube support p late, disengages the module from the re f l ec to r . 
Figure 5.7-1 shows a top and side view of a single module support structure 
(holes in the plate have been omitted for c l a r i t y ) . 
5.7.2 Tube Support 

The tube d is t r ibu t ion between two struts i s shown in F i g . 5.7-2(a) and 
the loading on the plate in F i g . 5.7-2(b). The upper support plate was 
modeled as a s t a t i c a l l y indeterminate beam of varyi ng cross sections and con
centrated loads. Using a maximum design stress of 70 MPa (10 ksi) for HT-9, a 
plate thickness of 3 cm was calcu lated. 

S im i l a r l y , the struts were analyzed as canti levered beams of varying 
cross section and a d is t r ibuted loading as shown in F i g . 5.7-3. The weight of 
the tubes i s reacted by a moment on the tee sections and an upward force 
exerted by the re f l ec to r . For a design stress of 70 MPa and a s t ru t thickness 
of 3 cm, we calcu late h equal to 70 cm. 

5.7.3 INP0RT Tube Sta t ic Stresses 

The s ta t i c stresses in the SiC tubes can be divided into two parts, 
longitudinal and c i rcumferent ia l . Circumferential stresses are from the 
pressure of the coolant and vary l inear ly from the top to the bottom. The 
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T U B E S U P P O R T S T R U C T U R E 

top view 

side view 

F i g . 5 .7-1. Top and side views of upper support plate and s t ru t . 
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a ) m s m l 
b) 

F i g . 5.7-2. a) Tube d is t r ibu t ion between support s t ru ts , 
b) Loads on upper support p la te . 

F i g . 5.7 - 3 . Loading and reactions on support s t ru t . 
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longi tudinal stresses are due to the dead weight (weight of the coolant) and 
are maximum at the top, fa l1 ing of f l i near l y to zero at the bottom. 

A re l i ab le value for allowable stress i s not known for braided SiC tube 
construct ion; however, estimates can be made based on experience with other 
composite mater ia ls. Various sources give SiC f iber strength of 2450-3720 MPa 
(355-540 k s i ) . Experience wi th graphite material systems indicates that the 
strength for orthogonal layup could be ~ 276 MPa (40 ksi) considering each 
pr inc ipa l stress ind iv idua l l y . Ceramic materials have a wide var iat ion in 
strength due to their extreme sens i t i v i t y to minute f laws, consequently a 
safety factor of two was taken giving an allowable stress of 139 MPa (20 k s i ) . 

In th is design the wall thickness i s 2.25 mm for the 10 cm diameter tubes 
and 0.9 mm for the 3 cm diameter tubes. This means that there wi11 be 5 p i ies 
and 2 p i ies in the 10 cm and 3 cm diameter tubes respect ively (the thickness 
per ply i s 0.45 mm). The f ibers in the orthogonal layup are at 45° and cover 
50% of the surface area. The f ibers themselves have a density factor of 75%. 

In ca lcu la t ing the st resses, i t was assumed that the incoming coolant had 
an i n i t i a l pressure of 0.1 MPa (~ 15 p s i ) . At the bottom of the tubes the 
added head produces a pressure of 1.04 MPa (150 p s i ) . The masses supported by 
the tubes are 700 kg and 61 kg for the 10 cm and 3 cm diameter tubes, respec
t i v e l y . Stress di s t r ibut ion as a function of tube di stance from the top i s 
shown in F i g . 5.7-4 and F i g . 5.7-5. 
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RECOMMENDED DESIGN MAX. 

DISTANCE FROM T H E TOP (m) 

F i g . 5.7-4. Stresses in 10 cm diameter INPORT tubes. 

RECOMMENDED DESIGN MAX. 

DISTANCE FROM T H E T O P (m ) 

F i g . 5.7-5. Stresses in 3 cm diameter INPORT tubes. 
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5.8 Upper Blanket 
5.8.1 Overall Design Descript ion 

The design of the upper part of the cy l i nd r i ca l chamber has to conform to 
several basic requirements which are: 
1. The provision of a wetted surface s imi lar to the INPORT uni t s . 
2. A design which gives easy access to the inside of the chamber. 
3. Incorporation of removable modules for maintenance. 

To this end, the upper part of the blanket i s divided into 30 ident ica l 
modules which i s equal to the number of modules in the rad ia l blanket. The 
modules are wedge shaped as shown in F i g . 5.8-1, 680 cm long and 140 cm wide 
at the rear. The radial and the upper modules coincide v e r t i c a l l y , such that 
when an upper module i s removed, the radia l module immediately beiow i t can be 
taken out through the empty space thus provided. 

In this design, the upper module consists of several frames of r i g i d i zed 
SiC covered by porous SiC cloth and bolted together. The coolant enters in at 
the back of the module, flows rad ia l l y toward the center of the cavity through 
the upper channels shown in F i g . 5 .8-1, then passes through holes into the 
lower part of the module and flows rad ia l l y outward. Some of the coolant 
permeates the porous SiC cloth and provided the needed wetted surface. The 
bulk of the coolant, however, remains within the module f i n a l l y ex i t ing i t at 
the back and merging with coolant flowing through the rear tubes of the radia l 
modules. 

Section 5.8.2 describes the procedure for select ing four lobes of SiC 
cloth for each upper module. The maximum radius of curvature of each lobe at 
the rear i s 16.3 cm. Each segment is connected to a single support plate 
which in turn is used to attach the module to the roof st ructure. The module 
frames have thin perforated semicircular lower membranes which prevent the SiC 
fabr ic from excessive def lect ion and also provide damping of shock waves 
transmitted through the coolant. The four segments terminate in a single rear 
ex i t which funnels the coolant into the back tubes of the radia l module. 

Support of the upper modules i s d i f f i c u l t for several reasons. The 50 cm 
column of LiPb in the modules i s quite heavy; furthermore, the maintenance 
scheme assumes that the upper r e f l ec to r / sh ie l d can be rotated during routine 
replacement of cavity components. In th is design, the inner end of the sup
port plate to which the blanket modules are attached rests on a hub which can 
be rotated wi th respect to the re f l ec to r / sh ie l d assembly. Thus, when the 
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F i g . 5.8-1 

DESIGN OF AN UPPER BLANKET 
SEGMENT 

S E C T I O N A-A SECTION B-B SECTION C-C 
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r e f l ec to r / sh i e l d assembly i s rotated for maintenance, the hub remains s ta t ion 
ary. The rear end of the support plate rests on a ledge which is an extension 
of the cy l i nd r i ca l re f lec to r . Along the length of the module, the support 
plate i s attached to the upper re f lec tor at several appropriate radial 1o-
cat ions. These support studs are mechanically latched to the upper re f lec to r 
during reactor operation. During reactor maintenance, when the coolant i s 
drai ned out of the whole cavi ty , the mechanical latches are decoupled, such 
that the upper r e f l ec to r / sh ie l d assembly can be rota ted, while the upper 
blanket modules remain stat ionary. Table 5.8-1 gives the parameters of the 
upper blanket modules. 

5.8.2 Stress Analysis of Upper Blanket Covering 

The or ig ina l shape of the upper blanket fabr ic covering was a par t ia l 
conical shel1 wi th an internal pressure which varied 1 i nearly from 2 psi 
(0.0138 MPa) at the vertex to 20.18 psi (0.139 MPa) at the base as indicated 
in F i g . 5.8-2. The inc l ined length along the frame i s 610 cm and the ho r i -
zontal base width (chord) i s 130 cm. 

The most highly stressed area i s at the bottom center (base) of the 
conical she l1 . The circumferent ial and axia l stresses are denoted by and 
a x , the former being the larger of these two pr inc ipa l values. The magni tude 
of i s strongly influenced by the local radius of curvature at the point 
under exami nation. For example a re la t i ve l y shallow conical section wi th a 

Table 5.8-1 Upper Blanket Design Parameters 

Module Structural Material SiC 

Number of Modules 30 

Length of Module (cm) 680 

Length of Porous CIoth (cm) 

Maximum Width of Module (cm) 140 

610 

Width of Porous Cloth Termination (cm) 

Maximum Radius of Lobe (cm) 

130 

16.3 

Number of Lobes/Module 

Ef fec t ive Thickness of Porous Fabric (cm) 

Maximum Pressure on Fabric (MPa) 

Maximum Hoop Stress on Fabric (MPa) 

4 

0.1 
0.139 

2 2 . 7 
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F i g . 5 . 8 - 2 
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drop of 25 cm has a radius of curvature of 97.1 cm and corresponding stress of 
135.1 MPa. While the geometry i s acceptable, the stress i s too high for th is 
app l ica t ion . The stress can be lowered by reducing the radius of curvature 
with the best configuration being semici rcular . However, since the drop 
equals the radius of curvature for semicircular lobes (65 cm), th is does not 
produce a pract ica l design. A compromise to 1imit both stresses and the drop 
distance i s a multi lobe design. Results are shown in F i g . 5.8-3 for a f ixed 
chord (130 cm), pressure (0.139 MPa) and material thickness (1 mm). From th is 
data the four lobe configuration was selected and the mechanical design i s 
based upon this geometric conf igurat ion. 
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6. TRITIUM 
6.1 Introduction and Overview 

Thi s section describes the t r i tium systems of HIBALL — the t r i tium path
ways are summari zed in F ig . 6.1-1 and the inventories in the various reactor 
components are given in Table 6.1-1. The four reactor chambers are fueled 
wi th mul t i l ayer targets containing 4.0 mg DT, which are f i red at a rate of 5 
s~* per chamber. A one day fuel supply consists of 2.76 kg D and 4.15 kg T. 
The f ract ion of fuel burned i s 0.29; thus, the unburned f u e l , 1.97 kg/d of 
deuterium and 2.95 kg/d of t r i tium, must be handled by the exhaust system. In 
addi t i on , 2.8 kg/d of D 2 , the target in jector propel lant gas leaking into the 
cavi ty, and 1.5 kg/d of t r i t ium bred by the Li^yPbgß wi11 enter the exhaust 
processing system. The detaiIs of the target fabr icat ion are unspeci f ied. 
Some recommendations on possible techniques and the need to minimize the 
t r i t i urn inventory duri ng target manufacture are di scussed in Section 6 .2 .6 . 

The reactor chambers are evacuated by compound cryopumps wi th on-1ine 
times of 2 hours and a subsequent t r i t i urn inventory of 0.37 kg. The pumps are 
regenerated so that helium i s released f i r s t , then the hydrogen isotopes are 
released and sent to the fuel cleanup uni t . The purpose of the fuel cleanup 
uni t ( T j N V = 0.031 kg) is to remove impuri t ies from the hydrogen isotopes be
fore sending them to the cryogenic d i s t i l l a t i o n uni t . The d i s t i 1 1 ation system 
consists of 4 columns (Tj f Jy = 0.083 kg) which separate the isotopes into an H 
stream which i s vented, a pure D2 stream for the target in jec to r , and a pure 
DT stream for the target factory and storage. 

In the total blanket systems the 1ow so lub i1 i ty of t r i t ium in the 
L l 1 7 P b 8 3 a l 1 ° y resul ts in an inventory of 2.5 g T in the coolant (1.9 x 10 7 

kg). Tr i tium is bred at a rate of 4.4 x 10 " 6 kg/s in each blanket and ex
tracted from the reactor chamber by vacuum pumps operating wi th su f f i c i en t 
speed to maintain the vapor pressure of t r i t ium above the eutect ic at 10~ 4 

to r r . The t r i t ium inventory in the s i l i c o n carbide tubes (1.6 x 10 4 kg) at 
500°C i s unknown, but has been estimated as 0.008 kg. The 1iquid metal pro
tects the s i 1 icon carbide from interact ing wi th the energetic hydrogen species 
in the debris from the imploded target; however, i t i s in intimate contact 
wi th t r i tium dissolved in the l i qu id metal which may resu l t in chemical re 
act ions. 

The 1iquid metal coolant i s c i rcu la ted to the steam generator. Although 

the t r i t ium pressure above the eutect ic is only 10" 4 t o r r , the permeation of 
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Table 6.1-1. HIBALL Tri t ium Inventory 

Fuel cycle (kg): 
Cryopumps 
Fuel cleanup 
I sotopic separation 

Subtotal 
Blanket (kg): 

L i 1 7 P b 8 3 (cavity and re f lec tor ) 

SiC tubes 
Subtotal 

Target manufacture (kg): 
Storage (kg): 

Targets 
Urani urn beds 

Subtotal 
TOTAL INVENTORY (kg) 
TOTAL ACTIVE INVENTORY (kg) 

0.37 
0.031 
0.083 

0.003 
0.008 

4.1 

4.1 
4.1 

0.484 

0.011 

4.1 

8.2 
12.795 
4.595 

Figure 6.1-1 

Hydrogen Isotope Pathways in HIBALL 
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t r i t i um through clean HT-9 could resu l t in a loss of 33.3 g T 2 /day to the 
steam cyc le . Oxide coatings or other t r i t ium barr iers have been proposed to 
reduce the permeation by factors of 10 to 100. Addi t i o n a l l y , a steam gene
rator is proposed with double walled tubes in which the inner space i s purged 
with an oxygen atmosphere. This could provide a very e f fec t i ve barr ier l i m i t 
ing losses to less than 1 C i / d . The t r i t i a t e d water from the sweep gas i s con
densed and eventually merged wi th the reactor exhaust for reprocessing. 
6.2 Fuel Cycle 

Each reaction chamber i s equipped wi th a target in jec t ion system and 
vacuum cryopumps. The exhaust streams from regeneration of the cryopumps of 
the four chambers are combined and sent into the fuel cleanup and processing 
system. 

6.2.1 Fueling 

The HIBALL reactor i s fueled by in jec t ion of a cryogenic DT target. The 
target consists of three shel Is : the equimolar DT f u e l , a Li-Pb ablator 
(L i :Pb mole ra t io 18.1:1) , and a lead outer shel l as the high-Z component. 
The target composition i s given in F i g . 6 .2-1. The targets are injected at a 
ve loc i ty of 200 m/s wi th a target in jec t ion gun that also releases 1.6 mg of 
D2 propulsion gas into the chamber per shot. The target is loaded into a 
p las t i c 2-piece car r ie r ca l led a sabot. During i n j ec t i on , the sabot i s shed 
into a buffer cavity and does not enter the reactor. Deuterium propulsion gas 
in the buffer cavi ty which does not reach the reaction chamber (139.4 mg/shot) 
w i l l be recycled per iod ica l ly wi th the hydrogen isotopes. 

The choice of l i thiurn and lead for target materials i s favorable because 
they are compatible with the Lii jPbgß 1iquid wal1. Debris from the target 
shelIs w i l l d issolve in the 1iquid wal1. In Table 6.2-1 the change in blanket 
composition with time is shown. Since the ra t io of L i :Pb in the target i s 
greater than in the eutect ic (17:83 atom%), the ra t i o of L i :Pb in the blanket 
slowly increases wi th time. As a resu l t of these addi t ions , according to the 
phase d i a g r a m , ^ the mel t ing point of the a Hoy increases ~ 14°C/yr; there
fore, quanti t ies of lead wi11 have to be added and properly mixed to maintai n 
the eutect ic composition. 

The f rac t iona l burnup ( f D ) of the target i s given by f b = T b / ( T b + T p ) , 
where T D i s the amount of t r i t ium burned per day and T p i s the unburned t r i t i 
um fuel that must be pumped out of the chamber per day. In the HIBALL reactor 
the f ract ional burnup i s 29% which i s comparable to other ICF reactor systems 
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Layer Materials Weight 
(mg) 

Atoms 
X I O 2 0 

Density 
g / c m 3 

Thickness 
mm 

3 Pb 288 8.34 11.3 0.245 

2 Li 
Pb 

26 
41 

22 
1.2 1.26 0.739 

1 D 
T 

1.6 
2.4 

4.8 
4.8 0.21 0.477 

Flow Rates in g/d 
T » Tritium Inventory (g) 

I2H 
4247D 

156 T 

I2H 
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F ig . 6.2-2 HIBALL Isotope Separation Uni t . 
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Table 6.2-1. Change in Li-^Pbcn Composition with Time 

Mass Changes 
T A R G E T Reactions Li 

Pb Li L i(n,a)T (Net) 
(kg) (kg) (kg) (kg) 

1 shot 3.29 x 10" 4 2.65 x 10" 5 2.03 x 10" 6 2.45 x 10" 5 

1 day 142 11.4 0.877 10.5 
1 year 5.18 x 10 4 4.16 x 10 3 320 3.84 x IO 3 

*L i (net) = Li (target) - Li (reactions) 

Composition Changes 
Original 1 year 
blanket operation % change 

Mass Li (kg) 3.26 x 10 4 3.64 x 10 4 11.8 
Mass Pb (kg) 4.74 x 10 6 4.79 x 10 6 1.09 
Ratio Li :Pb 0.205 0.228 

Formula L i 1 ? P b 8 3 < L i 18 .6 P b 81 .4 J 

(20-40%). At this point there has been no consideration of the p o s s i b i l i t y 
of m is f i r i ngs . The fusion power desired requires the consumption of 1.2 
kg T/d and 0.8 kg D/d. 

The target in ject ion rate of 5 s " 1 per chamber requires 1.73 x 10 6 

targets/day, which de l iver 4.1 kg T/d and 2.8 kg D/d. In add i t ion , 2.8 
kg D 2 /d enter the chamber i f pneumatic pe l le t in ject ion i s used (Section 
2 .3 .2) . The deta i ls of the target fabr icat ion have not been developed at th is 
time; however, the ef fects of target manufacture on the t r i tium inventory are 
di scussed in Section 6.2.6. 
6.2.2 Exhaust 

Each fusion event w i l l cause a pressure r ise in the chamber as Li-Pb i s 
evaporated from the walls and gases from the D-T reaction and unburned fuel 
are released. The major components present in the exhaust are given in Table 
6.2-2. Between fusion events, the chamber must be evacuated to at least IO*"4 

to r r , as higher pressures w i l l cause interference and scat ter ing of the ion 
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Table 6.2-2. Exhaust Gas Composition 

mg/shot k g / d ( a ) 

Deuterium target (unburned) 1.13 1.95 

Tri t ium target (unburned) 1.70 2.92 

Helium (DT fusion) 0.93 1.61 

Helium (breeder) 1.17 2.01 

Tri t ium (breeder) 0.87 1.51 

Li-Pb v a p o r ^ 0 0 

D2 target in jec t ion 1.6 2.8 

TOTAL GASES 7.40 12.8 

TOTAL TRITIUM 2.57 4.44 

( a U l l four c a v i t i e s . 
( ^L i th ium and lead vapor w i l l condense on cold surfaces before reaching 

cryopumps. 

Table 6.2-3. Vapor Pressure of L i i 7 P b p - , at 500°C 

Li Pb 

Ac t i v i t y 1.3 x 10" 4 0 .81 

Pressure (pure), torr 2.86 x IO" 3 1 .69 x 10" b 

Pressure (above eu tec t i c ) , torr 3.7 x 10" 7 1 .4 x 10~ 5 

beams. The equi l ibr ium vapor pressures of l i th ium and lead above L i 1 7 P b 8 3 

are given in Table 6.2-3 and are less than the 10" 4 torr pressure in the 
chambers; therefore, most of the vaporized l i qu id metal w i l l recondense on the 
INP0RT un i ts . Any Li-Pb vapor that enters the vacuum or beam ports w i l l con
dense on the cold duct surfaces and w i l l not contaminate the cryopumps. 

