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A b s t r a c t 

HIBALL - A Conceptual Heavy Ion Beam D r i v e n F u s i o n Reactor Study, 

A p r e l i m i n a r y concept f o r a heavy-ion beam d r i v e n i n e r t i a l c o n f i ­
nement f u s i o n power p l a n t i s pre s e n t e d . The h i g h r e p e t i t i o n r a t e 
of the RF a c c e l e r a t o r d r i v e r i s u t i l i z e d to serve f o u r r e a c t o r 
chambers a l t e r n a t l n g l y . In the chambers a no v e l f i r s t - w a l l p r o t e c 
t i o n scheme i s used. At a t a r g e t g a i n of 83 the t o t a l net e l e c t r i 
c a l output i s 3.8 GW. The r e c i r c u l a t i n g power f r a c t i o n i s below 
15%. 

The main g o a l of the comprehensive HIBALL study (which i s c o n t i n u 
i n g ) i s to demonstrate the c o m p a t i b i l i t y of the des i g n of the 
d r i v e r , the t a r g e t and the r e a c t o r chambers. Though p r e l i m i n a r y , 
the present d e s i g n i s e s s e n t i a l l y s e l f - c o n s i s t e n t . T e n t a t i v e c ost 
e s t i m a t e s are g i v e n . The c o s t s compare w e l l with those found i n 
s i m i l a r s t u d i e s on o t h e r types of f u s i o n r e a c t o r s . 

Zusammenfassung 

HIBALL - Eine K o n z e p t s t u d i e für ein e n durch S c h w e r i o n e n s t r a h l 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 

Es wird e i n vorläufiges Konzept für e i n Trägheitsfusionskraftwerk 
mit S c h w e r i o n e n s t r a h l t r e i b e r v o r g e s t e l l t . Die hohe P u l s f o l g e ­
frequenz des T r e i b e r s vom HF-Beschleuniger-Typ wird ausgenutzt, 
um v i e r Reaktorkammern abwechselnd zu bedienen. In den Kammern 
wird eine n e u a r t i g e Technik zum Schutz der e r s t e n Wand e i n g e ­
s e t z t . B e i einem Target-Energiegewinn von 83 beträgt d i e e l e k t r i ­
sche N e t t o - G e s a m t l e i s t u n g 3.8 GW. Der r e z i r k u l i e r e n d e 
L e i s t u n g s a n t e i l l i e g t u n t e r 1 5 % . 

H a u p t z i e l der umfassenden HIBALL-Studie ( d i e f o r t g e s e t z t wird) 
i s t es, d i e Verträglichkeit der Entwürfe für T r e i b e r , Target und 
Reaktorkammern nachzuweisen. Obwohl vorläufig, i s t der v o r l i e g e n ­
de Entwurf im w e s e n t l i c h e n k o n s i s t e n t . Es werden vorläufige 
Kostenschätzungen angegeben. Die Kosten s i n d gut v e r g l e i c h b a r mit 
denen, d i e i n ähnlichen S t u d i e n für andere Typen von F u s i o n s r e a k ­
t o r e n gefunden wurden. 
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PREFACE 

HIBALL (JHeavy Ion Beams and U 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 l 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 t u d y was s t a r t e d i n J a n u a r y 1980 and i s b e i n g j o i n t l y pe r fo rmed by 

r e s e a r c h g roups o f t h e 

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 E n g i n e e r i n g Program (UW) 

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 ) 

Gese l 1 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 , Darmstad t (GSI) 

M a x - P l a n c k - I n s t i t u t f ü r Q u a n t e n o p t i k , G a r c h i n g (MPQ) 

I n s t i t u t f ü 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 b j e c t i v e s o f t h i s s t u d y a re t he i n v e s t i g a t i o n o f the sys tem c h a r a c ­

t e r i s t i c s o f a f u s i o n r e a c t o r based on a heavy i o n a c c e l e r a t o r as the d r i v e r 

f a c i l i t y and the i d e n t i f i c a t i o n o f p rob lems t o be i n v e s t i g a t e d i n the f u t u r e . 

The HIBALL s t u d y i s p a r t o f a b a s i c r e s e a r c h program e s t a b l i s h e d by t h e 

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 (BMFT) . T h i s program i s 

aimed at the i n v e s t i g a t i o n o f key p rob lems i n t he 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 

pu rpose i s t o examine t he 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 t h e 

a c c e l e r a t o r commun i t y , t h a t no fundamenta l p h y s i c s p rob lems i n h i b i t t he use o f 

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

The p r e s e n t r e p o r t , p u b l i s h e d j o i n t l y by KfK and UW, i s o f a p r e l i m i n a r y 

n a t u r e and r e p r e s e n t s t he s t a t u s as o f June 1981 . In t he t e x t , t h i s s t a g e o f 

the d e s i g n w i l l somet imes be r e f e r r e d t o as H I B A L L - I . A f i n a l r e p o r t w i t h an 

a d v a n c e d , more c o m p l e t e and more c o n s i s t e n t d e s i g n ( H I B A L L - I I ) i s s c h e d u l e d 

f o r the end o f 1982 . 
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I I n t r o d u c t i o n 

I . l 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 l Con f inement 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 Con f i nemen t F u s i o n , w i t h t h e g o a l , i n bo th c a s e s , o f e x p l o i t i n g t h e 

e n e r g y r e l e a s e d f rom 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 t o p roduce e l e c t r i c e n e r ­

g y . In t he case 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 t o ve 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 ICF program 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 than 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 , as w e l l as t he emphas is on m i l i t a r y r a t h e r than 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 app roach t o e l e c t r i c power g e n e r a t i o n i s 

not as w e l l d e v e l o p e d at t h i s t i m e as t he m a g n e t i c f u s i o n a p p r o a c h . Howeve 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 : t he 

s e p a r a t i o n o f the d r i v e r f rom 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 (compared w i t h tokamak r e a c t o r s ) 

and t h e r e f o r e 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 t he o t h e r h a n d , new p rob lems 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 ene rgy (~ I O - 8 s e c ) 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 the f i r s t w a l l and the f i n a l components t h a t f o c u s the d r i v e r beams on to 

t h e 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 economics o f an ICF r e a c t o r a re m a i n l y 

d e t e r m i n e d by t he c h o i c e o f d r i v e r and t h e 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 rom a c c e l e r a t o r sys 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 ene rgy 

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 because t h e y can d e l i v e r l a r g e amounts o f ene rgy per 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 . D i f f e r e n t c r i t e r i a m igh t f a v o r o t h e r d r i v e r s 

i f an 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 l e d e v i c e f o r a s i n g l e sho t f a c i l i t y i s 
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v i s u a l i z e d . A ma jo 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 , l i g h t i o n s o r heavy i o n s - i s t h a t s e v e r a l hundreds 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 com­

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 t h e 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 c l a s s i c a l beam t r a n s p o r t t o t h e 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 ene rgy i n t h e t a r g e t a b l a t o r s h e l l . T h i s i s due t o t h e f a c t t h a t , 

based on t h e 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 , t h e e n e r g y o f v e r y heavy i o n s 

(A > 200) can be o f t h e o r d e r o f 10 GeV, whereas t he e q u i v a l e n t ene rgy 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 , t h e same demand f o r beam power 

has t o be met w i t h megaamperes o f l 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 t h e c a v i t y t r a n s p o r t and t h e t a r g e t d e p o s i t i o n r e g i o n ) whereas 

heavy i o n beam c u r r e n t s can rema in i n t h e 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 ^ 1 ) 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 t o h i g h ene rgy 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 100 . 

. A h i g h r e p e t i t i o n r a t e o f 20 Hz i s r e a l i z a b l e f o r t h e RF a c c e l e r a t o r based 

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 h e 

number o f w h i c h i s d e t e r m i n e d by t h e 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 rom 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 b a l l i s t i c beam f o c u s i n g on t a r g e t - as though i n vacuum -

u s i n g s u p e r c o n d u c t i n g q u a d r u p o l e magnets 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 d e n c e f rom p lasma c h a n n e l t r a n s p o r t schemes wh i ch c a n n o t y e t be 
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a s s e s s e d f o r a r e a c t o r w i t h t h e 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 ­

men ta l u n d e r s t a n d i n g . 

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

S tudy a t B e r k e l e y ^ 2 ) i n 1976 t h a t t h e s i z e and c o s t o f a heavy i o n d r i v e r can 

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 m a j o r i n f l u e n c e on t h e 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 t h e p r e s e n t t i m e . 
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1.2 B a s i s and O b j e c t i v e s o f HIBALL 

The s p e c i f i c goal o f the HIBALL s t u d y i s t o d e m o n s t r a t e the c o m p a t i b i l i t y 

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

beam t r a n s p o r t ) , t a r g e t , and r e a c t o r chamber t h r o u g h a s e l f - c o n s i s t e n t c o n ­

c e p t u a l r e a c t o r d e s i g n . In a d d i t i o n , i t i s r e q u i r e d t h a t HIBALL be a DT 

f u s i o n power p l a n t t h a t p roduces e l e c t r i c i t y on an e c o n o m i c a l l y and e n v i r o n ­

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

s i g n s . B e f o r e HIBALL can be b u i l t , s u c c e s s f u l o p e r a t i o n of at l e a s t t h r e e 

h e a v y - i o n d r i v e n f u s i o n f a c i l i t i e s w i l l p r o b a b l y have t o be a c h i e v e d : 

6116PQV Out 
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 ( e n e r g y -jn = l ) > 

2) an E n g i n e e r i n g Tes t F a c i l i t y , and 

3) a D e m o n s t r a t i o n F u s i o n Power P l a n t (net e l e c t r i c i t y and t r i t i u m p r o ­

d u c t i o n ) . 

T h i s means t h a t H I B A L L , as a r e a c t o r c o n c e p t , w i l l have t he b e n e f i t f rom at 

l e a s t two o r t h r e e decades o f r e s e a r c h i n i m p l o d i n g t a r g e t s . 

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

The t a s k of the d r i v e r i n HIBALL i s t o p roduce h i g h beam i n t e n s i t y w i t h i n 

a x s i x - d i m e n s i o n a l phase space volume t h a t i s s m a l l enough t o be f o c u s e d on to a 

3 mm r a d i u s t a r g e t at t he r e a c t o r s t a n d - o f f d i s t a n c e of 8 . 5 m w i t h a p u l s e 

d u r a t i o n o f 20 n s e c . T h i s has been e v a l u a t e d w i t h i n t he f o l l o w i n g s c e n a r i o : 

. A RF l i n e a r a c c e l e r a t o r i s used t o a c h i e v e t he f i n a l ene rgy o f 10 GeV f o r 

B i + 2 a t a c u r r e n t l e v e l o f 160 mA. T h i s c h o i c e b e n e f i t s f rom the h i g h 

l e v e l o f c o n f i d e n c e i n d e s i g n r e l i a b i l i t y and c o s t e s t i m a t e s f o r RF 

a c c e l e r a t o r t e c h n o l o g y . 

. A l a r g e r a d i u s t r a n s f e r r i n g and s e v e r a l more compact c o n d e n s e r and s t o r a g e 

r i n g s a r e used t o r a i s e t he c u r r e n t by a l m o s t t h r e e o r d e r s o f m a g n i t u d e 

t h r o u g h a sequence of 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 . 
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• I n d u c t i o n l i n e a r a c c e l e r a t o r s i n the f i n a l beam l i n e s s u p p l y a ramped 

v o l t a g e o f s e v e r a l hundred M V 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 

t he l o n g pa th ( 2 / 3 o f a k i l o m e t e r ) o f t h e i o n s t o t he t a r g e t chamber . T h i s 

r a i s e s the p a r t i c l e c u r r e n t per beamle t f rom 120 A t o 1200 A , hence 20 

b e a m l e t s per c a v i t y w i l l p roduce a power o f 240 t e r a w a t t s on t a r g e t . 

The o v e r a l l s c e n a r i o f o r HIBALL r e s e m b l e s t he BNL RF a c c e l e r a t o r s c e n a r i o 

s u g g e s t e d s e v e r a l y e a r s a g o . The d e s i g n has b e n e f i t t e d a l s o f rom the r e s u l t s 

o f heavy i on f u s i o n (HIF) s t u d i e s pe r f o rmed i n t he pas t y e a r s a t ma jor U . S . 

h i g h ene rgy l a b o r a t o r i e s (ANL, BNL and LBL) and at t he R u t h e r f o r d L a b o r a t o r y 

i n E n g l a n d ^ 1 - 4 ) . 

Recent e x p e r i m e n t a l p r o g r e s s a t GSI i n Germany, i n t he deve lopment o f i on 

s o u r c e s w i t h the r e q u i r e d p e r f o r m a n c e (50 mA o f e x t r a c t e d i o n s w i t h A / q « 100 

and a n o r m a l i z e d e m i t t a n c e o f < 2 • 1 0 ~ 7 m - r a d ) , has been i n c o r p o r a t e d i n the 

d e s i g n . P r o g r e s s has a l s o been a c h i e v e d at GSI i n t he d e s i g n o f the l o w -

v e l o c i t y a c c e l e r a t i n g s t r u c t u r e s . T h i s i n c l u d e s the RFQ s t r u c t u r e ( d e v e l o p e d 

j o i n t l y w i t h the U n i v e r s i t y o f F r a n k f u r t ) and a W ide röe -based f unne l i n g scheme 

t o f eed t he c u r r e n t o f a t o t a l o f e i g h t i on s o u r c e s i n t o the main A l v a r e z 

a c c e l e r a t o r . 

Less d e s i g n e f f o r t has been d e d i c a t e d t o the s t o r a g e r i n g s , where a number 

o f t o p i c s w i l l have t o be t he s u b j e c t o f f u t u r e t h e o r e t i c a l and e x p e r i m e n t a l 

s t u d i e s . The main d i s t i n c t i o n o f t h e s e s t o r a g e r i n g s f rom mach ines d e s i g n e d 

and b u i l t so f a r stems f rom the h i g h i n t e n s i t y and c o n s e q u e n t l y , the dominan t 

s p a c e cha rge e f f e c t s . The f o l l o w i n g nove l i s s u e s a l s o appea r i m p o r t a n t : 

• s t a c k i n g under c o n d i t i o n s o f l a r g e space c h a r g e , 

• beam l o s s at s e p t a , 

• l o n g i t u d i n a l m ic rowave i n s t a b i l i t i e s w i t h a space cha rge domina ted c o u p l i n g 

i m p e d a n c e , and 

• r e s o n a n c e c r o s s i n g d u r i n g b u n c h i n g . 
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A d e t a i l e d s t u d y w i l l a l s o be needed t o a s s e s s t he p e r f o r m a n c e and c o s t 

o f f i n a l c o m p r e s s i o n i n d u c t i o n m o d u l e s . S i g n i f i c a n t d e s i g n work i n t h i s a rea 

has been done by t he HIF group at Lawrence B e r k e l e y L a b o r a t o r y , and t h e 

modu les s u g g e s t e d here a re based on t h e i r d e s i g n r e s u l t s . 

In t he f ramework o f t he HIBALL s t u d y , p r o g r e s s has been made a l s o i n t h e 

area o f f i n a l t r a n s p o r t and f o c u s i n g . C o n t r o l o f e m i t t a n c e growth and space 

c h a r g e e f f e c t s has been a c h i e v e d and the c o n s i s t e n c y o f t he vacuum p r o p a g a t i o n 

mode w i t h c a v i t y c o n d i t i o n s (~ I O - 5 T o r r o f Pb r e e s t a b l i s h e d a f t e r each s h o t ) 

has been d e m o n s t r a t e d . 

1 . 2 . 2 T a r g e t Des ign 

The t a r g e t i s the c e n t r a l e lement o f the r e a c t o r sys tem on wh ich t he 

heavy i o n beams a re f o c u s e d and where the f u s i o n ene rgy i s r e l e a s e d . H i g h 

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 ene rgy = 50 -100 ) a re r e q u i r e d f o r a 

Heavy Ion 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 rom t h e o r e t i c a l a n a l y s i s , but we a re s t i l l f a r f rom a c t u a l e x p e r i m e n t a l t e s t s 

o f such t a r g e t s . Fo r the t i m e b e i n g , one has t o r e l y on pa rame te r mode ls and 

n u m e r i c a l s i m u l a t i o n . 

The r e s p o n s i b i l i t y f o r HIBALL t a r g e t d e s i g n was d e s i g n a t e d t o be at MPQ 

and K f K . S i n c e t he t a r g e t a c t i v i t i e s a t MPQ and KfK had s t a r t e d j u s t r e c e n t l y 

and no d e t a i l e d d e s i g n was a v a i l a b l e at the b e g i n n i n g o f the HIBALL s t u d y , a 

s e t o f p a r a m e t e r s was f i x e d at an e a r l y s t a g e under t he g u i d a n c e o f the UW 

g r o u p , r e l y i n g on u n c l a s s i f i e d t a r g e t d e s i g n l i t e r a t u r e f rom the 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 . T h i s se t has s e r v e d as a " f r o z e n " b a s i s f o r 

t h e d r i v e r d e s i g n and t he r e a c t o r c a v i t y a n a l y s i s . The o b j e c t i v e f o r t h e 

t a r g e t d e s i g n work then was t o check t he g e n e r a l c o n s i s t e n c y o f t h e s e 

p a r a m e t e r s . 
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The chosen w o r k i n g p o i n t f o r the HIBALL 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 a 

s i m p l e pa rame te r s t u d y 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 hyd rodynam ic 

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 burn 

r a t e . The work now i n p r o g r e s s a t K fK and MPQ w i l l c o n n e c t t h e s e p a r a m e t e r s 

w i t h the ion ene rgy 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 hot dense p lasma has been i n v e s t i g a t e d , and a c t u a l ranges 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 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 t o 

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 t o 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 han t o 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 t he moment, i s beyond t he c a p a b i l i t i e s o f the groups 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 emerg ing f rom the b u r n i n g t a r g e t as w e l l as t h e 

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 both o f the groups at t he UW and K fK 

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 . 
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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 what we t h i n k 

w i l l be t y p i c a l o f t h e y e a r 2000 -2020 p e r i o d . 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 h e 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 m a g n e t s , 

1 i q u i d me ta 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 1 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 t o 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 , t h e d e l i v e r y o f t h e 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 

t h e sys tem 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 Tes t F a c i l i t y , and 

t h e 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 economic 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 t h e HIBALL c l a s s o f 

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 pe rhaps i n t h e 2020 -2030 p e r i o d , t h e s i z e o f 

t h e 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 h a n a t t h e 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 t h e 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. The re a r e s e v e r a l s i t e s a l r e a d y now i n Eu rope and 

t h e USA where 4 - 5 u n i t s w i t h abou t 5 GWe t o t a l o u t p u t w i l l be o p e r a t e d 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 h e 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 

because we t h i n k t h a t i s where HIF r e a c t o r sys tems w i l l have t h e 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 . At t h e p r e s e n t 

t i m e , t h e r e l a t i v e e c o n o m i c s o f t h e v a r i o u s o p t i o n s a r e no 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 t h e 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 rom 

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 energy 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 t h e f i n i t e l i m i t s t o was te 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 
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p r o d u c t i o n ) and r e a l t i m e ( e . g . , e l e c t r i c i t y o r p r o c e s s s team) sys tems 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 I 

1 . P r o c e e d i n g s o f t h e Heavy Ion F u s i o n Workshop , A r g o n n e , September 1 9 7 8 , ANL 
7 9 — 41 • 

2 . 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 1976 , 
L B L - 5 5 4 3 . 

3 . P r o c e e d i n g s o f t h e Heavy Ion F u s i o n Workshop , 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 . 

4 . P r o c e e d i n g s o f t h e Heavy Ion F u s i o n W o r k s h o p , B e r k e l e y , September 1 9 8 0 , 
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I I Ove rv i ew and Recommendat ions 

I I . l Ove rv i ew o f HIBALL 

The main o p e r a t i n g pa rame te r s o f the HIBALL (Heavy Ion jteams _and _ L i t h i u m -

_Lead) r e a c t o r a re g i v e n i n T a b l e I I . 1 - 1 . A d e t a i l e d l i s t o f o p e r a t i n g p a r a ­

me te r s i s i n c l u d e d i n Append ix A . We have chosen a DT f u s i o n power of 8000 MW 

from a p r e l i m i n a r y economic c o n s i d e r a t i o n o f the number o f r e a c t o r chambers t o 

be s e r v e d by a common h e a v y - i o n d r i v e r . T h i s power l e v e l r e s u l t s i n a net 

e l e c t r i c a l ou tpu t o f 3768 MW. 

HIBALL u t i l i z e s 4 r e a c t o r c h a m b e r s , each f i r e d at a r e p e t i t i o n r a t e o f 5 

H z . The o v e r a l l p l a n t l a y o u t i s shown i n F i g . I I . 1 - 1 . The beam i o n s a re B i + 2 

a t 10 GeV and the t o t a l ene rgy o f each p u l s e i s 4 . 8 M J . T h i s ene rgy i s 

d e l i v e r e d i n a r e a c t o r chamber t o t he t a r g e t by 20 beams w i t h a maximum 

e l e c t r i c a l c u r r e n t o f 2 . 5 k A / b e a m . The 20 beams a re p r o p a g a t e d t h r o u g h t he 

gas vapo r a tmosphere o f a r e a c t i o n chamber ( F i g . I I . 1 - 2 ) wh ich c o n t a i n s no 

more than 1 0 * * atoms o f Pb vapor per c m 3 b e f o r e each s h o t . The t a r g e t s a re 

made f rom Pb and PbL i s u r r o u n d i n g a c r y o g e n i c l a y e r o f d e u t e r i u m and t r i t i u m 

( F i g . I I . 1 - 3 ) . The 4 . 8 MJ p u l s e o f B i 4 " 2 i o n s i s assumed t o g i v e a t a r g e t g a i n 

o f 83 and a t o t a l DT y i e l d o f about 400 M J . Wi th a d r i v e r e f f i c i e n c y o f 

2 6 . 7 % , the f u s i o n g a i n ( d r i v e r e f f i c i e n c y x t a r g e t g a i n ) i s 2 2 . T h i s r e s u l t s 

i n a r e c i r c u l a t i n g power f r a c t i o n o f 12.3% i f we assume t h a t a l l o f the beam 

h i t s the t a r g e t and we i n c l u d e t he power r e q u i r e m e n t s o f the c o o l a n t 

c i r c u l a t i o n pumps, vacuum s y s t e m , e t c . 

The f i r s t m e t a l l i c w a l l , made o f HT-9 f e r r i t i c s t e e l , i s 7 me te rs f rom 

the t a r g e t (see F i g . 1 1 . 1 - 2 ) . I t i s p r o t e c t e d f rom the t a r g e t X - r a y s , i o n s , 

and neutrons by an a r r a y o f porous S i C tubes t h r o u g h wh ich P D 8 3 L i i 7 i s f l o w ­

i n g . These t u b e s , c a l l e d INPORT u n i t s , f o r t he I n h i b i t e d F l o w - P o r o u s Tube 

C o n c e p t , occupy a r e g i o n 2 me te rs i n f r o n t o f the f i r s t w a l l and a re a r r a n g e d 
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T a b l e I I . 1 - 1 HIBALL P a r a m e t e r s 

DT power l e v e l 

G r o s s t h e r m a l power 

G r o s s e l e c t r i c a l o u t p u t 

Net e l e c t r i c a l o u t p u t 

A c c e l e r a t o r t y p e 

D r i v e r e f f i c i e n c y 

Ion 

Ion ene rgy 

Beam p u l s e e n e r g y 

Beam power 

T o t a l p u l s e r a t e 

Base chamber p r e s s u r e , t o r r a t RT 

No. o f i o n beams pe r chamber 

E l e c t r i c a l c u r r e n t pe r i o n beam 

T a r g e t 

T a r g e t y i e l d 

T a r g e t g a i n 

T a r g e t sho t r a t e pe r c a v i t y 

F u s i o n g a i n (nG) 

No. o f c a v i t i e s 

B r e e d e r and c o o l a n t 

T r i t i u m b r e e d i n g r a t i o 

T r i t i urn i n v e n t o r y ( a c t i v e ) 

S t r u c t u r a l m a t e r i a l 

Maximum c o o l a n t t e m p e r a t u r e 

F . W. p r o t e c t i o n scheme 

Maximum dpa r a t e i n HT-9 f i r s t wal1 

L i f e t i m e o f f i r s t wal1 

L i f e t i m e o f INPORT u n i t s 

8000 MW 

10233 MW 

4298 MWe 

3768 MWe 

R F - L i n a c 

26.7% 

B i + 2 

10 GeV 

4 . 8 MJ 

240 TW 

20 Hz 

1 0 ~ 5 (Pb v a p o r ) 

20 

2 . 5 kA 

P b - P b L i - D T 

396 MJ 

83 

5 Hz 

22 

_4 
P b 8 3 L i 1 7 
1 .25 

1 kg 

HT-9 

500°C 

INPORT u n i t s 

( S i C / P b 8 3 L i 1 7 ) 

2 . 7 / F P Y 

20 FPY 

2 FPY 
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Ion 
Sources 

B i 2 * 

3km, 5 G V 

—•—Beam Switches 

1 _£L Injection Kickers 

E (A) J3_ Ejection Kickers, Type A 

EIB) _Q_ Ejection Kickers, Type B(resonant) 

Rot -e^s-90° Beam Rotator 

Comb -C3-Combiner Septa Box 

Deb -a-Debuncher Linac 

IL -cd-Induction Linac Buncher 
H I B A L L 

Power Stat ion 

CO 

ro co 

Mar. 1981 
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F i g u r e I I . 1 - 3 

P e r s p e c t i v e v i e w o f the HIBALL p e l l e t . 
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F i g u r e 1 1 . 1 - 4 

to 2* IRST SURFACE 

ft) 

SHIELD VACUUM 

REFLECTOR 
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w i t h a 33% volume f r a c t i o n ( F i g . I I . 1 - 4 ) . The S i C INPORT t u b e s a r e p r o t e c t e d 

f rom t h e s h o r t range X - r a y s and i o n d e b r i s by a t h i n c o a t i n g o f P b 8 3 L i 1 7 f l o w ­

i n g t h r o u g h t h e po rous t ube w a l l . T h i s c o a t i n g i s p a r t i a l l y v a p o r i z e d on e a c h 

s h o t and r e c o n d e n s e s on t h e t u b e s i n t h e 200 ms between s h o t s . The maximum 

c o o l a n t t e m p e r a t u r e i s 500°C i n s u r i n g t h a t t h e Pb p r e s s u r e i n t h e c a v i t y i s 

l e s s t h a n I O - 5 t o r r ( n o r m a l i z e d t o 0 ° C ) . The t r i t i u m b r e e d i n g r a t i o i s 1.25 

and t h e low s o l u b i l i t y o f t r i t i u m i n P b 8 3 L i 1 7 r e s u l t s i n l e s s t h a n 100 grams 

o f i n v e n t o r y i n t h e b l a n k e t and f u e l p r o c e s s i n g s y s t e m . The low s o l u b i l i t y 

a l s o a l l o w s a l l t r i t i u m e x t r a c t i o n t o be done i n t h e c a v i t y i t s e l f . H e n c e , 

t h e b r e d t r i t i u m i s removed t h r o u g h t h e vacuum s y s t e m a l o n g w i t h t h e unburned 

t r i t i u m f rom t h e t a r g e t . 

The e f f e c t i v e 66 cm t h i c k n e s s o f t h e INPORT b l a n k e t , composed o f 98% 

P d 8 3 L i 1 7 a n d s i c » e d u c e s t h e r a d i a t i o n damage i n t h e f i r s t s t r u c t u r a l w a l l 

t o 2 .7 dpa p e r f u l l power y e a r (FPY) mean ing t h a t damage e q u i v a l e n t t o 5 MW-

y / m 2 w i l l be a c c u m u l a t e d o v e r 30 c a l e n d a r y e a r s . S i n c e t h e f u s i o n m a t e r i a l s 

communi ty hopes t o d e v e l o p s t e e l s w h i c h w i l l l a s t more t h a n 10 MW-y /m 2 under 

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

p l a n t . 

The p r e l i m i n a r y economic a n a l y s i s o f HIBALL r e v e a l s t h a t t h e c a p i t a l c o s t 

( i n 1981 d o l l a r s ) i s $1795 p e r KWe and t h e b u s b a r c o s t o f e l e c t r i c i t y i s 41 

m i l l s pe r kWh. Such numbers a r e v e r y c o m p e t i t i v e w i t h p r e v i o u s tokamaks and 

tandem m i r r o r r e a c t o r s t u d i e s and t h e r e f o r e g i v e us a good r e a s o n t o p u r s u e 

t h e HIBALL c o n c e p t t o an even g r e a t e r l e v e l o f d e t a i l . 

V i s u a l i z a t i o n s o f t he p l a n t l a y o u t and some i m p o r t a n t d e t a i l s a r e shown 

i n F i g s . I I . 1 - 5 t o 8 . 
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F i g . I I . 1 - 5 HIBALL F u s i o n R e a c t o r P l a n t ( 3 . 8 GW 

1 Ion S o u r c e s and RFQ L i n a c s 

2 F u n n e l i n g S e c t i o n 

3 A l v a r e z L i n a c 

4 T r a n s f e r R i n g 

5 5 Condense r R i n g s 

6 2x5 S t o r a g e R i n g s 

7 4x5 I n d u c t i o n L i n a c C o m p r e s s o r s 

8 R e a c t o r Chamber 

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

10 C o n t r o l B u i l d i n g 
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F i g . I I . 1 - 6 HIBALL R e a c t o r B u i l d i n g ( 940 MW 

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 Exit 
6 P r i m a r y Pump 

7 H e a t E x c h a n g e r 

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

9 S team G e n e r a t o r 

10 Wate r I n t a k e 

11 S team E x i t 

12 H i g h 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 C o n d e n s e r and Wate r 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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HIBALL REACTOR CHAMBER 
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F i g . I I . 1 - 7 HIBALL R e a c t o r Chamber 

1 L a t e r a l INPORT B l a n k e t 

2 Top INPORT B l a n k e t 

3 Bottorn P o o l 

4 Beam P o r t s 

5 P e l l e t I n j e c t o r 

6 C o o l a n t I n t a k e 

7 C o o l a n t Exit 
8 Vacuum Pumps 

9 S t e e l R e f l e c t o r 

10 C o n c r e t e S h i e l d 

11 R o t a t a b l e Top C o n c r e t e S h i e l d 

12 Removable P l u g 



STRAIGHT PART OF FINAL FOCUSSING QUADRUPOLE MAGNET 
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F i g . I I . 1 - 8 S t r a i g h t P a r t o f F i n a l F o c u s i n g Q u a d r u p o l e Magnet 

1 S u p e r c o n d u c t i n g C o i l s , 

2 N e u t r o n and y - R a y S h i e l d 

( S t e e l s L e a d , Wate r and B o r o n ) 

3 Ion Beam 

The c u r v e d a r r o w s i n d i c a t e t he d i r e c t i o n o f c u r r e n t i n t he c o i l s . 
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1 1 . 2 A reas o f F u r t h e r Improvement 

As m e n t i o n e d p r e v i o u s l y , t h e f i r s t phase o f t h e HIBALL d e s i g n s t u d y has 

a l r e a d y p o i n t e d ou t s e v e r a l a r e a s where more work needs t o be d o n e . The 

p r e s e n t s e l f - c o n s i s t e n t p o i n t d e s i g n , w i t h 10 GeV B i 2 + i o n s , s h o u l d be 

e x t e n d e d t o a c c e l e r a t o r s c e n a r i o s where t h e heavy i o n s have e i t h e r l o w e r (5 

GeV) o r h i g h e r ene rgy (20 G e V ) . T h i s w i l l d i r e c t l y a f f e c t t h e a c c e l e r a t o r 

d e s i g n , t h e number o f beam l i n e s , t h e p u l s e e n e r g y on t a r g e t as w e l l as t h e 

t a r g e t s i z e and d e s i g n . On ly a p a r a m e t r i c a n a l y s i s i n c l u d i n g c o s t c o n s i d e r ­

a t i o n s can l e a d t o an optimum s e t o f d e s i g n c h a r a c t e r i s t i c s . The p r e s e n t 

p u l s e r e p e t i t i o n r a t e o f t h e H I B A L L - I d r i v e r s h o u l d be r a i s e d f rom 20 Hz t o 30 

Hz i n o r d e r t o s u p p o r t more r e a c t o r chambers and t h e r e b y d e c r e a s e t h e c a p i t a l 

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

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

B i 2 + beams a t t h e c e n t e r o f t h e c a v i t y i s no t c o n s i s t e n t w i t h t h e t a r g e t 

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

t a r g e t . A d d i t i o n a l s t u d i e s a r e r e q u i r e d t o i n c r e a s e t h e t a r g e t s i z e but a t 

t h e same t i m e t h e beam f o c u s s i n g must be improved t o y i e l d a s m a l l e r s p o t . 