The bismuth from the ion beam is chemically s imi lar to lead and w i l l d i s 
solve completely in the wetted wall with very l i t t l e vapor izat ion. Af ter 20 
years of operation the bismuth concentration in the l i qu id metal i s s t i l l less 
than 1 wppm, much less than the typical natural Bi impurity in the lead used 
in the 1iquid a l l o y . 



147 

6.2.3 Cryopumps 
The reactor chambers are evacuated with compound cryopumps, capable of 

pumping both the hydrogen isotopes and helium at the high volumetrie flow 
rates required. For each chamber, this requires pump speeds of 2.7 x 10 6 l / s 
for the hydrogen isotopes and 1.3 x 10 6 l/s for He in order to maintain the 
cavi ty at 10~ 4 to r r . The separation of hydrogen isotopes from helium on the 
cryosorption panels is extremely s h a r p . ^ By control led heating, the helium 
panel i s regenerated f i r s t , then the hydrogen isotopes are removed and sent to 
the fuel cleanup uni t. The on- l ine time for the pumps is two hours and the 
t r i t ium inventory in the pumps i s 0.37 kg. 

6.2.4 Fuel Cleanup 

The exhaust from the cryopumps enters the fuel cleanup unit where hydro
gen isotopes are separated from other gas impur i t ies, ch ie f l y hydrocarbons and 
s i lanes from reactions with the SiC. The fuel cleanup uni t i s patterned af ter 
the Trit ium Systems Test Assembly (TSTA) designs. ^ Impurities are f i r s t 
adsorbed onto molecular sieve beds at 75°K while hydrogen isotopes flow into 
the d i s t i l l a t i o n uni t. These impuri t ies are then recovered from the sieves 
and c a t a l y t i c a l l y oxidized to form t r i t ia ted water and t r i tium free compounds. 
The t r i t iated water i s condensed and e lectro lyzed to recover the t r i t i urn. For 
a flow rate of 360 mole/d of hydrogen isotopes TSTA has estimated an inventory 
in the fuel cleanup unit of 2.5 moles of hydrogen isotopes. In HIBALL the ex
haust contains 734 moles T 2 / d and 1175 moles D 2 /d giving an inventory of 31 g 
of t r i t i urn. 

6.2.5 Isotopic Separation Unit 
Hydrogen isotopes from the fuel cleanup uni t enter the cryogenic d i s t i l 

la t ion system in the atomic ra t io 12 H:2350 D:1467 T. The goals of the sepa
rat ion system are to separate and vent hydrogen, to form a pur i f ied D-T stream 
for the target manufacturing system and storage, and to form a pure D2 stream 
for the target in ject ion system. The separation scheme, patterned from the 
l i t e r a t u r e , ( 6 , 7 ) j s s nown in F ig . 6.2-2. The t r i t i urn inventory in the sepa
rat ion system is estimated as 83.4 g. 

6.2.6 Tri t i urn Considerations in Target Manufacture 
The de t a i l s of the target manufacturing system have not been addressed at 

th is time; thus the t r i t ium inventory in the target manufacturing process and 
the inventory that must be kept in storage as targets to insure production in 
case of a mal function are unknown. Thi s inventory wi11 be dependent on: 
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(1) the number of targets produced per day; 
(2) the time required to make a day's quantity of targets ; 
(3) the process used - batch or continuous; and 
(4) the amount of t r i t ium that must enter the recycl ing system due to re 

ject ion of targets that do not conform to spec i f i ca t i ons . 
The fusion targets for HIBALL must be produced economically at a rate of 

1.73 x 10 6 / d . Three possible pathways for target production are out l ined in 
F ig . 6.2-3. After selected steps in the manufacturing process, the product i s 
examined to insure i t meets certain s p e c i f i c a t i o n s , ^ and at th is point a 
number of targets may be re jected. If the rejected targets contain D-T, the 
fuel must be recovered and reprocessed. To minimize the t r i tium handl ing, the 
f i l l i n g of the targets with DT fuel should come as late in the manufacturing 
process as possible or at least fol lowing steps with large re ject ion ra tes . 

To minimize the t r i t ium storage for the target manufacturing system, the 
time required to f i l l the targets with DT should be as short as poss ib le . For 
instance, i f the DT fuel is d i f fused into a hollow s h e l l , the targets w i l l be 
produced in a batch process and the f i l l - t i m e w i l l be dependent on the per
meation rate of DT through the shel l at temperatures below the shel l melting 
point. In SOLASE^ two target designs were examined. P l a s t i c targets 
required a 1 day f i l l - t i m e resul t ing in a one day fuel storage, while glass 
targets required a f i ve day f i l1 - t ime with a f ive day fuel inventory in 
storage. The technique of preforming the Li-Pb shel l followed by d i f fus ion of 
the D-T, as given in Path I and Path III in F i g . 6.2-3 i s probably unreason
able because a l l of the Li in the shel l would form a deu te r ide / t r i t i de before 
any gas would penetrate the s h e l l . The hydride formation from l i t h i um^ 1 0 ^ re 
sul ts in nearly a 30% volume decrease. Such a large volume change would most 
l i k e l y s t ra in the shel1 so that i t would crack and d is in tegra te . 

While mic rodr i l l ing of laser targets and parts has been achieved, 
the f i l l i n g and sealing process as proposed in Path I has not been demon
strated. Although the d r i l l - a n d - f i l l process i s continuous, requir ing less 
t r i tium storage than batch processes, the high symmetry requirements of the 
target would probably resu l t in a high re ject ion rate of improperly sealed 
she l ls and a s ign i f i can t amount of t r i tium recycle and recovery. Therefore, 
this option remains unproven. 

Hoi low hydrogen shel1s have been prepared by introducing a stream of gas 
(12) 

bubbles into a control led jet producing uni form hydrogen spheres. Pre-
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Figure 6.2-3 

POSSIBLE PELLET MANUFACTURING SCHEMES 

STEP PROCESS TRITIUM RECYCI E? 

FORMATION OF Li-Pb SHELL NO 
DT FILL 
(a) BATCH GAS DIFFUSION YES 
(b) CONTINUOUS DRILL, FILL & SEAL YES 
Pb COATING YES 
CRYOGENIC PROCESS 

PATH I 

1 FORMATION OF CRYO. DT SHELL 
2 LI - Pb COATING 
3 Pb COATING 

YES 
YES 
YES 

PATH II 

1 FORMATION OF Li-Pb SHELL 
2 Pb COATING 
3 DT FILL 

(a) BATCH GAS DIFFUSION 
4 CRYOGENIC PROCESS 

NO 
NO 

YES 
PATH III 
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sumably DT shel ls could be produced by the same technique, then coated with 
the Li-Pb shel l followed by the lead overlayer. There are four major pro
cesses that have been developed for producing metal 1ic coatings onto micro
spheres^ 1 3 ^ : magnetic sputter ing, e lec t rop la t ing , e lec t ro less p la t ing , and 
chemical vapor pyro lys is . At present the sputtering technique seems to have 
the most general a p p l i c a b i l i t y . After the coatings are applied i n i t i a l coo l 
ing of the target freezes the DT nonuniformly. By vaporizing the inner coat
ing of fuel wi th a laser or heat pulse and quickly refreezing the DT, a un i 
form layer can be p roduced . ( 1 4 » 1 5 ) 

Hendricks et a l . proposed a process in which cryogenic spheres are trans-
(8) 

ported past sputtering guns which apply consecutive layers onto the sphere. K ' 
A cold helium gas j e t ' 1 6 ^ could be used to keep the targets frozen and l e v i 
tated as they pass the sputtering guns and qual i ty control apparatus. This 
process i s out l ined in Path I I . This method has the disadvantage of handling 
t r i t ium throughout the process; however, there i s no batch d i f fus ion step re
quir ing a large storage inventory. While the t r i tium reprocessing of imper
fect D-T spheres would be minimal, the processing af ter the coatings are 
appl ied would require more soph is t ica t ion . From a comparative standpoint, 
Path II is probably the superior method from t r i t ium considerat ions, assuming 
the coatings can be applied to high standards requir ing minimal t r i t ium re
cyc l i ng . 

Unt i l the de ta i l s of the target manufacturing system are known i t wi11 be 
assumed that one day's fuel ing supply (4.1 kg T) w i l l be involved in the 
target manufacturing system. 
6.2.7 Storage 

The storage requirements for HIBALL include a one day supply of targets 
to fuel the reactor (4.1 kg T) and a one day supply kept on uranium beds to 
feed into the target manufacturing system. (This storage inventory w i l l 
depend on the target manufacturing process as discussed in the preceding 
sect ion.) The storage inventory of 8.2 kg T represents a large f ract ion of 
the total inventory. 
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6.3 Blanket System 
6.3.1 So lub i l i t y of Tri t ium in L i 1 7 P b f i ? 

In order to determine the t r i t i urn inventory in the breeding material and 
the method of ex t rac t ion , the so lub i l i t y of t r i t ium in L i 1 7 P b 8 3 at the reactor 
temperatures (300-500°C) must be known. I hie et a l h a s determined the 
deuterium so lub i l i t y in Li-Pb a l loys at 677 and 767°C, much higher tempera
tures than the reactor condi t ions. 

Recent experiments conducted by Chan and V e l e c k i s ( 2 ) at Argonne National 
Laboratory indicate hydrogen s o l u b i l i t i e s that are f a i r l y temperature indepen
dent and lower than both the data found by Ihle et a l . The S ieve r t ' s constant 
used in this study for t r i t ium so lub i l i t y in L i 1 7 P b 8 3 at 500°C (based on the 
Argonne resul ts) i s 3.8 appm H / k P a 1 / 2 or 1.4 x 10" 2 wppm T / t o r r 1 / 2 which at 
10" 4 torr gives a t r i t ium concentration of 1.4 x 10" 4 wppm in L i 1 7 P b 8 3 . The 
mass of L i 1 7 P b 8 3 in the four chambers and the re f lec tors i s 1.78 x 10 7 kg, 
resu l t ing in a low t r i t ium inventory of 0.0025 kg. 
6.3.2 Tri t ium Breeding and Recovery 

The breeding ra t io of L i 1 7 P b 8 3 i s 1.25 resu l t ing in a breeding rate of 
4.4 x 10" 6 kg l / s in each chamber. The L i 1 7 P b 8 3 a l loy (4.5 x 10 6 kg/ chamber) 
serves both as breeder and coolant and i s c i rcu la ted through the power cycle 
at a rate of 3.38 x 10 8 kg/hr, so that the average residence time of the coo l 
ant in the chamber i s 48 s. At a T 2 par t ia l pressure in the chamber of 10" 4 

to r r , the concentration of t r i t i urn in the a l loy i s 1.4 x 10~ 4 wppm. 
The pressure that must be maintained in the reactor to allow the t r i t ium 

A f 1 \ 

to be released from the l i qu id metal i s less than or equal to 10" to r r . 
The quantity of bred t r i t ium that must be extracted i s 7.4 x 10" 4 mole T 2 / s . 
This i s a volumetric flow rate of 3.7 x 10 5 l / s at 700°K and IO" 4 to r r . The 
high pumping rate necessary to remove the exhaust between shots (~ 4 x 10 6 l / s 
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Table 6.3-1. Breeder and Coolant Charac ter is t ics Per Chamber 

Blanket temperature (°C) 
In let 330 
Outlet 500 

Tr i tium concentration (wppm) 

Inventory (kg) 
1.4 x 10 - 4 

Trit ium 6.24 x 10" 
4.46 x 10 6 

-4 

L i ' l 7 P b 8 3 
Tri t ium Breeding 

Ratio 
Rate (kg/s) 

Flow Rate (kg/s) 
L i 1 7 P b 8 3 

1.25 
4.4 x 10" 6 

9.4 x 10 4 

at 10" 4 torr and 700°K), is su f f i c i en t to remove the t r i t i urn at the breeding 
rate and a separate extract ion uni t w i l l not be needed. The breeder and coo l 
ant charac ter is t i cs are summarized in Table 6.3-1. Although the d i f fus ion of 
t r i t ium in L i 1 7 P b g 3 i s unknown, the high surface area of the flowing l i qu id 
metal in the chamber should allow easy release of t r i t ium from the eutect ic 
into the chamber. 
6.3.3 Si 1 icon Carbide Interactions with Hydrogen Isotopes 

The s i l i c o n carbide tubes are surrounded wi th the a l loy containing 1.4 x 
10 " 4 wppm t r i t ium in equi l ibr ium with 10" 4 torr T 2 pressure in the gas phase 
and 500°C, resul t ing in some solut ion of the t r i t ium in the s i 1 icon carbide. 
Experiments on deuterium so lub i l i t y in SiC at 1000 to 1400°C^4^ are shown in 
F i g . 6.3-1. The s o l u b i l i t y i s very temperature dependent, decreasing as the 
temperature increases. A 0.61 power pressure dependence on the so l ub i l i t y was 
determined, indicat ing that the hydrogen dissolves monatomically. I t also can 
be observed that the temperature dependence d i f f e r s substant ia l ly for vapor 
deposited ß-SiC and powdered a-S iC. The so l ub i l i t y i s apparently due to 
chemical bond formation between hydrogen atoms and the l a t t i c e atoms. The 
presence of Si-H and C-H bonds have been o b s e r v e d ^ in reactions of SiC with 
hydrogen ions. 
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Table 6.3-2. Thermodynamics for Hydrogen-Si 1 icon Carbide Interact!' ons 
Free 1 Energy 

(kcal/mole) 
H 2 Interact ions 600°K 700°K 800°K 

a-SiC(s) + 2 H 2(g) * Si (s) + CH 4(g) 10.45 12.70 15 .03 

a-SiC(s) + 1/2 H2(g) -*• Si (s) + 1/2 C 2H 2(g) 38.85 37.98 37 .13 

a-SiC(s) + 2 H 2(g) * SiH 4(g) + C(s) 35.41 37.51 39 .65 

H Interact ions 
a-SiC(s) + 4H(g) - Si (s) + CH4(g) -168.9 -161.5 -153.9 
a-SiC(s) + 1 H(g) * Si(s) + 1/2 C 2 H 2 (g) - 6.00 - 5.58 - 5.11 
a-SiC(s) + 4 H(g) * SiH 4(g) + C(s) -144.0 -136.7 -129.3 

F ig . 6.3.-1. Hydrogen so lub i l i t y in SiC compared to metals. 

I200°C IOOO-C 800°C 

0.5 0.6 0.7 0.8 0.9 1.0 I.I 

I0 3 /T ( °K) 
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Due to the large exothermicity of the d issolv ing process, extrapolat ions 

to the lower temperatures of the INPORT tubes resu l t in high t r i t ium inven

to r i es . Because of the potent ial for chemical bond formation, such an extrap

olat ion may not be v a l i d , however, because other chemical equ i l i b r i a may pre

dominate at the lower temperatures. A lso , i t i s impossible to predict that 

the f ibrous 8-SiC w i l l behave s imi la r ly to the vapor deposi ted ß-SiC As an 

i n i t i a l estimate, therefore, the hydrogen s o l u b i l i t y at the lowest temperature 

measured, 1000°C in F i g . 6 .3-1 , was assumed to be representative of the so lu 

b i l i t y at the lower temperatures. At 1000°C and 10~4 torr T 2 pressure, the 

t r i t ium so lub i l i t y is calculated to be 0.5 wppm (T/S iC) , resu l t ing in an i n 

ventory of 0.008 kg in 1.6 x 10 4 kg of the SiC INPORT tubes. 

Thermodynamic^ ca lcu lat ions for s i l i c o n carbide reactions with hydrogen 

to produce hydrocarbons and si lanes are given in Table 6.3-2. Hydrogen 

molecular reactions are unfavorable, while hydrogen atomic reactions have 

negative free energies. The SiC f ibers are coated with a layer of 1iquid 

metal which should protect them from gaseous hydrogenic react ions; however, 

hydrogenic atoms dissolved in the l i qu id metal may lead to the formation of 

gaseous hydrocarbons and s i lanes. The magnitude of these potential reactions 

requires further experimental invest iga t ion . 
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6.4 Tr i tium Containment Systems 
The act ive t r i t ium inventory in the HIBALL f a c i l i t y i s 4.6 kg or 4.6 x 

10 7 C i , with an addit ional inventory of 8.2 kg or 8.2 x 10 7 Ci in storage and 

target manufacture. Tri t ium is being processed at a rate of 4.4 x 10 7 C i / d in 

the fuel cycle and 4.1 x 10 7 C i /d in the target fabr icat ion f a c i l i t y . Losses 

of t r i t ium to the environment must be l imi ted to 10-100 C i / d . By the use of 

containment schemes s imi lar to those found in the T S T A ^ design and in a 

previous reactor d e s i g n , ^ low t r i t i urn losses are predicted, as di scussed in 

Chapter 9. 

6.4.1 Permeabil i ty of Tri t ium into Steam Cycle 

The complete power system has not been designed in the HIBALL-II study; 

however, i t w i l l be conceptually s imi lar to the l i qu i d metal/steam cycle 

system considered for M A R S . ( 2 ) The most d i f f i c u l t t r i t ium loss pathway to 

control i s the permeation of t r i t ium from the L i 1 7 P b 8 3 breeder/coolant through 

the wal ls of the steam generator. Once in the steam cycle the t r i t ium is 

generally considered l os t to the environment because the t r i t ium exchanges 

with protium forming HTO. Separation of HTO from the bulk of the steam i s 

technica l ly d i f f i c u l t and e x p e n s i v e . w / 

Hydrogen permeation data for HT-9, the a l loy in the steam generator 

tubing, and chromium f e r r i t i c steels has been r e v i e w e d . T h e t r i t ium perme

ation through clean HT-9 can be expressed by the re la t i onsh ip , 

1 o ir>3 mr>n mole T 0 mm 
n 1.8 x 10 n v n r 1U001 2 
p = exp C—rj J 2 ~T72 ' 

/3 d m atm 

For HIBALL: 
Tube thickness = 1 mm Pressure above coolant = 10~ 4 torr 

Area = 5.2 x 10 4 m2 Temperature range = 315-490°C 

In order to ca lcu late the total tr i t iurn loss to the steam cyc le , the area of 

the tubing i s assumed to have a l inear re la t ionship with temperature, and the 

permeation in each temperature range i s plotted against area (m ), F i g . 6 .4-1 . 

The area under the curve represents the total loss of t r i t i urn, 33 g T 2 /day . 

Losses of th is magnitude are unacceptable and must be minimized. 
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6.4.2 Reduction of Tri t ium Permeation 

One factor which reduces the permeation i s an oxide layer on the steam 
side of the heat exchanger. In s i tu formed oxide coatings are e f fec t ive in 
reducing t r i tium p e r m e a b i l i t y ^ . For f e r r i t i c steels at 660°C, permeabi 1 i -
t ies are reduced by factors of 100 or more due to the oxide coat ing. At lower 
temperatures (315-490°C) the ab i1 i t y to maintain an e f fec t i ve oxide coating 
d e c r e a s e s . ^ For HIBALL the permeability through HT-9 is assumed to be de
creased by about a factor of 10 due to the oxide layer on the steam generator 
side of the tubing. 

Another method of achieving 1ower losses of t r i tium to the steam cycle 
includes formation of a permeation res is tant nickel-aluminide l a y e r ^ on the 
1 iquid metal side of the tubing. This i s accomplished by addi t ion of aluminum 
to the l iquid-metal coolant, which forms an a 1uminurn layer on nickel a l loy 
surfaces, reducing the permeation by a factor greater than 100 for 304 SS at 
550°C. The HT-9 a l l oy , however, is low in nickel and thus would not be adap
table to th is scheme. The use of a metal in the steam generator d i f fe ren t 
from that in the reactor may cause enhanced corrosion through mass t ransfer 
mechanisms. 