A l s o , f rom t h e t a r g e t p h y s i c s p o i n t o f v i e w , i t i s h i g h l y d e s i r a b l e t o use a 

shaped p u l s e . The r e a l i z a t i o n o f t h i s by s u p e r i m p o s i n g p u l s e s f rom d i f f e r e n t 

beam l i n e s has t o be i n v e s t i g a t e d i n d e t a i l . More r e f i n e d c a l c u l a t i o n s a r e 

a l s o n e c e s s a r y t o d e t e r m i n e t h e d e b r i s and t h e pho ton s p e c t r a f rom t h e b u r n i n g 

t a r g e t . A l l p a r a m e t e r s used i n t h e c u r r e n t p a r a m e t e r l i s t a r e s c a l e d up f rom 

a 1 mg t a r g e t d e s i g n . Once a c r e d i b l e 400 MJ t a r g e t i s d e s i g n e d , i t s h o u l d be 

used t o g e n e r a t e t h e t a r g e t o u t p u t c h a r a c t e r i s t i c s . 

In t h e a r e a o f r e a c t o r chamber d e s i g n t h e l a s t m e n t i o n e d d i s c r e p a n c i e s 

d i r e c t l y a f f e c t t h e 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 p r o c e s s e s o f t h e PbL i f i l m 

a t t h e s u r f a c e o f t h e S i C woven INPORT b l a n k e t t u b e s . More d e t a i l e d beam 
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t r a n s m i s s i o n c a l c u l a t i o n s i n Pb v a p o r a r e s t i l l n e e d e d . The s o l u b i l i t y o f 

t r i t i u m i n P b L i must be e x p e r i m e n t a l l y s u b s t a n t i a t e d , t h e t r i t i u m i n v e n t o r y i n 

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

t h e b a r r i e r s o f t h e p r i m a r y hea t e x c h a n g e r s must be a n a l y z e d i n more d e t a i l . 

M a t e r i a l p rob lems l i k e t h e c o m p a t i b i l i t y o f S i C w i t h P b L i , t h e s t r e n g t h and 

f a t i g u e l i f e t i m e o f t h e woven t u b e s must be f u r t h e r c o n s i d e r e d . In a d d i t i o n , 

f u r t h e r a n a l y s i s o f t h e P b L i hea t t r a n s p o r t s y s t e m , t h e s e c o n d a r y c o o l a n t 

s y s t e m s , and t h e vacuum sys tem f o r t h e r e a c t o r chamber i s n e c e s s a r y . A more 

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

l i n e s w i l l be n e e d e d . 

F i n a l l y , some a r e a s c o u l d no t be a d d r e s s e d a t a l l i n t h e f i r s t phase o f 

t h e wo rk . Among t h e s e a r e t h e a s s e m b l y p r o c e s s o f t h e t a r g e t s and t h e t a r g e t 

m a n u f a c t u r i n g c o s t s , t h e r e l i a b i l i t y o f t h e d r i v e r s ys tem and i t s impac t on 

p l a n t p e r f o r m a n c e , as w e l l as s a f e t y and e n v i r o n m e n t a l q u e s t i o n s . A l l o r most 

o f t h e s e improvements and e x t e n s i o n s o f t h e p r e s e n t s t u d y a r e s c h e d u l e d f o r 

H I B A L L - I I . 

In a d d i t i o n t o t h e above i t e m s , we a l s o s h o u l d i n v e s t i g a t e a p p l i c a t i o n s 

o t h e r t h a n e l e c t r i c i t y g e n e r a t i o n f o r H I B A L L . For e x a m p l e , we m i g h t 

i n v e s t i g a t e t h e use o f HIBALL t o p r o d u c e : 

1. ) f i s s i l e f u e l 

2 . ) s y n t h e t i c f u e l 

3 . ) p r o c e s s s team 

A n o t h e r a r e a o f i n t e r e s t c o u l d be t h e use o f HIBALL t o s u p p o r t " c a p t i v e " 

i n d u s t r i e s , such as Al p r o d u c e r s , w h i c h c o u l d accommodate i n t e r r u p t a b l e power 

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

between u s i n g d i f f e r e n t chambers t o p r o v i d e e n e r g y i n d i f f e r e n t fo rms s h o u l d 

a l s o be e x a m i n e d . F o r e x a m p l e , one s c e n a r i o m igh t be as f o l l o w s : 
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Chamber 1 - Suppo r t c a p t i v e Al p l a n t w i t h 800 MWe. 

Chamber 2 - P r o v i d e ~ 10 t o n n e s 2 3 9 P u per f u l l power y e a r . 

Chamber 3 - G e n e r a t e ~ 2 0 0 , 0 0 0 t o n n e s o f H 2 pe r F P Y . 

Chamber 4 - P r o v i d e ~ 4 x 1 0 6 t o n n e s o f s team at 500°C per F P Y . 

I t i s p o s s i b l e t h a t t he t r i t i u m b r e e d i n g r a t i o (TBR) c o u l d be max im ized o r 

m i n i m i z e d i n each chamber t o o p t i m i z e p r o d u c t i o n o f t he end p r o d u c t . One 

c o u l d reduce t he TBR i n t h e h y b r i d chamber w h i l e m a x i m i z i n g i t i n t he p r o c e s s 

s team chamber t h r o u g h t he use o f e n r i c h e d L i f o r i n s t a n c e . 

We have not d e t e r m i n e d how s m a l l t he HIBALL r e a c t o r c o u l d be and s t i l l be 

" c o m p e t i t i v e " . Such an a n a l y s i s c o u l d be done i n t he f u t u r e w i t h t he HIBALL 

c o n f i g u r a t i o n . 

F i n a l l y we have i n v e s t i g a t e d t he RF l i n a c d r i v e r i n HIBALL but i t wou ld 

be i n t e r e s t i n g t o see what e f f e c t an i n d u c t i o n l i n a c may have on t he o v e r a l l 

c o s t o f t he s y s t e m . The r e s t o f the p l a n t c o u l d be h e l d c o n s t a n t f o r t h i s 

s t u d y . 

I t i s c l e a r t h a t much work has been d o n e , but t h e r e i s much more work t o 

d o . The 1 a rge s i z e o f t he heavy i o n beam sys tem s h o u l d be t u r n e d t o an a d ­

v a n t a g e t h r o u g h f l e x i b i l i t y and i n t e g r a t i o n i n t o " e n e r g y p a r k " s c e n a r i o s . We 

have o n l y s c r a t c h e d t he s u r f a c e o f t h e p o s s i b i l i t i e s f o r heavy i o n f u s i o n 

r e a c t o r s . 
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I I I T a r g e t D e s i g n 

F u s i o n r e a c t o r c o n c e p t u a l d e s i g n s depend i n a f undamen ta l way on t h e 

p lasma p h y s i c s mode ls and a s s u m p t i o n s used t o e s t i m a t e t h e f u s i o n p e r f o r m a n c e . 

In t h e c a s e 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 , t h e p lasma p h y s i c s i s r e p l a c e d by 

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

p lasma h y d r o d y n a m i c s , h i g h p r e s s u r e e q u a t i o n s o f s t a t e , t h e r m o n u c l e a r burn 

phenomena, f l u i d i n s t a b i l i t i e s , d e s i g n c r e a t i v i t y , e t c . In t h i s c h a p t e r we 

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

t h a t s e r v e s as a b a s i s f o r ou r c h o i c e s . Three d i f f e r e n t g roups a t MPQ, K f K , 

and UW have c o n t r i b u t e d t o t h e s e s t u d i e s and t h e r e s u l t s o f each g r o u p ' s 

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

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

T h i s o r g a n i z a t i o n o f C h a p t e r I I I i s n e c e s s i t a t e d by t h e c h r o n o l o g i c a l 

d i f f i c u l t i e s t h a t we met i n d e t e r m i n i n g t a r g e t p a r a m e t e r s f o r H IBALL . A s e t 

o f t a r g e t p a r a m e t e r s was r e q u i r e d e a r l y i n t h e s t u d y t o s e r v e as t h e b a s i s f o r 

much o f t h e r e a c t o r a n a l y s i s ( s o u r c e n e u t r o n s p e c t r u m , X - r a y and i o n s p e c t r a 

and y i e l d s , t a r g e t m a t e r i a l s , DT f r a c t i o n a l b u r n u p , e t c . ) . However , d u r i n g 

t h e HIBALL s t u d y t h e t a r g e t a n a l y s i s g roups a t MPQ and KfK were i n a d e v e l o p ­

menta l s t a g e where t h e i r main emphas is was on compute r code deve lopmen t and 

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

t i e s were p r e m a t u r e . To s o l v e t h i s p rob lem t h e UW group made a " b e s t - g u e s s " 

a t r e a s o n a b l e t a r g e t p a r a m e t e r s and t h e s e were used f o r t h e HIBALL r e a c t o r 

a n a l y s i s . Subsequen t a n a l y s i s by t h e MPQ and KfK g roups showed t h a t t h i s 

c r u d e e s t i m a t e was no t t o t a l l y c o r r e c t i n d e t a i l . However , t h e r e i s n o t h i n g 

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

The i n d e p e n d e n t t a r g e t d e s i g n c o n t r i b u t i o n s o f t h e MPQ and KfK g roups 

a r e r e p o r t e d i n s e c t i o n s I I I . 2 and I I I . 3 , r e s p e c t i v e l y . These r e p r e s e n t 



111-2 - 4 0 -

p r e l i m i n a r y a t t e m p t s a t t a r g e t d e s i g n s t h a t meet t h e HIBALL r e q u i r e m e n t s . 

B e c a u s e t h i s i s an i t e r a t i v e p r o c e s s (and we have no t y e t i t e r a t e d once ) t h e r e 

a r e i n c o n s i s t e n c i e s between t h e t a r g e t d e s i g n s r e p o r t e d h e r e and t h e f i x e d s e t 

o f t a r g e t p a r a m e t e r s used i n H I B A L L . At t h i s e a r l y s t a g e o f t a r g e t d e s i g n 

a c t i v i t y , t h e s e i n c o n s i s t e n c i e s a r e u n a v o i d a b l e . In t h e f u t u r e we hope t o 

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

t o p r o v i d e a f u l l y c o n s i s t e n t p i c t u r e o f H I B A L L . 
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111.1 Set o f T a r g e t P a r a m e t e r s f o r HIBALL 

The main t a r g e t p a r a m e t e r s used f o r t h e HIBALL s t u d y a re g i v e n i n T a b l e 

I I I . 1 - 1 . The y i e l d f rom the DT f u e l i s 400 MJ but the net t a r g e t y i e l d i s 

o n l y 396 MJ when e n d o e r g i c neu t ron r e a c t i o n s a re t a k e n i n t o a c c o u n t . T h i s 

s u b t l e t y w i l l be d i s c u s s e d l a t e r . The a b s o r b e d i o n ene rgy o f 4 . 8 MJ t h e r e f o r e 

g i v e s a g a i n o f 8 3 . T h i s v a l u e o f t a r g e t g a i n i s w i t h i n t he " c o n s e r v a t i v e " 

band o f the L i v e r m o r e g a i n c u r v e s shown i n F i g . I I I . 1 - 1 . A n a l y s i s i n s e c t i o n 

111.2 shows t h a t t h i s g a i n i s a l s o c o n s i s t e n t w i t h t he work o f B o d n e r . 

D e t a i l s o f t he t a r g e t d e s i g n a re an a d a p t a t i o n o f a l i g h t i on beam t a r g e t 

d e s i g n r e p o r t e d by B a n g e r t e r ^ 2 , 3 ) and M e e k e r . Some e x p l a n a t i o n o f t h e s e 

a d a p t a t i o n s i s n e c e s s a r y . 

No heavy i on beam t a r g e t d e s i g n s f o r r e a c t o r a p p l i c a t i o n s have been 

r e p o r t e d i n t he j o u r n a l l i t e r a t u r e . F u r t h e r m o r e , we were not p r e p a r e d t o 

u n d e r t a k e a d e t a i l e d t a r g e t d e s i g n a c t i v i t y d u r i n g t h i s i n i t i a l HIBALL 

s t u d y . C o n s e q u e n t l y , we e l e c t e d t o use the c l o s e s t a v a i l a b l e s u b s t i t u t e 

t a r g e t d e s i g n t h a t was a v a i l a b l e i n t he open l i t e r a t u r e . T h i s . w a s the s o -

c a l l e d " B a n g e r t e r " d e s i g n shown i n F i g . I I I . 1 - 2 . T h i s i s a s i n g l e s h e l l 

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

r a t i o o f 1 0 , a low d e n s i t y h i g h - Z i m p r e g n a t e d p l a s t i c (TaCOH) t o s e r v e as an 

a b l a t o r - p u s h e r , and a h i g h - Z l e a d l a y e r t o a c t as an i n e r t i a l t a m p e r . T h i s 

t a r g e t r e q u i r e s 1.3 MJ o f 6 . 5 MeV p r o t o n s i n a p u l s e shape shown i n F i g . 

I I I . 1 - 3 . The ve ry p ronounced Bragg peak i n t he i on range ene rgy c u r v e , F i g . 

I I I . 1 - 4 , i s used t o g r e a t advan tage i n t h i s d e s i g n . The p r o t o n s 

p r e f e r e n t i a l l y d e p o s i t t h e i r ene rgy i n t he TaCOH a b l a t o r - p u s h e r r a t h e r t h a n i n 

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

t a r g e t i s 88 g i v i n g a y i e l d o f 113 M J . 
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T a b l e I I I . 1 - 1 T a r g e t P a r a m e t e r s f o r HIBALL 

DT y i e l d 

T a r g e t y i e l d 

T a r g e t ene rgy m u l t i p l i c a t i o n 

Ion beam ene rgy 

Ion beam power 

Ion e n e r g y 

Ion t y p e 

T a r g e t g a i n 

T a r g e t d i a m e t e r 

C o n f i g u r a t i o n (# o f s h e l l s , # o f l a y e r s ) 

C o m p o s i t i o n 

D 

T 

P b 5 L i 9 5 

Pb 

T o t a l t a r g e t mass 

F u e l R a t i g n i t i o n 

P u s h e r R at i g n i t i o n 

F r a c t i o n a l DT burnup 

Neu t ron y i e l d 

A v e r a g e n e u t r o n ene rgy 

Neu t ron m u l t i p l i c a t i o n 

Gamma y i e l d 

A v e r a g e gamma ene rgy 

X - r a y y i e l d 

X - r a y s p e c t r u m ( e q u i v a l e n t b l a c k b o d y ) 

D e b r i s y i e l d 

D e b r i s s p e c t r u m 

R a d i o a c t i v i t y p r o d u c t i o n 

400 MJ 

396 MJ 

0 . 9 9 

4 . 8 MJ 

240 TW 

10 GeV 

B i + 2 

83 

0 . 6 cm 

1 s h e l l , 3 l a y e r s 

1.6 mg 

2 . 4 mg 

6 7 . 1 mg 

288 . mg 

3 5 9 . mg 

2 g / c m 2 

1 g / c m 2 

29% 

2 8 4 . 8 MJ 

1 1 . 9 8 MeV 

1.046 

0 .6 MJ 

1 .53 MeV 

8 9 . 5 MJ 

1 keV 

2 1 . 0 MJ 

0 . 8 5 keV/amu 

1.2 x 1 0 6 C u r i e s a t t = 0 
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T A R G E T GAIN V E R S U S DRIVING 
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ION BEAM FUSION TARGET WITH 
LOW DENSITY PUSHER 

Fig. II I . l -2 
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BEAM POWER AS FUNCTION OF 
TIME 

I I I I j 1 j 1 j r — 

T IME, Nanoseconds 

Fig. III.1-3 
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DEPOSITION PROFILE FOR 6.5 MEV 
PROTONS INCIDENT ON TARGET 

DEPTH, gm / c m 2 

F i g . I I I . 1 - 4 
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Th i s t a r g e t d e s i g n i s m o d i f i e d i n s e v e r a l ways f o r t he HIBALL s t u d y . The 

TaCOH a b l a t o r - p u s h e r i s r e p l a c e d w i t h a P b - L i m i x t u r e t h a t g i v e s t he same mass 

d e n s i t y , 1.26 g / c m 3 , as i n t he B a n g e r t e r d e s i g n . T h i s w i l l not g r e a t l y p e r ­

t u r b t he i m p l o s i o n d y n a m i c s . I t has a ve ry b e n e f i c i a l e f f e c t on t he t a r g e t 

m a t e r i a l r e c o v e r y p rob lem because now the t a r g e t m a t e r i a l s a re the same as t h e 

P b L i c o o l a n t . Thus the m a t e r i a l s s e p a r a t i o n p rob lem i s e l i m i n a t e d . The 

HIBALL t a r g e t must p roduce a y i e l d o f 400 M J , hence t h e r e must be more than 

t h e 1 mg o f f u e l used i n the B a n g e r t e r d e s i g n . T h i s i s s t r a i g h t f o r w a r d l y 

s o l v e d by m u l t i p l y i n g a l l t a r g e t masses used i n t he B a n g e r t e r d e s i g n by a 

f a c t o r o f f o u r . T h i s a l l o w s us t o do a l l o f our c a l c u l a t i o n s u s i n g t h e 1 mg 

t a r g e t . I n t r i n s i c q u a n t i t i e s such as n e u t r o n , X - r a y and i o n s p e c t r a a r e a s ­

sumed t o be t he same f o r t he two t a r g e t s w h i l e a b s o l u t e q u a n t i t i e s such as 

n e u t r o n , X - r a y and i o n y i e l d a re a l l s c a l e d by a f a c t o r o f f o u r . T h i s i s 

a d m i t t e d l y a c r u d e a p p r o x i m a t i o n . However , t h e r e a re e q u a l l y s e r i o u s q u e s ­

t i o n s about t he d e t a i l s o f such a t a r g e t d e s i g n f o r heavy i o n s . F o r i n s t a n c e 

t h e heavy i o n s , w i t h a f l a t t e r r a n g e - e n e r g y r e l a t i o n , w i l l not d e p o s i t such a 

l a r g e amount o f ene rgy a t t he i n n e r s u r f a c e o f t he L i P b a b s o r b e r . A t o t a l r e -

o p t i m i z a t i o n o f the d e s i g n i s r e q u i r e d f o r a p p l i c a t i o n s t o heavy i o n s . Wi th 

a l l o f t h e s e s h o r t c o m i n g s we b e l i e v e t h a t t h i s d e s i g n w i l l p r o v i d e us w i t h 

r e p r e s e n t a t i v e v a l u e s f o r n e u t r o n , X - r a y , and i o n s p e c t r a and y i e l d s f o r heavy 

i o n t a r g e t s . 

The t a r g e t d e s i g n used f o r the HIBALL a n a l y s i s i s shown i n F i g . II 1 . 1 - 5 

i n both i t s i n i t i a l c o n f i g u r a t i o n and i t s c o n f i g u r a t i o n a t the t i m e o f i g n i ­

t i o n . T h i s second c o n f i g u r a t i o n was not o b t a i n e d f rom an i m p l o s i o n c a l c u ­

l a t i o n but was d e r i v e d f rom the g a i n r e p o r t e d by B a n g e r t e r and a p r e v i o u s 

knowledge o f c o n d i t i o n s r e q u i r e d f o r i g n i t i o n and p r o p a g a t i n g b u r n . ( 4 ) I t i s 
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t h i s t a r g e t c o n f i g u r a t i o n t h a t i s used f o r c a l c u l a t i n g t he n e u t r o n , X - r a y , and 

i o n s p e c t r a . 

1 1 1 . 1 . 1 X - r a y and Ion S p e c t r a 

The X - r a y s p e c t r a f o r the HIBALL t a r g e t were computed w i t h t h e 

PHD-IV h y d r o d y n a m i c s c o d e . ( 5 ) The f e a t u r e s o f t h i s code a re g i v e n i n T a b l e 

I I I . 1 - 2 . The code was used t o s i m u l a t e t he i g n i t i o n , b u r n , and d i s a s s e m b l y 

phases o f t he t a r g e t d y n a m i c s . No a t t emp t was made t o s i m u l a t e the i m p l o s i o n . 

(See s e c t i o n I I I . 3 f o r a s i m u l a t i o n o f the i m p l o s i o n by t he MEDUSA code a t 

K f K . ) The o u t p u t X - r a y s p e c t r u m was computed by c o l l a p s i n g t he 33 group Los 

Alamos a s t r o p h y s i c a l m u l t i f r e q u e n c y o p a c i t y da ta i n t o 11 c o a r s e g r o u p s . No 

m u l t i f r e q u e n c y o p a c i t y d a t a i s a v a i l a b l e f o r e i t h e r L i g 5 P b 5 o r P b . In ou r 

c a l c u l a t i o n s the L i g 5 P b 5 e q u a t i o n o f s t a t e and o p a c i t y p r o p e r t i e s were r e ­

p l a c e d w i t h t h o s e o f neon and the l e a d was r e p l a c e d by i r o n . The j u s t i f i ­

c a t i o n f o r t h e s e s u b s t i t u t i o n s i s : (1) neon has t he same e l e c t r o n number 

d e n s i t y as L i g 5 P b 5 and (2) i r o n i s t he h i g h e s t - Z m a t e r i a l f o r wh ich we have 

d a t a . A p p r o x i m a t i o n s such as t h e s e a re q u i t e c r u d e . However , t he r e s u l t s o f 

t he c a l c u l a t i o n s q u a l i t a t i v e l y d e m o n s t r a t e some phenomena t h a t wou ld be s i m i ­

l a r i f t he c o r r e c t da ta were u s e d . F u r t h e r m o r e , t h e p a r t i t i o n i n g o f the 

ene rgy between X - r a y s , i o n s , and n e u t r o n s i s v e r y l i k e l y t o be most dependen t 

on the masses and pR v a l u e s o f the v a r i o u s m a t e r i a l s and not on t h e i r s p e c i f i c 

p r o p e r t i e s . T h i s i s not t r u e f o r t he i m p l o s i o n c a l c u l a t i o n s where such d e ­

t a i l s a re e x t r e m e l y i m p o r t a n t t o t he c o m p r e s s i o n p r o c e s s . F i g u r e s I I I . 1 - 6 and 

I I I . 1 - 7 show t he t i m e i n t e g r a t e d X - r a y s p e c t r u m a t 0 . 0 3 1 2 ns and 3 .51 ns 

f o l l o w i n g i g n i t i o n . At 0 .0312 ns the t h e r m o n u c l e a r burn phase i s a l r e a d y com­

p l e t e d and t he spec t rum i s c h a r a c t e r i z e d by a hard component (hv > 30 KeV) and 

a s m a l l t he rma l component . The hard component r e s u l t s f rom photons f rom t h e 
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T a b l e I I I . 1 - 2 M a j o r Characteristics o f PHD-IV 

O n e - d i m e n s i o n a l ( p l a n a r , c y l i n d r i c a l , s p h e r i c a l ) L a g r a n g i a n c o o r d i n a t e s . 

One f l u i d e q u a t i o n - o f - m o t i o n w i t h p r e s s u r e c o n t r i b u t i o n s f rom e l e c t r o n s , i o n s , 
r a d i a t i o n , and t h e r m o n u c l e a r r e a c t i o n p r o d u c t s . 

T w o - t e m p e r a t u r e ( e l e c t r o n and i o n ) e n e r g y f l o w w i t h s e p a r a t e i on and f l u x 
l i m i t e d e l e c t r o n t he rma l c o n d u c t i o n , e l e c t r o n - i o n ene rgy e x c h a n g e , PdV 
w o r k , r a d i a t i o n e m i s s i o n and a b s o r p t i o n c o u p l i n g t e r m s , and ene rgy 
s o u r c e s f rom i o n beam a b s o r p t i o n and t h e r m o n u c l e a r ene rgy r e d e p o s i t i o n . 

R a d i a t i o n t r a n s p o r t u s i n g t he m u l t i f r e q u e n c y v a r i a b l e E d d i n g t o n t e c h n i q u e w i t h 
t a b u l a t e d o p a c i t i e s f o r m a t e r i a l s o f i n t e r e s t . 

T h e r m o n u c l e a r r e a c t i o n r a t e and s p e c i e s d e p l e t i o n e q u a t i o n s f o r DT, DD, and 
DHe 3 r e a c t i o n s . 

T r a n s p o r t and s l o w i n g down o f c h a r g e d - p a r t i c l e t h e r m o n u c l e a r r e a c t i o n p r o d u c t s 
u s i n g t he t i m e - d e p e n d e n t p a r t i c l e t r a c k i n g a l g o r i t h m . 

T a b u l a t e d SESAME e q u a t i o n s - o f - s t a t e f o r m a t e r i a l s of i n t e r e s t . 

Ion beam a t t e n u a t i o n by c l a s s i c a l s l o w i n g down t h e o r y . 

E x e c u t i o n t i m e of 3 m s / z o n e - c y c l e (UNIVAC 1 1 1 0 ) . 

6000 c a r d images (not i n c l u d i n g EOS d a t a ) . 

7 8 , 0 0 0 words o f s t o r a g e on UNIVAC 1110 . 

W r i t t e n i n FORTRAN IV t o e x e c u t e on any l a r g e c o m p u t e r . 

b u r n i n g DT f u e l w i t h e n e r g i e s above t he K-edge o f t he s u r r o u n d i n g h i g h - Z ma­

t e r i a l ( 8 . 5 keV f o r i r o n and 95 keV f o r l e a d ) . The " h o l e " i n t he s p e c t r u m i s 

due t o t h e s t r o n g a b s o r p t i o n of pho tons w i t h e n e r g i e s above t he K-edge o f t he 

m a t e r i a l . These a b s o r b e d X - r a y s and t he a l p h a p a r t i c l e r e a c t i o n p r o d u c t s hea t 

t h e t a r g e t m a t e r i a l t o t e m p e r a t u r e s o f about 1 keV . The b u l k o f the t a r g e t 

t hen r a d i a t e s a t t h i s t e m p e r a t u r e as shown i n F i g . I I I . 1 - 7 . At 3 . 5 n s , t h e 

t a r g e t has reached a q u a s i - s t e a d y s t a t e e x p a n s i o n p h a s e . I t i s c o l d enough 

t h a t i t has e s s e n t i a l l y s t o p p e d e m i t t i n g X - r a y s . At t h i s p o i n t , t he t i m e 
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i n t e g r a t e d spec t rum shows a l a r g e t h e r m a l component w i t h an e f f e c t i v e b l a c k -

body shape of about 1 keV . The h i g h f r e q u e n c y t a i l f rom t he i n i t i a l b u r n i n g 

o f t he DT f u e l i s s t i l l a p p a r e n t . The t o t a l f r e q u e n c y i n t e g r a t e d e m i s s i o n i s 

d i s p l a y e d i n F i g . 1 1 1 . 1 - 8 as a f u n c t i o n o f t i m e . We see t h a t most o f t h e X-

ray y i e l d i s r e l e a s e d by 3 . 5 n s . The t o t a l X - r a y y i e l d i n t h i s c a l c u l a t i o n (4 

t i m e s the computed y i e l d ) i s 8 9 . 5 MJ o r 22% o f t he o v e r a l l t a r g e t y i e l d . 

The i o n spec t rum i s much more d i f f i c u l t t o compute u s i n g our l a g r a n g i a n 

h y d r o d y n a m i c s m o d e l . The i o n s a re t r e a t e d as a s i n g l e f l u i d so no s p e c t r a l 

i n f o r m a t i o n i s a v a i l a b l e . To o b t a i n t he v a l u e s shown i n T a b l e I I I . 1 - 3 we 

d i v i d e t he t o t a l k i n e t i c p l u s t he rma l ene rgy r e m a i n i n g i n t he d i s a s s e m b l i n g 

t a r g e t a t 3 . 5 ns by t he t o t a l number o f a t o m i c mass u n i t s , a m u ' s , i n t h e t a r ­

g e t . From t h i s v a l u e o f 0 . 8 5 keV/amu we compute t he e n e r g i e s o f i n d i v i d u a l 

i o n i c s p e c i e s . The i o n y i e l d i s 2 1 . 0 MJ o r 5.1% o f t he o v e r a l l t a r g e t y i e l d . 

T a b l e I I I . 1 - 3 Ion S p e c t r a 

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

D 1.70 keV 

T 2 . 5 5 keV 

He-4 3 .40 keV 

L i - n a t u r a l 5 .90 keV 

P b - n a t u r a l 176 .0 keV 

The 14 .1 MeV n e u t r o n i n t e r a c t i o n s i n t h e t a r g e t accoun t f o r t he X - r a y + 

i o n y i e l d f r a c t i o n o f 27% r a t h e r than t h e 20% coming f rom the DT f u s i o n r e ­

a c t i o n . Fo r the pu rposes o f the X - r a y and i on y i e l d , as w e l l as s p e c t r u m 

c a l c u l a t i o n s , 
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we d i d not add t h i s d e p o s i t e d n e u t r o n e n e r g y . I n s t e a d , we a d j u s t e d t h e X - r a y 

and i on y i e l d s so t h a t the o v e r a l l e n e r g e t i c s i s t r e a t e d c o n s i s t e n t l y . 