Work has been done on the development of mult i layered metal composites 
and impurity coated refractory metals as t r i t ium ba r r i e rs . ^ Reductions of a 
factor of 50 have been demonstrated for s ta in less steel structures containi ng 
an intermediate layer of Cu-Al-Fe a l loy at 600°C. Meta l l i c coatings with low 
hydrogen permeabil ity coe f f i c ien ts would also present a barr ier to the t r i t i -
urn. 

An assumed a factor of 10 reduction in permeation due to the oxide coat

ing resul ts in 3.3 g T 2/day l os t to the steam cyc le . In order to further re 

duce th is quant i ty, the tubes in the steam generator w i l l have a double-walled 

construct ion, wi th a purge gas containing a low par t ia l pressure of 0 2 sweep

ing the tubing g a p ^ as discussed in Chapter 8. Al though double-walled 

tubing is expensive and d i f f i c u l t to p r o d u c e , ^ th is concept provides an ef 

fect ive t r i t ium containment scheme. The oxygen in the purge gas maintains an 

oxide layer which converts t r i t ium to HTO by combining i t wi th the hydrogen 

that d i f fuses through the steam s ide. The permeating t r i tium appears to com

bine wi th the oxide on the metal and does not depend upon a gas phase re 

act ion. ( 1 0 ) This s ign i f i can t l y reduces the free t r i t ium par t ia l pressure, and 
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Table 6 . 4 - 1 . Parameters in Steam System 

Tri t ium d i f fus ion from the LiPb side 3.3 g/d 

Steam generator surface area 5.2 x 10 4 m2 

Trit ium d i f fus ion rate 1.5 x 1 0 1 0 atoms T/cm 2 v 

0 2 pressure in purge gas 1 torr 
Maximum HTO pressure 0.1 torr 

Temperature range 315-490°C 
Required purge gas flow rate 5.3 Ä/s 

HT par t ia l pressure in gap 1 x I O - 1 6 tor r 
Total t r i t ium loss to water 0.02 C i / d 

F ig . 6.4-1 

I I t I I . 1 
0 1 2 3 4 5 

AREA (m)2x IO 4 



159 

thus reduces the d i f fus ion dr iv ing force to the steam s ide, as discussed in 
Section 8.3. 

If the oxygen par t ia l pressure in the purge gas i s assumed to be 1 torr 
and the maximum HTO pressure allowed in the gap i s 0.1 to r r , then the vo lu
metric flow rate of the purge gas is 5.3 V s . The HT pressure in the gap i s 
about I O " 1 6 to r r , resu l t ing in - 10" 2 C i /d loss to the steam generator. The 
parameters for the steam cycle are given in Table 6.4-1. If the steel forming 
the gap oxidizes too rap id ly , the oxygen pressure can be reduced to 10" 2 to r r , 
which increases the t r i tium permeation to only 1 0 _ 1 C i / d . 

The HTO that i s formed in the purge flow i s condensed and sent to a fuel 
cleanup unit where t r i t i a t e d water i s e lect ro lyzed and hydrogen isotopes are 
then sent to the cryogenic d i s t i l l a t i o n system for separat ion. 

Secondary and te r t ia ry containment schemes have not been addressed in de
t a i l . However, the designs for containment in the TSTA f a c i l i t y ^ w i l l be 
tested in the near future, providing essent ia l information to the fusion com-
muni ty on the aspects of t r i t i urn handling and containment. 
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7. MATERIALS 
7.1 Introduction 

The materials problems in HIBALL-II can be categorized according to where 
the materials are located, for example: 
A. Inside Reactor Cavity 

i ) SiC tubes 
i i ) HT-9 support structure 

B. Reflector Region 
i ) HT-9 structure 

C. Reactor Vessel Shield 
i ) HT-9 structure 

i i ) Pb gamma shie ld 
i i i ) B4C neutron absorber 

Si nee the most severe problems are associated wi th those components inside the 
vessel and in the re f lec to r region we w i l l concentrate on those areas. 

A great deal of deta i l about the i r rad ia t ion environment was given in 
HIBALL-I and that wi11 not change in HIBALL-II. However, two more nuclear 
materials issues have arisen during the design of HIBALL-II. They are: 

1. Compatibi l i ty of SiC with high temperature LiPb a l l o y s . 
2. Corrosion rate of HT-9 in L i 1 7 P b g 3 . 

11 has also been discovered that since HIBALL-I was published in 1981, 
new information on the radiat ion damage res i stance of SiC and HT-9 has become 
ava i lab le . We w i l l b r ie f l y review the new non-nuclear and nuclear materials 
i ssues in the remainder of th is chapter. 

7.2 Compatibi l i ty of SiC at High Temperature 

There have been three independent but rather quali ta t ive experiments on 
the compat ib i l i ty of SiC in Li-Pb a l l o y s . ^ ~ 3 ^ Al 1 of the experiments i n d i 
cate that above 600°C, there seems to be 1 i t t l e corrosion of SiC by Li-Pb 
a11oys. A summary of the experimental information i s given beiow. 

SiC Material Corrosive F lu id Temp.-°C Time-hr Ref. 
Not stated Stat ic Li 815 100 1 

Sta t ic Pb 815 100 1 
Beta SiC Fibers Stat ic L i j j P b g 3 600 4500 2 
Alpha SiC-Sintered Sta t ic L i 1 y P b g 3 300-700 100 3 
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The f i r s t experiment 1 ; was performed in 1960 and showed that in pure L i , 
more than a 3 mi l l (or 6% wt change) or a 3% dimensional change occurred at 
815°C for 100 hours. However, the same material showed essent ia l l y no pene
t ra t ion , weight change or dimensional change af ter 100 hours in pure lead at 
the same temperature. Since the ac t i v i t y of Li in L i 1 7 P t > 8 3 i s about 1 0 " 4 , the 
potential for corrosion of L i 1 7 P b 8 3 would be s ign i f i can t l y less than for pure 
Li and probably more l i ke the case for pure lead. 

The second expe r imen t ^ involved beta SiC f ibe rs , marketed under the 
trade name of Nicalon®, inserted in L i 1 7 P b 8 3 for 4500 hours at 600°C. It was 
found that the L i 1 7 P b 8 3 completely wet the f ibers and no dimensional changes 
were observed. This behavior may have been unique to the f ibers because the 
pyro ly t ic treatment used to prepare the f ibers introduces excess carbon and 
oxygen into the matrix. Consequently, the stoichiometry of the f ibers i s 
approximately SiC1 3 0 Q 4 . The excess C and 0 may increase the resistance of 
the f ibers to corrosion by lead-1ithiurn a l loys and further work is required to 
quantify the information. 

The th i rd expe r imen t^ was performed by sc ien t i s t s at Interatom. They 
subjected large pieces of sintered alpha SiC to a s ta t i c L i 1 7 P b 8 3 corrosion 
test at 300, 400, 500, 600 and 700°C. They found s ign i f i can t in teract ion 
between the alpha SiC and the LiPb a l loy between 300 and 500°C, very l i t t l e 
attack at 600°C and almost no attack at 700°C af ter 100 hours. I t i s not 
c lear whether there i s a di f ference in the behavior of alpha and beta SiC and 
future studies should examine th is p o s s i b i l i t y . 

In summary, the meager data which i s avai lable indicates that at 600°C 
and above, there should be no problem with corrosion on beta SiC f i be rs . How
ever, there is some concern for the abnormal behavior of alpha SiC at lower 
temperatures and th is needs to be invest igated further. 

References for Section 7.2 
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7.3 Corrosion of HT-9 with L i ^ P b ^ 
Since the HIBALL-I report a few data points have been generated with 

respect to HT-9 and flowing (3 cm/s) Li^yPbgß. ^ The two data points are 
shown in F i g . 7.3-1 and a st ra ight l ine has been drawn through the data points 
to extrapolate to other temperatures. The corrosion ra te , C, can be 
approximated by the fol lowing equation; 

In C = 17.95 - ±±$11 (mg m" 2 hr" 1 ) . 
T( °K) 

The maximum corrosion rate at 500°C is approximately 20 microns/y per m 2. 
This is obviously not a thinning problem in the out le t tubes because af ter 21 
FPY 's , th is would only amount to a loss of 0.4 mm and the tube i s expected to 
be several cm th ick. However, there i s some concern about the plugging of 
heat exchanger tubes wi th the corrosion products genera ted. A detai led 
analysis of a simi la r HT-9/LiPb system in M A R S ^ showed that even wi th far 
more HT-9 surface area, the plat ing out of the corrosion product was not 
severe. Furthermore, inh ib i tors such as Al or Mg can be used to lower the 
corrosion rate fur ther. 

In summary, excessive corrosion of the HT-9 heat transfer tubes is not 
found to be a problem. Future experiments at higher temperatures and wi th 
inh ib i tors or impuri ty cleanup systems need to be performed to develop more 
quant i tat ive information. 

References for Section 7.3 

1. "Blanket Comparison and Select ion Study, Final Report," Argonne National 
Laboratory Report ANL/FPP-84-1, September 1984. 

2. "MARS - Mirror Advanced Reactor Study," Lawrence Li vermore Report UCRL-
53480, July 1984. 

7.4 I r rad iat ion Ef fects to SiC 
The e f fec ts of i r rad ia t ion on swel1ing of SiC were reviewed in HIBALL-I. 

No new information was found up to the publ icat ion of HIBALL-II. However, 
there i s some new data on the e f fec t of neutron i r rad ia t ion on the thermal 
conductivi ty of SiC and that i s included be 1ow. 
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Tempsrature C O 
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F i g . 7.3-1 Extrapolat ion of ANL corrosion data for the H T - 9 / L i 1 ? P b 8 3 system. 
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I t i s well known that i r rad ia t ion tends to reduce the thermal conduc
t i v i t y of ceramic materials l i ke SiC and i t i s important to factor th is into 
any heat transfer ca lcu lat ions wi thin the INPORT uni t s . A further compli-
cation is the fact that the thermal conductivi ty of SiC is reduced as the 
temperature i s ra ised. Figure 7.4-1 i l l u s t r a t e s the temperature e f fec t on 
pyro ly t ic and seif-bonded S iC. ^ The unirradiated values can vary from 40 to 
90 W n f V 1 at 500°C. 

When ei ther the high or lower conductivi ty material is i r rad ia ted to 
1 0 2 6 n nf 2 , the thermal conductivi ty drops to 10-20 W m ^ K " 1 . This level of 
i r rad ia t ion corresponds to roughly 10 dpa or 1 MW-y/m . Hence, a value of 
15 W m"1K~1 w i l l be used for the HIBALL-II study. 

References for Section 7.4 

1. "INT0R - International Tokamak Reactor", Phase 2A, Part 1, IAEA, Vienna, 
1983, p. 251. 

7.5 Radiation Ef fects to HT-9 Structure 

There has been a considerable body of data reported on i r rad ia ted HT-9 
since the analysis for HIBALL-I in 1981. The most recent summary of that data 
appears in Re ferenee 1. In general, the favorable propert ies of HT-9 have 
been substantiated and the or ig ina l choice of th is al1oy is s t i 1 1 v a l i d . The 
purpose of th is section i s to b r i e f l y quote information which has become 
avaiIable since the HIBALL-I report. 

The ant ic ipated damage environment for the HT-9 structural material in 
the chamber re f lec to r region i s given in F i g . 7.5-1 as a function of the 
e f fec t i ve tube thickness. Since the HIBALL-II designs ca l1s for a gross tube 
thickness of 2 meters at a 33% packing densi ty, there i s 66 cm of e f fec t i ve 
material (LiPb/SiC) between the target and the structural mater ia l . The 
maximum damage rate at the HT-9 wall behind the INP0RT uni ts i s then: 

Per FPY Per 21 FPY's 

dpa 2.7 56.7 
appm He 0.4 8.4 
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The HT-9 wall i s expected to operate in the 350 to 520°C range. I t is there
fore reasonable to examine the expected performance of HT-9 under such 
condit ions with respect to swell ing or the s h i f t in the duct i le to b r i t t l e 

22 

t rans i t ion temperature (DBTT). The conversion of 5 dpa per 1 0 " f i s s i o n 

neutrons w i l l be used in the fol lowing ana lys is . 

7.5.1 Void Swell ing 
Considerable data on swell ing of HT-9 has been reported in the past few 

years. General ly, the overal l swell ing is reported as 

where S Q i s the void induced swell ing 
D i s the dens i f icat ion due to phase transformations. 

The swell ing due to void formation in HT-9 can be expressed as 

S o = R {d + \ In [• 
1 + exp[ct(c-d)] 
1 + exp(ctT) ]} 

where R 
d 

a 
T 

swell ing rate in 0.0625% per dpa 
dpa 
curvature parameter, 0.014 per dpa 
incubation parameter 

T = C x exp {C2 [T -C 3 ] 2 } 

72 dpa 
3 x IO" 4 per °K2 

673 °K . 

The volume due to phase changes i s 

D = D* [1 - exp (-Ad) ] 

where D* = dens i f icat ion saturation parameter = - 0.15% 
X = dens i f icat ion time constant = 0.0625 per dpa. 
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The maximum swell ing w i l l occur at the 520°C, 57 dpa l e v e l . Si nee this 
is s t i 1 1 below the incubation dose for swell ing in HT-9 (75 dpa at 520°C) no 
void induced swel1ing is expected. However, there w i l l be some den s i f i c a t i o n 
due to precip i tate formation and that is predicted to be ~ 0.15%. 

A note in added proof of the superior resistance of HT-9 to void induced 
swell ing is shown in F i g . 7.5-2. The swel1ing of simple and commercial 
austen i t ic a l loys reveals that greater than 10% volume change is observed by 
damage levels of 20 or 60 dpa respect ive ly . Simple f e r r i t i c s extend the 
incubation dose to 50 dpa or more and no s ign i f i can t swel1ing i s observed 
between 30 and 60 dpa, depending on the par t icu lar heat treatment. Even more 
advanced a l loys such as PCA (not shown in F i g . 7.5-2) are expected to reach 
the 1% per dpa value at damage levels exceeding 70 to 100 dpa. In contrast , 
commercial f e r r i t i c steels have not exhibi ted more than 1% swel1ing in exper i 
ments conducted up to 100 dpa. When f e r r i t i c s do pass beyond the t rans i t ion 
f luence, they are not expected to swel1 faster than 0.1% per dpa. Based on 
breeder reactor experience, i t appears that the re f lec tor components exposed 
to the highest neutron f lux for the l i fe t ime of HIBALL-II would swel1 about 10 
to 20% i f made of 20% CW type 316 s ta in less s t e e l . Although the re f lec to r 
designs contemplated for HIBALL-II could accommodate a 1inear expansion of a 
few percent due to swel1ing, i t i s doubted that a s i gn i f i can t l y larger expan
sion could be accommodated in a power-producing fusion reactor. Therefore, 
the f e r r i t i c s ta in less steels were chosen for HIBALL-II. 

The conclusion to be drawn from this analysis is that there should be no 
problem from dimensional changes in the HT-9 wall behind the INPORT uni ts 
during the f u l l reactor l i f e t ime . 

7.5.2 I r rad iat ion Induced Sh i f t in the Duct i le to B r i t t l e Transi t ion 
Temperature 

The duct i le to br i t t l e transi t ion temperature (DBTT) can be defined as 
the intersect ion of the fracture and y i e l d stresses when each is piotted as a 
function of temperature. At temperatures lower than the DBTT, the material 
w i l l fracture in a b r i t t l e fashion before i t reaches i t s y i e l d point . 
I r rad ia t ion tends to ra ise the DBTT by introducing vacancy and i n t e r s t i t i a l 
d is locat ion 1 oops as well as precip i tates which may harden the a11oy. An 
example of the upward s h i f t in the DBTT wi th neutron i r rad ia t ion is shown in 
F i g . 7 . 5 - 3 . ^ After i r rad ia t ion at 427°C to approximately 5 dpa the DBTT i s 
increased from 0°C to 100°C. 
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Another recent study by Laurtzen and Vaidyanathan v ' showed that at 13 
dpa, the sh i f t in the DBTT ranges from 140°C (at 390°C) to 50°C (at 450 and 
500°C) (see F ig . 7.5-4). Above 500°C the ADBTT increases again to about 75°C. 
These resul ts suggest that i r rad ia t ion in the 350 to 500°C temperature range 
to 57 dpa might ra ise the DBTT to 150 to 200°C at the cold end (350°C) of the 
blanket and to 50 or 100°C in the hot end (520°C). 

In ei ther case severe consequences are not expected because the melti ng 
point of the L i 1 y P b 8 3 i s 235°C and the blanket temperature never reaches th is 
point . If the Li-Pb a l loy was drained out of the blanket for some reason hot 
He gas (~ 500°C) could be c i rcu la ted in order to anneal out much of the damage 
which caused the upward sh i f t in the DBTT. 

References for Section 7.5 
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F e r r i t i c Al loys for Use in Nuclear Energy Technologies", AIME, 
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2. Proposed equation for Stress Free Swell ing of HT-9 in Fusion Mater ials 
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3. F.A. Smidt, J .R . Hawthorne and V. Provenzano, ASTM Special Technical 
Publ icat ion No. 725, 1981, p. 269. 

4. T. Laurtzen, W.L. Bel 1 and S. Vaidyanathan, p. 623 in "Proceedings of 
Topical Conference on F e r r i t i c Al 1oys for Use in Nuclear Energy 
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8. HEAT TRANSFER CONCEPTS 
8.1 Double Walled Steam Generator Concept 

8.1.1 Heat Exchanger Arrangement and Power Cycle 

The power cycle for the LiPb blanket is presented in F i g . 8 .1-1. The MWt 

heat input is s p l i t in two places to increase the ef fect iveness of heat t rans
fe r . The steam system is 16.6 MPa/482°C reheat. The heat transfer tempera
ture diagram, F i g . 8.1-2, i l l u s t r a t e s the effect iveness of the cycle over a 
system where the f i r s t stage reheat and economizer do not share the blanket 
heat. The evaporator pinch point is moved from 23.5 to 30% of the total heat 
transferred and the AT i s raised from 15 to 25°C. This causes a larger log 
mean temperature di f ference (LMTD) in the evaporator, f i r s t stage reheater and 
the economizer which reduces heating surface requirements and Li Pb inventory. 
A larger pinch point AT also encourages invest igat ion of a higher steam cycle 
pressure wi th potential improvements in steam cycle e f f i c iency over that which 
can be achieved at 16.6 MPa. 

8.1.2 Double Walled Steam Generator 

Heat exchange equipment for the HIBALL power cycle must f u l f i 1 1 exacting 
requirements while at the same time retain design features acceptable to the 
u t i 1 i t y industry. The design requirements of l i qu id metal to water heat 
exchangers are complicated by: 

The component must provide a t r i tium d i f fus ion barr ier between blanket 

coolant and steam cyc le . 
The component design must permit pract ica l inspection and maintenance pro
cedures in spite of radiat ion levels produced by act ivated corrosion pro
ducts present in the blanket coolant. 

The design described in F igs . 8.1-3 through 8 . 1 - 6 ^ was created to meet the 
above requirements. It provides the fol lowing features: 

1. Provision of an adequate t r i tium di f fusion bar r ie r . 
2. Detection of potential tube defects that could lead to metal/water 

react ions. 

3. Avoidance of size 1imi tat ion problems typical of double walled heat 
exchangers. 

4. Detection, locat ion and repair of leaks by conventional methods (eddy 
current) . 

5. Compact construct ion. 

6. Conventional component assembly. 
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LIQUID METAL OUT 

F i g . 8.1-3. Conceptual arrangement of steam generator. 

-A 

F i g . 8.1-4. Barr ier tube to inner tubesheet d e t a i l . 
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F ig . 8 .1 -6 . Tube support d e t a i l . 
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The space between inner and outer shel1s and between inner and outer wal1s of 
each tube assembly is f i l l e d with helium at 1 atm containing oxygen at a 
par t ia l pressure of one tor r . A pumping systern (not shown) is used to c i r c u 
late this gas longi tud inal ly through each tube wall gap as.a sweep (or 
monitor) gas to detect water vapor. 

The hemispherical heads shown in F i g . 8.1-3 are s imi lar in configuration 
to those used for "once through" PWR steam generators. Thus the tube inspec
t ion and repair equipment developed for th is equipment is appl icable to the 
design shown in the above f igure. This equipment has been used s a t i s f a c t o r i l y 
to perform inspection and maintenance work in radiat ion leve ls up to about 15 
rem at the hemispherical head tube face. 

To cope with higher radiat ion l eve l s , the manways can be replaced by f u l l 
opening c losures, which in turn w i l l permit use of rotat ing plugs and other 
equipment developed in the past for hot maintenance. The e f fec t of act ivated 
corrosion product radiat ion on inspection and maintenance tends to be min i 
mized by the fo l lowing: 

1. Ver t ica l (instead of horizontal) tube sheet faces which reduce co l lec t ion 
of corrosion par t i c les on the surfaces. 

2 . Inner and outer tube sheets with a space in between which attenuates 
streaming of gamma rays through tube ID's. 

3. Corrosion products w i l l tend to co l l ec t at the top of the inner s h e l l . 
Radiation from this locat ion w i l l not be in 1ine wi th tube sheet holes. 

8.1.3 Tr i tium Isolat ion 

One of the most d i f f i c u l t problems associated wi th using L i i 7 P b g 3 i s 
t r i t ium confinement. The very low t r i t ium so lub i l i t y in L i 1 7 P b 8 3 resul ts in a 
very high t r i tium par t ia l pressure. The most vulnerable region in the primary 
loop for t r i t ium leakage is the primary heat exchanger. To improve heat 
t ransfer , the surface of the heat exchanger i s large and wi th thin-wal led tube 
construct ion. Therefore, an e f fec t ive t r i tium d i f fus ion bar r ie r is required 
between the primary loop and the steam cycle to reduce the t r i tium leakage to 
an acceptable l e v e l . 

The t r i tium permeation through a single surface steam generator has been 
discussed irt Section 6.4.1 and was shown to resu l t in a release of 33 g/day, 

5 
i . e . 3.3 x 10 curies per day. To reduce th is release to an acceptable l e v e l , 

c 
a t r i tium di f fusion barr ier of 10 is needed. 
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In the HIBALL design, a double walled heat exchanger i s used to provide 
the required t r i t ium d i f fus ion bar r ie r . The construct ion, with two tubes in 
close contact, was shown in F i g . 8.1-5. A helium purge with 1 torr of oxygen 
pressure passes through the channels to provide an ox id iz ing atmosphere be
tween the two tubes. The oxide f i lms formed between the two tubes, as well as 
the oxide f i lm on the water s ide, provide an e f fec t ive d i f fus ion ba r r i e r . 

Figure 8.1-7 shows two t r i t ium d i f fus ion paths through the double-walled 
steam generator. This i s an enlarged f igure around one contact point between 
the tubes. 

Path 1: Through wall 1, across the gap and through wall 2. 

Path 2: Through the contact point . 
Path 1 

The resistance to d i f fus ion across the gap i s the product of the r e s i s 
tance due to the oxide f i lms and resistance due to the gap. The resistance of 
the gap was calculated using d i f fus ion theory with the removal of t r i t ium 
represented by an e f fec t ive mean free path based on simple k ine t i c theory. 
Thus, each c o l l i s i o n of a t r i t ium molecule resu l ts in i t s removal. Figure 
8.1-8 shows the attenuation factor due to the gap as a function of the gap 
width while F i g . 8.1-9 shows the attenuation factor due to the combined e f fec t 
of three oxide coatings as a function of the single oxide coating layer 
factor . If the gap width i s 10~3 cm, the attenuation factor due to the gap i s 
3 x IO" 3 . To obtain a total attenuation factor of IO " 5 , an attenuation factor 
of 3 x IO" 3 i s needed from the oxide coat ings, which corresponds to a s ingle 
layer factor of 20. Experiments have indicated that a single layer factor of 
a few hundred i s avai lable for f e r r i t i c s t ee l . It can be concluded, there
fore, that the attenuation factor of << 10~ 5 i s avai lable for t r i t ium leakage 
across the gap. 
Path 2 

A two-dimensional, f i n i t e di f ference t r i t ium d i f fus ion ca lcu la t ion was 
performed for t r i t ium leakage along path 2. The resu l t shows that an attenu
at ion of 1 0 ' 5 i s also avai lable along th is path. The total attenuation i s the 
sum of the attenuation along those two paths and i s , therefore, < 1 0 " 5 . 

Numerous questions and uncertaint ies remain to be invest igated with re
spect to these double-walled heat exchangers. In the previous ca lcu la t ions i t 
was assumed that the t r i t ium oxygen reactions occurred essen t ia l l y instantane
ously. Whether th is actual ly i s the case remains to be seen. However, recent 
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F i g . 8.1-7. Tri t ium d i f fus ion path. 

GAP WIDTH, cm 

F ig . 8.1-8. Attenuation factor due to gap. 
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SINGLE OXIDE LAYER FACTOR 

F i g . 8.1-9. Attenuation factor due to three oxide coat ings. 
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experiments being performed at IMELv y indicate even i f that i s not the case 
the t r i t ium is s t i l l converted. These experiments appear to show that the re
act ion takes place not in the gap but wi th the oxygen in the surface oxide 
layer of the tubes. If th is is so, then the oxygen in the gap need only be 
present at a level to maintain the oxide layer on the tubes. If the t r i t ium 
penetrated the f i r s t wal1s of the steam generators at the previously mentioned 
ra te , i . e . 3.3 x 10 5 C i /day, in the form HT, only 176 grams of oxygen per day 
would have to be introduced into the system to maintain the oxide layer . 
Since the oxide layer need not be thick and can be cont ro l led , concerns re
garding the growth of the oxide layer to the point where i t f i l l s the gap may 
be a l l ev ia ted . Only an experimental program can answer these concerns s a t i s 
f a c t o r i l y . The presence of the gap - any gap - is going to have a deleter ious 
e f fec t on heat t ransfer. A very preliminary estimate is that th is e f fec t may 
increase the steam generator surface area by about 25%. As above, an exper i 
mental program with systems wi th spacing sat is factory for t r i tium retention is 
required to assess th is question f u l l y . 

8.2 Sodium Intermediate Loop Concept 
8.2.1 Introduction 

The double-walled steam generator presented in Section 8.1 i s a very at 
t ract ive concept, and i t has been chosen as the reference concept from the 
considerations of plant power f low, cost , e t c . , for th is report . Since, how
ever, i t s f e a s i b i l i t y is not f u l l y establ ished we b r i e f l y discuss an a l t e r -
nat ive, more conventional s y s t e m ^ of the kind used in present-day l i qu id 
metal fast breeder reactors. 

8.2.2 Design 

For reasons of component s i z e , i t i s considered to use two L i i 7 P b 8 3 p n ' ~ 
mary c i r cu i ts , intermediate heat exchangers (IHX) and sodi urn secondary c i r 
cu i ts per reactor chamber and three steam generators (SG) per secondary c i r -
c u i t . Some parameters are given in Table 8 .2-1 . 
8.2.3 Trit ium Isolat ion 

Apart from t r i tium permeation barr iers in the form of oxide layers , the 
mechani sm for reducing t r i t ium losses to the water/steam side d i f f e r s from the 
one used in the double-waI led SG concept. There, the t r i tium is oxidized into 
HTO by the purge gas; in the sodium secondary c i r c u i t , t r i t ium would accumu
late as NaT in the cold trap of the sodium pur i f i ca t ion bypass. The t r i t ium 



180 

Table 8.2-1. Parameters for Intermediate Loop System 

Total no. of primary c i r c u i t s 8 

No. of IHX & secondary c i r c u i t s per primary c i r c u i t 1 
Per secondary c i r c u i t : 

Power (MW th) 1 2 7 9 

IHX surface area (m2) 4 4 3 0 

IHX material aus ten i t i c 
Na inventory (tonnes) 1 3 0 

Na flow rate (m 3/s) 6 

IHX sodium temperature, i n l e t (°C) 290 
IHX sodium temperature, out le t (°C) 4 8 0 

Cold trap temperature (°C) 1 1 5 

No. of SG 3 

Per SG: 
Power (MW th) 4 2 6 

SG surface area (m2) 1 8 9 4 

SG material austen i t ic 

Water i n l e t temperature (°C) 1 9 0 

Steam temperature (°C) 4 6 0 

concentration in the sodiurn is determined by the total hydrogen so l ub i l i t y by 
the cold trap temperature and by the isotopic ra t io of the hydrogen. Corro
sion on the water/steam side of the SG produces protium which permeates into 
the sodium, thus l im i t ing the t r i t ium concentration to about 6 x 10~4 wppm. 
Trit ium losses to the water/steam side were f o u n d ^ to be 1 C i /d for the 
HIBALL plant. I t should be noted that austen i t ic steel was assumed for the 
IHX and SG which has advantages with respect to oxide bar r ie r formation but 
may cause corrosion (mass transfer) problems with the f e r r i t i c steel used in 
the primary c i r c u i t . 
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9. ENVIRONMENTAL AND SAFETY ASPECTS 
9.1 Introduction 

Potent ial releases to the environment of radioact ive materials contained 
in the HIBALL plant must be prevented by safety design measures s imi lar to 
those that are appl ied at present to f i ss ion converter (e.g. LWR's) and 
breeder reactors (e.g. LMFBR ' s ) . This means that a HIBALL type reactor plant 
must have safety components incorporated as plant protection systems. 
Examples are: 
• plant shutdown system, 
• control system, 
• emergency coo l ing, 
• decay heat removal system, 

• mult iple containment barr iers between the radioact ive materials and the 
environment. 

Sa fe ty regulat ions and si t ing c r i t e r i a for commercial fusion power plants w i l1 
probably be very s imi lar to those for present f i ss ion reactors . 

Before addressing the nuclear'environmental and safety issues of any 
f i ss ion or fusion power plant i t i s necessary to l i s t i t s inventory of 
radioact ive mater ia ls . 
9.2. Radioactive Inventory 

Radioactive materials as they ex is t or are generated in the d i f fe rent 
parts of the HIBALL reactor plant are: 
• t r i tium in the ent i re fuel cycle of the plant (target fabr icat ion f a c i l i ty, 

breeding blanket, reactor cavi ty, vacuum pumps, cleanup and isotope sepa
rat ion systems), 

• act ivated debris material from burned pe l le ts wi thin the reactor cavi ty and 
in the vacuum system, 

• act ivated structural and shielding material around the reactor cavi ty 
(blanket, re f lec to r and radiat ion sh ie ld ) , 

• act ivated coolant, 
• act ivated structural and shielding material in the beam channels and at the 

focusing magnets. 

In the fol lowing subsections the quanti t ies of the di f ferent radioact ive 
materials are di scussed and 1 i sted. For t r i t i urn we assume a closed cycle wi th 
constant inventory (see Chapter 6) . For the other species, ac t i vi t ies at 
shutdown af ter two years operation are given (see Section 5 .3 .5) . 
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9 . 2 . 1 Trit ium Inventory 
Table 9.2-1 summarizes the t r i tium inventories per GWe at d i f fe ren t 

places within the power plant. By far the highest t r i t ium inventory wi11 
occur in the target factory, where a one day supply of cryogenic targets to 
fuel the reactor and a one day t r i t ium supply in uranium beds (prior to target 
f i l l i n g ) have been assumed (Chapter 6) . 

As explained in Chapter 6 the t r i tium inventory within the coolant and 
breeder material L i 1 7 P b 8 3 w i l l be very smal1, only about 1 g/GWe. A s imi la r 
small inventory of 3 g/GWe was o r ig ina l l y assumed for the INPORT structures in 
HIBALL. However, the t r i t ium so lub i l i t y in SiC at 500°C and below is un
cer ta in (Section 6 .3 .3) , and the corresponding inventory might be as high as 
250 g /GWe. ( 1 ) 

9.2.2 Radioact iv i ty in Coolant and Breeder Material 
Neutron induced act ivat ion of the coolant and breeding material leads to 

the buildup of radioact ive nucl ides. The coolant and breeder material 
L i 1 7 P b 8 3 wi11 be act ivated and the act ivat ion of lead w i l l resu l t in a con
siderable inventory as shown by Table 9.2-2. The highest ac t i v i t y of 0.6 x 
10 8 Ci/GWe is due to 2 0 3 P b having a h a l f - l i f e of 52 h. 

No data are 1 isted for the ac t i v i t y a r is ing from corrosion products in 
the coolant and from impur i t ies, with the exception of bismuth, a common 
natural impurity in lead. Addit ional bismuth i s brought in by the Bi ion 
beams. Thi s amounts, however, to only 1 ppm in 30 f u l l power years. 

In add i t ion , 6He and 8 L i are produced from l i th ium. They contribute to 
the radioact ive inventory of the operating plant but not to the " re leasable" 
inventory because of their short hal f -1 ives of 0.8 s. 
9 .2 .3 Radioact iv i ty B u i l t Up in the Burning Target 

The HIBALL target contains, besides DT, only materials that are a lso 
present in the coolant (Li and Pb) and thus produces the same radioact ive 
nucl ides. Quant i ta t ive ly , the target rad ioact iv i ty adds a negl ig ib le amount 
to the coolant rad ioac t iv i ty. 
9 .2 .4 Radioactive Inventory in the Chamber Structures, Ref lector and Shield 

Radioact iv i ty w i l l be induced by neutron capture in the st ructura l ma
te r i a l of the blanket, the f i r s t steel w a l l , the re f lec to r and the shie ld of 
the reactor cav i ty . The total radioact ive inventory b u i l t up in the blanket 

Q 
structures, steel wall and re f lec tor was estimated to be about 1.6 x 10 
Ci/GWe (Section 5 .3 .5) . The bulk of th is ac t i v i t y is due to neutron ac t i va -
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Table 9.2-1. Trit ium Inventory per GWe in HIBALL Reactor Plant 
(1 kg has an ac t i v i t y of 0.96 x 10 7 Ci) 

Plant component 
Blanket 
L l 1 7 p b 8 3 ( c o ° l a n t and breeder material) 
Coolant guide tubes (INPORT, SiC) 

Tr i t ium inventory, kg/GWe 

0.001 

0.003-0.25 

Trit ium Cycle 
Cryopumps 
Cleanup uni t 
Isotope separation 

0.1 
0.01 
0.02 

Target Fabricat ion F a c i l i t y 
Targets (one f u l l power day supply) 
Storage in uranium beds 
Targets in f ab r i ca t i on 3 

1 
1 
1-3 

a Depends on target f i l l i n g process; 1 kg/GWe per day of d i f fus ion f i l l i n g 
duration is required. 

Table 9.2-2. Radioactive Inventory per GWe in 
HIBALL L i 1 7 P b 8 3 Coolant Af ter Two-Year Operation 

Nuclide 
2 0 3 H g 
2 0 5 H G 

2 0 4 J I 

2 0 3 P B 

205 

210 
Pb 

'Po 

(from 40 atom-ppm Bi impuri ty) 
Total 

Half L i fe 
47 d 
5.2 min 
3.78 y 
52 h 

1.5 x 10 7 y 
138 d 

Ac t i v i t y (Ci/GWe) 
6̂ 2 x 10 l 

1 x 10 6 

4 x 10 5 

6 x 10 8 

5 x 10 2 

6 x 10 2 

6.2 x 10 C 
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t ion of s tee l . The rad ioac t iv i ty in the outer concrete shie ld is much lower, 
1.6 x 10 7 Ci/GWe, but s t i l l s ign i f i can t (Section 5 .3 .5) . 
9.2.5 Radioact iv i ty B u i l t Up in the Beam Lines 

The f ina l focusing layout for HIBALL-II with i t s smaller beam ports and a 
f ina l neutron dump about 40 m from the chamber wall const i tutes an important 
improvement over the HIBALL-I design also with respect to ac t i va t i on . The 
total ac t i v i t y per beam l ine of the new design was estimated in Section 4.3.6 
at 66 Ci which corresponds to 1.4 x 10 3 Ci/GWe. While these ac t i v i t y leve ls 
are low compared with those of a reactor chamber they may be high enough to 
produce an unacceptable b io log ica l dose rate for certain manual maintenance 
operations. 
9.3 Releases of Radioact iv i ty Into the Environment During Normal Operation 

9.3.1 Introduction 
The permeation of t r i t i urn through the wal ls of steam generators, fuel 

cycle or target factory components represents the most important and most d i f 
f i c u l t environmental problem of the HIBALL plant. Gaseous 6He has such a 
short half l i f e that i t does not play a role for radioact ive release during 
normal operation. Al 1 other radioactive materials present in the plant are in 
e i ther l i qu id or so l i d form. Their release to the environment under normal 
operation can therefore be excluded. 

An assessment of the total releases of t r i t ium from the power plant 
during normal operation requires estimates of release and permeabil ity rates 
for each plant component containing t r i t ium. 
9.3.2 Permeability of Tritiurn Into the Steam Cycle 

The permeation of t r i t ium from the coolant through the walls of the steam 
generators causes a d i f f i c u l t technical problem, as the permeabil ity of t r i t i 
um through steel is re la t i ve l y high and the heat transfer areas of steam gene
rators are large so that considerable quant i t ies of t r i t ium may reach the 
steam cycle and the environment. As described in Chapter 6, simple steam 
generators would imply a leakage rate of 3 x 10 5 C i / d , at least 10 4 times 
higher than can be al lowed. Therefore, a d i f fus ion barr ier of 10~ 4-10~ 5 for 
t r i t ium i s needed, which can be achieved ei ther by double walled steam gene
rators as they are developed presently for LMFBR appl icat ions or by an i n te r 
mediate l i qu id metal loop. 
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Estimates have shown that a duplex tube steam generator d i f fus ion barr ier 
concept as described in Sections 6.4.2 and 8.1.3 may be su f f i c i en t to keep the 
permeation of t r i t ium into the steam cycle below about 1 Ci/GWe/d. 

If an intermediate 1iquid sodium loop (Section 8.2) i s used instead of 
the duplex steam generator, d i f fus ion barr iers of 10" 2 to IO" 3 for leakage of 
t r i t ium into the intermediate loop are required. The total losses of t r i t ium 
from the intermediate c i r cu i ts would be only about 2 C i / d , only 1 C i /d being 
released through the water path of the steam generators. ^ The total t r i t i urn 
inventory of the intermediate coolant c i r c u i t s would be less than 1 g. 

However, the primary coolant c i rcu i ts consist ing of pumps, valves, 
p ip ings, flow meters, storage or holdup tanks, pur i f i ca t ion systems etc . w i l1 
probably have to be designed with aluminum sleeving or jacketing and in some 
cases with glove boxes to provide a secondary containment barr ier against 
t r i t ium permeation and to keep leakages low. 