I I I . 1 . 2 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 

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 a re r e q u i r e d t o d e t e r m i n e i m p o r t a n t 

f u s i o n r e a c t o r pa rame te r s such as t r i t i u m b r e e d i n g , n u c l e a r h e a t i n g , and r a d i ­

a t i o n damage. No n e u t r o n - f u e l i n t e r a c t i o n s o c c u r i n the low d e n s i t y 

(~ 10 V c n r ) p lasma o f a 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 r e a c t o r . 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 , t he DT f u e l i s h e a t e d and compressed t o e x t r e m e l y 

h i g h d e n s i t i e s (~ 1 0 2 5 / c m 3 ) b e f o r e i t i g n i t e s . T h e r e f o r e , n e u t r o n - f u e l i n t e r ­

a c t i o n s canno t be n e g l e c t e d . The spec t rum o f emerg ing n e u t r o n s i s s o f t e n e d as 

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

m a t e r i a l s . Neu t ron m u l t i p l i c a t i o n a l s o o c c u r s as a r e s u l t o f ( n , 2 n ) and 

( n , 3 n ) r e a c t i o n s . T h i s a f f e c t s t he p e r f o r m a n c e 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 . N e u t r o n - f u e l i n t e r a c t i o n s p roduce gamma photons w h i c h 

c o n t r i b u t e t o n u c l e a r h e a t i n g i n t he b l a n k e t . A c o n s i s t e n t 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 m u s t , t h e r e f o r e , a c c o u n t f o r n e u t r o n t a r g e t i n t e r a c t i o n s . 

T h i s i s done by p e r f o r m i n g m u l t i g r o u p 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 

w i t h i n t h e t a r g e t and c o u p l i n g them t o the b l a n k e t c a l c u l a t i o n s . 

The t a r g e t used i n the HIBALL f u s i o n r e a c t o r d e s i g n i s shown i n F i g . 

I I I . 1 - 5 . 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 a re pe r fo rmed w i t h i n t h e 

t a r g e t a t i g n i t i o n . The m u l t i - g r o u p d i s c r e t e o r d i n a t e s code ANISN g i v e s t ime 

i n t e g r a t e d r e s u l t s . An i s o t r o p i c s o u r c e o f 14 .1 MeV n e u t r o n s i s d i s t r i b u t e d 

u n i f o r m l y i n the DT f u e l r e g i o n . 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 i s used t h r o u g h o u t t h i s w o r k . The l i b r a r y c o n s i s t s o f t h e 

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 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 . The same c a l c u l a t i o n s were pe r f o rmed u s i n g t he ONETRAN f i n i t e 
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e lemen t code imp lemented a t K f K . The r e s u l t s o f t he two c a l c u l a t i o n s a r e 

compared l a t e r i n t h i s s e c t i o n . 

T a b l e I I I . 1 - 4 l i s t s t he d e n s i t y d a t a f o r t he f i n a l t a r g e t s t a t e used i n 

t h i s w o r k . The t a r g e t d e s i g n used i n t h e 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 u t i l i z e s 1 mg o f DT f u e l wh i ch p roduces an ene rgy y i e l d of 100 MJ pe r 

s h o t . S i n c e a DT energy y i e l d o f 400 MJ i s p roposed f o r H IBALL , t he r e s u l t s 

a r e s c a l e d by a f a c t o r o f 4 . Assuming t h a t the P R v a l u e s f o r the 100 MJ and 

400 MJ t a r g e t s a re t he same, t he 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 o r t h e 

100 MJ y i e l d c a s e can be used f o r a y i e l d o f 400 M J . 

The c a l c u l a t e d spec t rum o f n e u t r o n s e s c a p i n g f rom the t a r g e t , w h i c h 

r e p r e s e n t s the n e u t r o n s o u r c e f o r t he b l a n k e t c a l c u l a t i o n s , i s g i v e n i n F i g . 

I I I . 1 - 9 . The l a r g e peak a t 14 .1 MeV i s due t o t h e u n c o i l i d e d f l u x o f n e u t r o n s 

e s c a p i n g t h e t a r g e t . T h i s amounts t o 70.75% o f n e u t r o n s l e a k i n g f rom t h e t a r ­

g e t . L o c a l p e a k i n g o f t he f l u x a t 2 and 4 MeV i s caused by backward e l a s t i c 

s c a t t e r i n g o f 14 .1 MeV n e u t r o n s w i t h D and T , r e s p e c t i v e l y . The l o w e r e n e r g y 

range c o n t a i n s n e u t r o n s t h a t have been e l a s t i c a l l y and i n e l a s t i c a l l y s c a t t e r e d 

and t h o s e p roduced by ( n , 2 n ) and ( n , 3 n ) r e a c t i o n s . The ave rage ene rgy o f 

emerg ing n e u t r o n s i s 11 .98 MeV. The r e s u l t s show t h a t a t a r g e t n e u t r o n m u l t i ­

p l i c a t i o n o f 1.046 i s o b t a i n e d . T h i s r e s u l t s m a i n l y f rom ( n , 2 n ) r e a c t i o n s i n 

the dense DT f u e l and L i P b p u s h e r . The ( n , 2 n ) and ( n , 3 n ) r e a c t i o n s per f u s i o n 

o b t a i n e d u s i n g t he ANISN and ONETRAN codes a re g i v e n i n T a b l e I I I . 1 - 5 f o r t h e 

d i f f e r e n t t a r g e t r e g i o n s . Very good agreement between t h e two codes i s 

o b t a i n e d . 

The s p e c t r u m o f gamma rays l e a k i n g f rom the t a r g e t i s g i v e n i n F i g . 

111.1-10. The spec t rum peaks a round 0 . 6 MeV. The a v e r a g e energy o f t he gamma 

pho tons emerg ing f rom the t a r g e t i s 1 .533 MeV. 
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Neu t ron i n t e r a c t i o n s w i t h L i i n t h e t a r g e t a r e found t o p roduce 0 . 0 1 4 6 

t r i t i u m atoms per DT f u s i o n r e a c t i o n . Most o f t h i s t r i t i u m i s p roduced i n 7 L i 

because o f the r e l a t i v e l y hard spec t rum o f n e u t r o n s i n t h e t a r g e t . T r i t i u m 

p r o d u c t i o n i n the t a r g e t i s ve r y s m a l l compared t o t h a t i n the b l a n k e t . 

T a b l e I I I . 1 - 4 T a r g e t Data a t I g n i t i o n 

Reg ion C o m p o s i t i o n D e n s i t y PR A t o m i c D e n s i t y 

[ g / c m 3 ] [ g / c m 2 ] [ a t o m s / b - c m ] 

1 D 183 .06 2 2 2 . 2 2 5 

T 2 2 . 2 2 5 

2 6 L i 183 .06 1 0 .4656 

7 L i 5 .809 

Pb 0 .32166 

3 6 L i 0 . 3 0 8 0 .0638 7 .834 x I O " 4 

7 L i 9 .774 x I O " 3 

Pb 5 .412 x I O - 4 

4 Pb 1 1 . 3 0 .11 3 .2831 x 1 0 ~ 2 
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1 0 
~ 2 

10 - 3 

1 — I I M i l l —I—i i i i i 111 r 

SPECTRUM OF NEUTRONS 
LEAKING FROM HIB TARGET 

J i i i i 111 ' i i i i 1111 

105 IO6 IO7 

NEUTRON ENERGY (eV) 

F i g . I I I . 1 - 9 

N e u t r o n S p e c t r u m (The o r d i n a t e i s t h e i n t e g r a l i n each 
e n e r g y g r o u p . ) 
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T a b l e I I I . 1 - 5 

R e a c t i o n s / F u s i o n e v e n t R e a c t i o n s / F u s i o n e v e n t 
1 mg Ta rge t (ANISN, S 4 P 3 ) 1 mg Ta rge t (ONETRAN, S g P 3 ) 

Reg ion ( n , 2 n ) ( n , 3 n ) ( n , 2 n ) ( n , 3 n ) 

1 4 . 0 4 3 2 x I O " 2 0 . 0 3 .9704 x I O " 2 0 . 0 

2 5 .0972 x I O - 3 5 .6370 x 1 0 ~ 5 4 .8606 x K T 3 5 .3895 x K T 5 

3 3 .6479 x I O - 4 4 .0026 x 1 0 ~ 6 2 .5559 x I O " 4 2 .8105 x 1 0 " 6 

4 6 . 3 3 6 x 1 0 " 4 8 . 5960 x I O " 6 6 . 1 1 8 3 x 1 0 " 4 7 .9566 x 1 0 " 6 

TOTAL 4 . 6 6 5 8 x I O - 2 6 .8969 x 1 0 " 5 4 . 4 5 3 2 x 1 0 ~ 2 6 . 4 6 6 2 x 1 0 ~ 5 

Neu t rons l e a k i n g / 1 .04589 
pe r s o u r c e n e u t r o n 

1.04482 

Gammas l e a k i n g / 0 . 0 1 7 5 2 
pe r s o u r c e n e u t r o n 

0 .01639 
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1 — - I — r - T - i i r e 

SPECTRUM OF : 
GAMMA LEAKING-

FROM HIB 
TARGET 

T 1 1 I I I I I 

I I I I I M f I 1 I I I III I 1 

10' 6 10 

ENERGY (eV) 

i o ' 

F i g . 1 1 1 . 1 - 1 0 
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Neu t ron and gamma ene rgy d e p o s i t i o n i n t he t a r g e t , b l a n k e t , f i r s t w a l l , 

and r e f l e c t o r a re c a l c u l a t e d u s i n g t he n e u t r o n and gamma s p e c t r a and the a p ­

p r o p r i a t e kerma f a c t o r s . T a b l e I I I . 1 - 6 g i v e s n e u t r o n and gamma energy d e p o ­

s i t i o n i n t he d i f f e r e n t r e g i o n s of the t a r g e t . Most o f t h i s ene rgy i s d e ­

p o s i t e d by n e u t r o n s i n t he DT f u e l c o r e . The ene rgy d e p o s i t e d i n the t a r g e t 

by n e u t r o n s and gamma photons i s 1.3615 MeV per f u s i o n . When the 3 . 5 MeV 

ene rgy c a r r i e d by the a l p h a p a r t i c l e emerg ing f rom t he f u s i o n r e a c t i o n i s 

a d d e d , a t o t a l ene rgy o f 4 . 8 6 1 5 MeV per f u s i o n i s found t o be c a r r i e d by X-

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

c a r r i e d by emerg ing n e u t r o n s i s found t o be 12 .532 MeV per f u s i o n or 71% o f 

t he t o t a l y i e l d and the ene rgy c a r r i e d by gamma photons i s found t o be 0 . 0 2 7 

M e V / f u s i o n . The r e m a i n i n g ene rgy o f 0 . 1 7 9 M e V / f u s i o n i s l o s t i n e n d o e r g i c 

n e u t r o n r e a c t i o n s w i t h t he t a r g e t m a t e r i a l s . 

I I I . 1 . 3 R a d i o a c t i v i t y i n t he Ta rge t 

Induced r a d i o a c t i v i t y i n t he t a r g e t can be v e r y s u b s t a n t i a l , depend ing on 

t h e t a r g e t m a t e r i a l s . R a d i o a c t i v i t y c a l c u l a t i o n s were pe r fo rmed u s i n g the DKR 

c o d e ( 7 ) d e v e l o p e d a t the U n i v e r s i t y o f W i s c o n s i n . R e s u l t s a re d i s p l a y e d i n 

F i g . 1 1 1 . 1 - 1 1 . The DKR code pos t p r o c e s s e s ANISN f l u x e s t o compute t he i n i ­

t i a l a c t i v a t i o n and then f o l l o w s the i m p o r t a n t decay c h a i n s t o d e t e r m i n e how 

the r a d i o a c t i v i t y changes w i t h t i m e . 

The ve ry h i g h i n i t i a l a c t i v i t y o f 1 0 5 c u r i e s i s due t o 6 L i ( n , p ) 6 H e and 

7 L i ( n , y ) 8 L i r e a c t i o n s . These p r o d u c t s ß-decay w i t h h a l f - l i v e s o f 800 ms. The 

v e r y l o n g te rm a c t i v i t y i s due t o 2 0 5 P b w i t h a 3 x 1 0 7 y e a r h a l f - l i f e . The 

a c t i v i t y between t h e s e two ex t remes i s m o s t l y due t o 2 0 5 H g and 2 0 3 P b w i t h 

h a l f - l i v e s o f 5 . 5 m i n u t e s and 52 h o u r s . 

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

a c t i v i t y . The t a r g e t m a t e r i a l s a re the same as the P b 1 7 L i « o c o o l a n t t h a t 
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T a b l e i l l . 1 - 6 Neu t ron and Gamma Energy- D e p o s i t i o n i n t he T a r g e t 

Reg ion E lement Neu t ron H e a t i n g 

[ e V / f u s i o n ] 

Gamma H e a t i n g 

[ e V / f u s i o n ] 

1 DT 1.168 x 1 0 6 0 . 0 

2 6 L i 

? L i 

Pb 

Reg ion T o t a l 

1 .70129 x 1 0 4 

1.62950 x 1 0 5 

6 .1056 x 1 0 2 

1.805734 x 1 0 5 

2.07881 x 10 

2 .5936 x 1 0 2 

9 .06526 x 1 0 2 

1.18667 x 1 0 3 

3 6 L i 

? L i 

Pb 

Reg ion T o t a l 

1 .20695 x 1 0 3 

1.16287 x 1 0 4 

4 .35637 x 10 

1.2879214 x 1 0 4 

1.26611 x 10° 

1 .57965 x 10 

5 .4128 x 10 

71 .19061 

4 Pb 9 .38872 x 10 1.53527 x 1 0 2 

T o t a l 1 .3615 x 1 0 6 1.14114 x 1 0 3 
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p r o t e c t s t he f i r s t w a l l , c o n s e q u e n t l y no s p e c i a l , s e p a r a t i o n and h a n d l i n g o f 

t h e t a r g e t m a t e r i a l s i s r e q u i r e d i n H IBALL . 
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10 12 ACTIVITY vs TIME IN THE P E L L E T 
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I I I . 2 Target Design at MPQ 

The work on target design presented i n t h i s chapter has been per­

formed at the Max-Planck-Institut for Quantum Optics (MPQ) i n 

Garching / FRG. I t includes a parameter study for p e l l e t gain, an 

investigation of heavy ion stopping i n hot dense plasma and a de­

t a i l e d discussion of a t y p i c a l heavy ion induced p e l l e t implosion 

selecting a s i n g l e - s h e l l design. Strong emphasis has been put on the 

underlying physics, but a l l results are d i r e c t l y related to HIBALL 

and are used to check the "frozen" parameter l i s t for consistency 

with actual HIF target behaviour. This work represents a f i r s t 

step and leaves important aspects untouched. The effect of i r r a ­

d i a t i o n asymmetry on target performance, consideration of double-

s h e l l and more complicated designs and optimization between beam and 

target parameters are some of these aspects. To a certain extent, 

they w i l l be discussed i n chapter I I I . 4 and i n the f i n a l HIBALL report 

The parameter study i s based on a modified version of the Kidder-

Bodner model for p e l l e t gain. The modification consists i n a more 

r e a l i s t i c assumption about the fu e l configuration at i g n i t i o n than 

used by Kidder and Bodner. The model provides a physical interpre­

t a t i o n of the Livermore "conservative" gain curves (see F i g . III.1-1) 

and reproduces the HIBALL working point ( E ß e a m = 4.8 MJ, Gain 83) 

with reasonable choices for hydrodynamic e f f i c i e n c y , cold fuel isen-

trope and fu e l pressure at i g n i t i o n . The theory of heavy ion stopping 

i n hot dense plasma i s outlined and used to calculate ranges and de­

pos i t i o n p r o f i l e s for 10 GeV Bi-ions i n Pb, L i , and PbLi-alloy r e l e ­

vant for the HIBALL target. F i n a l l y , a lD-implosion of the chosen 
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target configuration y i e l d s a detailed picture^of the p e l l e t dynamics, 

Special attention i s given to the shock sequence leading to the i g ­

n i t i o n configuration and how i t i s related to the pulse shape. Also 

the growth of Rayleigh-Taylor i n s t a b i l i t y at the absorber-pusher 

interface i s estimated. 

III.2.1 Modified Kidder-Bodner model for p e l l e t gain 

P e l l e t gain as a function of beam energy i s one of the c r u c i a l r e l a t i o n s 

for i n e r t i a l confinement fusion. Although the dynamics of p e l l e t im­

plosion are very complex, the gain curve can be expressed i n terms of a 

few physical parameters. This has recently been pointed out by S. Bodner. 

The underlying model had been formulated before by R. Kidder . The fu e l 

configuration at i g n i t i o n i s assumed to consist of a central hot region 

(spark) surrounded by highly compressed f u e l at low entropy as shown 

schematically i n F i g . III.2-1. I g n i t i o n w i l l occur i n the centre, and 

burn then propagates into the cold f u e l . Propagating burn i s es s e n t i a l 

to achieve high gain. The question of how to achieve such an i g n i t i o n 

configuration dynamically i s addressed i n section III.2.3. 

As an important modification of the Kidder-Bodner model, we assume 

constant pressure p over the t o t a l (hot and cold) fuel region. Kidder 

and Bodner had assumed constant density implying a sharp pressure jump 

from the hot to the cold f u e l region. However, t y p i c a l implosion runs 

(see e.g. ref. 3 and section III.2.3) show that the i g n i t i o n point with 

maximum f u e l R and maximum central temperature T g i s generally reached 

only a f t e r the shock, emerging from the centre a f t e r s h e l l collapse, 
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PJ,P 
4 

constant pressure p 

~I temperature 
K 
j density 
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\y 
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compressed region 

F i g - I I I • 2- 1 : P r o f i l e s o f p r e s s u r e p, 

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

t e m p e r a t u r e J, 

c o n f i g u r a t i on 
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has passed through f u e l and pusher. At t h i s time, almost a l l the i n ­

ward going k i n e t i c energy has been converted to i n t e r n a l energy, and 

the pressure i s nearly constant over the f u e l . This i s the r e a l i s t i c 

i g n i t i o n s i t u a t i o n . Replacing constant density by constant pressure 

leads to less o p t i m i s t i c gain curves than those discussed by Bodner. 

This i s because now more energy goes into the compressed f u e l part. 

The model i s defined by the following equations. The spark region i s 

described as an i d e a l gas. Taking as i g n i t i o n conditions 

one obtains f o r the density r>. , the radius R , the mass M , and the 
s s 

in t e r n a l energy E of the spark 

( l a ) 

( l b ) 

s 

(2a) 

(2b) 

(2c) 

(2d) 



I I I . 2-5 - 7 0 -

Here, the atomic weight of DT P D T S 4 x 10" 2 4g, and p i s the o v e r a l l 

pressure. 

The highly compressed region i s described as a degenerate electron gas 

with the pressure 

o ^ % / \ (3a) 
p - c x . - | h c d F = 2M -.10 ^ urn**) 

and the in t e r n a l energy 

E - « 4 £ . - ü e 4,5tf- IO1' « M c o f ( t o * umk) (3b) 

The isentrope parameter * denotes the deviation from the completely 

degenerate expressions and labels d i f f e r e n t isentropes. Obviously, 

one has o< ̂  1. The Fermi energy i s given by £ F = k^Cä/n«) 

with the elctron mass mg and the electron density n g = ^ / ^ T . 

In the model, the density <£c o f t h e h i 8 h l y compressed region i s ob­

tained from eq. (3a) and i t s mass M c from eq. (3b>. The t o t a l f u e l 

energy (E + E ) i s related to the input beam energy ° J s c 

(4 ) 

v i a the hydrodynamic e f f i c i e n c y ij . The t o t a l f u s i o n energy 

E . . - V ' M -CS) 
ru.*ion l ^ 1 

i s given by the s p e c i f i c DT fusion energy - 3.34 x IO 1 1 J/g, the 

t o t a l f u e l mass M = M + M , and the burn rate 
S v-
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f = H F / (H 0 + Hp ) (6) 

2 
with the burn parameter H q = 7 g/cm , the t o t a l f u e l (c^R) 

Hp = < ? A + < ^ ( R ~ R ^ (7) 

and the f u e l radius B 3> M/0hrO c V (1 - CX/p^R* The value f o r H 
o 

corresponds to a f r e e l y expanding DT sphere. In actual p e l l e t implosions, 

pusher material tamps t h i s expansion and increases the burn rate. On the 

other hand, asymmetry effects w i l l degrade the burn so that the chosen H 
o 

may e f f e c t i v e l y describe a r e a l i s t i c s i t u a t i o n . F i n a l l y , the p e l l e t gain 

i s given by 
Fusion Beam 

Results for G ( E ß e a m ) are shown i n Figs III.2-2 to III.2-4. I f the input 

energy i s not s u f f i c i e n t for i g n i t i o n 

E R < E ^ " A (8) 

the model assumptions are E = 0. M = 0,E = on E. , M = E u__/ 3kT . 
c c s c i n ' s srDT s' 

1/3 

and R g = (3Mg/4 TT Ĉ s ) < R^/^ . The break i n the gain curves marks 

the point of i g n i t i o n and the onset of propagating burn. The hydrodynamic 

e f f i c i e n c y , the isentrope parameter a, and the central pressure p are 

chosen as free model parameters. A standard set obtained for these 

parameters from e x p l i c i t code calculations i n section 3 i s 

^ - O.0S* } * - 1 , p = 0.1 Tb (9) 
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- 1 r m i ] I i i i i l 11| i i ~~\ 1 1 1 1 1J 1 1 1 1 1 1 1 V-
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F i g . I I I . 2 - 2 : G a i n c u r v e s f o r d i f f e r e n t h y d r o d y n a m i c 

e f f i c i e n c i e s , c< a n d p a r e k e p t f i x e d . 
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t r o p es, 

-5 : 

and 

Gain c u r v e s f o r d i f f e r e n t co1d f u e l i s e n-

p are kept f i x e d . 
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Gain 
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10 

n — I — n I 111] 1 — I I I I 1111 I I I 1 I 1111 
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10 

F i g . 111.2-4: Gain c u r v e s f o r d i f f e r e n t c e n t r a l p r e s s u r e s , 

7) and <K are kept f i x e d . The broken l i n e s are c u r v e s o f 

equal f u e l mass 
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The gain curve for these standard parameters as well as neighbouring 

curves when varying ^ ,o< , and p are shown i n Figs. III.2-2, -3, and -4, 

respectively. The standard curve has i t s i g n i t i o n point at about 1 MJ. 

Changing the hydrodynamic e f f i c i e n c y from 5 % to 10 % i n F i g . III.2 2, 

a gain band i s obtained which almost reproduces the 'conservative' gain 

region predicted by the Livermore group.^ Targets for heavy ion beam f u ­

sion have r e l a t i v e l y low and are located at the lower edge of t h i s band. 

The gain i s also lowered by going to higher cold f u e l isentropes as seen 

from F i g . III.2-3; i n the region of propagating burn one has G ~ a/u . High 

central pressures strongly decrease the i g n i t i o n energy P T 
-Beam ' ' 

but are less important i n the high gain regime. This i s seen i n F i g . III.2-4, 

where also l i n e s of equal f u e l mass are given. At high pressures, the 

i g n i t i o n conditions can be achieved with exceedingly small masses. Such 

small targets may be an option f o r laser fusion, where sharp focussing 

and high beam power are possible. For heavy ion beam fusion, however, 

both these points are d i f f i c u l t to achieve. Therefore one i s bound 

to take r e l a t i v e l y large targets. 

The working point of the HIBALL reactor design has been chosen as 

G = 83 (10) 

E,, - 4.8 MJ 
Beam 

which l i e s on the reference gain curve with the parameters (9). 

Within the model, one then finds the other p e l l e t parameters as 

given i n Table III.2-1. The spark contains 2.5 % of the fu e l mass, but 

25 % of the f u e l energy. Its density i s less than one tenth of 

the compressed f u e l density. 
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Table III.2.-1 HIBALL P e l l e t Parameters 

mass M = 4 mg 

confinement = 3.4 g/cm 

burn rate * = 30 % 

radius R 124 um 

pressure P = 0.2 Tb 

energy E - 240 kJ 

2 

temperature T 
s 

= 5 keV 

mass M 
s 

= 0.1 mg 

confinement Q R 
>s s 

=0.4 g/cm 

radius R 
s 

- 77 pm 

density ?s = 52 g/cnf* 

energy E 
s 

= 57 kJ 

2 

3 
compressed density ^ c = 630 g/ cm 

fuel compressed ~ ̂ 000 

rat i o 

isentrope = 2 

energy E c = 183 kJ 

In the next section, the stopping of heavy ions i n hot dense matter i s 

discussed, and stopping powers of Bi-ions are calculated for the absor­

ber materials of the p e l l e t described i n section III.2.3. The dynamic 

design parameters as pulse shape, maximum beam power, absorber pressure, 

implosion v e l o c i t y etc. which are needed to achieve the i g n i t i o n configu­

ration are then discussed. 
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III•2.2 Heavy ion stopping powers i n hot dense matter 

III.2.2.1 General considerations 

One of the advantages to use heavy ion beams for p e l l e t fusion consists 

i n the high stopping powers. The 10 GeV Bi-ions considered for HIBAIL, 

e.g., are stopped i n less than 0.5 mm of a Pb surface layer. So f a r , 

however, there e x i s t no precise measurements for ion energies and 

target regimes of in t e r e s t for p e l l e t fusion. Stopping data i n some cold 

target materials and for ion energies up to 5 MeV/nucleon have been 

measured recently at GSI In some cases, these data d i f f e r consi­

derably from tables of N o r t h c l i f f e and S c h i l l i n g ^ . Tables extrapolated 

from the new data and covering the range of ion energies 2.5 - 100 MeV/ 

nucleon and various p r o j e c t i l e / t a r g e t combinations have been published 
8) 

by Hubert et a l . ' No experimental information i s available f o r stopping 

powers i n hot dense matter. For p e l l e t applications, one has therefore 

to r e l y on t h e o r e t i c a l extrapolations. 

Fortunately, there are good reasons to believe that c l a s s i c a l stopping 
91 

theory i s applicable. As pointed out by Bangerter , the t y p i c a l heavy 

ion beam for fusion (HIBALL values: 10 GeV Bi-ions, ion v e l o c i t y 

Vg/c - 0.3,particle current at target = 25 kA/cm ) has an ion density 
of 10*** - 10^/cm^ as compared to a target electron density of 

23 3 

= 10 /cm . In t h i s sense, i t has to be considered as a d i l u t e beam. The 

Debye screening length ^ i s 2 - 3 orders of magnitude smaller than the 

average ion seperation distance. One may therefore hope that anomalous 

c o l l e c t i v e e f f e c t s can be ignored. 
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The dominant stopping mechanisms are then energy loss due to binary 

c o l l i s i o n s with electrons at distances r < A Q and due to plasmon ex­

ci t a t i o n s at distances r > A ß . For stopping i n p a r t i a l l y ionized 

plasma, i t has been claimed that bound electrons at r > X ß do not 
12 13) 

contribute to the stopping power because of Debye screening 

This i s incorrect. I t would have the consequence that stopping powers 

f i r s t decrease when a target i s heated and increase only l a t e r at 

higher temperatures ( > 50 eV) when the stopping contribution from the 

free electrons themselves becomes larger than the i r assumed screening 

ef f e c t . However, a careful analysis of the energy flow at distances 

r > X D (see e.g. Jackson's book 1 0^) shows that bound electrons i n 

t h i s region contribute to the energy loss j u s t as the free electrons 

do. Therefore, as long as the ion v e l o c i t y i s large compared to the 

thermal v e l o c i t y ( v j h / c £ 0.003 for T = 200 eV), the stopping power 

w i l l monotonically increase with temperature. This i s because the 

number of free electrons increases and energy i s more e a s i l y trans­

ferred to free electrons than to bound ones. As an important result 

for ion p e l l e t design i t follows that ion ranges i n cold material 

represent upper bounds and decrease when the target i s heated. 

I I I . 2 . 2 . 2 The theoretical model for ion stopping 

In t h i s subsection, the basic equations for ion stopping i n hot 

dense matter are given. The t h e o r e t i c a l frame i s kept as simple 

as possible. Standard stopping t h e o r y 1 0 ) i s generalized and applied 

to p a r t i a l l y ionized dense plasma. The topic has been discussed re­

cently i n d e t a i l by Mehlhorn U ) and others 1 2 ' 1 3 ) • The present work 

b a s i c a l l y follows Mehlhorn's description except for a few points 

explained below. 
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The electronic stopping power for n o n - r e l a t i v i s t i c beams has the 

general form 

where e and mg are charge and mass of the electron, Z^ f f i s the effec­

t i v e charge of the beam ion and v ß i t s v e l o c i t y , n g = (^Z^)/(A m̂ ) i s 

the electron density with the mass density ^>T, the charge number Z^ 

and the mass number Â , of the target atoms, and mp i s the proton mass. 

The minimum and maximum impact parameters are given by 

I r i l W a. 

m in 

L a . 
V B / c o [ot- kou-nJl e l e c t r o n s 

^8 ^ f o r f r e e e l e c t r o n s 

For the average i o n i z a t i o n p o t e n t i a l , we have used the expression 

%u> - 3eV- Z T- (1 - 1.S/ Z^1) • exp [2.?- (?;°V 2 T ) Z \ 

which represents a f i t to results of ref. 11. The plasma frequency 

of the free electrons c o p = (^Tre. 1^ 2^"/m 4 2T ) 
P 

Zy° n i s the average i o n i z a t i o n state of target atoms, and ft Planck's 

constant. In the case of 10 GeV Bi-ions, the minimum impact parameter 
bmin i s f o u n d t 0 b e equal to the Coulomb distance ( z e f f

e
2 / m ^ v

2 ) o v e r 

the whole stopping range implying that Bohr* s c l a s s i c a l stopping f o r ­

mula i s v a l i d . For most heavy ion applications, i t i s incorrect to 

use the quantum value b ^ - ^ / ( m
e

v g ) which leads to Bethe's stopping 

formula. This point has been overlooked i n a number of papers i n ­

cluding Mehlhorn's 1 1^. Our choice for b takes into account binarv 
max 3 

c o l l i s i o n s as well as plasmon excitations as discussed i n the preceding 

section. 
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eff 
An important quantity i s the effec t i v e charge Z % of the beam ion 

inside the stopping medium, since the stopping powers depend on Z ß . I t 

is d i f f i c u l t to measure Z e/ f d i r e c t l y , and i t has therefore i n general 

been determined i n d i r e c t l y from measured stopping powers on the basis 

of e q . ( l l ) . I t i s found that Z e
B
f f i s approximately a function of the 

ion v e l o c i t y alone and independent of target properties. A good para-
14) 

metrization of existing data has been given by Nikolaev and Dmitriev 

i n the form 

.8 with the parameters * = 0.45, k = 0.6, and V q = 3.6 x 10 cm/sec. We 

have used this formula taking for the r e l a t i v e v e l o c i t y between beam ion 

and electrons v = ( v 2 + v * 4 ) 1 / 2 where v $ = (2kT/m £) 1 / 2 i s the 

thermal electron v e l o c i t y and kT the temperature. The t o t a l stopping 

power i s f i n a l l y obtained by adding the contributions from bound and 

free electrons 

^ B ± u _ S y c + ! £ : G ( ^ / v 5 V ' S , 03) 

Here, the function G(x) = (erf(x) - 2 x exp(-x 2)/{^ ) accounts for the 

temperature dependence of the Coulomb cross section i n the case that the 

thermal v e l o c i t y v^ 1 becomes comparable or larger than the ion ve­

l o c i t y v .It i s well known that the description given above breaks down 

for low ion energies. The Lindhard theory, applicable at low energies, 

gives for the bound electron contribution 

s L , - - krilTTÄr («) 
bow-h CA 
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T — r — r — r - — r r — T r~ T 1 1 r >—1 > ™ r 

dE 90 
dR 

MeVcm 2 

St_oppJng Power 2 0 9 B i — 2 0 8 P b (so l id ) 

mg 
70 

/ d E I MeV 
/ 

/ dR L mg/cm2J = 3 0 . 3 ^ | [MeV] 1 

50 
/ 
/ 

Table: F Hubert et al 
Ann. Phys. 5 (1980) 1 

30 
/ X G S l - d a t a 

10 

—1 1 f L _ L -L-—1——L___L___I—_J____L__L___L J _ _ J _ 

5 • 10 

E CMeV/amu] 
15 

F l g . I I I.2-5: S t o p p i n g powers o f Bi on. s o l i d PB a t 

low ene rg i es . 