Table 9.3-1 summarizes the t r i t ium losses from the HIBALL reactor p lant . 
The total losses are estimated to be 20 Ci/GWe/d. Out of these total losses 
80% are expected to go into the atmosphere and 20% into water. 
9.3.3 Cumulative Doses from Normal Operation 

With a given release rate as estimated in Table 9.3-1 radiat ion doses due 
to normal operation can be calculated for a given distance from the reactor 
plant. Assumptions must be made for the exhaust stack height, the atmospheric 
dispersion of the rad ioac t iv i ty and the population density around the plant . 
On the basis of a 100 or 200 m high exhaust stack, average meteorological con
di t ions as measured at Hannover, FRG, and a population densi ty of 250 persons/ 
knr the cumulative doses were calculated fo l1 owing the internat ional guide-
l ines of ICRF 26 (1976) and ICRF 30 (1979), as well as the German guidel ines 
GMBI-21. ( 2) Figure 9.3-1 shows the local e f fec t ive dose equivalent commi tment 
due to gaseous and 1iquid e f f l uen ts . The f igure compares the doses on a 1 
GWe*y basis for a pressurized water reactor (PWR) and i t s respective reproces
sing plant wi th HIBALL. The higher stack of 200 m of the la t te r strongly 
inf luences the doses in the immediate v i c i n i t y of the plant. Whereas HIBALL 
wi11 release only t r i tium, addi t ional radioact ive nucl ides, e . g . , radioact ive 
noble gases (krypton, xenon) and 3- or ct-emitting aerosols ( f i ss ion products 
and act in ides) must be accounted f o r ^ in the case of the PWR and i t s re
processing plant. Al 1 dose data decrease strongly wi th di stance and are in 
the range of 0.1 pSv/GWe/y (0.01 mrem/GWe/y) at a distance of 10 km from the 



188 

Release into atmosphere Release into water 

F i g . 9.3-1. Local e f fec t ive dose equivalent commitments due to releases 
during normal operation. 



189 

Table 9.3-1. Tri t ium Released from HIBALL Reactor 
(1 GWe basis) 

Ci/GWe/d 
Intermediate coolant c i r cu i ts , steam generators 
Double walled steam generators 
Water coolant c i r c u i t s of shie ld 

} 1 

1 
Cryopump system 
Fuel cleanup unit 
Isotope separation unit 
Target factory 
Buildings and t r i t ium recovery system 

3 

2 

5 

2 
1 

plant . Thi s i s we 11 below the present 1imi ts imposed by radiat ion protection 
ordinances. 

When considering these data i s should be recal led that the resul ts for a 
PWR and i t s associated reprocessing plant are based on r e a l i s t i c data whereas 
the estimates for HIBALL depend upon the above assumptions made for the d i f 
fusion barr ier in the steam generator tubes and other permeation rates of 
t r i tium in di f ferent parts of the plant. 

A comparison with t r i tium release rates from f i ss ion reactors and thei r 
fuel cycle shows that, under the present assumptions, heavy ion beam or mag
net ic fusion reactors would have s imi lar release rates on a GWe*y basis as re
processing plants and heavy water reactors (Table 9.3-2). Again i t must be 
emphasized that the releases of t r i tium from fusion reactor plants are only 
preliminary estimates which can give an ind icat ion for confinement measures to 
be designed into such future p lants. In th is sense the dif ference in release 
rates between HIBALL and STARFIRE^ stems only from di f ferences in assump
t ions. 

9.4 Accident Analysis 
9.4.1 Introduction 

In many respects an accident analysis for the HIBALL plant can only be 
very prel iminary. As guidel ines for the safety design and analysis of fusion 
reactors do not presently ex i s t , one can only draw on the experience gained in 
f i ss ion reactor safety analysis and follow guidel ines developed there. 
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Table 9.3-2. Tri t ium Release Rates from Fiss ion and 
Fusion Reactor Plants on a GWe «y b a s i s ^ 7 , 8 ^ 

Pressurized Light Water Reactor (PWR) 
Reprocessing for PWR 
Heavy Water Reactor (HWR) 

Gaseous Ci/GWe/y 
45 

1100 
15000 

Liquid Ci/GWe/y 
400 

3300 
7500 

HIBALL 
STARFIRE (Tokamak) 

5800 
3200 

1500 
800 

The focus of the safety analysis must be on system or component f a i l u res 
which may lead to a major release of rad ioac t i v i t y to the environment. F o l 
lowing these 1ines, one has to d is t inguish between 
• external events and 
• internal accident sequences 
leading ei ther to containment fa i l u re or to fa i lu re of beam channels wi th 
large enough leaks for the release of rad ioac t iv i ty. 
9.4.2 External Events 

The reactor containment, the target factory and the beam channels must be 
designed according to safety standards usually determined by 1icensing 
author i t ies for a spec i f i c s i te to withstand: 

• earthquakes, 
• tornados and f loods, 
• airplane crash and gas cloud explosions. 
These design requirements can be accommodated by a containment wi th an inner 
steel shel l with high leak tightness and an outer 1.5 m thick concrete shel1. 
9.4.3 Internal Incidents 

Plant internal incidents which may lead to accident sequences (1i sted 
without regard to probabi1ity of occurrence or possible countermeasures) are: 
• power-cooling mismatch condi t ions, when the reactor plant i s operating at 

f u l l or par t ia l load. Possible i n i t i a t o r s are, e .g . 

- loss of o f f - s i te power 
- pump f a i l u r e s , leaks in coolant p ip ing . 
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• fa i l u re to remove the decay heat af ter reactor shutdown due to loss of heat 
sinks (earthquake, loss of emergency power supply, component f a i l u r e ) . The 
decay heat power of radioactive isotopes r ight at shutdown is about 1% of 
the ful1 plant power. 

• overpressurizat ion of the containment as a consequence of chemical re
act ions, e . g . , coolant-water react ions, coolant-concrete reactions generat-
1ng hydrogen, coolant f i r es (1ithiurn), combustion of hydrogen isotopes, 

• power-cooling mismatch in the f ina l focusing magnet or vacuum pumping 
systems, e . g . , magnet quench or loss of cryogenic heat s inks , 

• ion beams damaging the chamber w a l l , i n i t i a ted by fa i l u re of pe l l e t 
i n jec t i on , 

• stress induced fa i lu re of the vacuum system in tegr i ty leading to large 
leaks in beam channels or their connections to the reactor containment, 

• fai1ure of cryogenic cooling in the pel l e t manufacture and transport 
system, overpressurization of T 2 and D2 containers. 

This l i s t of incidents potent ia l ly leading to severe accident sequences 
is cer ta in ly not complete. However, a conceptual plant design at this ear ly 
stage does not warrant a deta i led , quant i tat ive safety and r i sk analysi s. In 
addi t i on, some of the physical processes, e .g . reactions of L i17 P b 83 w ^ t n a i r > 
water and concrete, are not yet f u l l y understood. Only the resu l ts of smal1-
scale experiments are avai lable at present.( 4>5) Although these experiments 
show rather mi Id chemical reactions of L i ^ 7 P b g 3 wi th water and a i r , much more 
information must become avai lable on, e . g . , the thermal in teract ion of hot 
coolant wi th water (vapor explosions) or aerosol generation duri ng coolant -a i r 
react ions. 

9 . 4 . 4 Accidental Releases of Radioact iv i ty 
Licensing regulations w i l l require a consequence analys is of r a d i o a c t i v i 

ty releases from the reactor plant to the environment. This analys is wi11 
have to be performed fol lowing through a l l possible accident sequences which 
can lead to major rad ioact iv i ty releases from the plant. As an example two 
such accident sequences are b r ie f l y described: 

• As a consequence of an earthquake a stress induced leak in one or several 
beam channels close to the reactor could develop. A i r could flow into the 
cavi ty and through chemical reaction of oxygen wi th Li^yPbg^ a certa in 
amount of aerosol would be generated. The cryopumps may heat up and re
lease their t r i t i urn inventory. Both lead-1i thi urn oxide aerosols and t r i t i -
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um would flow into the outer containment of the reactor or d i rec t l y into 
the environment, depending upon where the leak develops. 

• Loss of cryogenic heat sinks in the target manufacturing and storage f a 
c i l i t y may occur as a consequence of f i r e which also may damage the con
tainment. Tri t ium may be released and penetrate through leaks to the en
vironment. 

As a detai led follow-up of a whole spectrum of accidents i s not possible 
at the present stage of conceptual plant design, we consider a single example 
case instead. We assume that 0.5 kg of t r i t ium (5 x 10 6 Ci) and U of the 
coolant ac t i v i t y in aerosol form would be suddenly released during an unde
f ined severe accident. This assumption is not based on a determinist ic analy
s is but rather represents a postulated conservative upper bound source term 
for rad ioact iv i ty entering the environment. More r e a l i s t i c analysis may lead 
to substant ia l ly lower re leases. 

This puff release of rad ioac t iv i ty i s assumed to occur from one of the 
four reactor containments of HIBALL each having about 1 GWe net output. 
9.4.5 Cumulative Doses from Accidental Radioact iv i ty Releases 

The cumulative radiat ion dose a person receives at a cer ta in distance 
from the reactor plant from a puff release of rad ioac t iv i t y depends on the 
release height and on the meteorological condi t ions, e . g . , wind speed, wind 
d i rect ion and atmospheric dispersion rate. Cumulative dose equivalents were 
c a l c u l a t e d ^ for the above ac t i v i t y released at a height of 100 m in two d i f 
ferent weather s i tua t ions . The exposure pathways considered were external 
exposure from the plume, external exposure from the ground, internal exposure 
via inhalat ion and internal exposure via ingestion of agr icu l tu ra l products 
harvested and consumed immediately af ter the accident. For dispersion cate
gory C (s l igh t l y unstable atmospheric condi t ions, v = 3 m/s at H = 10 m, no 
rain) the maximum dose i s received at a distance of 500 m downwind from the 
exhaust stack and amounts to 105 mSv (10.5 rem). For dispersion category F 
( invers ion, v = 2 m/s at H = 10 m, no rain) the maximum i s found 8 km from the 
plant and amounts to 2.1 mSv. 

Calculat ions for th is 0.5 kg t r i t ium release were also made assuming zero 
release height, i . e . d i rec t leakage from a bu i ld ing . In th is case, the maxi
mum dose i s received very close to the plant. The dose equivalent at a d i s 
tance of 1 km is 360 mSv in inversion-type weather but only 40 mSv wi th a 
s i i gh t l y unstable atmosphere. 
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It can be concluded that for these releases the dose equivalent would 
remain below 250 mSv (25 rem) at a distance of 2 km from the plant even in 
unfavorable weather condi t ions . A 2 km exciusion area boundary is roughly 
consi stent wi th the extension of the HIBALL plant including the d r i ve r . The 
assumed releases thus stay below the 25 rem 1imit of Chapter 10 Part 100 of 
the U.S. Code of Federal Regulations and beiow the TFTR dose c r i t e r i on for an 
accident wi th a probabi l i ty of occurrence of 10~7 per year which i s also 
defined as 25 rem at the plant exclusion area boundary. 
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10. COSTS 
10.1 Capital Costs 

The dif ference in the costs of the HIBALL-I and HIBALL-II power reactor 
systems is only in the dr iver . The cost of the new dr iver scenario u t i l i z i n g 
B + 1 ions has been determined by the GSI group. These costs include al1 the 
beam l ine elements leading a l l the way to the reactor chamber, including the 
f i na l focusing magnets. Si nee the reactor chambers and the balance of plant 
have remained essent ia l l y unchanged, the or ig ina l costs for those systems are 
used. These costs , however, were in f la ted to 1984 values at 3.6% which is the 
average annual i n f l a t i on rate as given by the U.S. producer price index for 
special industry, machinery and equipment. An exchange rate of 2.897 DM per 
US$ i s used to obtain the dr iver cost in do l l a r s . 

The costing methodology adopted i s that provided in the U.S. DOE "Fusion 
Reactor Design Studies - Standard Accounts for Cost Est imates," PNL 2648. 
Most of the unit costs were taken from the US-INTOR study. The costs given 
are in constant do l l a r s , that i s no escalat ion due to i n f l a t i on i s used. 
F i n a l l y , the cost of the target factory is amortized over 30 years and is 
accounted for in the target costs . For a breakdown of chamber and balance of 
plant costs , the reader i s referred to the HIBALL-I report . 

Table 10.1-1 gives the new 1inac costs in DM and Table 10.1-2 the costs 
of the rings and beam transport. Table 10.1-3 gives the breakdown of the 
d i rec t costs and Table 10.1-4, the ind i rec t costs , in teres t during con
struct ion and the total costs in 1984 do l l a r s . Si nee the analysi s is in 
constant do l l a r s , the in terest during construction i s based on a 5% annual 
def lated cost of c a p i t a l . An 8 year construction period i s used on the assump
tion that the dr iver , reactor plant and balance of plant construction can pro
ceed in p a r a l l e i . The in terest during construction factor of 0.17 i s taken 
from PNL 2648 for th is set of condi t ions. 

As is customary in conceptual design s tudies, costs of plant decommis-
sioning have not been considered. 
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Table 10.1-1. Linac Cost (in MDM) 

Source and in ject ion 
RFQ Linac 

20 MHz Wideröe 
40 MHz Wideröe 
80 MHz Alvarez 

320 MHz Alvarez 
Funnel section 
Debuncher, energy + emit. 

meas., beam dump 

RF < 80 MHz 
RF 80 MHz 
RF 320 MHz 

Controls 
Software 

Cooling 
A i r condi t ion 
E lec t r i c power d is t r ibu t ion 
Sa fe ty + communications 

Inject ion bui ld ing 
Li nac - low energy 

- high energy 
Equipment bui lding 
Operation bui ld ing 
Workshop and stores 

2 MDM x 8 
0.1 MDM/m x 320 m 
0.15 MDM/m x 240 m 
0.15 MDM/m x 416 m 
0.1 MDM/m x 640 m 
0.06 MDM/m x 5000 m 
2 MDM x 7 

0.75 MDM/MW x ( 40 + 52) 
0.75 MDM/MW x ( 26 + 144) 
0.53 MDM/MW x (500 + 1300) 

200 DM/m3 x 60 x 60 x 20 m 
9 kDM/m x 1200 m 

13 kDM/m x 5000 m 
130 DM/m3 x 15 x 15 x 6000 m 

16 
32 
36 
62 
64 

300 
14 

69 
128 
954 

30 

25. 

150 
50 
70 
10 

14 
11 
66 

176 
28 
40 

530 

1149 

55 

280 

335 
2,349 
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Table 10.1-2. Rings and Beam Transport Cost (in MDM) 

Transfer r ings , normal conducting 
0.1 MDM/m, i n c l . magnets, power 

suppl. vacuum, d iagnost ics, controls 

7.5 km 

750 

Storage and buncher r ings , super cond. 
0.1 MDM/m, i n c l . magnets, re f r igerator 
vacuum, d iagnost ics, controls 

15 km 

1,500 

Beam L ines, super cond. 
0.05 MDM/m, i n c l . magnets, re f r igerator 
vacuum, d iagnost ics, controls 

24 km 

1,200 

Kickers and septa 
Switching magnets 
Beam combiner 

RF system in storage r ings 
Timing and controls 
Correction dipoles 
F inal focusing 
Remote handl ing equi pment 
Cooling plant + di s t r ibut ion 

Ring tunnels 
Transport tunnels 
U t i l i ty bui ldings for r ings 
Refr igerator + power supply bui ldings 

5 MDM x 35 
1 MDM x 20 
1.5 MDM x 5 
5 MDM x 10 

0.7 MDM x 80 
3.5 MDM x 80 

10 kDM/m x 15 km 
8 kDM/m x 24 km 

10 MDM x 4 
3 MDM x 20 

175 
20 

7.5 
50 
35 
56 

280 
10 

130 

150 
192 
40 
40 

4,214 

482 
4,696 

Unit prices taken from recent GSI and CERN research accelerator projects 
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Table 10.1-3. Breakdown of Direct Costs 

$ x 10 6 (1984) 

Reactor Plant 
Reactor cavi t ies (4) 873 
Pe l l e t in jectors (4) 13 
Main heat transfer system 623 
RF 1 i nac 811 
Rings and beam transport 1621 3941 

Balance of Plant 
Land and land r ights 6 
Structures and s i te f a c i l i t i e s 311 
Turbine plant and heat re ject ion 478 

E lec t r i c plant equipment 306 
Mi seel laneous plant equipment 56_ 1157 

5098 

Table 10.1-4. Indirect Costs and Interest During Construction 

$ x 10 6 (1984) 

Total Direct Costs 5098 
Indirect Costs 

Construction F a c i 1 i t i e s (15% of TDC) 765 
Engineering & Cost Management (15% of TDC) 765 
Owners' Costs (5% of TDC) 255 1785 

Interest During Construction 1170 
5%/yr Deflated Interest , 8 year Construction Period 

Grand Total Cost 8 °53 
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The net e l e c t r i c a l power output of HIBALL i s 3784 MWe. Thus the capi ta l cost 
i s : 

Capital Cost = 8 0 5 3 x 1 ° = $2128/kWe . 
3784 x 10 kW 

This can be compared with other recent fusion designs (adjusted at 3.6% per year 

to 1984$): 

STARFIRE 2304 $/kWe 

NUWMAK 2410 
WITAMIR 2454 
UWTOR-M 2183 
MARS 2558 

10.2 Busbar Costs 
The busbar costs are given in Table 10.2-2. The breakdown is as fo l lows. 

10.2.1 Target Costs 
The cost of the target factory was amortized in the target costs and thus 

does not appear as a d i rec t cost. We assumed a $222 x 10 6 target factory cost 
which, a f te r the ind i rec t costs and in teres t during construction were added, 
became $350 x 10 6 . The target cost breakdown i s given in Table 10.2-1. At a 
70% a v a i l a b i l i t y , the number of targets needed for a l l four cav i t i es is 
4.4 x 10 8 / y r . The annual target cost is thus $74 x 1 0 6 . 

10.2.2 Operation and Maintenance 
As provided in PNL 2648, the operation and maintenance was taken as 2% 

per year of the total capi ta l cost , or $161 x 10 6 . 

10.2.3 Component Replacement 
A two year 1ifet ime was taken for the INP0RT tubes and the upper blanket 

modules. The annual component replacement cost i s thus $71 x 10 6 . 

10.2.4 Fixed Charge Rate on Capi ta l 

A s t ra ight 10% annual f ixed charge rate on capi ta l was used. 
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Table 10.2-1. Target Costs 

cents/ target 

30 year amortization of target factory 2.7 
Operation and maintenance (2% p.a. of capi ta l cost) 1.6 
Fixed charge rate (10% annual) 8.0 

Material (D 2 , p l a s t i c , e tc . ) 2.2 
P ro f i t 2.2 

16.7 

Table 10.2-2. HIBALL-II Busbar Costs 

Assumptions: 70% a v a i l a b i l i t y 
10% f ixed charge rate 
3784 MWe net power output = 2.32 x 1 0 1 0 kWh per year 

„ u * * (74 x 10 6 + 161 x 10 6 + 71 x 10 6 + 805 x 10 6) 1000 mi 11s/$ Busbar costs = $ fn 
2.32 x 1 0 i U kWh 

= 47.9 mills/kWh . 

Some of the other recently designed fusion power systems have the fol lowing 
busbar costs (adjusted at 3.6% annual i n f l a t i on rate to $1984): 

STARFIRF. 40.4 mills/kWh 
NUWMAK 40.9 
WITAMIR 41.6 
UWTOR-M 38.6 
MARS 47.9 



201 

10.3 Comparison of HIBALL-I and HIBALL-II Costs 
The only dif ference in the costs of HIBALL-I and HIBALL-II is in the 

dr iver . The unit costs used in HIBALL-II are more recent, better ve r i f i ed and 
therefore more r e l i a b l e . The cost of the HIBALL-I dr iver was 4718 MDM (1981) 
and the HIBALL-II dr iver 7045 MDM (1984) or 49% higher. When HIBALL-I i s 
escalated at 3.6% to 1984, the dif ference i s only 34%. 

To gain a perspective on the d i f fe ren t dr iver scenarios, two cost com-
parisons have been made. In the f i r s t case, the or ig ina l cost of the HIBALL-I 
dr iver was escalated at 3.6% to 1984 using the 1984 rate of exchange. Table 
10.3-1 shows that in th is case, the capi tal cost for HIBALL-II was 14% and the 
busbar cost , 11% higher than in HIBALL-I. In the second case, shown in Table 
10.3-2, the new HIBALL-II dr iver uni t costs were applied to the HIBALL-I 
dr iver . I t i s in terest ing to note that the di f ference in the dr iver cost i s 
only 4.8% higher for HIBALL-II. Further, the capi ta l cost and busbar cost i s 
higher by 1.7% and 1.3%, respect ive ly . 

Of the two comparisons the second one i s more r e a l i s t i c . Table 10.3-2 
shows that the more credible HIBALL-II dr iver scenario, evaluated using cur
rent uni t costs does not increase the total capi tal and busbar costs over the 
HIBALL-I case when the same unit costs are applied to both systems. 

Table 10.3-1. Comparison of HIBALL-I and HIBALL-II Costs (Case 1) 
(Original unit costs applied to HIBALL-I dr iver) 

HIBALL-I HIBALL-II 
$ x 10 6 (1984) $ x 10 6 (1984) % Difference 

Driver 1981 MDM 4718 
Driver 1984 MDM 5244 7045 
Driver 1984 US$ 1810.3 2432 34 
Reactor Plant Inc l . Driver 3319 3941 19 
Balance of Plant 1157 1157 0 
Indirect Costs 1567 1785 14 
Interest Dur. Const. 1027 1170 14 
Total Capital Costs 7070 8053 14 
Unit Cap. Cost $/kWe 1868 2128 14 
Busbar Cost mills/kWh 43.7 47.9 11 
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Table 10.3-2. Comparison of HIBALL-I and HIBALL-II Costs (Case 2) 
(HIBALL-II unit costs applied to both dr ivers) 

Driver MDM 
Driver US$ 
Reactor Plant I nc l . Driver 
Balance of Plant 
Indirect Costs 
Interest During Const. 
Total Capi tal Costs 
Unit Capital Costs $/kWe 
Busbar Cost, mills/kWh 

HIBALL-I 
x 1Q6 (1984) 

6725 
2321 
3834 
1157 
1748 
1149 
7888 
2093 

47.3 

HIBALL-II 
$ x 10 6 (1984) 

7045 
2432 
3941 
1157 
1785 
1170 
8053 
2128 

47.9 

% Di fference 

2 
0 
2 
1 
2.1 
1.7 
1.3 
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I. GENERAL PARAMETERS 

Average DT power 

Driver pulse energy (MJ) 

Target gain, 

HIBALL-I HIBALL-II 
8000 8000 
7920 7920 
0.99 0.99 
396 396 

5.0 5.0 

4.8 4.6 

26.5 26.5 

83 87 

22 23 
1.274 1.274 

10193 10193 
10272 10272 

42 42 
4278 4314 

0.12 0.12 
3768 3784 

4 4 
5 5 

cy l i nd r i ca l cy l i nd r i c 

14 14 

10 10 

HT-9 HT-9 

20 20 

L i 1 7 P b 8 3 L i 1 7 P b 8 3 

1.25 1.25 

I I . TARGET PARAMETERS 

HIBALL-I HIBALL-II 

Composition 
D (mg) 1.6 1.6 
T (mg) 2.4 2.4 
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I I . TARGET PARAMETERS (continued) 

HIBALL-I 
DT load (mg) 4.0 
Material #1 (mg) LiPb 67.1 
Material #2 (mg) Pb 288 
Burnup (%) 30 
Total mass (mg) 359 

Configuration (# of layers) 3 
Target diameter (cm) 0.6 
Absorbed ion energy (MJ) 4.8 
No burn igni t ion temperature (keV) 5 
Fuel pR at igni t ion (g /cm 2 ) . . . 2 
Hot spot pR at igni t ion (g/cm2) 0.4 
Pusher pR at igni t ion (g/cm2) 1 
DT y ie ld ( M J ) . . . . 400 
Target y i e l d (MJ) 396 
Target energy mul t ip l i ca t ion 0.99 
Average DT power (MW) 8000 
Target power (MW) 7920 
Target gain 83 
Neutron y i e l d (MJ) 284.8 
Neutron spectrum, "E (MeV) 11.98 
Neutron mul t i p l icat ion 1.046 
Gamma y ie l d (MJ) 0.6 
Gamma spectrum, E (MeV) 1.53 
X-ray y i e l d (MJ) 89.5 
X-ray spectrum - blackbody (keV) see histogram 
Debris y i e l d (MJ) 21.0 
Debris spectrum (keV/amu) 0.6 
Radioact iv i ty production (Ci / target @ t = 0 ) . . . 1.2 x 10 6 

Target in ject ion veloci ty (m/s) . . . 200 
Target in jector type gas gun 
Target tracking opt ical 
Target cost 15<f 

HIBALL-II 
4.0 
Li 54.5 
Pb 330 
30 
388.5 
5 
0.796 
4.56 
1 
2 
0.4 

2.7 
400 
396 
0.99 
8000 
7920 
87 
284.8 
11.98 
1.046 
0.6 
1.53 
89.5 
see hi stogram 
21.0 
0.6 

1.2 x 10 6 

200 
gas gun 
opt ica l 
16.7f 
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I I I . TARGET DELIVERY PARAMETERS 

Target del ivery 
Longitudinal posi t ioning tolerance (mm) 
Lateral posi t i oni ng tolerance (mm) , 
Target veloci ty (m/s) 
Repetit ion Frequency (Hz) 

In ject ion: 

HIBALL-I 

0.5 
0.7 
200 
5 

Tracking: 
Lateral tracking 
Longi tudinal t rack ing, type 

Tracking posi t ion 1, distance from focus (m) 
Tracking posit ion 2, di stance from focus (m) 
Light beam diameter (mm) 
Preci sion of a r r i va l time predict ion ( u s ) . . . 
Duration of processing tracking resul ts (ms) 

none 
1ight-beam 
intercept ion 
5.5 
3.0 
0.2 

±1 
1 

HIBALL-II 

0.5 
0.7 
200 
5 

gas gun gas gun 
2 2 

Propel lant gas amount (torr l i t e rs / sho t ) 608 608 

D2 D2 

141 141 

1 1 

2 2 

0.88 0.88 

10 10 

Prop, gas entering reactor cavity (mg/shot).. 1.6 1.6 

0.5 0.5 

10 10 

5 5 

2 2 

10 4 10 4 

20 20 
80 80 

±5 ±5 
12 12 

none 
1ight-beam 
intercept ion 
5.5 
3.0 
0.2 

±1 
1 
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IV. DRIVER PARAMETERS 

HIBALL-I HIBALL-II 
Ion 

Type Bi Bi 
Charge state +2 +1 
Energy (GeV) 10 10 

Velocity v (m/s) 9.25 x 10 7 9.25 x 10' 
Beta, 3 = v/c 0.30875 0.30875 
Gamma, y = (1 - g2 j -1 /2 1.051 1.051 

Magnetic s t i f fness ( tes la • meters) 107.7 210.7 

Driver System 
Ion pulse energy (MJ) 5.0 5.0 
Repetit ion rate (Hz) 20 20 
Ef fec t ive main pul se width (ns) 20 20 
Number of f ina l beams 20 20 
E lec t r i c current per f i na l beam (kA) 2.5 1.25 
Driver e f f i c iency (%) 26.5 26 .5 
Max. storage time (ms) 40 4 

Ion source 
Type "El s i r e " "HORDIS" 
Ion e l e c t r i c current per source (mA) 20 21 
Number of sources 8 8 
Normalized source emi ttance (m) 2 x 10~7 2 x 10~7 

Accelerator 

Type RF Linac RF Linac 
E f f i c i sncy (^) • • • • • • 3 3 . 3 3 3 * 5 

Length (km) 3.0 5 
Ef fect ive vol tage drop, U E (GV) 5 10 
Beam current during single pul se (mA) 160 165 

Average beam current in pulse t ra in (mA). 144 132 
Single pulse length ( p s ) . . . . 15 1.6 
Length of pul se t ra in (ms) 7.5 3.84 
Pul ses per t ra in 450 1920 
Repeti t ion rate of pulse t ra ins (Hz) 20 20 
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IV. DRIVER PARAMETERS (continued) 

HIBALL-I 

RF duty cyc le . . ° - 1 6 

Momentum width, Ap/p. ±5 x 10 5 

Linac emi ttance, normalized (m) 6 x 10 
Beam power (GW) ° - 8 

RF power (GW) 
RF power/length (MW/m) 
Mains power (MW) 300 
F i r s t section 

Type. RFQ 
No. of branches 8 

Frequency (MHz) 13.5 
Type of ampl i f i e r 

Last section 
Type Alvarez 

Frequency (MHz) 324 
Type of ampl i f ier Klystron 

Debuncher frequency (MHz) 108 
Chopper between l inac and TR no 

Transfer r ings 
Number of rings 1 
Average radius (m) 663 
Average dipole f i e l d (T) 0.16 
Revolution time (us) 45 
In jec t ion, radia l stacking 

# turns 3 

Maximum d i lu t ion factor 2 
Maximum beam current (A) 0.46 

Tune depression 
Horizontal 0.36 

Ver t i ca l 0.87 
-5 

Momentum width, Ap/p ±5 x 10 

HIBALL-II 

-4 
0.08 
±1 x 10 
3 x 10" 
1.32 
2.6 
0.52 
300 

RFQ 
8 
10 
Tetrode 

Alvarez 
320 
Klystron 

80 
yes 

5 
236 
0.89 
16 

3 ( f i r s t 2 r ings) 
1 (other r ings) 

2.7 
0.5 ( f i r s t r ing) 
3.2 ( las t r ing) 

0.09 . . 
0.26 . . 
±1 x 10 

0.41 
0.32 

-4 



A-7 

IV. DRIVER PARAMETERS (continued) 

HIBALL-I 
Beam emittance 

Horizontal (m) 12 x 10" 6 

Ver t ica l (mm-mrad) 2 x 10 
Betatron osc i l l a t i ons per turn 

v H o 59.85 (?) 
v V o 59.85 (?) 

Vacuum pressure (torr) 10~9 

Eject ion kicker 
F l a t top time (ps) 45 
RiS6 *tini6 ( y s ) t » t t i « » t « « « f « f i > i i « « i i » > « » i « « ^ 1 
Reset time (ps) < 15 
Kicking angle (mrad) 2.5 
Stored energy per shot (kJ) 0.05 
# kicks per shot 50 

Power (kW) (n = 0.2) 50 
Beam rotator yes 

Condenser r ings 
# of r ings 5 
Injection radia l stacking 

# of turns 3 
Maximum d i lu t ion factor 1.67 

Beam emi ttance 
Horizontal (m) 10 x 10" 6 

VöPtl Cell ( ) T ) ) e * * e a e < > « « e » * e o e « e e e o B a o » e o e * « « o 1 2 X 10 
Average dipole f i e l d , B~ (tesla) 0.477 
Average radius (m) 221.1 
Revolution time (ps) 15 
Coasting beam current (A) 1.38 
Vacuum pressure (torr) < 10™ °̂ 
Eject ion kickers (1 per ring) 

F l a t top time (ps) > 15 
Ri se time (ps) < 1 

HIBALL-II 

7.5 x 10 
12.5 x 10 

9.85 

- 6 

< v Ho 
10 

< 2 

80 ( f i r s t ) 
10 ( last ) 

no 

none 
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IV. DRIVER PARAMETERS (continued) 

HIBALL-I HIBALL-II 

Reset time (us ) . . . < 100 
Kicking angle (mrad) 2.5 
Stored energy per shot (kJ) 0.1 
Average frequency of shots (s"-'-) 40 
Power per CR, n = 0.2 (kW) 20 

Storage rings 
# of rings 10 10 
In ject ion, radia l stacking 

# of turns 3 2 
Maximum d i lu t ion factor 1.5 2 

Beam emi ttance 
Horizontal (m) 4.5 x 10" 5 3.0 x 10~ 5 

Vert ica l (m) 9.0 x 10~ 5 3.0 x 10 " 5 

Average dipole f i e l d , B (tesla) 1.431 1.78 
Average radius (m) 73.7 118 

Tune depression 
Horizontal 0.3 . . . 3.3 0.24 
Ver t i ca l 0.2 . . . 2.3 0.24 

Momentum width, Ap/p ±8 x 10" 5 ±1 x 10" 4 

Revolution time (us) 5 8 
Maximum beam current (A) 21 12.5 
Betatron o s c i n a t i o n s per turn 

v H o . 9.85 (?) 9.85 (?) 

v V o < v H o < v H o 
Vacuum pressure (torr) 1 0 " 1 0 - 1 0 " n 1 0 " 1 0 - 1 0 " n 

RF 1 (MHz) 0.4 0.25 
RF 2 (MHz) — 0.75 
RF 3 (MHz) — 1.0 
Power for f e r r i t e RF cav i t ies (kW/ring) 10 
Adiabatic compression yes no 

Harmonic number 2 
I n i t i a l vol ts per turn (kV) 2 
F inal vol ts per turn (kV) 200 
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IV. DRIVER PARAMETERS (continued) 

HIBALL-I 
Rise time (ms) 10 
I n i t i a l Ap/p ±3 x 10~5 

Fi nal Ap/p ±5 x 10 4 

Final A4> ±15° 

Final At (ns) ±100 
Separatr ix Ap/p ±3 x 10" 3 

Synchrotron f req/revolut ion freq 1/350 
Eject ion kickers 

# of kickers per r ing 2t 
Kicking angle (mrad) 6* 
Ri se time (us) 1.5 
F la t top time (ns) > 500 
Stored energy per shot (kJ) 2 

Average frequency of shots (s " 1 ) 20 
Power per k icker , n = 0.2 (kW) 40 

Fast compression induction 1inacs (space 
charge e f fec ts included) 
# of compressors 
Length per compressor (m) 
Voltage (MV) 

Pulse length (ns) 
Focal length (km) 
Ap/p 

Buncher r ings 

if of r i t i ^ S t i c < g i i ( « < ( « > i « i i i i t t t » i i ( t i i 

Ave. radius, dipole f i e l d , rev. time, 
betatron ose 

20 
200 
300 

sawtooth 
200 
0.8 

±5 x 10" v 

none 

In ject ion, # turns. 
Beam emi ttances 

Horizontal (m).., 
Ver t ica l (m) 

HIBALL-II 

±3 x 10" 

1 
6* 
< 2 
W o 

2 
20 
40 

none 

10 
as storage 

r ings 
1 

3 x 10 -5 

3 x 10 " 5 

For 4 cm hor. beam width (space charge). 
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IV. DRIVER PARAMETERS (continued) 

HIBALL-I HIBALL-II 

Tune depression at eject ion ~ 3 
Momentum width, Ap/p at eject ion ±1.3 x 10 

# of bunches per r ing 2 
Beam current at eject ion (A) ~ 165 
Bunch length 

Inject ion (us) 2.0 
Eject ion (us) ~ 0.15 

# of turns. ~ 20 
RF 

f x (MHz) 0.25 
U (MY ) • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 12 * 5 

f 2 (MHz) 0.5 
(MV) n • • • » « « ( m • • I • » i • • • • • • • • • » • l o 3 

Eject ion kickers 
# per r ing 2 
Ri se time (us) < 3 

Vacuum pressure (torr) 1 0 " 1 0 

Beam l ines 
Total number. 20 20 
Length (km) per long beam l i ne 1.2 ? 
# into each chamber (short) 20 20 
Length (km) 0.3 ? 
Total length of a l l beam l ines (km) 48 ? 
Lat t ice period (m) > 2.8 < 5.6 
Phase advance * /3 TT/3 
Beam tube inner diameter (cm) 8 8 

Beam chamber entry 
F ina l focusing magnets quadrupoles Q's + dipole 

Maximum f i e l d at beam envelope (T) 5.4 1.8 
Distance from FFM to target (m) 8.5 8.5 
Clearance for cavity-beam 1ine vacuum pump 

(m) 2 2 
Cavity pump down time between shots (ms). . . 150 150 
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IV. DRIVER PARAMETERS (continued) 

HIBALL-I 
Beam port dimensions (cm) 

Ver t i ca l 103 
Horizontal 34.3 

Di stance from beam port to target (m) 7.27 
Final Beams 

E f f . width of main pul se (ns) 20 
- 3 

Momentum width, Ap/p ±5 x 10 
E l e c t r i c peak current per beam (A) 2500 
Pul se energy (MJ) 5.0 
Maximum power (TW) 250 
Pul se repeti t ion rate (Hz) 20 
Focused spot diameter (mm) 6 
Fract ion of ions wi thin spot (%) 80 
Unnormalized emittance per beam (m) 

Ver t i ca l 1.2 x IO" 4 

-5 
H O Y* 1 "Za O ti *tcl 1 e e o « « o e a e e e e o o e * e o e e e e « a * o « o » a c 4 • 5 X 1 0 

V. CHAMBER PARAMETERS 

Coolant and breeding material 
L i -6 enrichment, %. 
INPORT tube Region 

Inport tube structural material and v / o . . . . 
Inport tube coolant v/o 
Tube region support structure v/o. 
F i r s t surface radius (m) 
Region thickness (m) 
Region densi ty factor 
E f fec t ive coolant thickness (m) 
Mass of coolant in tubes/cavity ( tonnes). . . 
Tubes 

HIBALL-I 
L i 1 7 P b 8 3 

natural 

SiC-2 
97.3 
HT-9-0.7 
5 

2 

0.33 
0.66 
2295 

HIBALL-II 

21.6 
16.6 
7.27 

20 

±1 x 10~ 2 

1250 
5.0 
250 
20 
8 
79 

3 x 10" 5 

3 x 10 " 5 

HIBALL-II 
L i 1 7 P b 8 3 
natural 

SiC-2 
97.3 
HT-9-0.7 
5 
2 
0.33 
0.66 
2295 
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CHAMBER PARAMETERS (continued) 

HIBALL-I HIBALL-II 
Length (m) 10 10 
Diameter (cm) 

F i r s t two rows 3 3 
Wall thickness (mm) [100% density factor ] 0.8 0.8 
Remaining rows 10 10 
Wall thickness (mm) 2 2 

Number 
F i r s t two rows 1230 1230 
Remainder 3060 3060 

Number of penetrations in region. 20 20 
Total area of beam penetrations at f i r s t 

surface (m ) 3.6 0.37 
Pb at . density - (atom/cm3)* 4 x 1 0 1 0 4 x 1 0 1 0 

Noncondensable at . density @ 500°C 
- atoms/cm3 0.13 x 1 0 1 0 0.13 x 1 0 1 0 

Pressure - torr < IO" 4 < 10 " 4 

Chamber top 
Structural material (v/o) HT-9 (1) HT-9 (1) 
Tube material (v/o) SiC (2) SiC (2) 
Coolant v/o 97 97 
Height at chamber center l ine (m) 6.5 6.5 
Region thickness (m) 0.5 0.5 
Mass of coolant in top region (tonnes) 717 717 
Number of penetrations in top 1 1 
Total area of penetrations at chamber 

inner surface (m ) 3.1 x 10 3.1 x 10 
Chamber bottom pool 

Structural material and v/o — — 
Coolant v/o 100 100 
Minimum distance from pool to target (m) 5 5 
Region thickness (m) 1.0 1.0 

Just before shot. 