III.2-17 — 82 — 

In order to insure a correct treatment of the energy deposition near the. 

end of the beam range, we have smoothly replaced expression ( 11 ) for 

S by the Lindhard expression (14 ) at small energies, taking the bound 
parameter k from recent GSI measurements. The calculated stopping 

power at small energies for B i on s o l i d lead i s shown i n F i g . III.2-5 

together with GSI-data and values from the tables i n ref. 8. 

III.2.2.3 Calculated ranges and stopping powers 

As a central result of t h i s study, ranges of Bi-ions on s o l i d Pb, s o l i d 

L i , and s o l i d PbLi a l l o y as considered i n the HIBALL p e l l e t design are 

given i n F i g . III.2-6 as a function of ion energy i n the relevant energy 

region. The range of 10 GeV Bi on s o l i d Pb i s found to be 

i n s o l i d L i , i t i s 

R. C lüCr^V % i L O = 0.13. c j / c m * 

, 1 0 " For stopping powers at f i n i t e temperature, the average i o n i z a t i o n Z y of 

the target plasma has been calculated from the Saha equation using 

ion i z a t i o n energies derived within Thomas-Fermi approximation. As an 

example the i o n i z a t i o n of Pb-plasma as a function of temperature and 

density i s shown i n F i g . III.2-7. Based on these re s u l t s , deposition 

p r o f i l e s of 10 GeV Bi-ions i n d i f f e r e n t materials and at various tem­

peratures relevant for p e l l e t fusion have been calculated as shown i n 

Figs. III.2-8 to III.2-10. With increasing temperature, range shortening 

i s found i n a l l cases. The deposition p r o f i l e i n s o l i d Pb i s rather f l a t , 

and pronounced Bragg peaks only develop at higher temperatures. In a 



F i g , i l l . 2-6 : . R a n g e s o f B i - f o n s i n d i f f e r e n t s o 1 i d m a t e r i a l s 

a s a f u n c t i o n o f i o n energy. 
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-I i i 1 j 1 1 1 1 j 1 1 1 1 1 1 r~ 

Deposition Profi les: 2 0 9 Bi (10 G e V ) — » 2 Q 8 P b 

100 

d E 
dR 

MeV-cm 2 

mg 

P p b = 11.2 g / c m 3 

Tpb= 500eV 
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J L 

100 200 

R [ m g / c m 2 ] 
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F l g . I I I . 2 - 8 : S t o p p i n g p o w e r a s a f u n c t i o n o f r a n g e 

f o r BI o n P b f o r d 1 f f e r e n t t a r g e t t e m p e r a t u r e s . 
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i i i i I i i i i i i i i i I i i 

400 Deposition Profiles: 
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300 — 
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F l g . 1 1 1 . , 2 - 9 : S a m e a s F i g . I I I . 2 - 8 , b u t f o r B i o n L i . 
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F l g . 11 I . 2- 1 0 : E n e r g y d e p o s i t i o n o f 1 0 - G e V B i - i o n s i n t h e 

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

t a r g e t , b r o k e n l i n e f o r t y p i c a l t e m p e r a t u r e s d u r i n g i m p l o s i o n . 
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l i g h t material l i k e L i , the average stopping i s higher than i n Pb and 

the effect of range shortening saturates at a temperature of about 

100 eV as seen i n Fig. III.2-9. At t h i s temperature, the material i s 

f u l l y ionized. 

In F i g . III.2-10, deposition p r o f i l e s are shown for the HIBALL p e l l e t . 

The beam f i r s t passes through a heavy Pb layer with r e l a t i v e l y low stop­

ping power. This layer serves as a tamper. The rest of the beam energy 

(almost 50 %) i s then absorbed i n a PbLi layer with low density and high 

stopping power. I t i s heated to higher temperatures than the Pb layer. 

For s i m p l i c i t y , constant temperatures are chosen i n F i g . III.2-10 for 

each layer. They correspond to t y p i c a l values of the implosion c a l c u l a ­

t i o n discussed i n the next section. I t should be noted that deposition 

p r o f i l e s of l i g h t ion beams show a much more pronounced Bragg peak than 

the heavy ion beams discussed here. Light ion beams are therefore more 

suited to create an implosion configuration with a heavy cold tamper 

outside and a l i g h t hot absorber inside which pushes the f u e l with high 

ef f i c i e n c y . The advantage of t h i s design i s somewhat reduced when used 

for heavy ion beam fusion as i n the present study. 

A further degradation of coupling e f f i c i e n c y between beam and implosion 

dynamics i s due to the fact that, i n a r e a l i s t i c s i t u a t i o n , the beam 

arrives at the p e l l e t surface not perfectly focussed (see e.g. ref. 15) 

The effect of defocussing has been studied i n ref. 16. I t tends to wash 

out any Bragg peak i n the deposition p r o f i l e . Since the exact beam prope 

t i e s at target are s t i l l uncertain, we have chosen box deposition pro­

f i l e s with constant dE/dR i n the following implosion c a l c u l a t i o n . 
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III.2.3 Ä s p e c i f i c p e l l e t design 

III.2.3.1 General consideration 

In t h i s section, a single s h e l l p e l l e t design i s considered, and the 

results of an implosion c a l c u l a t i o n are presented i n d e t a i l . The i n ­

tention i s to provide ins i g h t into the dynamics of a heavy ion induced 

p e l l e t implosion, to check the consistency of the general HIBALL para­

meters with the requirements of the p e l l e t and to discover c r i t i c a l 

points. The results indicate that the beam parameters assumed so f a r 

are not consistent. Most c r i t i c a l points are i g n i t i o n and symmetry. 

The assumed power of 240 TW i s too low to insure a stable and i g ­

n i t i n g implosion, at l e a s t for the envisioned single s h e l l design. 

The presented c a l c u l a t i o n achieves i g n i t i o n with 240 TW, but only 

at the price of a highly optimized pulse shape, a t h i n pusher (6 mg) 

and a reduced amount of f u e l (2 mg). The required output energy 

of 400 MJ i s obtained due to a high burn rate. However, a rough 

estimate then shows that the implosion symmetry w i l l be destroyed 

due to Rayleigh-Taylor (RT) i n s t a b i l i t y . A thicker pusher that 

survives R T - i n s t a b i l i t y i s needed as well as 4 mg f u e l to allow 

for a more r e a l i s t i c burn rate. This w i l l require considerably more 

beam power for i g n i t i o n , probably i n the order of 500 TW. An a l t e r ­

native approach may be a double s h e l l p e l l e t design which has been 

found to require less power for i g n i t i o n due to a central i g n i t e r * ^ . 

I t should be kept i n mind that the present calculations are based on 

a simple hydrodynamic code (see description below) and are subject 

to large uncertainties on top of those inherent to p e l l e t design i n 
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Pb -Tamper 
170 m g , p = 11.3g/cm3 

PbL i -Absorber / Pusher 
70.3 mg, p= 1.26 g / c m 3 

DT - Fuel 
2.13 m g , p = 0.21 g /cm 3 

— 3.00 mm 

2.86 mm 

2.24mm 

2.16 mm 
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to 
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K J 

F l g . 11 I . 2 - 1 2 : S e c t o r o f t h e H I B A L L p e l l e t 
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general. A p a r t i c u l a r problem not further addressed i n the following 

i s related to asymmetric i r r a d i a t i o n of the p e l l e t i n the HIBALL 

reactor. Due to high density and r e l a t i v e l y low temperature i n the 

beam deposition region, l a t e r a l heat conduction w i l l be rather i n ­

effective to smooth out these asymmetries, at least i n the present 

design. 

III.2.3.2 The p e l l e t configuration 

The p e l l e t considered i n this work closely follows a design proposed 

by Bangerter and Meeker 1 8 ) for l i g h t ion beam fusion. A perspective 

view i s given i n F i g . III.2-11. The p e l l e t consists of a spherical hollow 

s h e l l made of three layers as shown i n F i g . III.2-12. The cryogenic f u e l i s 

contained i n the inner layer, the outer layers are made of low den­

s i t y PbLi a l l o y and high density Pb. They serve as pusher/absorber 

and tamper, respectively. The PbLi-alloy replaces the TaCOH material 

of the Bangerter-Meeker design and has been chosen for reasons of chemi­

ca l compatibility with the environment i n the HIBALL reactor cavity. 

The main reason for choosing a low density layer i n the middle i s to 

have a low density pusher i n order to prevent R T - i n s t a b i l i t y at the 

pusher-fuel interface during the f i n a l stage of implosion. The other 

advantage i n having a heavy tamper outside and a l i g h t absorber ma­

t e r i a l inside i s related to beam target coupling and has already been 

discussed i n the section III.2.2.3. 

The masses of the Pb and PbLi layer have been determined such that the 

interface between these layers i s approximately stationary during the 

implosion and, secondly, by the requirement that beam ions have stopped 
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i n the cold absorber 80 um before reaching the f u e l . This inner region 

of the PbLi layer i s not d i r e c t l y heated by the beam and forms the pusher. 

The pusher mass (6 mg) as well as the fu e l mass (2 mg) have been chosen 

such that i g n i t i o n i s achieved at a beam power of 240 TW (compare d i s ­

cussion i n section III.2.3.1). The outer radius of - the p e l l e t has been 

fixed to 3 mm. This i s a minimum value set by the requirements of f i n a l 

beam focussing. 

III.2.3.3 The p e l l e t code HINIHY 

The 1D-Lagrangian hydrodynamic code MINIHY used for the implosion 

c a l c u l a t i o n i s characterized by the following physical features: 

A. One temperature for electrons and ions 

I t has been checked that this i s s u f f i c i e n t for ion beam driven 
19) 

implosions , since energy deposition occurs i n dense material and 

temperatures are t y p i c a l l y below 500 eV. This i s d i f f e r e n t from the 

si t u a t i o n i n laser fusion where electron and ion temperatures de­

couple i n the corona. 

B. Spitzer thermal conductivity, no flu x l i m i t 

This i s s u f f i c i e n t for the same reasons as mentioned under 

point A. 

C. DT burn with l o c a l deposition and free neutron escape 

Since t h i s treatment may overestimate i g n i t i o n , fusion processes 

are switched on only when the central temperature reaches 5.6 keV. 

At t h i s temperature, fusion energy production overtakes losses by 

bremsstrahlung. Fuel depletion i s accounted for during burn. 
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F f g . 1 1 1 . 2 - 1 3 a : E q u a t i o n o f s t a t e . f o r DT u s e d i n t h e 

c a 1 c u 1 a t i o n . 
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Ideal gas equation of state allowing for electron degeneracy 

A c r u c i a l point i s that the Fermi temperature which controls the 

t r a n s i t i o n to the degenerate state i s not calculated from the 

t o t a l electron density n g i n the medium (as e.g. i n the o r i g i n a l 

version of the Medusa code 2 0-*), but from an effec t i v e density of 

unbound electrons n which i s determined by an ad hoc description 
e 

of pressure i o n i z a t i o n i n the form 

he. = "e. ' e-xp [ ~ l / C V o t o O j 

for DT, where V = 4TT/3 ( t|2/m e 2 ) 3 i s the volume occupied by o c 
a bound electron, and for heavier materials i n the form 

(J> = 50 for PbLi. To be d e f i n i t e , the isotherms for DT and Pb i n the 

(p,^) plane have been plotted i n Figs. III.2-13a and 13b. They show 

at least q u a l i t a t i v e l y a reasonable behaviour, i n p a r t i c u l a r near 

the l i m i t i n g degeneracy curve which i s most important for a correct 

description of the high compression regions i n the implosion. 

With a more r e a l i s t i c equation of state, one would have to deposit 

more energy to create the same driving pressure i n the absorber. Also, 

absorber temperatures would be higher at the same pressures. A c r i t i c a l 

point w i l l be radiation transport which has not been included i n the 

code, so far. The high-Z Pb layer i s o p t i c a l l y thick, and radiation 

where c 0̂ i s the s o l i d density and ji an adjustable parameter. 

In the present cal c u l a t i o n , (1 = 200 has been "chosen for Pb, and 
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losses through the surface may be estimated by black body ra d i a t i o n . 

For the proposed p e l l e t design, one finds a loss of 6 kJ for 50 eV 

surface temperature, 100 kJ for 100 eV, and 1.6 MJ -for 200 eV. These 

are upper l i m i t s , but they demonstrate that a careful treatment of 

radiation as well as a more r e a l i s t i c equation of state are needed 

i n the future development of t h i s work. Nevertheless, no dramatic 

changes are expected for the o v e r a l l implosion r e s u l t s . Concerning the 

beam energy deposition, i t has been assumed dE/o dx = const (see d i s ­

cussion i n section III.2.2.3). The implosion c a l c u l a t i o n has been per­

formed on a Lagrangian mesh with 100 zones (36 for DT) and with pro­

gressively f i n e r zoning towards the inner interface of each layer. 

III.2.3.4 The p e l l e t implosion 

III.2.3.4.1 The general view 

The optimized pulse shape to implode the described p e l l e t configuration 

and to drive i t to i g n i t i o n i s displayed i n F i g . III.2-14. I t consists of 

a 20 nsec prepulse at a power l e v e l of 2.4 TW and a 10 nsec main pulse at 

240 TW with a 2 nsec r i s e time i n between. The pulse i s cut o f f «t 32 

nsec, since a further continuation would not improve the implosion 

r e s u l t . The t o t a l pulse energy i s 2.7 MJ. The corresponding r-t-diagram 

of the imploding s h e l l i s shown i n F i g . III.2-15. The s o l i d l i n e s des­

cribe the motion of the outer p e l l e t surface, the interfaces between the 

Pb, PbLi, and DT layer, and the inner DT surface, respectively. The broken 

l i n e s display the temperature evolution i n the deposition region. I g n i t i o n 

and burn occurs at about 37.7 usee near R = 0. 
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F i q . 111. 2-14: Pulse shape of the HIBALL design 
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F i g . 111. 2-15 : Implosion of the HIBALL p e l l e t driven by pulse 
shown i n Fig. III.2-14 
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The ion driven implosion looks rather d i f f e r e n t from that driven by a 

laser. I t i s e s s e n t i a l l y the explosion of a massive metal s h e l l 

pushing the f u e l at i t s inner front. The 10 GeV Bi-ions pass through 

97.5 % of the s h e l l ' s mass and deposit t h e i r energy deeply inside the 

volume, whereas laser deposition occurs f a r outside i n a low density 

corona and the imploding material i s driven by an ablating surface. As a 

consequence, the temperatures i n the ion deposition region remain rather 

low ( < 500 eV) as compared to corona temperatures i n laser fusion, and 

no problem with hot electrons i s expected to occur. A disadvantage of 

the low temperatures i s that heat conduction i s slow and therefore 

i n e f f e c t i v e to smooth out i r r e g u l a r i t i e s due to asymmetric i r r a d i a t i o n 

of the p e l l e t . 

III.2.3.4.2 Absorber, pusher, and f u e l during implosion 

I t i s i n s t r u c t i v e to look at the p r o f i l e s of temperatures 0 , 

density ^ , and pressure p given i n Figs.. I I I . 2 - l 6 a - j for d i f f e r e n t 

times i n conjunction with the r-t-diagram. F i g . I l l . 2 - l 6 a shows the 

unperturbed p e l l e t . The s o l i d points i n the broken l i n e f o r the density 

mark the interfaces. The p r o f i l e s at 18 nsec are seen i n F i g . I l l . 2 - l 6 b . 

The prepulse has heated the absorber to about 5 eV, the tamper inter f a c e 

stands l i k e a r i g i d w a l l , the heated PbLi i s flowing inwards, and a sharp 

density and temperature jump has b u i l t up at the border to the unheated 

PbLi which now forms the pusher. The steep gradients at t h i s i n t e r f a c e , 

formed at early times, stay on through a l l stages of the implosion. I t i s 

subject to severe R T - i n s t a b i l i t y , a point further discussed i n section 

III.2-3.4.5. At 18 nsec, the f i r s t shock generated by the prepulse has 
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j u s t entered i n t o the unperturbed f u e l . At 24.5 nsec, i t has almost 

reached the inner surface of the f u e l c l o s e l y f o l lowed by the second 

strong shock launched by the main pulse which was switched on at 21 nsec. 

This i s seen from F i g s . I I I . 2 - l 6 c and I6d. The importance of these two 

shocks and t h e i r r e l a t i v e t i m i n g f o r forming the i g n i t i o n spark w i l l be 

discussed i n s e c t i o n III.2.3.4.6. Here, one should again pay a t t e n t i o n 

to the r-t-diagram ( F i g . III.2-15) and to the way the inner f u e l s urface 

i s set i n t o sudden f a s t motion upon a r r i v a l of the shocks. I t then t r a v e l s 

at almost constant speed u n t i l the a c c e l e r a t e d pusher catches up at about 

31 nsec and gives the f u e l another k i c k i n v o l v i n g the passage of a t h i r d 

shock through the f u e l . This f u e l bouncing has been described before by 

K i d d e r 3 ^ . I t i s a l s o important f o r i g n i t i o n . 

At 36.40 nsec, the inner surface a r r i v e s at the centre ( v o i d c l o s u r e ) . 

The f u e l has now an average v e l o c i t y of 2.5 x 10 7 cm/sec. I t s k i n e t i c 

energy amounts to 2.3 % of the input beam energy, whereas i t s i n t e r n a l 

energy i s only 0.2 %, at t h i s moment. The p r o f i l e s are p l o t t e d i n F i g . 

I I I . 2 - l 6 e . A remarkable f e a t u r e i s the temperature d i s t r i b u t i o n i n the 

f u e l which s t e e p l y r i s e s towards the centre and i s forming the i g n i t i o n 

r e g i o n . The pressure has now increased to more than 100 Mbar i n the 

c e n t r a l region and appears on the s c a l e chosen i n the diagrams. T y p i c a l 

pressures i n the absorber at main pulse time range between 10 and 100 Mbai 

III.2.3.4.3 I g n i t i o n and burn 

I g n i t i o n (defined here as time when the c e n t r a l temperature reaches 5.6 

keV) occurs at 37.647 nsec, about 1.2 nsec a f t e r v o i d c l o s u r e . During 
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t h i s time, a strong r e f l e c t e d shock has t r a v e l e d outwards through the 

f u e l and i s c l e a r l y seen i n the pressure p r o f i l e of F i g s . I I I . 2 - l 6 f 

and -I6g at a p o s i t i o n of 120 pm. (Note t h a t a von Neumann v i s c o s i t y 

i s used i n the hydrodynamic code, and shocks do not appear as sharp 

d i s c o n t i n u i t i e s , but smeared out over s e v e r a l Lagrangian c e l l s ) . The 

r e t u r n shock has f i n a l l y brought the f u e l i n t o the i g n i t i o n c o n f i g ­

u r a t i o n . In F i g . I I I . 2 - l 6 g , one should n o t i c e 

(a) the constant pressure over the f u e l "of p = 0.17 Tbar, 

(b) the spark r e g i o n extending to 70 pm w i t h a temperature 

'spai near 5 keV, a d e n s i t y around 50 g/cm and ( ^ R ) s p a r k = 
2 

0.4 g/cm , 

(c) the h i g h l y compressed f u e l r e g i o n extending from 70 pm 

to 105 pm w i t h a d e n s i t y p l a t e a u a t 600 g/cm3 and a temperature 
2 

around 150 eV; the t o t a l f u e l <̂R = 2.3 g/cm . 

These values are very near to those of the HIBALL working p o i n t which 

have been determined w i t h i n the simple g a i n model of s e c t i o n I I I . 2 . 1 and 

have been l i s t e d i n Table I I I . 2 - 1 . The present c a l c u l a t i o n shows t h a t 

the i g n i t i o n c o n f i g u r a t i o n p o s t u l a t e d there can a c t u a l l y be achieved 

dynamically. In p a r t i c u l a r , i t confirms the key assumption of constant 

f u e l pressure i n which our model d i f f e r s from t h a t of Kidder and Bodner. 

At i g n i t i o n time, the f u e l has come almost to r e s t . The f u e l k i n e t i c 

energy now amounts to 0.07 % of the t o t a l i n p u t energy, but the i n t e r ­

n a l energy has inc r e a s e d to 4.2 % or 113 k J . At the same time, there 



t = 3 / p 8 nsec 
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s t i l l e x i s t s 4.5 % of the energy i n form of inward going k i n e t i c 

energy, mainly l o c a t e d i n the massive pusher. The bulk of the energy 

occurs as i n t e r n a l energy of PbLi ( •* 43 %) and as energy of the 

tamper (18 % i n t e r n a l , 30 % k i n e t i c ) . The absorber/tamper i n t e r ­

face has har d l y moved during the imp l o s i o n , but about h a l f of the 

beam energy has been deposited i n the tamper and Pb i s s t r o n g l y 

f l o w i n g outwards a t t h i s time. 

A f t e r i g n i t i o n , i t takes roughly 200 psec u n t i l burn has spread i n t o 

the dense f u e l r e g i o n , and f u s i o n energy i s rel e a s e d i n a short 

b u r s t of about 20 psec. F i g . I I I . 2 - l 6 h d i s p l a y s the s i t u a t i o n s h o r t l y 

a f t e r burn. The c e n t r a l temperature i s now above 10 keV, the burned up 

f u e l i s expanding, the outgoing burn shock s i t s at 0.6 mm, but has been 

l e f t f a r behind by a f a s t moving heat wave w i t h the f r o n t l o c a t e d a t 

1.5 mm. The c a l c u l a t e d g ain i s 212, corresponding t o a burn r a t e of 80 %. 

Such a h i g h burn r a t e i s probably u n r e a l i s t i c and expected to be degraded 

by e f f e c t s (e.g. nonsymmetric implosion) not simulated i n our code. 

In the present c a l c u l a t i o n , i t i s explained by the s t r o n g l y tamping 
2 

e f f e c t of the pusher ( ( ^ * O p u s h e r ~ 3 g / c m ) a n d i t s h i 8 h > i n w a r d s 

d i r e c t e d k i n e t i c energy during burn time. 

I I I . 2 . 3 . 4 . 4 Pulse shape, shocks, i g n i t i o n 

The formation of the i g n i t i o n spark and how i t i s r e l a t e d to the 

pulse shape i s now discussed i n some more d e t a i l . The problem i s 

to d r i v e a c e r t a i n i n n e r p a r t of the f u e l to a much higher i s e n t r o p e 

than the r e s t of the f u e l , the entropy of which should be kept as low 
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as p o s s i b l e . In pure gas dynamics, which are approximately v a l i d f o r 

the imploding f u e l , the entropy of a f l u i d element i s a constant of 

motion as long as no shock passes through. The amount of entropy 

increase due to a shock depends on i t s strength i n a non-linear way. 

The concept followed i n the present design work to achieve an optimal 

i g n i t i o n c o n f i g u r a t i o n i s schematically o u t l i n e d below and then i l l u ­

s t r a t e d by showing the f u e l entropy e v o l u t i o n i n the code c a l c u l a t i o n . 

I t involves a sequence of 4 shocks passing through the f u e l . 

I. Prepulse shock 

The prepulse (few TW) launches a 1. shock 

SI which homogeneously heats the cryogenic 

f u e l to a temperature of about 0.5 eV. 

entropy S 

isentropic 
fuel ^ 1.shock 

. r ~ ~ o r 
I I . Main pulse shock 

The main pulse (some 100 TW) launches 

a second shock.S2 i n t o the f u e l which 

i s timed to overtake SI near the inner 

f u e l surface. 

The combined shock S12 i s much stronger 

than the sum of the o r i g i n a l shocks and 

produces a region of higher entropy. 

St 

S2 
S1 —I 

1 

St 

r 

preformed 
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I I I . The bounce shock 

The bounce shock (see s e c t i o n III.2.3.4.2) 

passes through a s l o p i n g d e n s i t y pro­

f i l e near the i n n e r f u e l surface and 

s e l e c t i v e l y adds entropy to t h i s r e g i o n . 

S i 

IV. The r e t u r n shock 

The r e t u r n shock from c e n t r a l c o l l a p s e 

f i n a l l y shapes the spark and b r i n g s i t 

to i g n i t i o n temperature. 

In F i g . I I I . 2 - 1 7 , i t i s shown to which extent t h i s schematic i g n i t i o n concept 
5/3 

works i n the a c t u a l code c a l c u l a t i o n . The r a t i o (p/ ) normalized, to 

i t s value f o r a degenerate e l e c t r o n gas has been chosen as an approximate 

measure f o r the entropy and has been p l o t t e d over the f l u i d c e l l s of the 

Lagrangian mesh f o r d i f f e r e n t stages of the im p l o s i o n C e l l . 1 i s l o c a t e d 

at the inner surface of the f u e l , c e l l 36 at the i n t e r f a c e w i t h the 

pusher. For 24 nsec, one observes the f i r s t two shocks SI and S2 as 

jumps i n the entropy d i s t r i b u t i o n (compare the corresponding d e n s i t y 

jumps i n F i g . I I I . 2 - l 6 d ) . At 27 nsec, both shocks have passed the f u e l . 

The t i m i n g has been such t h a t S2 has caught up w i t h SI at Lagrange c e l l 6, 

and then the combined shock S12 has propagated f u r t h e r to the l e f t and 

has generated a r e g i o n of increased entropy over the l a s t few c e l l s . The 

preformed spark i s c l e a r l y seen i n the 27 nsec curve. The next i n c r e a s e 

i n entropy i s due to the t h i r d shock created by f u e l bouncing. At 31 nsec, 
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i t has already passed the f u e l , but the entropy curve at t h i s time 

shows what has happened. In propagating through the f u e l to the l e f t , 

the bounce shock has met at Lagrange c e l l 16 w i t h a r a r e f a c t i o n wave 

running to the r i g h t . This has caused the sharp entropy increase towards 

the i n n e r surface. F i n a l l y , at 37.65 nsec, a f t e r passage of the r e t u r n 

shock, the p / c ^ 5 ^ 3 curve f o r the i g n i t i o n c o n f i g u r a t i o n (compare 

F i g . I I I . 2 - l 6 g ) i s obtained. I t s lower p a r t corresponds to the h i g h l y 

compressed, e l e c t r o n degenerate f u e l . N o t i c e t h a t t h i s p a r t cannot be 

d i r e c t l y compared with the other curves of the p l o t due to the e l e c t r o n 

degeneracy. Entropy i s c a l c u l a t e d d i f f e r e n t l y i n t h i s case. This becomes 

c l e a r from the broken curve l a b e l l e d by <* = 1 which represents the lowest, 

i s e n t r o p e p o s s i b l e f o r the degenerate gas. However, i t i s i n t e r e s t i n g 

t h a t the degenerate branch l i e s very c l o s e to the optimal i s e n t r o p e 

= 1. This i s indeed an optimal run: Not w i t h s t a n d i n g the 4 shocks 

which have gone through the f u e l , the o v e r a l l compression has been 

almost a d i a b a t i c . The p/<? 5 ^ 3 d i s t r i b u t i o n assumed i n the gain model of 

s e c t i o n I I I . 2 . 1 f o r the HIBALL p e l l e t i s given i n F i g . III.2.-17 by the 

broken l i n e c< = 2, i n c l u d i n g the spark r e g i o n at the l e f t w i t h a much 

higher i s e n t r o p e . I t compares w e l l w i t h the code run. 

I t i s concluded t h a t the i d e a l i z e d i g n i t i o n c o n f i g u r a t i o n assumed by the 

gain model can approximately be obtained by implosions w i t h optimized 

pulse shape. With the i g n i t i o n concept described above, s i z e and form of 

the spark i s mainly determined by the t i m i n g of the f i r s t 2 shocks which 

i s r e l a t e d to the l e n g t h of the prepulse and to the power of prepulse 

and main pu l s e . The exact values to be chosen a l s o depend on the a c t u a l 

p e l l e t c o n f i g u r a t i o n . One problem has been to make the second shock 

strong enough f o r reaching f i n a l i g n i t i o n . I t has been solved by t a k i n g 
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a short r i s e time of the main pu l s e . A general experience w i t h these 

heavy r e a c t o r t a r g e t s i s t h a t i t i s easy, at l e a s t i n I D - c a l c u l a t i o n s , to 

o b t a i n high compression i n terms of (̂ > R ) , but i t i s d i f f i c u l t to achieve 

high enough temperatures i n the centre. The i g n i t i o n requirement sets the 

lower bound f o r the beam power. C e r t a i n l y more power than 240 TW i s 

needed t o make the present design l e s s s e n s i t i v e to the pulse shape. 

III.2.3.4.5 Estimated growth of R a y l e i g h - T a y l o r i n s t a b i l i t y 

Symmetry i s an even more c r i t i c a l p o i n t than i g n i t i o n . A rough estimate 

shows t h a t the present design f a i l s due to R T - i n s t a b i l i t y . The pusher 

region i s probably not t h i c k enough t o s u r v i v e t h i s f l u i d i n s t a b i l i t y . 