A-13 

V. CHAMBER PARAMETERS (continued) 

HIBALL-I HIBALL-II 

Mass of coolant in bottom pool per chamber 
(tonnes) 1448 1448 

Maximum 1st surface neutron energy current 
- at chamber midplane (MW/nr) 4.54 4.54 

Neutrons passing through each beam l ine 
penetration per shot 8.14 x 1 0 1 6 1.63 x 1 0 1 6 

Maximum total 1st surface X-ray and debris 
heat f lux (J/cm 2) 34.5 34.5 

DT power per cavity (MW) 2000 2000 
Total n & Y power in cavity (MW) 1667.4 1667.4 

Tube region 1097.1 1097 .1 
Cavity top 293.1 293.1 
Cavi ty bottom 277 .2 277 .2 

Total power in cav i ty , including X-rays and 
debris (MW) 2208.7 2208.7 

Energy mul t i p l i c a t i o n ^ 1.1 1.1 
n & Y energy mul t ip l ica t ion^ ' 1.17 1.17 
Average power densi ty (W/cnr) 3.44 3.44 

Tube region 4.41 4.41 
Top region 3.51 3.51 
Bottom region 1.80 1.80 

Peak/average spat ia l power densi ty in tube 
region. 4.87 4.87 

Impulse on f i r s t row of tubes (dyne-s/cm 2) 600 600 
Amount of coolant blown of f per shot (kg) 13 13 
Maximum DPA/FPY in SiC 

Tube region 118 118 
Top region. 70 70 

Maximum He production in SiC (appm/FPY) 
Tube region . . . 3705 3705 
Top region 2192 2192 
Bottom region. — ™ 

^ T o t a l energy deposited in region/DT y i e l d 
^ 2 ^Total n S Y energy deposi ted in region/n & Y energy incident on 1st surface, 
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V. CHAMBER PARAMETERS (continued) 

HIBALL-I HIBALL-II 
Tr i t ium breeding ra t io 1.216 1.216 

6 L i 1.190 1.190 
Tube region 0.729 0.729 
Top region. 0.226 0.226 
Bottom region 0.235 0.235 

7 L i 0.026 0.026 
Tube region 0.081 0.081 
Top region 0.004 0.004 
Bottom region 0.004 0.004 

Coolant 
In le t temperature (°C) f i r s t row & other 

tubes 330 330 
Outlet temperature (°C) f i r s t row & other 

t u b e s . . . . . 500 500 
Flow ra te /cav i ty (kg/hr) 2.94 x 10 8 2.94 x 10 
Maximum veloc i ty within tubes in f i r s t two 

rows (m/s). . 5 5 
Maximum veloc i ty wi thin tubes not in the 

f i r s t two rows (m/s) 1.3 1.3 
Pressure 9 rear INPORT tube entrance (MPa). . . 0.2 0.139 
AP for ent i re loop (MPa) 2.0 2.0 
Pumping power del ivered to coolant per 

cavi ty (MW)... 17.9 17.9 

VI. CHAMBER, REFLECTOR AND SHIELD REGION PARAMETERS 

HIBALL-I HIBALL-II 

A. Vacuum Boundary Wall 
Structural material HT-9 HT-9 

Side wall 
Inside diameter (m) 14 14 
Thickness (m) 0.01 0.01 
Height (m) 12.0 12.0 
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VI. CHAMBER, REFLECTOR AND SHIELD REGION PARAMETERS (continued) 

HIBALL-I HIBALL-II 
Average power densi ty (W/cm3) 1.65 1.65 

Side wall 1.22 1.22 
Power deposi ted in vacuum wall per cavi ty (MW). 11.0 11.0 
Maximum DPA/FPY 

Side wall 2.69 2.69 
Peak instantaneous dpa rate (dpa/s) - side 

wall at midplane 0.009 0.009 
Maximum He production (appm/FPY) 

Side wall 0.364 0.364 
Peak instantaneous He production rate (appm/s) 

- side wall at midplane 0.11 0.11 
Maximum temperature C O 520 520 
Expected l i fe t ime (FPY) 24 24 

B. Ref lector 
Structural material HT-9 HT-9 

Coolant. L i 1 7 P b 8 3 L l 17 P b 83 
Side re f lec to r 

Inside diameter (m). 14.02 14.02 
Thickness (m) 0.4 0.4 
Mass of structure (tonnes) 1530 1530 
Mass of coolant (tonnes) 205 205 
v/o of structure 90 90 
v/o of coolant 10 10 

Top re f lec to r 
Thickness (m).. 0.4 0.4 
Mass of structure (tonnes) 432 432 
Mass of coolant (tonnes) . 58 58 
v/o of s t ruc ture . . . . 90 90 
v/o of coolant 10 10 

Bottom re f lec tor (splash plate) 
Thickness (m).. . 0.4 0.4 
Mass of structure (tonnes) 484 484 
Mass of coolant (tonnes) 65 65 

v/o of structure 90 90 
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VI. CHAMBER, REFLECTOR AND SHIELD REGION PARAMETERS (continued) 

v/o of cooläntt * • • * « • • • * • « • * « • i 

Total mass of structural material in 
re f lec to r per chamber (tonnes) 

Total mass of coolant in re f lec to r per 
chamber (tonnes) 

Average power densi ty (W/cm3) 
Si de re f lec to r 
Top t*Q"f 1 Gctor*• 

Bottom re f lec to r (splash plate) 
Radial + axia l peak/average spat ia l power 

densi ty - in side re f lec to r 
Power deposi ted in re f lec to r per chamber (MVJ) 

Side 

Bottom. 

Maximum DPA/FPY 
S i d & r*sf 16c"top 
Top PG f 16ctor*• • • • • 

Bottom re f lec tor 
Maximum He production in structural material 

(appm/FPY) 
Side r e f l e c t o r . . . . 

Top re f lec to r 

Bottom r e f l e c t o r . . 

ng ra t i 

L i » « . » • • « 

31 e e • « 

Top 

Bottom.. 

L i e • 

S i d e . . . . 
Top 

Bottom.. 

o. 

HIBALL-I 

10 

2446 

328 
0.941 
0.939 
1.465 
0.257 

4.577 
318.3 
2 1 1 o 1 

91.4 
15.8 

4.50 
1.36 

0 300 
715 

006 

034 

034 

022 

010 

002 

4 x 10" 

2 x 10" 6 

2 x 10~ 6 

0 

,-6 

HIBALL-II 

10 

2446 

328 

0.941 

0.939 

1.465 

0.257 

4.577 
318.3 
211.1 
91.4 
15.8 

2.43 
4.50 
1.36 

0.300 

0.715 

0.006 

0.034 

0.034 

0.022 

0.010 

0.002 

4 x 10 
2 x 10 

-6 
-6 

2 x 10" 6 

0 
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VI. CHAMBER, REFLECTOR AND SHIELD REGION PARAMETERS (continued) 

HIBALL-I 
Coolant 

Mass of coolant within re f lec to r per chamber 
(tonnes) 328 

Flow rate/chamber (kg/hr) 4 . 4 x 10 7 

Inlet temperature (°C) 330 
Outlet temperature (°C) 500 
Maximum coolant veloci ty (m/s) 1 
Pressure (MPa) 2 
AP for ent i re loop (MPa) 0.7 

Pumping power del ivered to coolant per chamber 
(MW) 1 

Maximum structure temperature (°C) 550 

Radioact iv i ty (Ci) 1.2 x 10 9 

C. Shield 

Material (v/o) concrete 
(95) 

Coolant (v/o) H20 (5) 
Side shie ld 

Inside diameter (m) 14.82 
Thickness (m) 3.5 

Top sh ie ld 
Height above midplane at center l ine (m) 7.41 
Thickness (m) 3.5 

Bottom shie ld 
Height below midplane (m) 6.40 
Thickness (m). 3.5 

Maximum power density at midplane (W/cm3) 0.045 
Average power densi ty (W/cm3) 0.0018 
Power deposi ted in shield/chamber (MW) 6.82 
Dose rate at outer surface of shie ld at 

midplane (mrem/hr) 2.64 
neutron 1.4 x 10" 5 

gamma 2.64 
Peak DPA rate in F .F . magnet s t a b i l i z e r 

(DPA/FPY) 4.48 x 10" 6 

HIBALL-II 

328 

4.4 x 10 7 

330 
500 
1 
2 

0.7 

1 
550 
1.2 x 10 9 

reinforced 
concrete (95) 
H20 (5) 

14.82 
2.9 

7.41 
2.9 

6.40 
2.9 
0.045 
0.0022 
6.82 

2.2 
IO" 4 

2.2 

1.8 x IO" 5 
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VI. CHAMBER, REFLECTOR AND SHIELD REGION PARAMETERS (continued) 

Peak radiat ion dose rate in F .F. magnet 
insulator (Rad/FPY) 

Peak power density in F .F. magnets (W/cm3). 
Coolant 

In let temperature (°C) 
Outlet temperature (°C) 
Flow rate per cavi ty (kg/hr) . 
Maximum veloci ty (m/s) 
Pressure (MPa) 
AP in ent i re loop (MPa) 

Pumping power del ivered to coolant/chamber 
(MW) •• • ••••« • • • • • • • • • • • 

Peak structure temperature (°C) 

HIBALL-I 

7.2 x 10 6 

5.35 x 10" 

45 

60 
3.6 x 10 5 

1 
0.5 
0.2 

1.4 
60 

HIBALL-II 

3 x 10' 
7.6 x 10" 

45 
60 

3.6 x 10£ 

1 
0.5 
0.2 

1.4 
60 

VI I . BALANCE OF PLANT 

HIBALL-I HIBALL-II 

Steam temperature (°C) 482 482 
Steam pressure (MPa) 15.5 15.5 

Steam flow rate (kg/hr) 1.8 x 10 7 1.8 x 10 7 

Feedwater temperature (°C) 300 248 
Reheat temperature C O 482 482 
Steam generator surface area (m2) 5.2 x 10 4 5.2 x 10 4 

Steam generator 
Material composition HT-9 HT-9 
Wall thickness (mm) 1.0 1.0 
Primary i n l e t temperature C O 330 330 
Primary out let temperature C O 500 500 
Tri t ium permeation rate to H20 (Ci/d) 0.38 0.02 
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VII I . SYSTEM POWER FLOW PARAMETERS 

HIBALL-I 
Average DT power per cavity (MW) 2000 
Total power recoverable per cavity (MW) 2548 
Blanket & re f lec to r energy mul t ip l i ca t ion 1.274 
Total pumping power del ivered to coolant per 

cavity (MW) 20 
Gross power per cavi ty (MW) 2568 
Gross power per 4 cavi t ies (MW) 10272 
Gross thermal e f f i c iency (%).... 42 
Gross plant output (MWe) 4298 
Reci rcu lat ing power (MWe) 530 

Driver system 375 
Linac 300 
Rings, beam handling & transport, f i na l 

focus 75 
Target manufacture and del ivery (MW) ? 
Coolant pumps 110 
Vacuum pumps 5 
Plant a u x i l i a r i e s . 40 
Net plant output (MWe) 3768 
Net plant e f f i c iency (%). 36.7 

HIBALL-II 
2000 
2548 
1.274 

20 
2568 
10272 
42 
4314 
530 
375 
300 

75 

? 

110 
5 
40 
3784 
36.8 

IX. MATERIAL BALANCE IN CHAMBER GAS 

HIBALL-I HIBALL-II 
Material inserted per shot 

D - target (mg) 1.6 1.6 

(# of atoms) 4.8 x 1 0 2 0 

T - target (mg) 2.4 

(# of atoms) 4.8 x 1 0 2 0 

Li - target (mg) 26.5 
(# of atoms) 2.37 x 1 0 2 1 

Pb - target (mg) 329 

(# of atoms) 9.56 x 1 0 2 0 9.85 x 10 

4.8 x 1 0 2 0 

2.4 
4.8 x 1 0 2 0 

26.5 
2.30 x 10 
329 

21 

20 
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IX. MATERIAL BALANCE IN CHAMBER GAS (continued) 

HIBALL-I 
-3 

Bi - ion beam (mg) 1.0 x 10 
(# of atoms) 3.0 x 1 0 1 5 

Li - INPORT blowoff (g) 79 
(# of atoms) 6.85 x 1 0 2 4 

Pb - INPORT blowoff (g) 13 x 10 3 

(# of atoms) 3.8 x 1 0 2 5 

4 
Nonvolati les (g) 1.4 x 10 

7 R 
(# of atoms) 4.52 x 10 

D2 (target in jector) mg/shot 1.6 
# of atoms 4.8 x 1 0 2 0 

Total D, T, D 2 (mg) 5.6 
(# of atoms) 1.44 x 1 0 2 1 

Fract ional burnup, f D = T D / ( T b + T p ) 0.29 
Material evacuated per shot 

D - target, unburned (mg) 1.1 
(# of atoms) 3.4 x 1 0 t u 

T - target, unburned (mg) 1.7 
20 

(# of atoms) 3.4 x 10 
Do (target in jector) - mg/shot 1.6 

20 
- # atoms 4.8 x 10 

T - l os t from coolant (mg) 0.88 
(# of atoms) 1.76 x 1 0 2 0 

He-DT fusion reaction (mg) 0.94 
(# of atoms) 1.4 x 10* u 

He-breeder production (mg) 1.17 
20 

(# of atoms) 1.76 x 10 
He - total (mg) 2.11 

20 
(# of atoms) 3.17 x 10 

Total (D, T, He, D 2 /Target i n j . ) (mg)... 7.39 
Total # of atoms 1.65 x 1 0 2 1 

# of shots per chamber per second 5 
# of chambers 4 
Total condensables pump rate/chamber (g/s) 0 

HIBALL-II 

1.0 x 10 
3.0 x 10 
79 
7.1 x 10 
13 x IO' 
3.9 x 10 
1.3 x 10* 

-3 
15 

24 

25 

>25 

,20 

4.6 x 10' 
1.6 
4.8 x 10' 
5.6 
1 , 44 x 1 0 2 1 

.29 

14 

53 x 10 
7 
52 x 10 
6 

8 x 1 0 2 0 

87 
8 x 10 
90 

4 x 10 
13 

75 x 10 
03 

15 x 10 
36 

20 

20 

20 

20 

20 

20 

68 x 10 21 
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IX. MATERIAL BALANCE IN CHAMBER GAS (continued) 

HIBALL-I 

Total noncondensables pump rate/chamber ( g / s ) . . 0.037 

Cavity pressure (torr @ 0°C) 10" 4 

X. BREEDING PARAMETERS 

HIBALL-I 

Coolant breeding region 

Breeding material L Ü 7 P b 8 3 

Q 
Flow rate for one chamber (kg/hr) 3.38 x 10 
Breeder mass wi thin one chamber (kg) 4.46 x 10 6 

Total breeder mass for al1 chambers (kg) 1.78 x 10 7 

In le t temperature (°C) 330 
Outlet temperature (°C) 500 
Breeding ra t io 1.25 
Steady state t r i t ium concentration (wppm) 6.1 x 10~ 4 

Trit ium pressure (torr @ 0°C) IO" 4 

Tri t i urn extract ion method In s i tu 
extract ion 

Tri t ium inventory - steady state - 4 chambers 
Reactor chamber (SiC + LiPb) (kg) 0.026 
Pipes/steam generator (kg) 0.033 
Cryopumps (2 hr on-1 ine) - kg. 0.37 
Cryogenic d i s t i l l a t i o n columns (kg) 0.16 
Fuel cleanup (kg) 0.042 
Target fabr icat ion 4.1 
Storage - 2 days fuel supply (kg) 8.4 
Total (kg) 13.1 
Total ac t i ve inventory (kg) 4.7 
Total vulnerable inventory (Ci) 4.7 x 10 7 

HIBALL-II 
0.037 
IO" 4 

HIBALL-II 

L i 1 7 P b 8 3 
3.38 x 10 8 

4.46 x 10 6 

1.78 x 10 7 

330 
500 
1.25 
1.4 x 1 0 ' 4 

IO" 4 

In si tu vacuum 
degassing 

0.015 
0.007 
0.37 
0.083 
0.031 
4.1 
8.2 
12.8 
4.6 
4.6 x 10 7 
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A P P E N D I X B. COST O P T I M I Z A T I O N F O R HIBALL 
B . l Introduction 

The HIBALL-I heavy ion beam fusion reactor des ign^^ completed in July 
1981 is a se i f -cons is ten t detai led point design. Upon completion of a point 
design such as HIBALL, the next step i s to determine whether the spec i f i c 
parameters chosen for the point design represent an optimum set . 

The optimization c r i ten'on used for th is analysis i s the true "bottom 
1ine," the busbar cost. However, to vary every major parameter in HIBALL-I to 
test i t s cost sens i t i v i t y i s a task requir ing a "systems ana lys is " computer 
model. Such an e f fo r t i s beyond the scope of th is pro ject . Instead, only a 
s ingle parameter was var ied, the ion energy between three spec i f i c values, 
5 GeV, 10 GeV and 20 GeV. The 10 GeV value represents the base case and a l l 
parameters for th is case are taken from the HIBALL-I study. The 5 GeV and 20 
GeV cases c lear ly represent an attempt to determine the economic penal t ies or 
payoffs associated wi th lower and higher ion energies. The var ia t ion in ion 
energy cannot be made while holding everything else f i xed . For instance, the 
target gain w i l l change with changing ion energy, hence the y i e l d w i l l change, 
leading to a change in the cavi ty s i z e . Therefore i t was t r ied to construct a 
se l f -cons is ten t set of parameters for the 5 and 20 GeV cases by scal ing from 
the 10 GeV HIBALL-I values. In th is way systems can be compared at three d i f 
ferent ion energies without repeating a complete conceptual design for each. 
B.2 Accelerator, Storage Rings and Beam Lines 

Varying the ion energy has a great e f fec t on the design and cost of the 
accelerator , storage r ings, and beam l ines ( i . e . , the d r i ve r ) . Higher ener
gies increase the accelerator length and i t s cost . However, space charge 
1i mi ts are reduced, hence the storage rings and beam l ines are modif ied. The 
opposite i s true for lower energies. A l l relevant dr iver costs are reproduced 
in Table B - l . 
B .3 Target 

The target does not f igure d i rec t l y into the cost but i t plays a very im
portant role in this analysis because d i f fe ren t ion energies produce d i f fe ren t 
target gains and hence d i f fe ren t y i e l d s . Therefore we must have a general 
model of target performance that w i l l include these e f f ec t s . For th is we used 
the target design analysis of J . Meyer-ter-V^hn and N . M e t z l e t ^ and the gain 
model of B o d n e r . ^ The coupling e f f i c iency versus ion energy taken from the 
Meyer-ter-Vehn/Metzler work i s plotted in F i g . B - l . 
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Table B - l . Driver Parameters and Relat ive Costs for 5 , 10 and 20 GeV Ions 

E i o n 5 GeV 10 GeV 20 GeV 

Qpulse 
T f u l l * 

2.5 
15 

MJ 
ns 

5 MJ 
15 ns 

10 MJ 
15 ns 

* 
T e f f 

10 ns 10 ns 10 ns 
p 
rmax 
Ion 

250 
B i 2 + 

TW 
B i 1 + 

500 TW 
B i 2 + 

1000 TW 
B i 2 + 

No. of Storage Ri ngs 20 5 10 5 

No. of Beam Lines per SR 4 4 2 1 2** 
No. of Beam Lines 80 20 20 5 10 

Size of Final Lenses (1 i n ) * * * 0 . 7 1.4 II -j II 1.4 
Size of Fi nal Buncher 0.5 1 " 1 " 2 
Length of Beam Lines 0 . 7 0.7 II ^ II 1.4 
Period Length in Beam Lines 0.7 1.4 " 1 " 1.4 

Space Charge Param. in BL's 0 . 5 0.5 II ^ II 2 + 1 

Rep. Rate 1.8 1.1 II ^ II 0.55 

Weight 
Factor 

for Cost Relative Costs 
Linac " 1 " 0 . 5 1 " 1 " 2 

TR 0.05 0 . 7 1.4 " 1 " 1.4 

CR's 0.1 0.7 1.4 " 1 " 1.4 

SR's 0.7 1.4 0 . 7 " 1 " 0 . 7 

Ext. Bunchers 0.6 2 1 "1 " 0 . 5 

Beam Lines 0.4 2.8 0 . 7 " 1 " 0 . 7 

Final Lenses, Ports 0.2 2 2 " 1 " 1 

Si te ? 1 1 "1 " > 1 (Left Out) 

Bui ld ings 0.25 1 1 " 1 " 1.5 

Cost Factor Re 1 a t i ve 1.38 0.98 "1 " 1.17 
to HIBALL-I 

* A parabolic pulse shape i s assumed, corresponding to a 10 ns rectangular 
pulse. 

* From longi tudinal emittance considerat ions. 
* Costs of f ina l lenses are roughly estimated to be the square of this number. 
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Bodner's target performance model i s not reproduced here. It is de
scribed in Refs. 1 and 2. It i s based on seven parameters: coupling e f f i 
c iency, cold fuel isentrope, implosion symmetry, compression, shel1 aspect 
r a t i o , ign i tor temperature, and hot spot pR value. This, of course, is the 
quantity plotted in F i g . B - l . We f i x the other parameters in the Bodner model 
to produce a gain of 80 with 5 MJ of input energy at 10 GeV. A summary of 
th is analysis i s given in Table B-2. For the 10 GeV case the given set of 
parameters produces a gain of 80 for 5 MJ of input energy. The f ina l density 
i s varied unt i l an optimum is found. This density var ia t ion i s done for each 
of the other two cases as we l l . The coupling e f f i c iency of 6 . 5 % is taken from 
F i g . B - l . The symme t ry , aspect ra t i o, ign i tor temperature, and hot spot pR 
value are chosen to be representative of typical successful implosions. 

The 5 and 20 GeV cases require some further explanation. The dr iver 
analysis assumes pulse energies of 2.5 MJ at 5 GeV, 5 MJ at 10 GeV and 10 MJ 
at 20 GeV. These input energies at 5 and 20 GeV do not correspond to a gain 
of 80. Therefore two separate analyses were done each for the 5 and 20 GeV 
cases. F i r s t , these values of input energy were used to compute the gain. 
This gives values of G = 130 at 5 GeV and G = 15 at 20 GeV. Next i s asked, 
using the Bodner model, what input energy w i l l give a gain of 80? At 5 GeV 
the answer i s 1 MJ. At 20 GeV the input energy is in excess of 100 MJ because 
the coupling e f f i c iency i s so low (1.5%). This absurd value i s not used. In
stead, i t ' s postulated that a gain of 80 can be achieved with 10 MJ of 20 GeV 
ions using an a l ternat ive target design. These f ive values of input energy 
and y i e l d are used to determine the dr iver and chamber cos ts . 
B . 4 Reactor Chamber 

The cost of the chamber i s determined by i t s size and the size is deter-
mined by the y ie ld of the target. The required chamber radius as a function 
of y i e l d has been establ ished for two l im i t i ng parameters, the temperature 
r ise l im i t on the f i r s t row of INPORT tubes and the condensation time l i m i t . 
I t i s required that the surface temperature not exceed 500°C so that the vapor 
pressure of the L i ' 1 7 P b 8 3 does not exceed 10" 4 tor r . The "free parameters" in 
th is analysis are the coolant ve loc i ty and the radius to the f i r s t surface of 
INPORT tubes (and hence the heat f lux upon them). 

The assumptions that go into th is analysis are the fo l lowing: 



F i g . B - l . Coupling e f f i c iency vs. ion energy for constant current (50 kA). 
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Table B-2. Results of Bodner Target Gain Model for 5, 10 and 20 GeV Ions 

Parameters 5 GeV 10 GeV 20 GeV 
Input Energy 1 MJ 2.5 MJ 5 MJ 10 MJ 10 MJ 
Target Gain 80 130 80 15 80 
Y ie ld (MJ) 80 325 400 150 800 

Coupling E f f . (MtV ca lcs . ) 0.11 0.11 0.065 0.015 0.015 
Isentrope/Fermi 7.5 7.5 7.5 7.5 7.5 
Symmetry 0.03 0.03 0.03 0.03 0.03 
Final Density (g/cm3) 75 75 50 85 85 
Aspect Ratio 10 10 10 10 10 
Ignitor Temp. (keV) 5 5 5 5 5 
Hot Spot pR (g/cm2) 0.5 0.5 0.5 0.5 0.5 

1. The f ract ion of energy in the form of surface heating and volumetric heat
ing of the f i r s t row of INPORT tubes are the same as in HIBALL ( i . e . , 
independent of y i e l d ) . 

2. The repet i t ion rate i s held f ixed at 5 Hz. 
3. As mentioned above, the calcu lat ions are based only on heat t ransfer 

through the L i 1 7 P b 8 3 f i lm and SiC wa l l . 
4 . The layer through which heat must be transferred i s 1.5 mm thick and con

s i s t s of 20% SiC and 80% L i 1 7 P b 8 3 . 
Given a chamber size we compute: 
1. the coolant veloci ty required to keep the maximum surface temperature 

below 500°, 
2. the coolant temperature r i se, and 
3. the allowed neutron wall loading and the DT y i e l d . 

The calculat ions are plotted parametrical ly in F i g . B-2. The allowable 
y i e l d is plotted as a function of the cavity radius for d i f fe ren t coolant 
v e l o c i t i e s . We have chosen a veloc i ty of 7.5 m/s to serve as the reference 
value for this parameter study. 

A model has been developed for the condensation of the vaporized Li-Pb in 
the cav i ty , which leads to scal ing of the time for condensation ( t c ) in the 
cavi ty with radius (R) and target y i e l d (Y). In th is model, the e f fec ts of 
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radiat ion and addit ional evaporation of Li-Pb from the surfaces of the tubes 
are ignored. The vapor i s assumed to be an ideal gas but the latent heat of 
fusion of Li-Pb i s taken into account. 

Assuming that the vapor i s an ideal gas, the temperature of the vapor 
(Tg a s ) may be writ ten as 

T gas =P-{0'3 Y " M gas A H v> • ( B - 1 } 
3 gas 3 

Here, i s a constant, AHy i s the heat of fusion of L i - P b , and M g a s i s the 
amount of Li-Pb put into the cavi ty through vaporizat ion of target x- rays. 
The 0.3 i s the resu l t of assuming that 30% of the y i e l d i s non-neutronic. 

( 3 ) 

Figure B-3 shows the resul ts of a series of computer ca lcu la t ions^ ' of M g a s 

for the target x-ray spectrum par t icu lar to the HIBALL t a r g e t ^ and for v a r i 
ous spec i f i c x-ray energy depositions (energy/area). From F i g . B-3, M g a s has 
been approximated as 

Mgas = C 2 * R > ( B - 2 ) 

where C 2 i s another constant. Neglecting evaporation of addi t ional L i -Pb , the 
condensation time has been assumed to be proportional to the dimensions of the 
cavi ty and inversely proportional to the thermal ve loc i ty of the gas atoms; 
that i s , 

1
 C 3 4 - = / /f (B.3) t Q R gas 

where C 3 i s yet another constant. 

Combining Eqs. (1), (2) and (3), the condensation time i s expressed as 

t c

_ 1 C 2 A H v ) ) 1 / 2 . (B.4) 

C 2 AH V has been determined to be 2.62 /J/cm so that when /T/R >> 10 / j / cm , 
„3/2 

' c - ^ m - ( B - 5 ) 

For the HIBALL reference case (Y = 400 MJ; R = 500 cm), ff/R = 40 /J/cm so 
that Eq. (5) c lear ly holds. 
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Figure B-4 shows these two l im i t ing curves ( i . e . , temperature r i se and 
condensation time) for a repeti t ion rate of 5 Hz; i t can be seen that the 
optimum point for HIBALL is at 5 m cavity radius. The curve shows the ex
c i uded parameter space to the r ight of the in tersect ion point . The tempera
ture l im i t curve can be used for a repet i t ion rate d i f fe ren t from 5 Hz, pro
vided the "equivalent y i e l d " is obtained for the new repeti t ion rate. Thus 
the equivalent y i e l d for HIBALL at 4 Hz is 

(|)(400) = 500 . 

Using F i g . B-4 we can estimate the cavi ty size for the f ive cases described in 
Section B.2. The resul ts of this analysis are given in Table B-3. Analyzing 
the f i r s t case where the y i e l d i s 80 MJ i t i s found that for the repet i t ion 
rates of 8 Hz and 9 Hz, the fol lowing are the 1 imit ing cavi ty radi i : 

8 Hz 9 Hz 
For condensation, radius (m) must be less than: 2.79 2.58 
For temperature l i m i t , radius (m) must be greater than: 2.6 2.75 

Obviously the 9 Hz case w i l l not work. The 8 Hz case i s selected with a 
cavi ty radius of 2.60 m. 

In ar r iv ing at the number of c a v i t i e s , the important c r i t e r i on i s the 
f u l l u t i1 iza t ion of the dr iver . At 5 GeV note that i f the dr iver can de l iver 
36 pul ses per second (pps) at 2.5 MJ, i t then should be capable of de l iver ing 
1 MJ at 90 pps. At a repet i t ion rate of 8 Hz, thi s means 11 cavi t ies can be 
driven with a single accelerator . Such a procedure i s followed in obtaining 
the parameters in Table B-3. 
B.5 Cost Analysis 

The costing was performed wi th 1981 do l la rs and conforms to > the U.S. DOE 
"Fusion Reactor Studies - Standard Accounts for Cost Est imates," PNL 2648. 

Costi ng was done for the f ive cases given be 1 ow: 

Case „ 1 2 _1 _4 __5 
Ion Energy (GeV) 5 5 10 20 20 

Energy on Target (MJ) 1 2.5 5 10 10 

Assumed Gain 80 130 80 15 80 
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Table B-3. Parameters for the Fi ve Accelerator Cases Considered 
Case 

1 2 3 4 5 
Ion Energy (GeV) 5 5 10 20 20 
Energy on Target (MJ) 1 • 2.5 5 10 10 
Gain (from MPQ) 80 130 80 15 80 
Y ie ld 80 325 400 150 800 
Cavi ty Radius (m) 2.60 4.5 5.0 3.0 6.3 

Rep. Rate (HZ) 8 5 5 5.5 3.6e 

No. of Cav i t ies 1 1 7 4 2 3 

Beams/Cavity (from GSI) 32 80 20 10 10 

DT Power (MW th) 7040 11,375 8000 1650 878^ 

The f i r s t step in the costing procedure i s to determine the optimum cav i 
ty radius and the repet i t ion ra te . Once these are known, the number of cav i 
t ies i s obtained, always taking the maximum output of the d r i ve r . 
Di rect Costs 

a) Dr iver : The costs in Table B-l were used, making an adjustment to the 
cost of the beam 1ines depending on the number of chambers. 

In the f i r s t case, for example, the cost obtai ned in Table B-l was for 4 
chambers wi th 80 beams each. This is adjusted for 11 chambers wi th 32 beams 
each, an increase of 10%. The re la t ive cost of the beam 1 ines is thus i n 
creased from 2.8 to 3 .1 . Since the weighting factor for the beam l ines i s 
0.4, the overal1 cost factor for the dr iver goes from 1.38 to 1.416. This 
means the cost of the driver is 1887 x 1.416 = 2672 mi 11ion do l l a r s . 

b) Chambers: Figure B-5 gives the single chamber costs as a function of 
target y i e l d for a rep. rate of 5 Hz. The e f fec t i ve y i e l d for a d i f f e ren t 
rep. rate as explai ned ea r l i e r can be used to obtai n the cost for any case. 
Extrapolat ing the curve s i i gh t l y gives a cost of $80 x 10 6 for an e f fec t i ve 
y i e l d of 128 MJ. 
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c) Main Heat Transfer and Transport: This account is broken up into 3 

basic parts: the l i qu id metal pumps, the steam generator and the pipes. The 

seal ing for the pumps (which for HIBALL-I amounted to 40% of the ent i re ac

count) is scaled as ( P t ^ ) 0 , 8 . The steam generator, amounting to 31% of the 

system cost , also scales as ( P t n ) 0 , 8 . The pipes scale as ( P t n ) 0 , 8 x (No. of 

chambers) 0 * 4 . 

d) Pe l l e t Injector: the pe l le t in jector scales as ( H z ) 0 , 4 x (No. of 

chambers). 

e) Land and Land Rights: These were taken as 5 x 10 6 for al1 f ive cases. 

f) Structures and Si te F a c i l i t i e s : The reactor bui ldings in HIBALL-I 

accounted for ~ 30% of the d i rec t cost . This account scales as chamber 

r a d i u s ) 0 , 8 x (No. of chambers) 0 , 4 . The turbine bui lding was 25% of the 

structures cost and i t scales as ( P t n ) . The remaining structures are 

assumed to cost the same for a l1 f ive cases. 

g) Turbine Plant Equipment: Scales as ( P t h ) 0 , 7 . 

h) E lec t r i c Plant Equipment: Scales as ( P e ) 0 , 9 . 

i ) Miscellaneous Plant Equipment: Scales as ( P t n ) 0 , 9 . 

Indirect Costs 

j) Construction F a c i l i t i e s : Taken as 15% of total d i rec t costs , 

k) Engineering Cost Management: This i s also taken as 15% of the total 

d i rec t costs . 

1) Owners' Cost: Taken as 5% of total d i rec t costs. 

m) Interest During Construction: 5% per annum deflated in teres t for an 8 

year construction period. This amounts to 17% of d i rec t and ind i rec t cos ts . 

The net power output in each case i s arr ived at by taking the thermal e f 

f ic iency in HIBALL-I, then subtracting the dr iver power and the needed a u x i l i 

ary power. Table B-4 1 i s t s the d i rec t costs , ind i rec t costs , total capi ta l 

cos ts , net power output, and uni t capi ta l costs for the f ive cases. 

Busbar Costs 

The annual operating cost i s made up of the fuel cost (target cos t ) , 

operation arid maintenance, component replacement and the f ixed charge on 

c a p i t a l . 

As in HIBALL-I the target cost is taken at 15$ per target and has the 
target factory amortized in the cost . Thus, for each case, th is amounts to 
the targets used per year at 70% a v a i l a b i l i t y mul t ip l ied by 15$. 

Operation and maintenance is taken as 2% of the total capi tal cost . 



B-l 2 

Table B-4. Capital Costs of HIBALL-I Options 

Mi 11 ions of 1981 Dol1ars 

Case 

1 2 3 4 5 

Driver 2672 3085.2 1887 2124.8 2164 .4 
Cavi t ies 880 1165 785 192 846 
Main Heat Transfer 577 .1 795.3 560 147.4 584 .8 
P e l l e t Injector 39 .8 21 12 6.2 7 .9 

Total Reactor Plant Eq. 4168 .9 5066.5 3244 2470.4 3603 . i 

Land & Land Rights 5 5 5 5 5 
Structures & Si te Fac i1 . 323 .2 354.2 280 173.5 277 .4 
Turbine Plant Equip. 393 .2 550.1 430 142 459 .1 
E lec t r i c Plant Equip. 245 .1 377.5 275 66.4 299 .1 
Miscellaneous Plant Equip. 42 .5 68.5 50 12 54 .5 

Total Direct Costs 5177 .9 6421.8 4284 2869.3 4698 .2 

Construction F a c i l i t i e s 776 .7 963.3 642 .6 430.4 704 .7 
Engineering Cost Management 776 .7 963.3 642 .6 430.4 704 .7 
Owners' Cost 258 .9 321.1 214 .2 143.5 234 .9 

Total D i r . & Indir . Costs 6990 .2 8669.5 5783 .4 3873.6 6342 .5 

Interest During Const. 1188.3 1473.3 983 .2 658.5 1078 .2 

Total Capi tal Cost 8178 .5 10143.3 6766 .6 4532.1 7420 .7 

Net Power Output (MWe) 3308 .8 5564 3760 418 4128 .5 

Unit Capital Cost ($/kWe) 2472 1823 1799 10842 1797 

Component replacement i s based on a 2 year l i fe t ime of the SiC IMPORT 

blanket. 

Fi xed charge on capi tal i s taken at 10% per annum. 

Table B-5 gives the annual operating expenses, the energy sold per year 

in kWh and the busbar cost in mil ls/kWh. 

Figure B-6 gives the graphic representation of the unit capita1 cost as a 

function of ion energy, energy on target and gain. The percentages re la t i ve 

to HIBALL-I are given in brackets. Figure B-7 does the same thing for the 

busbar costs . 
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Table B-5. Annual Operating and Busbar Costs 

M i l l i ons of 1981 Dol lars Per Year 

Case 
1 2 3 4 5 

Pe l le t Costs 290.4 115.5 66. 36.3 36 .3 

Operating & Maint. 163.6 202.9 135.3 90.6 148 . 4 

Component Replacement 38.5 90.1 64. 10. 80 .25 

Interest on Capi tal 817.9 1014.3 676.6 453.2 742 .1 

Total Annual Operating 
Costs $ x 10 6 1310.4 1422.8 941.9 590.1 1007 .1 

Net Power Sold (70% Ava i l . ) 
kWh x 1 0 1 0 / y r 2.03 3.40 2.31 0.256 2 .536 

Busbar Costs (mills/kWh) 64.5 41.8 40.8 230 39 .7 

B.6 Conclusions 
The plot of busbar cost vs. ion energy, F i g . B-7, c lear ly shows that the 

optimum point in our parameter study i s near the or ig ina l HIBALL-I case. This 
i s true for both the consistent gain = 80 parametric study and the study that 
fol lows the GSI accelerator parameters l i sted in Table B - l . It must be noted 
that the features of this cost dependence on ion energy are strongly i n f l u 
enced by the target gain predic t ions. Using the coupling e f f i c i enc i es of MPQ 
and the Bodner gain model greatly penalizes the 20 GeV case. We observe that 
i f an advanced target design could give a gain of 80 for 10 MJ of 20 GeV ions, 
s i gn i f i can t cost advantages could be obtained. The cost , based on th is obser
vat ion, i s also plotted on F i g . B-7. From this i t i s seen that there i s a 
very broad optimum over the range of 10-20 GeV i f a l ternat ive targets capable 
of u t i1 i z ing high energy ions can be designed. Confirmation of this i s beyond 
the scope of this work. Therefore, based upon the "G = 80 curve" i t i s con
cluded that 10 GeV i s about the optimum energy for the HIBALL-I heavy ion beam 
fusion reactor concept. The conclusion allowed consideration of 10 GeV ions 
for HIBALL-II and directed our e f fo r ts toward improving the analysis of the 
c r i t i c a l components of the design concept. 
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