Since no 2-dimensional code was a v a i l a b l e to f o l l o w the e v o l u t i o n of 

the i n s t a b i l i t y i n d e t a i l , the growth r a t e has been estimated by 

a p p l y i n g l i n e a r RT-theory f o r an incompressible f l u i d . The i n g r e d i e n t s 

f o r our a n a l y s i s are given i n F i g . I I I . 2 - 1 8 . The upper p l o t shows 

the e v o l u t i o n of pusher thickness w i t h time. I t i s seen t h a t the pusher 

i s s t r o n g l y compressed during implosion and has a t h i c k n e s s d m i n = 15 pm 
15 2 

at the time of maximum a c c e l e r a t i o n which amounts to g = 2 x 10 cm/sec 

as seen from the v e l o c i t y p l o t i n F i g . I I I . 2 - 1 8 . The pusher i s s u b j e c t to 

R T - i n s t a b i l i t y , s i n c e i t has high d e n s i t y and i s a c c e l e r a t e d by low 

d e n s i t y absorber m a t e r i a l . The d e n s i t y g r a d i e n t at the i n t e r f a c e i s v e r y 

steep (compare F i g s . I I I . 2 - l 6 b - e ) , and the Atwood number i s £? 1. We have 
chosen k - IT /d f o r the wave number of the most c r i t i c a l mode, c r i t min 
The e x p o n e n t i a l growth r a t e 

then leads to an estimated growth f a c t o r 
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t a k i n g as the r e l e v a n t i m p l o s i o n time ^ t = 10 nsec. Such a growth 

r a t e w i l l c e r t a i n l y d e s t r o y the symmetry of the pusher d u r i n g im­

p l o s i o n and w i l l prevent burn. According to the simple a n a l y s i s , a 

pusher 4 times as t h i c k would l e a d to a growth f a c t o r of «/ 10^ 
21) 

which might be t o l e r a b l e . I t may be t h a t these formulas of l i n e a r 

RT-theory overestimate the growth of the i n s t a b i l i t y and t h a t non­

l i n e a r e f f e c t s (see e.g. r e f . 22) not taken i n t o account here 

improve the s i t u a t i o n . But there i s l i t t l e doubt t h a t symmetry i s a 

most c r i t i c a l i s s u e i n t h i s design. A more massive pusher may h e l p , 

although i t w i l l be compressed to higher d e n s i t i e s and the t h i c k n e s s 

a t maximum a c c e l e r a t i o n w i l l not i n c r e a s e l i n e a r l y w i t h mass. A l s o , 

a more massive pusher w i l l r e q u i r e more beam power f o r i m p l o s i o n . 

The symmetry problem has to be s t u d i e d i n much more d e t a i l i n c l u d i n g 

the q u e s t i o n of i n i t i a l p e r t u r b a t i o n s and i r r a d i a t i o n asymmetry. 

I I I . 2 . 4 . C onclusion 

A p e l l e t design f o r heavy i o n beam f u s i o n has been presented d i s p l a y i n g 

the d i f f e r e n t stages of i m p l o s i o n and d e s c r i b i n g the p h y s i c a l mechanisms 

such as beam d e p o s i t i o n , the r e l a t i o n between p u l s e shape, shock evo­

l u t i o n and i g n i t i o n , and a l s o pusher dynamics and i m p l o s i o n symmetry. 

An elementary v e r s i o n o f heavy i o n stoppi n g theory has been o u t l i n e d , 

s t u d y i n g i n p a r t i c u l a r the temperature dependence of stoppi n g powers 

and ranges. In a d d i t i o n , a g a i n model has been developed which i s 

based on the r e s u l t s of the e x p l i c i t d esign and al l o w s f o r s c a l i n g 
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of v a r i o u s parameters. I t produces gain curves s i m i l a r to those ob­

ta i n e d by the Livermore group and provides a p h y s i c a l i n t e r p r e t a t i o n . 

The model d i f f e r s from t h a t of Kidder and Bodner i n the assumption 

of constant pressure over the f u e l at i g n i t i o n . 

With respect to HIBALL, the gain model y i e l d s the HIBALL working 

p o i n t w i t h a gain of 83 at an input energy of 4.8 MJ i n a n a t u r a l 

way. I t corresponds to a hydrodynamic e f f i c i e n c y of 5 % and a com­

pressed f u e l i s e n t r o p e of cx = 2 i n c l o s e agreement w i t h the e x p l i ­

c i t design. Concerning the beam power, however, the code c a l c u l a t i o n 

i n d i c a t e s t h a t 240 TW, assumed f o r HIBALL so f a r , are i n s u f f i c i e n t 

to i n s u r e a s t a b l e and i g n i t i n g i m p l osion. The present design achieves 

i g n i t i o n a t 240 TW only w i t h a h i g h l y optimized pulse and w i l l not 

sur v i v e R T - i n s t a b i l i t y . I t re q u i r e s more beam power to improve on 

both p o i n t s . A l s o , c o n s i d e r a t i o n of a more r e a l i s t i c equation of 

s t a t e and of r a d i a t i o n l o s s e s w i l l i ncrease the requirements on 

beam power, probably to a l e v e l of 500 TW. A f i n a l remark should be 

made w i t h respect to the pulse shape. I t has turned out t h a t a care­

f u l l y timed prepulse i s important f o r e f f e c t i v e i g n i t i o n and should 

be taken i n t o account i n the general HIBALL design. 
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I I I . 3 Target Design at KfK 

I I I . 3 .1 In t roduc t ion 

At the I n s t i t u t e for Neutron Phys ics and Reactor Technology, an advanced 

and extended vers ion of the MEDUSA code i s being used to design ta rge ts f o r 

the ICF reac tor s tudy , HIBALL. The design of ta rge ts for ICF i s a very 

compl icated and invo lved problem and the re fo re use of a la rge computer code 

such as MEDUSA i s e s s e n t i a l . In order to be c r e d i b l e such a code must be 

c a r e f u l l y w r i t t en and e x t e n s i v e l y tes ted on benchmark problems. The o r i g i n a l 

ve rs ion of the MEDUSA code was wr i t t en by C h r i s t i a n s e n , Rober ts , and Ashby ( 3 ) 

at the Culham Labora to ry , England. The code has been extended by Evans and 

B e l l(4,5) 0 f the Ruther ford Laboratory (EOS, fas t e l ec t ron t r a n s p o r t , e t c . ) , 

and Tah i r and L a i n g ( 6 ' 7 ) of Glasgow U n i v e r s i t y ( r a d i a t i o n t r a n s p o r t , 

i o n i z a t i o n , e t c . ) . Fur ther extens ions have been made by Tahir and Long 
(1 .2) 

at K fK, K a r l s r u h e , in order to t ransform the code i n to a fus ion design code 

(mu l t i - she l1 hol low t a r g e t s , r a d i a t i o n t r a n s p o r t , i o n i z a t i o n for heavy e l e ­

ments, e t c . ) fo r ion beam f u s i o n , and heavy ion beam fus ion in p a r t i c u l a r . In 

s e c t i o n I I I . 3 . 2 the phys ics and numerical techniques of MEDUSA are p re ­

sen ted . In t h i s sec t i on the importance of r e a l i s t i c phys ics fo r accurate and 

meaningful s imu la t ions i s s t r e s s e d , in p a r t i c u l a r the fact that a r e a l i s t i c 

EOS i s e s s e n t i a l . In sec t i on I I I . 3 . 3 the e f f e c t of r a d i a t i o n t ranspor t on 

ta rge t s imu la t ions i s d i s c u s s e d . The energy depos i t i on of ions in hot plasmas 

i s t rea ted in sec t i on I I I . 3 . 4 , and in p a r t i c u l a r the depos i t i on p r o f i l e i n the 

HIBALL ta rge t i s p resented . Extens ive s imu la t i on s tud ies of var ious t a rge ts 

have been c a r r i e d out dur ing the l a s t y e a r . F i r s t of a l l c a l c u l a t i o n s of a 

ta rge t proposed by Bangerter fo r l i g h t ions are presented . The computer code 

MEDUSA has been used to reproduce these c a l c u l a t i o n s done at Livermore around 

1976, which e s t a b l i s h e s the c r e d i b i l i t y of the code as a ta rget design code. 



F i n a l l y , the HIBALL ta rge t has been s imulated and f i r s t r e s u l t s are presented 

in sec t i on i l l . 3 . 5 . Var ious conc lus ions are drawn from these c a l c u l a t i o n s and 

these are given in sec t i on I I I . 3 . 6 . 

I I I . 3 . 2 The Phys ics and Numerical Methods in MEDUSA 

The MEDUSA codes i s a wel l-known and wel l - t e s t ed code, because an 

in te rmed ia te ve rs ion of the code has been p u b l i s h e d . The code, however, has 

been improved and extended in many ways s ince t h i s vers ion appeared. The 

phys ics in the code i s as f o l l o w s , 

1. The code i s a one-dimensional Lagrangian code which c a l c u l a t e s p l ane , 

c y l i n d r i c a l and spher i ca l geometry. 

2 . I t i s a THREE temperature code, one temperature each for i o n s , e l e c t r o n s , 

and thermal r a d i a t i o n . The ions and e lec t rons need separate temperatures 

i n order to give a co r rec t treatment of shock hea t i ng . During the burn 

phase the ion temperature becomes cons ide rab ly h igher than the e l e c t r o n 

temperature , so t h i s i s very important fo r an accurate study of the 

phys ics of the burn phase. It i s important a l so that the r a d i a t i o n f i e l d 

have a separate temperature fo r reasons exp la ined in sec t ion I I I . 3 . 3 . 

3. The thermal conduct ion i s due to e l e c t r o n s and r a d i a t i o n and both are f l u x 

l i m i t e d . F lux l i m i t e d conduct ion i s v i t a l in regions where there are very 

l a rge temperature g r a d i e n t s , f o r ins tance at the ou ts ide of the s h e l l and 

dur ing the burn phase. 

4 . The code t r e a t s any type of m u l t i - s h e l l , m u l t i - m a t e r i a l sphe r i ca l p e l l e t , 

and can c a l c u l a t e s i n g l e and double s h e l l t a r g e t s . 

5 . Fast e l e c t r o n t ranspor t i s inc luded as wel l as a treatment of the 

ponderomotive f o r c e . These f a c i l i t i e s are necessary in l a s e r d r i ven 

t a r g e t s . 
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6. Absorpt ion rou t ines f o r both l a s e r and ion beam fus i on are i n c o r p o r a t e d . 

At the present t ime the ion beam depos i t i on i s c a l c u l a t e d us ing a n a l y t i c 

fo rmulae, i n which the range and the depos i t i on p r o f i l e can be changed. 

7. The energy depos i t i on of a - p a r t i c l e s produced dur ing the burn i s t r ea ted 

l o c a l l y and the neutrons produced dur ing the burn are al1 owed to escape 

f r e e l y . 

8 . The equat ion of s t a te o f the ions i s the c l a s s i c a l i dea l gas EOS. The EOS 

of the r a d i a t i o n i s tha t o f blackbody r a d i a t i o n . The equat ion of s t a te o f 

the e l e c t r o n s i s i n general more important than that o f the ions because 

there are more of them. In the o r i g i n a l ve rs ion o f MEDUSA the e l e c t r o n 

equat ion of s t a t e was e i t h e r tha t o f an idea1 gas or of a degenerate or 

non-denerate (as the case may be) Fermi -D i rac gas . These equat ions o f 

s t a t e have been rep laced (al though they are s t i l l a v a i l a b l e as op t ions 

w i t h i n the code) because they cannot handle problems such as i o n i z a t i o n 

and motion of e l e c t r o n s w i t h i n the atomic p o t e n t i a l s of the ions p lus 

bound e l e c t r o n s . The i o n i z a t i o n energy, f o r i n s t a n c e , represents an 

important s ink of energy which i s then not a v a i l a b l e f o r compress ion. 

Rad ia t ion i s another such s i n k , and both these po in ts have been made very 

s t r ong l y by D. Henderson^*) i n d i s c u s s i n g the dangers o f us ing over -

s i mpl i f i e d codes. A Thomas-Fermi EOS has the re fo re been made a v a i l a b l e 

and as f u r t h e r s o p h i s t i c a t i o n , a co r rec ted Thomas-Fermi model which 

i nc ludes quantum and exchange fo rces i s a v a i l a b l e . The EOS produces a 

very good f i t to the Los Alamos EOS t a b l e s (see F i g . I I I . 3 - 0 ) , and fu r t he r 

a l lows f o r the t o t a l pressure to be zero at so l i d d e n s i t i e s , so tha t ma­

t e r i a l s do not expand u n p h y s i c a l l y when they are c o l d . S tud ies that we 

• P r i v a t e communicat ion, "Simple H . I . F . t a rge t s are s e n s i t i v e to p h y s i c a l 
mode ls " . 
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have made show that wi th the use of an i dea l EOS, u n r e a l i s t i c a l l y h igh 

gains can be produced (even wi thout much t u n i n g ) , which then d isappear 

when the co r rec ted Thomas-Fermi EOS i s used. 

9 . I on i za t i on s ta tes are c a l c u l a t e d by use of the SAHA e q u a t i o n , and the 

average i o n i z a t i o n <Z> and average squared i o n i z a t i o n <Z2> used i n va r i ous 

t ranspo r t c o e f f i c i e n t s are a l s o c a l c u l a t e d by the SAHA r o u t i n e . The TRIP 

time dependent i o n i z a t i o n and atomic phys ics package i s a l s o i nco rpo ra ted 

in the code. 

The hydrodynamic and energy equat ions are so lved numer i ca l l y i n MEDUSA. 

The equat ion of motion i s t r ea ted e x p l i c i t l y wh i le the energy equat ions are 

so lved by the Cranck -N ico l son i m p l i c i t method and Gauss 's e l i m i n a t i o n 

scheme. Since the energy equat ions are n o n - l i n e a r , an i t e r a t i v e scheme i s 

used to check the convergence of the numerical s o l u t i o n . T y p i c a l l y 5 to 10 

i t e r a t i o n s are requ i red f o r convergence. Since the equat ion of motion i s 

so lved e x p l i c i t l y , the t ime step must be r e s t r i c t e d by the C . F . L . (Courant , 

F r i e d r i c h s , and Levy) c o n d i t i o n . For reasons o f accu racy , the t ime step i s 

a l s o monitored by the t ime v a r i a t i o n of T e and L j . 

A t y p i c a l MEDUSA run wi thout r a d i a t i o n t r anspo r t takes up to 15 minutes 

of CPU time on an IBM 3032 computer when c a l c u l a t i n g the 4 mg DT HIBALL 

t a r g e t . With r a d i a t i o n t r anspo r t a t y p i c a l run takes up to 30 minutes . 

I I I . 3 . 3 The Importance o f Rad ia t i on Transpor t i n ICF Target S imu la t ions 

Rad ia t i on e f f e c t s can be o f cons ide rab le importance in the ICF ta rge t 

s imu la t i ons f o r the f o l l o w i n g reasons . 

The thermal r a d i a t i o n produced by the thermal e l e c t r o n s in the absorp t ion 

region can preheat the fue l and set the compression on a h igher a d i a b a t . This 

cou ld degrade the f i n a l fue l d e n s i t y , which i n t u r n , cou ld reduce the ta rge t 

y i e l d . 



I I I . 3 -5 — 126 — 

The thermal r a d i a t i o n may be he lp fu l i n smoothing out i r r a d i a t i o n 

asymmetr ies. 

The r a d i a t i o n losses from the ta rge t sur face can be s i g n i f i c a n t l y la rge 

and may be reduced by an appropr ia te ta rge t d e s i g n . 

Rad ia t i on may be he lp fu l to propagate thermonuclear burn from the 

i g n i t i o n region i n to the surrounding dense and r e l a t i v e l y co ld f u e l . 

From the above cons ide ra t i ons i t i s c l e a r that the r a d i a t i o n can 

i n f l u e n c e the compression and the burn propagat ion in an ICF t a r g e t . It i s , 

t h e r e f o r e , very important to inc lude a r a d i a t i o n t ranspor t model in the 

hydrodynamic code, when des ign ing a ta rge t fo r a reac to r s tudy . The updated 

ve rs i on of the computer code MEDUSA used at KfK inc ludes a steady s t a t e , 

s i n g l e group r a d i a t i o n d i f f u s i o n model which can s imu la te t ranspor t of t o t a l 

continuum r a d i a t i o n a r i s i n g from f r e e - f r e e and free-bound t r a n s i t i o n s tak ing 

p lace in the plasma. This model has been developed by Tah i r et a l . ( 6 ' 8 ) to 

s imu la te r a d i a t i v e preheat e f f e c t s in laser -compress ion experiments performed 

at the Cent ra l Laser F a c i l i t y , Ruther ford Labora to ry . Some t y p i c a l r e s u l t s 

are pub l ished in r e f . 9 and 10. 

I t i s to be noted that the a p p l i c a b i l i t y of the above model requ i res that 

the r a d i a t i o n f i e l d i s in l o c a l thermal e q u i l i b r i u m wi th the e l e c t r o n s . Th is 

assumption i s v a l i d in the ta rge t core but does not hold in the corona 

r e g i o n . In the l a t t e r region the r a d i a t i o n f i e l d may be accu ra te l y 

represented by a mu l t i -g roup r a d i a t i o n model. In g e n e r a l , mu l t i -g roup 

r a d i a t i o n t ranspo r t models i nvo l ve a la rge amount of CPU t ime . When such a 

model i s inc luded in a hydrodynamic code, the CPU time requirements for the 

ta rge t s imu la t i ons become p r o h i b i t i v e l y l a r g e . Tah i r et a l . ( 1 2 ) have proposed 

a mu l t i -g roup treatment of r a d i a t i o n t ranspor t which w i l l make use of the 

I C C G ( u ) numerical methods and w i l l be very e f f i c i e n t compared to the standard 
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mul t i -g roup models. The e n t i r e r a d i a t i o n f i e l d in t h i s model i s d i v i ded i n t o 

a la rge number of groups ( t y p i c a l l y 20) which t ranspor t r a d i a t i o n energy in 

real space as wel l as in energy space. D i f f u s i o n in energy space takes p lace 

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

This model i s being developed at KfK in col 1aborat ion with the Cent ra l 

Laser F a c i l i t y , Ruther ford Labora to ry . We w i l l i nco rpo ra te t h i s model i n t o 

MEDUSA in order to take account of var ious r a d i a t i o n e f f e c t s and to design a 

ta rge t fo r the HIBALL II reac to r s tudy . 

I I I . 3 . 4 Energy Depos i t ion in the HIBALL Target . The Energy Depos i t ion Code 

GORGON 

The d i s t i n g u i s h i n g fea ture of ion beam fus ion i s , of cou rse , that the 

energy i s depos i ted by ions ra ther than from a l a s e r . The o r i g i n a l MEDUSA 

code was wr i t t en as a l a s e r fus ion code and the re fo re mod i f i ca t i ons have to be 

made in order to t ransform i t i n to an ion beam ta rge t design code. This i s 

being done in two s tages . The f i r s t stage cons i s ted of using simple a n a l y t i c 

formulae f o r -^dE/dx and these formulae are co ld fo rmulae. However, one cou ld 
p 

expect that energy depos i t i on would change cons ide rab le as the mater ia l heats 

up and forms a plasma c o n s i s t i n g of f ree e l e c t r o n s and p a r t i a l l y i on i zed 

atoms, s ince s c a t t e r i n g from ions and e lec t rons could be expected to be 

d i f f e r e n t than from neut ra l atoms. Hence one needs to develop a code based on 

a d e f i n i t e phys ica l model that can c a l c u l a t e ^dE /dx as a func t ion of dens i t y 

and temperature w i t h i n the ranges of i n t e r e s t namely, 0 to 500 eV and p s and 

p s / 1 0 0 . Then as a beam of ions i s i nc iden t on a t a r g e t , energy loss in each 

c e l l can be c a l c u l a t e d as a func t ion of the thermodynamic s ta te of that eel 1, 

and t h i s energy l oss i s then subt rac ted from the ion energy and the new energy 

i s used to c a l c u l a t e dE/dx in the next eel 1. This procedure i s cont inued u n t i l 

the ion energy i s zero which then de f ines the range. The ranges of protons 
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in the 2 to 10 MeV range and heavy ions in the range 5 to 20 GeV are such tha t 

they are very w e l l - s u i t e d to imploding ta rge ts of the s i z e to be encountered 

in I . C . F . This i s not r e a l l y s u r p r i s i n g when one r e a l i z e s that the lower 

bound of the mass of DT in the ta rget i s f i xed by the requirement that the hot 

burning ta rge t should re-absorb the a - p a r t i c l e s emit ted in the DT reac ­

t i o n . ( 2 9 ) The upper bound i s of course f i x e d by the s i z e of the m ic ro -

exp los ion that can be conta ined in a reac tor chamber. A t y p i c a l range f o r 

B i + + i n lead i s ~ 0'3 g /cm 2 or 0.3 mm, f o r a 10 GeV i o n , whereas s h e l l 

t h i cknesses fo r fus ion ta rge ts are of the order of 0.5 mm. 

An energy depos i t i on code, GORGON, based on r e f s . 14 and 15 has been 

developed i n c l u d i n g mod i f i ca t i ons and ex tens ions descr ibed below which are 

designed to deal with var ious phys ica l e f f e c t s . An ion t r a v e l l i n g through a 

charged plasma loses energy mainly to the e l e c t r o n s ^ 1 6 ) by a s e r i e s of smal l 

angle c o l l i s i o n s . In each i n d i v i d u a l c o l l i s i o n the amount of energy l o s t i s 

very s m a l l , but because of the long range of the e l e c t r o s t a t i c f o r c e s , there 

are very many such c o l l i s i o n s , so the t o t a l energy l oss i s qu i te l a r g e . The 

mass of the ion i s much l a r g e r than the mass of the e l e c t r o n , so that the ion 

i s d e f l e c t e d through small angles and one can cons ider the ion as t r a v e l l i n g 

in a s t r a i g h t l i n e . The p r o j e c t i l e ion i s f u r t he r cons idered to be a po in t 

charge with s p e c i f i e d energy, mass and charge (which may change with v e l o c i t y , 

see be low) . The plasma i s cons idered to be e i t h e r degenerate or non-

degenerate as the case may be. 

The phys ica l model used in the c a l c u l a t i o n i s based on the d i s t i n c t i o n 

between the c o n t r i b u t i o n of bound and f ree e l e c t r o n s in the ta rge t p lasma. 

Free e lec t rons are those having a wave func t i on that extends to i n f i n i t y 

( i . e . , - e 1 - - ) and bound e l ec t r ons are those whose wave func t ion goes as e " k r 

at la rge r, t he re fo re not having i n f i n i t e ex ten t . 
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The c o n t r i b u t i o n of the bound e l ec t r ons to the stopping power i s c a l c u -

l a ted accord ing to Bethe 's t h e o r y ^ 1 7 ) , tak ing in to account the d i f f e r e n c e s in 

c h a r a c t e r i s t i c e x c i t a t i o n energ ies between a neut ra l atom and a plasma ion v i a 

the Thomas-Fermi model. The c o n t r i b u t i o n of the f ree e lec t rons i s c a l c u l a t e d 

using the d i e l e c t r i c theory fo r non-degenerate e l ec t r ons wi th a more 

s i m p l i f i e d theory being used i f the e lec t rons are degenerate. 

C a l c u l a t i o n of the plasma parameters: 

In the model used in t h i s c a l c u l a t i o n knowledge of the average degree of 

i o n i z a t i o n in the plasma i s requi r ed , because of the separate treatment of 

bound and f ree e l e c t r o n s . This i s done using the Thomas-Fermi model of the 

atom at f i n i t e temperature. For t h i s purpose the Thomas-Fermi model i s so lved 

us ing the methods descr ibed by L a t t e r ^ 1 8 ) , which y i e l d s values fo r the 

e l e c t r o n dens i t y d i s t r i b u t i o n in the atomic sphere n( r ) fo r a given dens i t y 

and temperature of the ta rge t m a t e r i a l , as wel l as the po ten t i a l V(r ) and the 

chemical p o t e n t i a l a . The number of bound e l e c t r o n s which y i e l d s the average 

degree of i o n i z a t i o n i s given in the Thomas-Fermi model by, 

N b = L e x P ( F - « y k T + 1] / o ( E ) * [ 2 m ( E + e V ( r ) ) ] 1 / 2 r 2 d r ( I I I . 3 - 1 ) 

where E i s the t o t a l e l e c t r o n energy, m i s the e l e c t r o n mass, T i s the 

temperature, k i s Bol tzmann's cons tan t , h i s P l a n c k ' s constant and r (E) i s the 

rad ius which s a t i s f i e s the c o n d i t i o n , 

eV( r (E) ) = - E ( I I I . 3 - 2 ) 

i . e . , where the k i n e t i c energy of the e lec t ron j u s t equals i t s po ten t i a l 

energy. From the number of bound e lec t rons the number and dens i t y of the f ree 
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e lec t r ons are determined and used in the c a l c u l a t i o n of the stopping power due 

to the plasma f ree e l e c t r o n s . The c a l c u l a t e d s t r uc tu re of the ions i s used to 

determine the bound e lec t rons c o n t r i b u t i o n to the stopping power. 

Stopping power due to bound e l e c t r o n s : 

The c o n t r i b u t i o n of bound e lec t rons to the stopping power i s c a l c u l a t e d 

by Bethe 's t h e o r y ^ 1 9 ) , i n c l u d i n g c o r r e c t i o n s due to the d i f f e r e n c e s between a 

plasma ion and a neut ra l atom. The bas ic phys ica l parameter i s the average 

e x c i t a t i o n energy I, de f ined by 

Jtnl = i I l n f > . ) ' ( H I . 3 - 3 ) 
i 

where N i s the number of bound e l ec t r ons p a r t i c i p a t i n g in the s lowing down 

process and Tiw i are the c h a r a c t e r i s t i c e x c i t a t i o n ene rg i es . In these c a l c u ­

l a t i o n s the W i ' s are i n t e r p r e t e d as the f requenc ies of r e v o l u t i o n , f o l l o w i n g 

Boh r ' s m o d e l ( 2 ° ) . In order to c a l c u l a t e I w i th in the framework of the Thomas-

Fermi model one notes that at each radius r, a spectrum of r e v o l u t i o n 

f requenc ies i s determined by the Fermi energy d i s t r i b u t i o n at t h i s rad ius 

a)(r) = [(2/m){E + e V ( r ) } ] 1 / 2 / r ( I I I . 3-4) 

Here E i s the t o t a l e l e c t r o n energy. The number of e lec t rons per un i t 

f requency having a r e v o l u t i o n f requency o> i s , 

n(oi) = ( 3 2 i r 2 A 2 / h 3 ) 

x J o m a x ( ü ) ) r 5 ( e x p { [ i m ü ) 2 r 2 - eV(r) - a] /kT} + l ) _ 1 d r ( I I I . 3 - 5 ) 
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Here r m a x ( u ) i s the radius beyond which the energy which corresponds to u> 

y i e l d s a f ree e l e c t r o n , i . e . , 

e V ( r m a x H ) = - E ( H I . 3 - 6 ) 

The e f f e c t i v e e x c i t a t i o n energy i s g i v e n , w i th in the framework of t h i s model , 

by 

l n I s -J / q n(ü))Än(1i(ü)d(ü ( I I I . 3 -7 ) 

A s h e l l c o r r e c t i o n i s inc luded in the c a l c u l a t i o n by e l i m i n a t i n g from the 

i n t e g r a t i o n in Eqn. (3-7) those e l e c t r o n s fo r which 

2mv2 < -hw ( I I I . 3 - 8 ) 

where v i s the p r o j e c t i l e v e l o c i t y . 

The s o l u t i o n of the Thomas-Fermi model , prov ides the requi red values of 

V(r ) (the p o t e n t i a l ) , a (the chemical p o t e n t i a l ) and n( r ) the e lec t ron dens i t y 

requ i red in the above i n t e g r a t i o n s . 

Stopping power due to f ree e l e c t r o n s : 

The f ree e l ec t ron c o n t r i b u t i o n to the stopping power i s c a l c u l a t e d using 

the plasma d i e l e c t r i c t h e o r y ( 2 1 » 2 2 > 2 3 ) . The energy loss i s given by , 

2 e

2 z 2 

§ = - kdk pdp im ( W J ^ ) ( I I I . 3 - 9 ) 

where p i s the d e n s i t y , s = px where x i s a d i s tance i n to the m a t e r i a l , v i s 

the p r o j e c t i l e v e l o c i t y , k i s the wave number, u = coso = k_.v/|k_.v| D i s the 

d i e l e c t r i c func t ion of the plasma and to i s the f requency, in c a l c u l a t i n g the 
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d i e l e c t r i c func t ion a c l a s s i c a l , non-degenerate plasma i s assumed and c o l l i ­

s ions in the plasma are taken in to account . The c o l l i s i o n time i s given by, 

t = 3 m 1 / 2 ( k T ) 3 / 2 [ 4 ( 2 1 r ) 1 / 2 e 4 Z e f f n Ä n A r 1 ( I I I . 3 - 1 0 ) 

where n i s the f ree e l e c t r o n d e n s i t y , Z e f f i s the average ion charge , &nA i s 

the Coulomb l oga r i t hm . The d i e l e c t r i c func t ion i s given by 

D(k,co) = 1 + 2 x 2 U + xZ(0}u> 2 A > 2 ( I I I . 3 . 1 1 ) 

where 5 = x+ iy , i s the plasma d i s p e r s i o n f u n c t i o n , x = u>/kV t, y = v / k V t , 

v i s the c o l l i s i o n f requency, V t i s the f ree e l e c t r o n thermal v e l o c i t y , 

w = ( 2 k T \ l / 2 A n u p p e r c u t o f f wave number i s used in the i n t e g r a t i o n in eqn. 
t v m ' 

3-9 f o l l o w i n g B e t h e ( 1 9 ) , 

k B

_ 1 = e" Y Ti/mV t 

( I I I . 3 -12 ) 
Y = 0.5772 v 

Cer ta i n add i t i ons have been made recen t l y in order to improve the phys ics 

in the code and to a l low the code to c a l c u l a t e s topping powers fo r heavy 

i o n s . The model now inc ludes an opt ion which a l lows the c a l c u l a t i o n of the 

s topp ing power of ions in degenerate e l e c t r o n s . This i s an important f a c t o r 

fo r c a l c u l a t i n g the co ld range in metals where up to 5 e lec t rons /a tom can be 

degenerate . Experimental r e s u l t s e x i s t only at room temperature, so the 

c a l c u l a t i o n s are c a l i b r a t e d on co ld m a t e r i a l , and i t i s t he re fo re important t o 

c a l c u l a t e c o r r e c t l y i n t h i s l i m i t . The code, as descr ibed above, c a l c u l a t e s 

the s topp ing power of protons very wel l because the charge on the proton does 

not change as i t passes through the plasma. In p r i n c i p l e i t could capture an 
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e l e c t r o n to become a neut ra l hydrogen atom but s ince the b ind ing energy i s 

only 13 eV col 1 i s i o n s with e lec t rons would prevent t h i s . However fo r heavy 

ions say B i + + , en te r ing a plasma, c o l l i s iona l i o n i z a t i o n occu rs , as does 

recombina t ion . This i s a dynamic process and i t takes time fo r the ion to 

reach a steady s ta te e f f e c t i v e charge when i t i s t r a v e l 1ing at a constant 

v e l o c i t y . However, s ince the v e l o c i t y i s changing con t inuous ly i t i s not 

c l e a r that the charge s ta te ever reaches a steady s t a t e , and i t i s 1 i k e l y tha t 

the e f f e c t i v e charge problem should be t rea ted as a dynamic problem. For 

s i m p l i c i t y in the code at the moment a steady s ta te e f f e c t i v e charge formula 

i s used, which i s der ived by comparing the " c o l d " exper imental r e s u l t s to the 

Bethe fo rmu la . The e f f e c t i v e charge i s the given by , 
(24) 

Z e f f = Z B [ 1 " l ' m e x p ( - 1 3 7 ß / ( Z ß ) 0 - 6 9 ) ] ( I I I . 3 -13 ) 

where Z ß i s the charge on the ions on the beam, v i s the v e l o c i t y of the i o n , 

and ß = v / c , where c i s the v e l o c i t y of l i g h t . 

A general formula fo r dE/dx has the form (from bound e l e c t r o n s ) , 

£ = Z e f f » p 2 7 1 ( I I I . 3 -14 ) 

where uip i s the plasma f requency, v i s the v e l o c i t y of the i o n , and e i s the 

e l e c t r o n charge. In Bethe 's formula L has the form, 

-BETHE = Ä n { ^ T } " 1 n d " **> " 0 2 ( H I - 3 - 1 5 ) 

where hw = I i s def ined above, and m i s the e l e c t r o n mass. On the other hand, 

the c l a s s i c a l express ion der ived by Bohr i s given by, 
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L = ^ ( 1 A 2 3 m f ) - l n ( l - ß 2) - ß 2 / 2 ( I I I . 3 -16 ) 
B 0 H R Z Q f . e ^ e f f 

A quantum mechanical express ion der ived by B l o c h ( 1 3 ) who attempted to, 

r e c o n c i l e the two approaches i s given by , 

L B L O C H * 1 " ^ - - ? 1 " ' 1 - S 2 > 

+ t ( l ) - Re<|> (1 + i Z e f f a / ß ) ( H I - 3 - 1 7 ) 

where ^ i s the diagamma f u n c t i o n , and a i s the f i n e s t r uc tu re cons tan t . 

The Bohr approach i s one which uses c l a s s i c a l mechanics, and i s based on 

the use of any impact parameter b. For b greater than some impact parameter 

b j c o l l i s i o n s are t rea ted as e lec t romagnet ic e x c i t a t i o n s of harmonic o s c i l ­

l a t o r s in a constant e l e c t r i c f i e l d produced by the passing i o n . For b < b p 

ions are assumed to s c a t t e r from the e lec t rons as i f the e lec t rons were 

f r e e . The Bethe approach uses quantum mechanics and the re fo re uses momentum 

t r a n s f e r to c h a r a c t e r i z e c o l l i s i o n s . I t cons iders the ion wave func t ion to be 

a plane wave of given momentum and t r e a t s the ion-atom s c a t t e r i n g w i t h i n the 

Born approx imat ion . The Bloch approach r e c o n c i l e s these two t h e o r i e s . Block 

demonstrates that the d i s t a n t c o l l i s i o n part of the Bohr theory i s v a l i d 

quantum mechan ica l l y w i t h i n the d ipo le approx imat ion . Bloch again assumed 

that fo r b < b j the e l ec t r ons are f r e e , but re laxed the assumption that the 

ion should be descr ibed by a plane wave. The confinement of the e l ec t ron 

w i t h i n a c y l i n d e r of rad ius in t roduces t ransve rse momentum components which 

i n t e r f e r e wi th each other under the i n f l uence of the s c a t t e r i n g p o t e n t i a l . 
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This leads to a s c a t t e r i n g cross sec t i on which can be very d i f f e r e n t from the 

Coulomb cross sec t i ons fo r plane waves. 

For very weak s c a t t e r i n g bj can be l a r g e , and plane waves can be used and 

the Bloch formula tends to the Bethe fo rmu la . In the l i m i t of s t rong s c a t t e r ­

ing wave packets can be const ruc ted which s c a t t e r as c l a s s i c a l ob jec ts and the 

Bloch formula g ives the same r e s u l t s as obta ined by Bohr. This happens espe ­

c i a l l y when Z e f f i s l a r g e . In the code the problem i s so lved by using the 

l a r g e r of two minimum impact parameters, one, the quantum impact parameter 

and the other the Bohr impact parameter ( — w h e r e v i s the r e l a t i v e 
mv 

speed between ions and e l e c t r o n s . This e f f e c t i v e l y changes the Bethe formula 

over to the Bohr fo rmu la . 

Another change to the code that has been made, i s to inc lude the s c a t t e r ­

ing of the ion o f f the ions in the plasma. The standard express ion o r i g i n a l l y 

developed by Chand rasekha r ( 2 5 ) i s used. The code can c a l c u l a t e fo r any type 

of ion (from hydrogen to uranium) and on any type s i n g l e element t a rge t 

m a t e r i a l , and can be extended to t r ea t mixtures in a simple approx imat ion . 

Since the code can c a l c u l a t e energy depos i t i on fo r an ion passing through a 

degenerate p lasma, i t can a l so c a l c u l a t e the energy loss of a p a r t i c l e s in 

degenerate and non-degenerate DT. 

The r e s u l t s presented here are conf ined to those re levant to the HIBALL 

r e a c t o r , and complete r e s u l t s i l l u s t r a t i v e of the working of the code w i l l be 

presented e l s e w h e r e . ( 1 » 2 6 ) F igure I I I .3 -1 shows the energy depos i t i on p r o f i l e 

of 10 GeV Bismuth ions on lead at 200 eV and in F igure I I I . 3 -2 the d e p o s i t i o n 

p r o f i l e of 10 GeV Bismuth ions in l i t h i u m at 200 eV i s shown. The d e p o s i t i o n 

p r o f i l e in the HIBALL ta rge t fo r 10 GeV ions i s shown in F igure I I I . 3 - 3 . The 

range of the ions decreases as the temperature inc reases from room 

temperature . A lso the depos i t i on p r o f i l e becomes more peaked at the end of 
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the range as the temperature i n c r e a s e s . The reason fo r t h i s i s as f o l l o w s : 

At room temperature the energy depos i t i on p r o f i l e i s r e l a t i v e l y f l a t and t h i s 

comes about because the Bragg peak type p r o f i l e which would be c a l c u l a t e d 

us ing Z ß

2 i s f l a t t e n e d out by the decrease in Z e f f

2 as a func t ion of 

v e l o c i t y . As the range i s shortened the c u t o f f occurs at l a rge r values of 

z e f f • so that the f l a t t e n i n g e f f e c t i s much reduced and the Bragg peak s t a r t s 

to reappear. It should be noted here that the peak in the d i s t r i b u t i o n curve 

always occurs when V B ~ V e l

T n ( t h e e l e c t r o n thermal v e l o c i t y ) , and as the 

temperature inc reases so does V e l

T n , so V B becomes greater at t h i s point and 

so does Z e f f ( V ) . 

In conc lus ion the assumptions that are inherent in these c a l c u l a t i o n s are 

b r i e f l y cons i de red . The ion i s assumed to t r a v e l in a s t r a i g h t l i n e and l ose 

energy by small angle s c a t t e r i n g to the e l ec t r ons by e x c i t a t i o n and i o n i z a ­

t i o n . Hence la rge angle s c a t t e r i n g events are i gno red , as these are important 

only at lower ene rg i es . The ions are assumed to slow down independent ly of 

each o the r , that i s c o l l e c t i v e e f f e c t s (of the beam i n t e r a c t i o n ) are assumed 

to be absent . This i s j u s t i f i e d by an argument proposed by M e l h o r n J 2 7 ) For 

t y p i c a l beam parameters the i n t e r p a r t i c l e spacing i s >100Ä, wh i le the re levan t 

s h i e l d i n g d i s tance in both sol i d and plasma i s of the order of 1A. Hence, in 

some sense, the p a r t i c l e s should not see each o the r . However t h i s i s not the 

whole s t o r y , s ince one should a lso cons ider the time domain. Ions going 

through a plasma emit plasmons which v i b r a t e wi th a per iod ~ IO*" 1 7 sees . Ions 

t r a v e l t y p i c a l l y with a v e l o c i t y ~ 3 x 10 9 cm/sec , so the time taken to t r a v e l 

100Ä i s ~ I O - 1 6 . Therefore as long as the plasmons are not damped out i n ~ 10 

o s c i l l a t i o n s the next ion w i l l see the pe r tu rba t i on produced by the ion in 

f r o n t . Under c e r t a i n c i rcumstances t h i s cou ld lead to bunching and a coherent 

motion of the i o n s , lead ing to the unstab le growth of la rge ampl i tude plasma 
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waves. This could then lead at l e a s t to enhanced energy d e p o s i t i o n . Th is 

e f f e c t i s c u r r e n t l y being i n v e s t i g a t e d to see i f such an i n s t a b i l i t y can occur 

w i t h i n the parameter space re levant to ICF f u s i o n . 

H I . 3 . 5 Target Gain C a l c u l a t i o n s fo r the HIBALL Reactor Study Using MEDUSA 

An ICF ta rget should have a high g a i n , but there are severa l other 

requirements that i t should f u l f i l l . The ta rge t should be hydrodynamica l ly 

s t ab l e and i t should have a reasonable to le rance of i r r a d i a t i o n asymmetr ies. 

It should a l so need as low an energy and power as p o s s i b l e to i g n i t e i t . 

Fur ther c e r t a i n other requirements should be met which do not d i r e c t l y i nvo l ve 

ta rge t phys ics c o n s i d e r a t i o n s . For ins tance the ta rge t should be easy to 

f a b r i c a t e and should be made out of r e l a t i v e l y cheap m a t e r i a l s . I t would be 

d e s i r a b l e that the ta rge t produces a minimal amount of r a d i o a c t i v i t y , that i t 

should be compat ib le with other ma te r i a l s of the reac tor coolant system and 

f i n a l l y i t should be la rge enough that the beam can be focussed onto i t . 

Many of the above requirements impose c o n t r a d i c t o r y c o n s t r a i n t s . For 

example, power requirements can be reduced by using s h e l l s wi th la rge aspect 

r a t i o , but such s h e l l s are usua l l y uns tab le . 

Bangerter and M e e k e r ^ 2 8 ) proposed a ta rge t which f u l f i l l s most of the 

above requirements and i s shown in F i g . I I I . 1 - 2 . This i s a s i n g l e she l l 

m u l t i - l a y e r e d ta rge t with a low d e n s i t y , low Z pusher sandwiched between a 

high d e n s i t y , high Z tamper and the f u e l . The heavy tamper serves as a 

confinement s h e l l to inc rease the e f f i c i e n c y of i m p l o s i o n . The pusher i s 

seeded wi th a high Z mater ia l to reduce r a d i a t i v e preheat of the f u e l . The 

use of a low dens i t y pusher has a number of advantages over a high dens i t y 

pusher. For i n s t a n c e , the pusher can be made r e l a t i v e l y t h i c k to reduce 

hydrodynamic i n s t a b i l i t i e s and yet con ta in l i t t l e mass. A lso the hydrodynamic 

i n s t a b i l i t i e s causing pusher - fue l mix ing dur ing the f i n a l stages of 
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compression may be e l im ina ted because of the very small dens i t y d i f f e r e n c e 

between the fuel and the pusher. In a d d i t i o n , t h i s ta rge t has a simple 

s t r u c t u r e and i s made from inexpens ive m a t e r i a l s . The s imu la t ions of 

Bangerter and Meeker(28) i n d i c a t e that in the case of a high Z pusher ta rge t 

comparable to the one shown in F i g . I I I . 1 - 2 , the pR in the pusher i s 10 

gm/cm 2 . On the other hand, in the present c a l c u l a t i o n s the buik of the high Z 

mater ia l remains uncompressed and the t o t a l pR of both the pusher and the 

tamper i s l ess than 1 gm/cm 2 . Therefore the l a t t e r ta rge t would produce l ess 

than 10% as much high Z r a d i o a c t i v e debr is as a ta rge t wi th high Z pushers . 

As a f i r s t step towards des ign ing the HIBALL target the 1 mg DT 

B a n g e r t e r - M e e k e r ( 2 9 ) ta rge t was s imulated at KfK (INR) wi th the updated 

ve rs ion of MEDUSA. To make these c a l c u l a t i o n s computa t iona l l y s impler the 

TaCOH pusher was replaced by P b L i , the two have the same mass dens i t y and 

approx imate ly the same e lec t ron number d e n s i t y . These r e s u l t s show good 

agreement wi th the Bangerter-Meeker r e s u l t s . It i s , however, to be noted that 

a ta rge t wi th 4 mg of DT i s requ i red fo r the HIBALL reac tor s tudy. For t h i s 

purpose the above ta rge t has been sca led to a bigger one which conta ins 4 .3 mg 

of DT in such a way that the two ta rge ts have the same aspect r a t i o s . From 

now on t h i s b igger ta rge t w i l l be re fe r red to as the "HIBALL TARGET". 

Compression, i g n i t i o n and the burn propagat ion in t h i s HIBALL ta rge t have been 

s imu la ted . A comparison between the KfK and Bangerter r e s u l t s and r e s u l t s f o r 

the 4 mg ta rge t are d iscussed below. 

Resu l t s 

a) 1 mg DT ta rge t (Comparison between Bangerter-Meeker and KfK r e s u l t s ) 

A ta rge t very s i m i l a r to the B a n g e r t e r - M e e k e r ( 2 8 ' 2 9 ) t a r g e t , but w i th 

PbLi pusher ins tead of TaCOH, has been s imulated using the updated vers ion of 

MEDUSA. The two ma te r i a l s have the same mass dens i t y and approximate ly same 
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number of e l e c t r o n s / u n i t volume. We have used approximately the same d e p o s i ­

t i o n p r o f i l e as in F i g . I I I . 1 - 4 . The pulse shape used in these c a l c u l a t i o n s 

i s shown in F i g . I I I . 3 -4 and i s r e l a t i v e l y s impler compared to the one shown 

in F i g . I I I . 1 - 3 . A comparison between the KfK r e s u l t s and the Banger te r -

Meeker r e s u l t s i s given in the f o l l o w i n g t a b l e . 

Table I I I .3 -1 Comparison between Livermore and KfK r e s u l t s 

Bangerter-Meeker KfK 

Pulse Energy (MJ) 1-28 2.0 

Peak Power (TW) 240 250 

Output Energy (MJ) 113 1 6 4 

Gain 88 84 

From the above t ab le i t i s seen that Meeker and Bangerter have obtained a gain 

of 88 by using l ess input energy and p r a c t i c a l l y the same peak power. To get 

a gain comparable to t h e i r value i t was necessary to use somewhat h igher input 

energy. The reason fo r t h i s i s that they have used a shaped pulse in t h e i r 

c a l c u l a t i o n s which i s designed to minimize shock heat ing of the f u e l . The i r 

t a rge t i s compressed on a lower adiabat and the input energy requirement i s 

reduced. On the other hand, in the KfK c a l c u l a t i o n s a r e l a t i v e l y s imp le r 

p u l s e , shown in F i g . I I I . 3 -4 has been used. This pulse shape g ives r i s e to 

more shock heat ing of the ta rge t and so the compression i s p laced on a h igher 

a d i a b a t . Consequent ly , one would requ i re more energy to achieve a high p e l l e t 

g a i n . In these c a l c u l a t i o n s 2 MJ input energy i s used which compresses the 

t a rge t to give a h igher value of pR as compared to the Bangerter-Meeker 

c a l c u l a t i o n s . As a consequence one gets l a r g e r f r a c t i o n a l burnup of DT and 

more output energy. 
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It should a lso be noted that dur ing the f i n a l stages of compression the 

fue l dens i t y becomes comparable to the pusher dens i t y which i s very good fo r 

the s t a b i l i t y of the pusher - fue l i n t e r f a c e . This e f f e c t has a l so been 

mentioned by Bangerter and M e e k e r . ( 2 8 , 2 9 ) 

b) The HIBALL ta rge t wi th 4.3 mg DT 

Using the updated ve rs ion of MEDUSA descr ibed in sec t i on I I I . 3 . 2 , 

compression and i g n i t i o n of the HIBALL ta rge t shown in F igure I I I . 3 -5 has been 

s i m u l a t e d . The problem of burn propagat ion from the cen t ra l spark reg ion i n t o 

the surrounding dense and co ld fuel has a l so been s t u d i e d . 

To design an ICF ta rge t and tune i t f o r maximum output energy fo r a 

p o s s i b l e minimum input energy and power i s a very compl icated and time 

consuming problem. The reason fo r t h i s i s that the des igner has to work i n a 

mu l t i - d imens iona l parameter space. The most bas ic parameter in t h i s space i s 

the type of the ta rge t i t s e l f which can e i t h e r be a s i n g l e s h e l l mu l t i - 1aye red 

or a composite she l l m u l t i - l a y e r e d t a r g e t . For the HIBALL ta rge t a s i n g l e 

s h e l l m u l t i - l a y e r e d ta rge t wi th the same s t r u c t u r a l design and aspect r a t i o as 

the 1 mg ta rge t shown in F i g . 111.1-2 has been chosen. The next set of 

v a r i a b l e s which one has to s e l e c t , are the input energy, the pulse shape and 

the pulse parameters. B a n g e r t e r ( 2 9 ) has mentioned an approximate energy mass 

s c a l i n g r e l a t i o n s h i p accord ing to which one should use 20 to 25 MJ/gm fo r good 

ta rge t compress ion. Apply ing t h i s s c a l i n g law the HIBALL ta rge t would requ i re 

7.5 MJ input energy. 

A pulse shape s i m i l a r to the one shown in F i g . I I I . 3 -4 has been used. 

The cho ice of co r rec t pulse parameters i s another d i f f i c u l t problem. S ince 

each computer run takes about 15 - 20 minutes of the IBM 3032 computer at K fK , 

i t was not p o s s i b l e to vary these parameters b l i n d l y (to tune the t a r g e t ) . 

The prepulse and the main pulse lengths were guessed to sca le accord ing to 
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m l / 3 t imes the corresponding va lues fo r 1 mg t a r g e t . The pulse parameters 

used in these c a l c u l a t i o n s and the ta rge t y i e l d are given in Tables I I I . 3 -2 

and 111.3-3 r e s p e c t i v e l y . 

Simple a n a l y t i c formulae have been used to s imula te heavy ion depos i t i on 

in the p e l l e t . The ta rge t cond i t i ons at the time of i g n i t i o n are shown in 

F i g . I I I . 3 - 6 . 

Table I I I . 3 -2 Pulse parameters 

Prepulse Power 10 TW 

Main Pulse Power 600 TW 

Prepulse Length 19 ns 

Main Pulse Length 12 ns 

Table I I I . 3 -3 Input Energy and Target Y i e l d 

pulse Energy (MJ) 7.38 

Gain 97 

Output Energy (MJ) 715 

I t i s to be noted that these c a l c u l a t i o n s are i n i t i a l and the performance 

of t h i s ta rge t cou ld be improved s u b s t a n t i a l l y by f u r t he r f i n e t u n i n g . The 

ta rge t y i e l d can be opt imized with l ess input energy and lower peak power by 

us ing a shaped p u l s e . 

I t should a l so be noted that one-dimensional codes cannot t r ea t the 

hydrodynamic i n s t a b i l i t i e s and the e f f e c t s a r i s i n g from non-uni form ta rge t 

i l l u m i n a t i o n s . These e f f e c t s can be s tud ied by two-dimensional codes. 

I nc lus ion of the above two e f f e c t s may degrade the compression s u b s t a n t i a l l y 
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which in turn would reduce the ta rge t ou tput . Accord ing to Meeker* two-

dimensional s imu la t ions of a t y p i c a l ta rge t show a reduct ion in gain by up to 

a f a c t o r of 10 compared to the gain obta ined by one-dimensional c a l c u l a t i o n s 

f o r the same t a r g e t . 

In F i g . I I I . 3 -7 the coord ina tes fo r the tamper-pusher and pusher - fue l 

i n t e r f a c e s are p lo t t ed as a func t ion of t ime , r e s p e c t i v e l y . It i s seen tha t 

the pusher - fue l i n t e r f a c e moves inwards as the ta rge t gets compressed and 

i g n i t i o n s t a r t s at about t = 31.0 ns . This i s the time when compression 

ach ieves i t s maximum value and corresponds to the swi tch o f f time of the 

p u l s e . On the other hand, the tamper-pusher i n t e r f a c e mainta ins a steady 

p o s i t i o n dur ing the burn phase and then moves outwards as the target 

expands. This i s because the tamper i s very heavy and i t does not move in but 

holds the pusher and the fuel together fo r a long enough time for nuc lear 

fus ion to take p l a c e . 

The i g n i t i o n and burn cond i t i ons are given in F i g s . 111.3-8 to 111.3-

10. We p lo t log p, log P and log T i as a func t ion of the ta rge t radius at 

th ree d i f f e r e n t t imes . The s o l i d and broken v e r t i c a l l i n e s represent the 

pusher - fue l and the pusher-tamper i n t e r f a c e s , r e s p e c t i v e l y . F i g . 111.3-8 i s 

p l o t t e d at t = 31 ns when the compression has achieved i t s maximum v a l u e . I t 

i s seen that the inner 10% of the fue l i s heated to i g n i t i o n temperature but 

i s at a r e l a t i v e l y lower dens i t y such that the t o t a l pressure in the fuel i s 

cons tan t . F igure I I I . 3 -9 i s p l o t t ed a f t e r 130 ps and i t shows a pressure peak 

in the i g n i t e d fuel r e g i o n . This i s because the charged p a r t i c l e s produced in 

nuc lear reac t i ons depos i t t h e i r energy and heat up the fue l to temperatures 

~ 1 0 8 K. This pressure peak sends a shock wave i n to the surrounding fue l and 

the burn spreads r a d i a l l y throughout the f u e l . It i s seen from F i g . I I I . 3 -10 

* D . Meeker, p r i v a t e communicat ion. 
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that a f t e r 20 ps the whole of the fuel i s heated to a temperature ~ 1 0 y K. I t 

should be noted that in these c a l c u l a t i o n s r a d i a t i o n t ranspor t e f f e c t s are 

exciuded because of i n a v a i l a b i l i t y of o p a c i t i e s fo r l e a d . Since the pusher i n 

t h i s pel l e t i s seeded with a high Z e lement, the r a d i a t i v e preheat e f f e c t s 

w i l l be reduced. A lso the sur face temperature of the ta rget i s ~ 100 eV and 

so the r a d i a t i o n losses w i l l be s m a l l . In these c a l c u l a t i o n s we have 

neglected r a d i a t i o n 1osses . However, i n c l u s i o n of r a d i a t i o n t ranspor t w i l l 

help the burn p ropagat ion . We expect to i nc lude r a d i a t i o n e f f e c t s in our 

fu tu re c a l c u l a t i o n s of the HIBALL t a r g e t . 

F igure I I I .3 -11 shows the Atwood number at the pusher fuel i n t e r f a c e as a 

func t ion of t ime . It i s seen that towards the end of the implos ion the Atwood 

number decreases r a p i d l y and even becomes nega t i ve . This i nd i ca tes that wh i le 

the pusher i s being dece le ra ted by the high pressure in the f u e l , the fue l 

dens i t y becomes comparable to the pusher d e n s i t y . This i nd i ca tes that our 

ta rge t should be s tab le to hydrodynamic i n s t a b i 1 i t i e s which cause pusher - fue l 

mix ing dur ing the f i n a l stages of i m p l o s i o n . 

111.3-6 D i scuss ion and Conc lus ion 

An advanced and extended vers ion of the well-known MEDUSA code has been 

t ransformed i n to a ta rge t design code s u i t a b l e fo r heavy ion beam fus i on 

t a r g e t s . The EOS i s v i t a l because i t determines to which extent matter can be 

compressed, and how much energy i s needed to do t h i s . A lso because the sound 

v e l o c i t y i s determined from the EOS, the EOS determines the time sca le of the 

whole i m p l o s i o n . The d e t a i l e d behavior of s t rong shocks i s a l so determined by 

the EOS. Hence with a f a l s e EOS, ta rge ts of the wrong s i z e and s t r u c t u r e are 

1 i k e l y to be des igned . Rad ia t ion t ranspor t i s a l so important in the design of 

t a rge t s as t h i s can cause preheat of the DT, l osses from the sur face of the 
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t a rge t s and i s important fo r the propagat ion of the burn . The HIBALL ta rge t 

has been designed to minimize the d e l e t e r i o u s e f f e c t s of r a d i a t i o n t r a n s p o r t . 

The energy depos i t i on of ions in ICF ta rge t ma te r i a l s has been c a l c u ­

l a t e d . A code has been developed which i s s u i t a b l e fo r the depos i t i on of 

1 ight and heavy ion beams. D e t a i l e d c a l c u l a t i o n s show that range shor ten ing 

by up to a f a c t o r 2 occurs fo r both heavy and 1ight i o n s . For heavy ions the 

d e p o s i t i o n p r o f i l e becomes more peaked as the temperature of the mate r ia l 

r i s e s . Typ ica l depos i t i on p r o f i l e s fo r the HIBALL ta rge t ma te r i a l s and the 

HIBALL ta rge t i t s e l f are p resented . 

The c r e d i b i l i t y of the MEDUSA code as a ta rge t design code has been 

e s t a b l i s h e d by reproducing r e s u l t s obta ined by Bangerter fo r a 1 mg ta rge t 

d e s i g n . This ta rget has then been s u c c e s s f u l l y sca led up using an m 1 7 3 law, 

to 4 mg of DT. De ta i l ed i m p l o s i o n , i g n i t i o n and burn phase c a l c u l a t i o n s are 

presented fo r t h i s 4 mg HIBALL reac to r study t a r g e t . The gain of t h i s ta rge t 

i s 97, wi th an input energy of 7.4 MJ and an output energy of 715 MJ which i s 

e a s i l y s u f f i c i e n t fo r the designed fus ion r e a c t o r . F u r t h e r , d e t a i l e d tun ing 

and use of a more c a r e f u l l y t a i l o r e d pulse i s expected to inc rease the gain 

and decrease the input energy, whi le s t i l l producing over 500 MJ of energy. 

We found that the gain of the 4 mg ta rge t i s l ess s e n s i t i v e to changes in the 

ion beam range and the pul se parameters than the 1 mg t a r g e t . Larger t a rge ts 

are hence l e s s s e n s i t i v e to parameter changes such as ion beam range, so tha t 

range shor ten ing wi l 1 not have such an e f f e c t . Range shor ten ing could be 

compensated fo r by ramping the vo l tage of the incoming i o n s . 

The HIBALL ta rge t design has the re fo re many a t t r a c t i v e f e a t u r e s . I t i s a 

high gain t a r g e t , and needs reasonable values of input energy and power. I t 

i s a r e l a t i v e l y simple t a r g e t , which would make cons t ruc t i on reasonably easy , 

and would a l s o keep the cost down because i t conta ins no expensive m a t e r i a l . 
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The ta rge t ma te r i a l s are compat ib le wi th the rest of the reac tor d e s i g n , i n 

p a r t i c u l a r the coolant m a t e r i a l s . Since the dens i t y of the high Z tamper i s 

low, i t produces minimal r a d i o a c t i v i t y . The ta rge t i s over 7 mm in diameter 

and so focuss ing problems w i l l not be too hard to overcome. The ta rge t i s 

s t ab l e to pusher - fue l i n s t a b i l i t i e s , and by use of a t h i ck pusher could be 

made s tab le to Ray le igh -Tay lo r i n s t a b i 1 i t i e s . 



I I I . 3 - 3 6 — 1 5 7 ~ 

References fo r Sec t ion I I I -3 

1. K.A. Long and N. T a h i r , "Ion Beam F u s i o n : Energy Depos i t ion in and 
S imu la t ions of ICF P e l l e t s , " to be p u b l i s h e d . 

2. N.A. Tah i r and K.A. Long, " P e l l e t S imu la t ions fo r the HIBALL Reactor 
S tudy , " to be p u b l i s h e d . 

3 . J . P . C h r i s t i a n s e n , D . E . T . F . Ashby, and K.V. Rober ts , "MEDUSA, a One-
Dimensional Laser Fusion Code," CPC _7_» 271, (1974). 

4 . R.G. Evans, "Improvements to the MEDUSA Code," Ruther ford Laboratory 
Repor t , unpub l i shed , June 1980. 

5. A .R. B e l l , "New Equation of State fo r MEDUSA," Ruther ford Laboratory 
Repor t , RL-80-091 , (1980). 

6. N.A. T a h i r , "S imu la t i on Studies of Laser Compression of M a t t e r , " PhD 
T h e s i s , Glasgow U n i v e r s i t y , 1978. 

7. N.A. Tahi r and E.W. L a i n g , Phys, L e t t . A, 79A, 321, (1980). 

8. N.A. T a h i r , E.W. L a i n g , and D . J . N i c h o l a s , Ruther ford Laboratory Repor t , 
RL-80-048, (1980). 

9. N.A. Tahi r and E.W. L a i n g , Plasma P h y s i c s , _22_, 1113, (1980). 

10. N.A. Tah i r and E.W. L a i n g , Phys. L e t t s , 77A, 430, (1980). 

11 . D. Kershaw, J . Comp. Phys. _26, 43 , (1978). 

12. N.A. T a h i r , E.W. L a i n g , D . J . N i c h o l a s , Ruther ford Laboratory Repor t , RL-
80-083 , (1980). 

13. S . P . Ah len , Rev. Mod. Phys. _52, 121, (1980). 

14. E. N a r d i , E. P e l e g , and Z. Zinamon, Phys. F l u i d s _21_, 574, (1978). 

15. E. Nardi and Z. Zinamon, Phys. Rev. A J j 3 , 1246, (1978). 

16. L.D. Landau and E.M. L i f s c h i t z , Quantum Mechanics , Permagon P r e s s , Oxford 

(1965) . 

17. H.A. Bethe, in Handbuch der P h y s i k , S p r i n g e r , V o l . 24, 273, (1933). 

18. R. L a t t e r , Phys. Rev. 99, 1854, (1955). 

19. H.A. Bethe, Ann. Phys. J5, 325, (1930). 

20. N. Bohr , P h i l , Mag. _25, 10, (1913). 

21 . D. Pines and P. N o z i e r e s , "The Theory of Quantum L i q u i d s , " Benjamin, N . Y . , 
(1966) . 



I I I .3 -37 ~ 

22. D. P i n e s , "Elementary E x c i t a t i o n s , " Benjamin» (1965) . 

23. S. Doniach and E. Sondheimer, "Green 's Funct ions for S o l i d State 
P h y s i c i s t s , " Benjamin, (1972). 

24. M.D„ Brown and C D . Moak, Phys. Rev. _B6, 90, (1972). 

25. S. Chandrasekhar, P r i n c i p l e s of S t e l l a r Dynamics, Dover, P. 251, ( i960), , 

26. K.A. Long, "Energy Depos i t ion of Ions and a - p a r t i c l e s in ICF T a r g e t s , " G 
Report 81 -3 , (1981). 

27. T .A. Mehl ho rn , SAND80-0038, (1980). 

28. R. Bangerter and D. Meeker, LLL Repor t , UCRL-78474, (1976). 

29. R. Banger te r , LLL Repor t , UCRL-82026, (1978). 



I I I .4 -1 — 159 — 

I I I . 4 Target Design - U n i v e r s i t y of Wiscons in 

There i s l i t t l e quest ion that the key element of i n e r t i a l confinement 

f us ion i s the t a r g e t . The for tunes of ICF r ide on the ta rge t performance, 

thermonuclear y i e l d as a func t ion of d r i v e r energy. For commercial a p p l i ­

ca t i ons ( i . e . , product ion of e l e c t r i c i t y ) the ta rge t g a i n , or r a t i o of thermo­

nuc lear y i e l d to d r i v e r energy, must be la rge enough to compensate the major 

i n e f f i c i e n c i e s of the power p lant such as the e l e c t r i c a l e f f i c i e n c y of the 

d r i v e r . Furthermore, t h i s minimum gain must be ach ievab le fo r economica l l y -

s i z e d d r i v e r s . 

A very simple systems a n a l y s i s of the power cyc le w i th in an ICF power 

p lant w i l l p red i c t t h i s value of minimum g a i n . This c y c l e i s shown in F i g . 

111.4-1 where the three major components are the t a r g e t , the energy convers ion 

system, and the d r i v e r . The f o l l o w i n g terms are def ined fo r t h i s system: 

n n = d r i v e r e f f i c i e n c y = d r i v e r energy on ta rge t 
u J energy in to d r i v e r 

Q = ta rge t gain = thermonuclear y i e l d 
v » » d r i v e r e n e r g y o n ta rge t 

nt = thermal to e l e c t r i c convers ion e f f i c i e n c y 

f = r e c i r c u l a t i n g power f r a c t i o n . 

M u l t i p l y i n g these f ac to r s around the c losed loop of F i g . 111.4-1 g ives 

n D Q n t f = 1 . ( I I I . 4 - 1 ) 

I t i s c l e a r from the F i g . I I I .4 -1 that the cost of e l e c t r i c i t y i s p ropor t i ona l 

to 

$ ~ (1 - f ) " 1 - ( I I I . 4 - 2 ) 
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This of course i s a s t rong i n c e n t i v e to minimize the r e c i r c u l a t i n g power f r a c ­

t i o n , f . H i s t o r i c a l l y , a maximum value of f has been taken as 25%, al though 

t h i s value i s most c e r t a i n l y qu i te a r b i t r a r y . (We might note that the 

r e c i r c u l a t i n g power f r a c t i o n in a nuc lear f i s s i o n reac to r i s about 5%.) For 

the sake of s p e c i f i c i t y we w i l l adopt the 25% convent ion fo r our a n a l y s i s . I f 

we f u r t he r assume 

n t = 0.4 , ( I I I . 4 - 3 ) 

a reasonable val ue for a convent ional thermal steam c y c l e , then we are l e f t 

wi th a r e l a t i o n s h i p between the ta rge t gain and d r i v e r e f f i c i e n c y 

Qn D > 10 . ( I I I . 4 - 4 ) 

This product has been l a b e l l e d the " fus ion ga in " of the system. The accep ta ­

b le ta rge t gain i s t he re fo re dependent on the e f f i c i e n c y of the d r i v e r . In 

our case of ion beam d r i v e r s t h i s e f f i c i e n c y may be in a range of 10-40%. 

Hence the minimum ta rge t gain i s in a range of 25-100. Any s i t u a t i o n where 

the ta rge t gain i s much greater than t h i s wil1 n a t u r a l l y lead to smal le r 

r e c i r c u l a t i n g power f r a c t i o n s and more economical e l e c t r i c i t y p roduc t i on . 

We have now e s t a b l i s h e d the range of minimum ta rge t gain that must be 

ach ieved . We next face the q u e s t i o n : How much ion beam energy i s requi red to 

produce t h i s gain? This i s a quest ion that i s based to a la rge extent on de­

t a i l e d ta rge t design c a l c u l a t i o n s . This i s unfor tunate because the p r i n c i p l e 

ta rge t design t o o l s , la rge two-dimensional radi at i on-hydrodynami cs computer 

codes and equat ion of s ta te and opac i t y d a t a , are unava i l ab le to a l l except 

those working at the three p r i n c i p l e nuc lear weapons design l a b o r a t o r i e s , 

Lawrence Livermore Labora to ry , Los Alamos S c i e n t i f i c Labora to ry , and Sandia 

Labora to ry . Fur thermore, many ta rge t designs are c l a s s i f i e d as secre t 
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r e s t r i c t e d data on the grounds that they are somehow re la ted to nuc lear 

weapons d e s i g n . This problem i s p a r t i a l l y a l l e v i a t e d by the fac t that 

Lawrence Livermore Laboratory has pub l i shed general in fo rmat ion regard ing the 

performance of ICF t a r g e t s . An example of t h e i r s o - c a l l e d ta rge t gain curves 

i s shown in F i g . I I I . 4 - 2 . The s o l i d 1ines i n d i c a t e the best p o s s i b l e per form­

ance of s i n g l e and double s h e l l e d t a r g e t s . S ing le and double s h e l l e d ta rge t 

designs are shown schemat i ca l l y in F i g . 111.4-3 par ts (a) and ( d ) . By "best 

p o s s i b l e performance" we mean that (1) the ta rge t she l l c o n f i g u r a t i o n i s very 

a c c u r a t e l y matched to the i n t e n s i t y p r o f i l e of the i nc i den t pulse of d r i v e r 

energy , and (2) the c a l c u l a t i o n s are performed using a one-dimensional im­

p l o s i o n model . Each of these two cond i t i ons are in fac t u n r e a l i s t i c . F i r s t 

of a l l , the p rec i se matching of hydrodynamic response to the input pulse of 

energy i s an e x e r c i s e in "numerical gymnas t i cs . " The high gains p red ic ted by 

the curves in F i g . I I I . 4 -2 are o f ten near ly a " d e l t a f u n c t i o n " in the ta rge t 

design parameter space. By t h i s we mean that small v a r i a t i o n s i n s h e l l t h i c k ­

n e s s , d e n s i t y , e t c . , can s e r i o u s l y degrade the r e s u l t . C r i t i c a l t o l e rances 

are o f ten sma l le r than the qu i te s i z a b l e 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 a l 

model . Second ly , one-dimensional c a l c u l a t i o n s always o v e r - p r e d i c t the ta rge t 

g a i n . Because the actua l imp los ion w i l l not converge to a p o i n t , as the one-

dimensional model would p r e d i c t , the i g n i t i o n cond i t i on i s gene ra l l y much more 

severe than would be i nd i ca ted by these r e s u l t s . 

As a c o r r e c t i o n to these u n r e a l i s t i c r e s u l t s , the LLL ta rge t des igners 

a l s o i nc lude a band of performance in F i g . 111.4-2 that they labe l " conse rva ­

t i v e . " This represents a degradat ion of the i d e a l i z e d r e s u l t s to account fo r 

two- dimensional and other u n s p e c i f i e d e f f e c t s that make up the d i f f e r e n c e 

between the one-dimensional computer world and the real phys ica l wo r l d . The 

band or range of gain v s . d r i v e r energy i s meant to represent the unce r ta i n t y 
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T A R G E T GAIN V E R S U S DRIVING 
E N E R G Y - L L L 

INPUT ENERGY, JOULES 

F i g . I I I . 4 - 2 



" S H A P E D PULSE* 

•peak ~ 1 ° 1 5 - 1 ° 1 6 w / c m 2 

"THIN SHELL' 

h 3 0 - 1 0 0 n s e c - H t 

«peak 1 ° 1 3 - 1 ° 1 4 W / c m 2 

"IMPULSIVE" "DOUBLE SHELL" 

~ 1 n s e c 

«peak ~ 1 0 1 5 - 1 0 1 6 W / c m 2 «peak ~ 1 0 1 4 W / c m 2 

PELLETS NOT TO S C A L E 

F i g . I I I .4-3 

D i f f e r e n t ICF ta rge t d e s i g n s . 
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in the c a l c u l a t i o n s . It i s important to note that t h i s uncer ta in ty i s sub­

s t a n t i a l . 

With t h i s va luab le in format ion the reac to r des igner can now determine a 

range fo r the d r i v e r energy. From our e a r l i e r va lues of Q = 25-100 we get 

Q = 25 + E D = 0.85 - 2 MJ 

Q = 100 •»• E Q = 2 - 8 MJ . 

Such la rge ranges of d r i v e r energy are very d i s q u i e t i n g . The p rec i se va lue 

chosen fo r a reac to r study seems almost a r b i t r a r y and in fac t i t i s ! To 

understand t h i s we must ask : How conse rva t i ve i s t h i s band and what does i t 

r e a l l y mean from the point of view of ta rge t des ign? 

This quest ion i s answered in sec t i on I I I .2 .1 where a simple parameter 

a n a l y s i s i s used to reproduce the gain curves shown in F i g . 111 .4 -2 . To 

achieve high gain the fuel must be near ly i s e n t r o p i c a l l y compressed to high 

d e n s i t i e s (hundreds of t imes l i q u i d DT d e n s i t y ) . To achieve t h i s high 

compression and an e f f i c i e n t hot -spot i g n i t i o n c o n f i g u r a t i o n the fuel must be 

very symmet r i ca l l y imploded. 

The problem of implos ion symmetry cannot be over-emphasized. This 

symmetry can be destroyed in two ways, (1) nonuniform d r i v i n g p r e s s u r e s , 

and/or (2) f l u i d i n s t a b i l i t i e s . The f i r s t i s a macroscopic e f f e c t . Some 

par ts of the s h e l l are acce le ra ted to g rea te r or l e s s e r v e l o c i t i e s and 

t he re fo re the e n t i r e s h e l l does not reach the center of the implos ion at the 

same t ime . The second problem i s much more s u b t l e . In t h i s case , the f l u i d 

at the a b l a t i o n sur face dur ing the implos ion and the fue l -pusher i n t e r f a c e at 

i g n i t i o n t ime are hydrodynamical ly u n s t a b l e . Small pe r tu rba t ions in the f l u i d 

dens i t y tend to grow. This complex sub jec t w i l l not be d iscussed here in 

d e t a i l . These f l u i d i n s t a b i l i t i e s can be m i t i ga ted by rap id a c c e l e r a t i o n of 
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the s h e l l s so that the i n s t a b i l i t i e s do not have t ime to grow and by very narrow 

t o l e r a n c e s on the sur face f i n i s h of the var ious s h e l l s in the t a r g e t . 

Symmetric implos ion i s a very troublesome problem fo r d i r e c t l y d r i ven ion 

beam ta rge ts as compared to l a s e r dr iven t a r g e t s . This comes from the fac t 

that the ions are depos i t i ng t h e i r energy very c l ose to the a b l a t i o n su r face 

whereas l a s e r beams depos i t energy at the c r i t i c a l dens i t y of the b low-o f f 

p lasma, F i g . I I I . 4 - 4 . This region between the c r i t i c a l dens i t y sur face and 

the a b l a t i o n sur face a l lows nonun i fo rm i t i es to be smoothed due to l a t e r a l 

conduc t i on . Two-dimensional hydrodynamics c a l c u l a t i o n s by Emery, Gardner and 

Bor i s of NRL.(1) on t h i n s lab ta rge ts demonstrate t h i s smoothing e f f e c t . In 

these c a l c u l a t i o n s they i r r a d i a t e a s lab ta rge t wi th 1.06 pm l a s e r l i g h t w i th 

a nonuniform s p a t i a l p r o f i l e , F i g . I I I . 4 - 5 . Under extreme c i rcumstances they 

see very nonuniform dens i t y and pressure p r o f i l e s as shown in F i g s . I I I . 4 -6 

and I I I . 4 - 7 . This study was done p a r a m e t r i c a l l y for d i f f e r i n g l a s e r i n t e n s i ­

t i e s (and consequent ly , d i f f e r e n t spacing between a b l a t i o n and c r i t i c a l 

dens i t y su r f aces ) and these r e s u l t s are summarized in F i g . I I I . 4 - 8 . Here the 

nonuni formi ty of a b l a t i o n pressure i s p l o t t e d as a func t ion of the a b l a t i o n -

c r i t i c a l dens i t y sur face spacing fo r d i f f e r e n t nonuni formi ty sca le l e n g t h s . 

We c l e a r l y see that to hold the pressure v a r i a t i o n to a few percen t , the s c a l e 

length of the nonuniform l a s e r p r o f i l e must be l ess than or equal to the 

d i s tance between the c r i t i c a l dens i t y sur face and the a b l a t i o n s u r f a c e . For 

ion beam ta rge ts the a b l a t i o n sur face i s d i r e c t l y adjacent to the energy depo­

s i t i o n r e g i o n , because the ions penetrate to such high d e n s i t i e s . Th is 

imp l i es that ion beam ta rge ts such as the one proposed by Bangerter requ i re 

extremely uni form i l l u m i n a t i o n . Symmetry may p o s s i b i l i t y be improved by 

ta rge t designs that are beyond the scope of t h i s d i s c u s s i o n . 
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Figure 111.4-4 

Temperature and d e n s i t y p r o f i l e s i n l a s e r ab la ted t a r g e t . 



Figure I I I . 4 - 5 

Non-uniform l a s e r s p a t i a l p r o f i l e . 



Figure 111.4-6 
Pressure v s . p o s i t i o n f o r non-uni form l a s e r p r o f i l e . 



Figure I I I .4-7 
Pressure contours f o r non-uni form l a s e r p r o f i l e . 
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Figure I I I . 4 -8 

F rac t i ona l a b l a t i o n pressure v a r i a t i o n v s . l a s e r i n t e n s i t y . 
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We have s tud ied the depos i t i on of ions in hot mater ia l us ing the model of 

Mehl h o r n . ( 2 ) This a n a l y s i s i s based on the Bethe s topping theory at high ion 

energy and Lindhard stopping theory at low ion energy. In the t r a n s i t i o n be­

tween these two we i n t e r p o l a t e as shown in F i g . I I I . 4 - 9 . F i n i t e temperature 

e f f e c t s are then added to these standard models. The theory w i l l not be 

reproduced here . Instead we show r e s u l t s of c a l c u l a t i o n s fo r heavy ions 

s topp ing in low and high Z mater ia l at d i f f e r e n t temperatures. F igures 111.4-

10 and I I I .4 -11 show the ranges of 10 GeV bismuth ions in 0.01 s o l i d d e n s i t y 

go ld and aluminum. The range i s shortened at h igher temperatures. In the 

case of protons the range begins to re - leng then at temperatures h igher than 

about 100 eV. Hence the shor tes t range i s assoc ia ted wi th about 100 eV 

m a t e r i a l . However, in the heavy ion case , the range i s s t i l l becoming s h o r t e r 

at 300 eV in both gold and aluminum. The ranges of 10 GeV heavy ions are very 

much longer than those of 2 MeV pro tons . In f a c t , at an aluminum dens i t y of 

0.027 g /cm 3 the proton energy would be in excess of 10 MeV to have a range 

that i s equ iva len t to the 10 GeV heavy i o n s . Heavy ions have a much sho r t e r 

range in low-Z mater ia l than in h igh-Z m a t e r i a l . However, the Bragg peak i s 

not very la rge and the re fo re i t i s more d i f f i c u l t to concent ra te energy i n a 

l o c a l i z e d region of the t a r g e t . F igures I I I . 4 -12 and I I I . 4 -13 show the ranges 

of 10 GeV uranium ions in gold and aluminum. These are presented f o r 

comparison with other researchers s ince U ions seem to be an u n o f f i c i a l 

s tandard fo r heavy ion beam f u s i o n . 

F i n a l l y , F i g . I I I .4 -14 and I I I . 4 -15 show a comparison between c a l c u ­

l a t i o n s done at the U n i v e r s i t y of Wisconsin us ing Mehlhorn 's model and those 

done at KfK by Long. His model i s d i scussed in sec t i on I I I . 3 of t h i s r e p o r t . 

We see remarkably good agreement between these two code c a l c u l a t i o n s . 
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Figure I I I . 4 - 9 

I n t e r p o l a t i o n of Bethe and LSS t h e o r i e s . 
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10 GEV BISMUTH IONS IN I/100 SOLID DENSITY GOLD 
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111.5 Target D e l i v e r y 

I I I . 5 .1 In t roduc t ion 

The term ta rge t d e l i v e r y comprises two t a s k s : i n j e c t i n g the cryogen ic 

ta rge t i n to the reac tor chamber, and synchron iz ing the ta rge t motion and the 

ion pulse so that they both reach the focus l o c a t i o n at the same t ime . 

General cond i t i ons on the i n j e c t i o n process are that the ta rge t must not 

be a l t e r e d to such a large degree that i t w i l l not p roper ly implode. This 

i nc ludes l i m i t i n g the phys ica l damage to the outer she l l and, more 

i m p o r t a n t l y , the heat ing dur ing d e l i v e r y causing the DT fuel to subl imate or 

me l t . 

The HIBALL-I design uses b a l l i s t i c i n j e c t i o n , i . e . , the target i s not 

guided up to the focus l o c a t i o n but t r a v e l s in f ree motion fo r a s u b s t a n t i a l , 

f i n a l part of i t s f l i g h t t ime. During t h i s time ne i the r the d i r e c t i o n nor the 

v e l o c i t y can be c o r r e c t e d . There fo re , l a t e r a l dev i a t i ons (the " s c a t t e r 

c i r c l e " of the i n j e c t o r ) must be smal1 enough, and the t o ta l ta rge t t r a v e l 

t ime must e i t h e r be very p r e c i s e l y rep roduc ib le or the ion pulse has to be 

t imed i n d i v i d u a l l y accord ing to the measured ta rge t motion ra ther than by a 

c lock f requency. In t h i s l a t t e r case , the i n t e r v a l s between success i ve 

exp los ions wil1 s i i g h t l y s c a t t e r about the nominal va l ue . 

The i n j e c t o r descr ibed in sec t i on I I I . 5 . 6 meets the s c a t t e r c i r c l e 

requi rement but not the requi rement on t o t a l t r a v e l t ime p r e c i s i o n . There­

f o r e , the design uses an o p t i c a l system fo r l o n g i t u d i n a l ta rget t r a c k i n g . 

From the r e s u l t s of the t r a c k i n g the a r r i v a l t ime of the target i s p red i c ted 

and the ion pulse re leased a c c o r d i n g l y . 

A l t e r n a t i v e "gu ided" ways of i n j e c t i o n are p o s s i b l e and wi l 1 be mentioned 

in sec t i on I I I . 5 . 5 . La te ra l dev i a t i ons of the ta rge t could in p r i n c i p l e be 

compensated fo r by l a t e r a l ion-beam s tee r i ng (see remark in I I I . 5 . 9 ) . 
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111.5.2 Target P o s i t i o n i n g Tolerance 

The to le rance (admiss ib le inaccuracy ) of the ta rge t p o s i t i o n at ion pulse 

a r r i v a l c l e a r l y depends on the ta rge t s i z e and on the geometry and i n t e n s i t y 

d i s t r i b u t i o n of the ion focus . At the f o c u s , each of the twenty beams i s 

assumed to have a c i r c u l a r cross sec t i on wi th a Gaussian r ad ia l i n t e n s i t y 

p r o f i l e and 80% of the ions w i th in a 3 mm rad ius (see chapter V). Thus a 

p e r f e c t l y pos i t i oned 3 mm-radius ta rge t w i l l be h i t by 80% and missed by 20% 

of the i o n s . For a ta rge t misplaced by 0.5 mm these f i gu res change to about 

78% and 22%, r e s p e c t i v e l y . Since the ta rge t i s i n j e c t e d along the chamber 

a x i s , roughly at r i gh t angles with a l l twenty beams, the same f i gu res w i l l 

apply approx imate ly to the s p l i t t i n g of the t o t a l ion cur rent in case of a 

l o n g i t u d i n a l misplacement ( i . e . , along the f l i g h t pa th ) . The cur rent m iss ing 

the ta rge t and thus the power f r a c t i o n r e c i r c u l a t i n g in the i n s t a l l a t i o n would 

t he re fo re inc rease by 10% r e l a t i v e i f every ta rge t were misplaced 0.5 mm 

upward or downward. For l a t e r a l misp lacements , the e f f e c t i s sma l le r as i t 

obv ious l y m u l t i p l i e s by |sin<j>| where 4 i s the azimuthal angle between the 

d i r e c t i o n of misplacement and the respec t i ve beam. The average of |sincp| over 

a l l angles i s 2/ir = 0.64. The re fo re , t o l e rances of 0.5 mm for the l o n g i t u ­

d ina l and 0.7 mm fo r the l a t e r a l d i r e c t i o n are adopted. 

Any ta rge t misplacement, bes ides i n c r e a s i n g the r e c i r c u l a t i n g power 

f r a c t i o n , w i l l a l so decrease the symmetry of ta rge t i l l u m i n a t i o n . We presume 

the above to l e rances to be s u f f i c i e n t a l so in t h i s respect but the quest ion 

should be kept in mind fo r phys ics c o n s i d e r a t i o n s . 

111.5.3 Target V e l o c i t y 

The cho ice of ta rge t v e l o c i t y i s c l e a r l y r e l a t ed to the 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 . Another important c o n d i t i o n i s the fac t that the ion 

beams are formed i n to bunches in the storage r ings before being ex t rac ted i n to 
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the t ranspo r t l i n e s . Consequent ly , the ion pulse cannot be re leased at an 

a r b i t r a r y t ime but only when the two bunches in each r ing are passing the 

k i c k e r magnets (see chapter IV ) , i . e . , at d i s c r e t e i ns tan t s 2.5 ys apa r t . The 

e a s i e s t way to deal with t h i s d i f f i c u l t y i s to choose a v e l o c i t y low enough so 

that the d i s tance t r a v e l e d by the ta rge t in 2.5 us i s l ess than the l o n g i t u ­

d ina l p o s i t i o n i n g t o l e r a n c e . The 0.5 mm to le rance then leads to a maximum 

v e l o c i t y of 0.5 mm/2.5 us = 200 m/s. 

From the pneumatic i n j e c t o r design point of view a low ta rge t v e l o c i t y i s 

favorab le because i t re laxes the requirements on the a c c e l e r a t i o n pressure and 

length and on the quant i t y of propel 1 ant gas leav ing the i n j e c t o r per sho t . 

A c o n d i t i o n lead ing to a lower bound fo r the v e l o c i t y i s given by the 

heat ing processes before i g n i t i o n . The ta rge t i s heated by r a d i a t i o n dur ing 

the f l i g h t t ime i t spends i n s i d e the chamber. In a d d i t i o n , wi th a low 

v e l o c i t y the ta rget may have to enter the chamber so soon a f t e r the preceding 

exp los ion that i t f i nds a s u f f i c i e n t l y dense atmosphere fo r conduct ive heat ing 

and/or vapor condensing on i t s s u r f a c e . 

The c a l c u l a t i o n s of the fo l1owi ng sec t i on show that r a d i a t i v e heat ing at 

200 m/s i s t o l e r a b l e ( there i s a sa fe ty margin because a p e r f e c t l y b lack 

ta rge t su r face was assumed). The f l i g h t t ime spent in the chamber i s 33 ms so 

that the new ta rge t enters 167 ms a f t e r the exp los ion of the preceding one. 

At t h i s t ime the PbLi vapor dens i t y i s below 1 0 1 1 atoms/cm 3 (see chapter V I ) 

cor responding to a pressure below 1 0 " 4 Torr or 13 mPa. The thermal 

c o n d u c t i v i t y of the vapor at t h i s pressure should be n e g l i g i b l e . 

Cons ider ing a l l the above cond i t i ons the v e l o c i t y of v = 200 m/s appears 

the best c h o i c e . 

I I I . 5 . 4 Target Heating During I n j ec t i on 

Since i t i s importance to keep the fuel in a c ryogen ic ta rge t f r o z e n , the 
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heat ing of a ta rget dur ing i n j e c t i o n i n to the chamber should be c o n s i d e r e d . 

Using the ta rge t shown in F i g . I I I . 5 - 1 , we have s tud ied the t r a n s f e r of heat 

from the sur face through the DT fue l wi th a Crank-N icho lson f i n i t e d i f f e r e n c e 

code. The resu l t of t h i s c a l c u l a t i o n i s the temperature p r o f i l e s in the 

ta rge t versus t ime . 

The heat f l u x on the sur face of the ta rge t i s assumed to be due to the 

blackbody r a d i a t i o n from the c a v i t y s u r f a c e , which we assumed to be at the 

maximum f i r s t - s u r f a c e temperature 500°C. This leads to a heat f l u x of 2.02 

W/cm 2 . Another poss ib l e source of heat i s the c a v i t y gas i t s e l f , but s i n c e 

t h i s gas reaches a temperature at 167 ms very c lose to the INPORT tube 

temperature we have j u s t used the blackbody temperature of the f i r s t 

s u r f a c e . We have assumed that the ta rge t i s a per fec t absorber and have 

neg lec ted i t s r e - r a d i a t i o n because i t s temperature i s so fa r below that of the 

blackbody r a d i a t i o n , but these are obv ious ly wors t -case assumpt ions. Heat 

conduct ion from the gas to the ta rge t has a l so been neglected (see preced ing 

s e c t i o n ) . 

Temperature dependent thermal p rope r t i es have been u s e d ( 1 0 > n ) wi th the 

f i n i t e - d i f f e r e n c e code to obta in the maximum fuel temperatures versus t ime 

shown in F i g . I I I . 5 - 2 . In the pusher region we have assumed the PbLi to be 

e n t i r e l y L i . Here the maximum fue l temperature of the ta rge t was found to be 

l e s s than 13.7 K a f t e r 32.5 ms in the c a v i t y . I f the ta rge t must t r ave l 6.5 m 

at 200 m/s, t h i s i s the amount of t ime i t remains in the c a v i t y before i t i s 

exp loded . 

The temperature of 13.7 K at the DT-PbLi i n t e r f a c e i s s t i l l below the 

me l t i ng temperature of DT (19.7 K ) ^ 1 ) so that a s l i g h t lower ing of the 

i n j e c t i o n v e l o c i t y w i l l not lead to me l t ing of the f u e l . Fur thermore, the 
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temperature of 11.3 K at the inner boundary of the fuel l aye r i s below the 

sub l ima t ion temperature of DT (14 K) ( 2 ) . 

Temperature p r o f i l e s in the ta rge t are p lo t t ed fo r a few t imes in F i g . 

I I I . 5 - 3 . The temperature i s found to be almost uniform across the pb and PbLi 

s h e l l s and to f a l l o f f sharp ly in the DT. This occurs because of the r e l a ­

t i v e l y high thermal d i f f i s i v i t y of Pb and L i at low temperatures. Because of 

the sharp temperature grad ient in the f u e l , me l t ing w i l l occur at the fue l -

PbLi i n t e r f a c e long before the whole fue l s h e l l me l t s . Whether a small amount 

of me l t ing at t h i s i n t e r f a c e i s de t r imenta l to the imp los ion and i g n i t i o n i s 

an open q u e s t i o n , but we avoid cont roversy by keeping the maximum fue l temper­

ature s i g n i f i c a n t l y below the mel t ing p o i n t . 

There are improvements that can be made to t h i s c a l c u l a t i o n . A d d i t i o n a l 

sources of heat should be cons idered as should d i f f e r e n t i n i t i a l c o n d i t i o n s . 

The ta rge t may have some non-uniform i n i t i a l temperature d i s t r i b u t i o n due to 

t r i t i u m decay, c o o l i n g dur ing storage and heat ing due to f r i c t i o n dur ing 

ta rge t a c c e l e r a t i o n . Add i t i ona l sources of heat on the sur face of the ta rge t 

dur ing i n j e c t i o n may inc lude l a s e r energy which guides the ta rge t to the focus 

of the ion beams (see I I I . 5 .5). In the f u t u r e , these cons ide ra t i ons must be 

dea l t wi th as more in fo rmat ion about them becomes known. 

I I I . 5 . 5 I n j ec t i on Methods 

There are severa l techniques that can be proposed fo r ta rge t a c c e l e r a t i o n 

to high v e l o c i t y of 100 to 1000 m/s needed fo r ICF purposes: g r a v i t a t i o n a l , 

pneumat ic, e l e c t r o s t a t i c , e lec t romagnet ic techn iques . 

The g r a v i t a t i o n a l a c c e l e r a t i o n i s not su i ted fo r v e l o c i t i e s of t h i s order 

because the t o t a l v e r t i c a l f l i g h t d i s tance would be too la rge (some hundreds 

of me te rs ) . 
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F i g . II 1 .5-3 Temperature p r o f i l e s in the ta rge t 
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The use of the e l e c t r o s t a t i c method requi res the placement of a high 

e l e c t r i c charge on the t a r g e t . To a c c e l e r a t e masses of the order of 1 g and 

severa l m i l l i m e t e r s diameter to v e l o c i t i e s of about 100 m/s a charge- to-mass 

r a t i o of roughly 1 0 " 3 Coulomb/kg and an a c c e l e r a t i o n f i e l d of 10 6 V/m would be 

n e c e s s a r y . ( 3 ) The exper imental bas is fo r such a scheme i s too poor at the 

moment. 

To employ the e lec t romagnet ic technique the ta rget has to be placed i n to 

a conduct ing c a r r i e r d r i ven through an induc t i on tube . Masses of severa l 

grams could be acce le ra ted to 100 m/s over a few meters with f e a s i b l e 

i nduc t i on c u r r e n t s . ( 4 ) There i s , however, the problem of s t a b i l i t y of the 

ta rge t c a r r i e r motion w i th in the induc t ion tube and the stopping of the 

c a r r i e r a f t e r reaching the f i n a l v e l o c i t y . No experiments have been made fo r 

such an a c c e l e r a t i o n scheme. Another problem i s the thermal i n s u l a t i o n of the 

ta rge t from the c a r r i e r mater ia l which w i l l be heated by the induced c u r r e n t s . 

Pneumatic i n j e c t i o n seems to be the most promis ing method at the moment 

because there i s exper ience on i n j e c t i o n systems used fo r r e f u e l i n g magnet ic -

confinement fus ion i n s t a l l a t i o n s . ( 4 ' 5 ) Gas gun type i n j e c t o r s are used on the 

ORMAK and the ISX-B tokamak at Oak Ridge and the WENDELSTEIN VII A s t e l l a r a t o r 

at Garch ing . Fur ther work in t h i s f i e l d i s done at Risö and Culham. The 

purpose of these i n j e c t i o n systems i s to shoot small c y l i n d e r s of s o l i d 

deu te r ium, c a l l e d p e l l e t s , i n to a magne t i ca l l y con f ined plasma. A high 

r e p e t i t i o n frequency i s intended and pel l e t v e l o c i t i e s up to 10 km/s are 

env i saged . Up to now deuterium masses of the order of 10~ 4 g have been 

acce le ra ted to 100 m/s by hel ium or hydrogen gas at 30 to 40 bars at room 

temperature . Due to the small p e l l e t mass an a c c e l e r a t i o n length of only some 

decimeters i s necessary . 



For each of these i n j e c t i o n methods the aiming accuracy must be 

e v a l u a t e d . It decides whether p r o j e c t i l e gu id ing (and/or ion-beam l a t e r a l 

s t ee r i ng ) i s needed. 

Some methods have been proposed fo r ta rge t (or p r o j e c t i l e ) gu idance. 

E l e c t r o s t a t i c t r a j e c t o r y c o r r e c t i o n s are s u i t a b l e i f e l e c t r o s t a t i c 

a c c e l e r a t i o n i s used because the ta rge t i s a l ready charged. In any case , 

dev ices performing e l e c t r o s t a t i c t r a j e c t o r y c o r r e c t i o n s must be arranged 

ou ts ide the reac tor chamber to avoid t h e i r d i r e c t i r r a d i a t i o n . 

Another c l a s s of methods fo r p r o j e c t i l e guidance uses l a s e r beams f o r 

t r a j e c t o r y c o r r e c t i o n s i n s i d e the reac tor c a v i t y . I f a l a s e r beam h i t s the 

ta rge t and ab la tes some sur face mate r ia l the ta rge t moves in the d i r e c t i o n of 

the r e s u l t i n g r e c o i l momentum. Via the i l l u m i n a t i o n i n t e n s i t y and d u r a t i o n , 

the amount of ab la ted matter can be c o n t r o l l e d so that the magnitude of the 

t r a j e c t o r y c o r r e c t i o n i s a d j u s t a b l e . 

A method by which the ta rge t i s l a t e r a l l y guided i n to the des i red 

p o s i t i o n by only one l a s e r beam i s proposed by Chang . ( 6 ) The ta rge t d r i f t s 

through a con i ca l l a s e r 1 ight tube which i s ad justed to the aiming point where 

i t s inner diameter i s j us t as la rge as the to le rance of l a t e r a l ta rge t 

p o s i t i o n i n g . The grea tes t e f f e c t of t h i s on ta rge t performance should be 

main ly through a d d i t i o n a l ta rge t heat ing (see I I I . 5 . 4 ) . 

I I I . 5 . 6 HIBALL-I Pneumatic I n j e c t i o n System 

The i n j e c t i o n method which i s most s u i t a b l e from i t s present techno­

l o g i c a l bas is i s pneumatic i n j e c t i o n . The HIBALL ta rge t i s v e r t i c a l l y 

i n j e c t e d by a gas gun. T ra jec to ry c o r r e c t i o n s are not p rov ided . With 

p resen t l y a v a i l a b l e h i g h - p r e c i s i o n a i r guns a s c a t t e r c i r c l e rad ius of l e s s 

than 0.7 mm at a d i s tance of 12 m can be r e a l i z e d even fo r h o r i z o n t a l 

i n j e c t i o n . ( ? ) This d i s tance corresponds to j u s t the proposed i n j e c t i o n system 
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(see d i s tance sca le of F i g . I I I . 5 - 4 ) . So the l a t e r a l ta rge t p o s i t i o n i n g 

t o l e rance of 0.7 mm adopted in sec t i on I I I . 5 . 2 for the given i l l u m i n a t i o n 

scheme i s probably f e a s i b l e by pneumatic i n j e c t i o n wi thout l a t e r a l gu idance. 

High r e p e t i t i o n f requenc ies of severa l shots per second are a l so f e a s i b l e 

w i th pneumatic d e v i c e s . ( 7 ) Fast e lec t romagnet ic va lves with a gas d e l i v e r y 

t ime of the order of 10 ms are a v a i l a b l e for pressures of the order of MPa (10 

B a r ) . ( » ) 

A 5% r e p r o d u c i b i l i t y of the t o t a l ta rge t t r ave l t ime , 80 ms, i s needed 

and appears f e a s i b l e . 

The main components of the HIBALL-I i n j e c t i o n system are the high 

pressure propel 1 ant gas r e s e r v i o r , the gas gun l o a d e r , the gun b a r r e l , the 

f as t gas va lve between the r e s e r v i o r and the b a r r e l , the bu f fe r c a v i t y between 

the bar re l and the i n j e c t i o n channel which penetrates the top s h i e l d of the 

reac to r c a v i t y , and the vacuum pumps p rov id ing the low pressure of the bu f fe r 

c a v i t y . F igure 111.5-4 g ives a scheme of the system together wi th the design 

parameter v a l u e s . 

As a c ryogen ic ta rge t i s used in t h i s study i t i s important that the fuel 

i s not heated to a temperature above 19 K, ne i the r in the c a v i t y nor by 

f r i c t i o n dur ing a c c e l e r a t i o n . To avoid heat ing by the l a t t e r source i t i s 

a p p r o p r i a t e , i f not necessary , to put the cryogen ic ta rge t i n to a c a r r i e r , 

c a l l e d a sabot in the f o l l o w i n g , ( 9 ) which i s coo led to the c ryogen ic temper­

a t u r e . Thus, c ryogen ic sabo ts , each con ta in i ng a t a r g e t , are d e l i v e r e d from a 

fac to r y to the gas gun. Handl ing sabots w i t h i n the i n j e c t i o n system requ i res 

fewer precaut ions than the handl ing of bare t a r g e t s , e s p e c i a l l y wi th regard to 

the load ing of the gun. Fur thermore, the sabot p ro tec ts the ta rge t from 

damage and f r i c t i o n dur ing a c c e l e r a t i o n . It prov ides fo r s t r a i g h t gu id ing 

w i t h i n the gun bar re l and i s o l a t e s the ta rge t from the f r i c t i o n heat . The 
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l a t t e r proper ty requ i res a low thermal c o n d u c t i v i t y of the sabot m a t e r i a l . The 

sabot could be made of p l a s t i c having a low f r i c t i o n c o e f f i c i e n t in contact 

wi th the bar re l and a high t e n s i l e s t r e s s a l l ow ing fo r a high a c c e l e r a t i o n . 

I t c o n s i s t s of two halves separated l o n g i t u d i n a l l y and i s removed from the 

ta rge t behind the gun muzzle by a spin given to i t dur ing a c c e l e r a t i o n . To 

avoid a high mass, the sabot should be hoi low wi th a s u i t a b l e support 

s t r u c t u r e fo r the ta rge t i n s i d e where a contact sur face as small as p o s s i b l e 

should be provided to minimize heat t r a n s m i s s i o n . I f the sabot halves do not 

f i t together very t i g h t l y the propel 1 ant gas , which should be at a low 

temperature in t h i s case , w i l l enter the sabot so that the halves w i l l be 

pushed apart when the ta rge t enters the low-pressure region behind the gun 

muzz le . This scheme has to be avo ided , however, i f a momentum i s t r a n s f e r r e d 

to the t a r g e t . Otherwise , ta rge t guidance must be p rov ided . 

The sabot halves are f i n a l l y c o l l e c t e d by ca tcher b a f f l e s . I t would be 

favorab le to choose a sabot mater ia l which could be r e c i r c u l a t e d . 

The r e s u l t s of sec t ions I I I . 5 . 3 and I I I . 5 . 4 favor a ta rge t v e l o c i t y of 

200 m/s, so t h i s value i s chosen fo r t h i s s tudy . Using the sabot concept the 

dimensions and the mass of the sabot have to be s p e c i f i e d . We choose a sabot 

diameter of 10 mm and a length of about 15 mm. Prov id ing fo r a ho l l ow , shel1 -

l i k e sabot s t r u c t u r e , the sabot mass could be kept at about 1 g (even fo r a 

sabot mate r ia l wi th mass dens i t y of severa l grams per cub ic cen t ime te r ) . As a 

re ference value for the p r o j e c t i l e mass, i . e . , the sum of the sabot and ta rge t 

masses, we choose 2 g . To a c c e l e r a t e t h i s p r o j e c t i l e to a v e l o c i t y of 200 m/s 

a minimum energy of 40 J (0.4 b a r - l i t e r s ) has to be provided by the propel 1 ant 

gas. This corresponds to a minimum gas quan t i t y of 304 T o r r - 1 i t e r s per 

sho t . Account ing fo r the d i f f e r e n c e between the e f f e c t i v e pressure on the 

p r o j e c t i l e and the pressure of the gas r e s e r v o i r , which gene ra l l y depends on 
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the r a t i o of the s p e c i f i c heats and the temperature of the p rope l l an t gas , f o r 

the r e s i s t a n c e due to the res idua l deuterium in the gun bar re l , and main ly fo r 

the energy l oss due to f r i c t i o n , we choose an o v e r a l l e f f i c i e n c y fo r the 

k i n e t i c energy t r a n s f e r to the p r o j e c t i l e of 0.5 as a reference va lue . Th is 

means that a p rope l l an t gas amount of 608 Torr l i t e r s per shot must be 

p r o v i d e d . Since a c e r t a i n quant i t y of the gas w i l l enter the reactor c a v i t y 

we choose deuterium as a p rope l l an t gas fo r reasons of c o m p a t i b i l i t y . A 

deuter ium amount of 141 mg must be provided fo r each shot . 

The deuter ium quan t i t y streaming i n t o the reac to r c a v i t y depends on the p r e s ­

sure d i f f e r e n c e between the b u f f e r c a v i t y and the reac to r c a v i t y and on the d i a ­

meter o f the channel cennect ing bo th . The b u f f e r c a v i t y w i l l be kept a t 1 To r r be­

fo re each sho t . A volume of 0.88 m 3 i s s u f f i c i e n t to keep the pressure below 2 To r r 

a f t e r the shot assuming a d i a b a t i c expansion of the gas . For a mean pressure o f 1.5 

Tor r i n the b u f f e r and an i n j e c t i o n channel diameter of 10 mm, we ob ta i n a maximum 

of 1.6 mg dueter ium per shot st reaming i n to the reac to r c a v i t y , assuming a r e a c t o r 

c a v i t y p ressure some orders o f magnitude lower tha t 1.5 T o r r . 

From the t o t a l quan t i t y ( pV ) 0 of 608 Torr l i t e r s per shot (or 80 J) a 

value f o r the product of the working pressure p 0 and the a c c e l e r a t i o n d i s t ance 

I can be der ived by d i v i d i n g (pV) n by the cross sec t i on q of the gun 

b a r r e l . In our case q = 0.785 cm 2 which g ives p 0 L a = 10.2 B a r m . We choose 

L a = 2 m so that the working pressure d e l i v e r e d by the gas r e s e r v o i r must be 

about 5 Bar . The ac tua l a c c e l e r a t i o n corresponds to 2.5 Bar due to the 

o v e r a l l a c c e l e r a t i o n e f f i c i e n c y of 0 . 5 . For l_a = 2 m and v = 200 m/s we 

ob ta in a mean ta rge t a c c e l e r a t i o n of 10000 m / s 2 . For many ma te r i a l s and the 

given sabot dimensions t h i s does not imply an i n t o l e r a b l e s t ress on the 

sabo t . The a c c e l e r a t i o n t ime i s about 20 ms. 
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The energy l oss of the p r o j e c t i l e dur ing a c c e l e r a t i o n due to f r i c t i o n can 

only be c a l c u l a t e d i f the sabot i s complete ly designed because the contact 

area A s between sabot and the gun b a r r e l , the pressure p f by which the sabot 

i s pressed aga ins t the gun bar re l and the ma te r i a l s of sabot and gun bar re l 

must be known. A mean value fo r the f r i c t i o n power can be est imated us ing 

the f o l l o w i n g e x p r e s s i o n : 

Q f = f ; P f • A s • v ( I I I . 5 - 1 ) 

where f i s the f r i c t i o n c o e f f i c i e n t and 7 the mean v e l o c i t y of the p r o j e c t i l e 

dur ing a c c e l e r a t i o n . Assuming that only 10% of the sabot sur face touches the 

gun bar re l which gives in our case a value fo r A s of about 50 mm 2, we ob ta in 

w i th Pf = 1 Bar and v = 100 m/s: 

Q f= f • 500 W ( I I I . 5 - 2 ) 

I f we use a combinat ion of p l a s t i c ( fo r the sabot) and metal with f = 0.05 

(Tef lon on s t e e l ) the f r i c t i o n power i s 25 W; tak ing two metals i t may be 

g rea te r by a f a c t o r of t e n . 

In any case the gun bar re l has to be cooled and the ta rge t has to be 

i s o l a t e d from the f r i c t i o n heat by us ing a sabot mater ia l of low heat 

c o n d u c t i v i t y . Furthermore a smal1 contact sur face between sabot and ta rge t 

should be p rov ided . 

I I I . 5 . 7 Target Track ing 

Long i tud ina l ta rge t t r a c k i n g means the measurement of two q u a n t i t i e s , the 

ta rge t v e l o c i t y and the time at which the ta rge t passes through a f i x e d p l a n e . 
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The s imple dev ice we propose c o n s i s t s of a l a s e r beam observed by a 

p h o t o s e n s i t i v e de tec tor and i n te rcep ted by the passing t a r g e t . A beam of 0.2 

mm d iameter , ob ta inab le by simple lens f o c u s s i n g , i s complete ly i n te rcep ted at 

v - 200 m/s w i th in 1 ps . It i s the re fo re c e r t a i n l y poss ib l e to der i ve a 

t im ing s igna l from the l i g h t de tec to r wi th an unce r ta i n t y At <_ 0.3 ps . Two of 

these dev ices are provided at 5.5 m and 3.0 m above the focus plane ( F i g . 

I I I . 5 -5 ) and fu rn i sh the times t j and t 2 . The d is tance s 1 2 = 2.5 m between 

them i s t r a v e l e d in T = t 2 - t j * 12.5 ms, and t h i s i n t e r v a l i s measured wi th 

an u n c e r t a i n t y AT <_ 0.6 ps or AT/T <_ 5 " I O " 5 . I f s 2 3 = 3 m i s the d i s t a n c e 

between the second measurement plane and the focus plane the p red ic ted t ime of 

ta rge t a r r i v a l at focus i s 

t 3 - t 2 + ( S 2 3 / S 1 2 ) T < m . 5 - 3 > 

with a maximum uncer ta in t y of 

A t 3 = A t 2 + ( S 2 3 / S 1 2 ) A T 

= + (0.3 + (3 /2 .5 ) • 0.6)ps « ± 1 ps . 

This p r e c i s i o n i s s u f f i c i e n t as i t i s l e s s than the i n t e r v a l between two 

success i ve poss ib l e i on -pu l se i ns tan t s (see I I I . 5 . 3 ) . The 0.7 mm l a t e r a l 

t o l e rance of the ta rge t t r a j e c t o r y i s not a problem s ince such a d e v i a t i o n i n 

the worst case w i l l cause the i n t e r c e p t i o n to s t a r t only about 0.1 ps l a t e . 

In the l a s t equat ion the unce r ta i n t y of s 2 3 / s 1 2 has been neg lec ted . In 

p r a c t i c e t h i s r a t i o of two f i x e d d i s tances has to be kept constant w i t h i n 

about 5*10~ 5 which may requ i re temperature con t ro l of the respec t i ve 

mechanical suppor ts . 
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The t r a c k i n g system needs o p t i c a l windows that have to be protected from 

condensing vapor as well as from excess ive r a d i a t i o n damage. This might be 

accompl ished by a combinat ion of wip ing dev ices and r o t a t i n g s h u t t e r s . The 

l a s e r s and de tec to rs might a lso be removed out of l i n e of s igh t wi th the 

c a v i t y by using metal m i r ro rs which cou ld be heated to prevent condensa t ion . 

I I I . 5 . 8 Synchron iza t ion 

Synchron iza t ion i s achieved b a s i c a l l y as fo l 1 ows. Both the ta rge t 

i n j e c t i o n and the i on -pu l se bu i ldup procedure are s ta r t ed by s i g n a l s from the 

master c lock of the f a c i l i t y . The i on -pu l se bu i ldup procedure i s i n t e r rup ted 

again by the c lock a f t e r part of the a d i a b a t i c bunching process i n the s torage 

r i n g s , and cont inues upon a s igna l from the synch ron iza t i on c i r c u i t which 

eva lua tes the ta rge t t r a c k i n g i n f o r m a t i o n . 

Four reac tor chambers, denoted A to D, each with a 200 ms average 

i n t e r v a l between s h o t s , are served by the common d r i v e r which the re fo re works 

in a 50 ms c y c l e . The average dura t ion of pulse bu i ldup and d e l i v e r y i s f i x e d 

at 45 ms to a l l ow fo r a maximum d e v i a t i o n of ±5 ms due to ta rge t i n j e c t i o n 

s c a t t e r . 

F igure I I I . 5 -6 i s an attempt at v i s u a l i z i n g the evolvement wi th t ime . 

The ta rge t being d e l i v e r e d to chamber B, the d r i v e r , the master c l o c k , and the 

synch ron i za t i on c i r c u i t are each represented by a ho r i zon ta l l i n e . Every dot 

means a s igna l c reated by the respec t i ve component and passed to another 

component as i nd i ca ted by a v e r t i c a l arrow. The s t a r t of the d r i v e r procedure 

fo r a shot to chamber B has been chosen a r b i t r a r i l y as t = 0. The a d i a b a t i c 

bunching i s s t a r t ed at 7.5 ms and i n te r rup ted at 36 ms. This i n t e r v a l of 28.5 

ms s u f f i c e s to reach about ha l f the f i n a l compression of the bunches. In that 

s t a t e the beam i s s tab le enough to be s tored fo r a bu f fe r t ime per iod which 

may be va r i ed a r b i t r a r i l y from zero to 10 ms in steps of 2.5 ps . 
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At about 30 ms (35 at the l a t e s t ) the ta rge t has passed the second 

t r a c k i n g p o s i t i o n . A l low ing 1 ms fo r s igna l p rocess ing and computat ion, the 

t 3 p r e d i c t i o n in fo rmat ion i s thus a v a i l a b l e before or at the onset of the 

b u f f e r p e r i o d . The synchron iz ing c i r c u i t i ssues the con t inua t ion s igna l which 

ends the bu f f e r per iod by resuming the bunching. A f t e r another 4 ms the ions 

are ex t rac ted in to the beam t ranspor t l i n e s . The subsequent passage to the 

reac to r chamber, i n c l u d i n g the f i n a l fas t compress ion, takes only about 10 y s . 

I I I . 5 . 9 Poss ib i 1 i t i e s of Fine Synchron iza t ion 

I t was shown in sec t i ons I I I . 5 . 3 and I I I . 5 . 4 that by present knowledge, a 

ta rge t v e l o c i t y as low as 200 m/s can be used and that in t h i s case the i o n -

pu lse a r r i v a l time need not be f i x e d to be t te r than 2.5 ys so that the 

d i s c r e t i z a t i o n in t roduced by the bunching in the storage r ings does not 

present a problem. However, the sa fe ty margin with respect to ta rge t heat ing 

i s not l a r g e . If a h igher v e l o c i t y such as 500 or 1000 m/s had to be used one 

or the other of the p o s s i b i l i t i e s descr ibed subsequent ly that o f f e r a f i n e 

adjustment w i th in the 2.5 ys i n t e r v a l would be needed in a d d i t i o n to the 

" c o a r s e " synch ron iza t i on descr ibed above. 

The d i s c r e t e , p e r i o d i c po in ts in t ime at which the ion bunches reach the 

k i c k e r regions are in p r i n c i p l e determined as soon as the bunching RF vo l tage 

i s swi tched on. That i n s t a n t , s i t u a t e d at about 7.5 ms on the time s c a l e of 

F i g . 111 .5 -6 , might be s h i f t e d a r b i t r a r i l y w i t h i n a 2.5 ys i n t e r v a l so as to 

make one of the p o s s i b l e pulse a r r i v a l i n s t a n t s c o i n c i d e e x a c t l y wi th a g iven 

t ime t 3 . However, t h i s would requ i re the t 3 p r e d i c t i o n to be known a l ready 

37.5 ms before t 3 . For example, at 500 m/s and a 12 m d is tance to be t r a v e l e d 

from the muzz le , the ta rge t would not even have l e f t the bar re l at that 

t ime . There fo re , t h i s i s hard ly a usefu l method. 
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There i s a l so a way to s h i f t the pat tern of pulse i ns tan t s when the 

bunches are a l ready e x i s t i n g . I t c o n s i s t s in v a r y i n g , fo r a l i m i t e d t ime , the 

ion energy. As the ion v e l o c i t y i s i n the r e l a t i v i s t i c domain t h i s w i l l 

change the revo lu t i on per iod even though the magnetic f i e l d s would have to be 

kept constant fo r p r a c t i c a l reasons. However, the beam t r a j e c t o r y i s 

d i s p l a c e d r a d i a l l y , and the storage r ing c lea rance admits only a very l i m i t e d 

v a r i a t i o n , corresponding e . g . , to a r e l a t i v e change of 10~ 4 in the r e v o l u t i o n 

p e r i o d . Since the necessary s h i f t i s at most ±1.25 ps the t 3 p r e d i c t i o n would 

now be needed 12.5 ms in advance. 

The t h i r d p o s s i b i l i t y i s ion beam s t e e r i n g in the v e r t i c a l p lane . In 

t h i s case the necessary s h i f t of the ion a r r i v a l t ime i s replaced by a s h i f t 

of the focus l o c a t i o n in space, up or down the ta rge t t r a j e c t o r y . At a ta rge t 

v e l o c i t y of 1000 m/s, a ±1.25 ps change in a r r i v a l t ime can obv ious ly be 

e f f e c t u a t e d by a ±1.25 mm focus s h i f t . The corresponding d e f l e c t i o n angle of 

e . g . , 1.25 mm/12.5 m = 0.1 mrad can be produced by a i r - c o i l magnets. These 

magnets and t h e i r power supp l i es are l ess ambi t ious components than the 

storage r i ng k i cke rs as the d e f l e c t i o n angle i s sma l le r and the r i s e t ime can 

be much l onge r . On the other hand, the magnetic f i e l d has to be con t inuous ly 

ad jus tab le by a feedback- loop r egu la t i ng c i r c u i t . 

S ince a few m i l l i s e c o n d s would s u f f i c e to ad just the s tee re r f i e l d s the 

t 3 p r e d i c t i o n would not be needed any e a r l i e r than i t i s needed fo r the coarse 

s y n c h r o n i z a t i o n . 

I t may be noted that s i m i l a r s tee re rs fo r the ho r i zon ta l plane could be 

used, together wi th ta rge t t r a c k i n g fo r l a t e r a l d e v i a t i o n s , to compensate f o r 

excess i ve di r e c t i on s c a t t e r of an i n j e c t o r . 

When cons ide r i ng the cost and energy consumption of a s t ee r i ng system i t 

should be noted that such a system may be necessary anyway fo r a g e n e r a l , 
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q u a s i s t a t i o n a r y adjustment of the twenty beams so that only the fea tu re of 

i n d i v i d u a l sho t - t o - sho t adjustment would have to be added. 
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I I1 .6 Conc lus ions and Recommendations 

The framework of the t a rge t design e f f o r t f o r HIBALL i s o u t l i n e d at the 

beginning of t h i s chap te r . Three separate groups at MPQ, K fK , and UW have 

p a r t i c i p a t e d . The parameters used f o r t h i s HIBALL study a r e : 

Target Gain 83 

Target Y i e l d 400 MJ 

Ion Beam Energy 4.8 MJ 

Beam Power 240 TW 

DT Fuel Mass 4 mg 

Target Radius 0.3 cm 

Ion Energy 10 GeV 

Ion Type B i 2 + 

These were f i x e d at the beginn ing of the s tudy . Subsequent t a rge t des ign e f ­

f o r t s at MPQ and KfK have produced ta rge t des igns tha t may d i f f e r from these 

f i x e d parameters. However, i n the process we have learned where changes must 

be made and fu tu re HIBALL designs w i l l r e f l e c t the i n c r e a s i n g c a p a b i l i t i e s of 

the MPQ and KfK ta rge t design groups. The fu tu re o v e r a l l r eac to r des igns w i l l 

be based on t h e i r s p e c i f i c t a rge t des ign r e s u l t s . 

At t h i s stage we are ab le to make the f o l l o w i n g s p e c i f i c statements and 

c o n c l u s i o n s : 

1. The ICF ta rge t gain model of Bodner has been mod i f ied to account f o r the 

constant pressure fue l c o n f i g u r a t i o n at i g n i t i o n ra the r than a cons tan t 

d e n s i t y c o n f i g u r a t i o n . Paramet r ic curves generated by t h i s new model are 

c o n s i s t e n t w i th the t a r g e t parameters chosen f o r HIBALL. 
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2. The one-dimensional Lagrangian hydrodynamics code MINIHY has been i m p l e ­

mented at MPQ as a heavy ion beam ta rge t design code. This code i n c l u d e s 

a heavy ion beam depos i t i on package tha t i nc ludes temperature e f f e c t s . 

3 . Implosion s tud ies wi th MINIHY i n d i c a t e tha t the maximum beam power o f 240 

TW chosen fo r HIBALL i s 1 i k e l y to be too low and a power of approx imate ly 

500 TW may be necessary to s t a b l y implode a t a r g e t . 

4 . Implosion s tud ies wi th MINIHY a l s o i n d i c a t e tha t c a r e f u l pu lse shaping i s 

important to e f f i c i e n t i m p l o s i o n s . 

5. At K fK , the one-dimensional Lagrangian hydrodnamics code, MEDUSA, has 

been implemented f o r use as a heavy ion fus ion ta rge t design code. The 

MEDUSA code con ta ins a n a l y t i c equat ions of s t a t e tha t match very c l o s e l y 

w i th the SESAME e q u a t i o n - o f - s t a t e t a b l e s from LANL. 

6. The MEDUSA code has been t es ted by s u c c e s s f u l l y reproducing the r e s u l t s 

o f a pub l i shed 1 igh t ion t a rge t design from LLNL. 

7. C a l c u l a t i o n s wi th MEDUSA i n d i c a t e that accura te equat ions of s t a te a t 

high dens i t y and low temperature are very important to the accura te s imu­

l a t i o n of the imp los ion p rocess . 

8 . Temperature dependent energy depos i t i on of heavy and 1 ight ions can now 

be computed by a code developed at K fK. Code r e s u l t s were compared t o 

ye t another code at UW wi th remarkably good agreement. 

9. From two-dimensional computer s imu la t i ons of l a s e r i r r a d i a t e d p lanar 

t a r g e t s at NRL we i n f e r that ach iev ing uni form d r i v i n g pressures w i th ion 

beams requi res very good i l l u m i n a t i o n u n i f o r m i t y . Much more work i s 

needed i n t h i s a r e a . 

10. Target i n j e c t i o n at 200 m/s i s c o n s i s t e n t w i th the sw i t ch ing of the ion 

beams out of the f i n a l s torage r i n g s . At t h i s v e l o c i t y , the t a rge t can 
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be h i t w i t h i n t o l e rance by sw i t ch ing the ions out a t one of the d i s c r e t e 

a v a i l a b l e i n s t a n t s (2 .5 ys apar t ) w i thout any f i n e r adjustment . 

11. An i n j e c t i o n v e l o c i t y of 200 m/s a l lows the ta rge t t o reach the cen te r o f 

the c a v i t y wi thout any me l t i ng o f the c ryogen ic DT f u e l . 

In the f u t u r e , the one-dimensional hydrodynamics codes wi l1 con t inue to 

be developed. However, they have now reached the stage where use fu l t a rge t 

design in fo rmat ion can be produced so more implos ion c a l c u l a t i o n s should a l s o 

be done. More a t t e n t i o n should be pa id to mu l t id imens iona l e f f e c t s such as 

t a rge t i l l u m i n a t i o n un i f o rm i t y and Ray le i gh -Tay lo r i n s t a b i l i t i e s dur ing the 

i m p l o s i o n . Some benchmarking of the va r ious codes used i n the HIBALL study 

cou ld a l s o be at tempted. 
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IV Heavy Ion Beam D r i v e r 

IV.1 General Ph i losophy 

IV.1 .1 Choice o f Ion Species 

The mass- to-charge r a t i o of the ions A/q i s chosen so tha t there are no 

excess ive d i f f i c u l t i e s impeding the d e p o s i t i o n o f the energy of these ions i n ­

to the ta rge t a b l a t o r , w i thout t a k i n g i n t o account the compensating e f f e c t s o f 

any e l e c t r o n s . The bas i c c r i t e r i o n i s tha t the t a r g e t , at i t s " c o l d " dimen­

s ions wi l1 not be charged up to a vo l tage h igher than the a c c e l e r a t i n g sum 

vo l tage ( k i n e t i c ene rgy / i on cha rge ) , or tha t the r a t i o o f the pu lse charge Q 

over the sum vo l tage U E , which quan t i t y may be c a l l e d "beam c a p a c i t y " , be sub­

s t a n t i a l l y sma l le r than the e l e c t r i c c a p a c i t y of the c o l d t a r g e t , 4 t r e 0 r t a r g e t . 

Formula t ing two more r e l a t i o n s , one f o r the p a r t i c l e range depending on the 

k i n e t i c energy and the p a r t i c l e mass, which should be a c e r t a i n f r a c t i o n o f 

the ta rge t rad ius r t a r g e t , and one equat ion f o r the requ i red pu lse energy QUj , 

t h i s set o f th ree equat ions or i n e q u a l i t i e s has a s o l u t i o n f o r A/q > 100. 

I f the t a rge t would keep i t s o r i g i n a l dimensions dur ing i r r a d i a t i o n , at 

A/q = 100 one h a l f o f the pu lse energy would be i nves ted i n t o e l e c t r o s t a t i c 

f i e l d energy ra the r than i n t o a b l a t o r h e a t i n g . The a b l a t i n g t a r g e t , however, 

w i l l send out ions forming a charge sphere which i s s u b s t a n t i a l l y l a r g e r than 

the co ld t a r g e t , so tha t indeed the ta rge t vo l tage w i l l be < U E . A l so a l l the 

e l e c t r i c f i e l d s w i t h i n the reac to r chamber wi l1 be so low tha t the ion motion 

remains " b a l 1 i s t i c " u n t i l the ions a r r i v e at the t a rge t s u r f a c e , a l though 

these f i e l d s are s t i l l a matter o f concern . Since the occurrence of f r ee 

e l e c t r o n s 1s unavo idab le , at l e a s t w i t h i n the a b l a t o r co rona , the e l e c t r i c 

f i e l d s c rea ted by the converg ing and u l t i m a t e l y stopped ion beams have to be a 

matter of concern and I n v e s t i g a t i o n i n the f u t u r e . These f ree e l e c t r o n s tend to 

undergo c o l l e c t i v e a c c e l e r a t i o n towards the symmetry cen ter ( i n to the t a r g e t ) . 
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Other po in t s of view i n the search f o r a s u i t a b l e ion spec ies a r e : low 

charge-changing c r o s s - s e c t i o n s aga ins t c o l l i s i o n s w i th r es i dua l gas atoms, or 

w i th o ther ions i n the bunches; i t should be n a t u r a l l y mono - i so top i c , as a 

matter of c o s t s ; easy handl ing and i o n i z a t i o n i n the source . For a l l these 

reasons we would p r e f e r 2 0 9 B i 2 + ; o ther cho ices are 1 3 3 C s \ 1 2 7 l \ 1 8 1 T a + o r 

1 8 1 T a 2 + s 197 A u 2+^ 209 B i 2+ i s p r e f e r r e d over B i + main ly because of the cos t s 

f o r the f i n a l f ocus ing lenses which would be near l y p r o h i b i t i v e f o r an ion 

s t i f f n e s s of 200 Tes la -me te r s , but a l s o because of a s l i g h t l y lower p r o b a b i l i ­

ty of charge exchange fo r B i 2 + dur ing in t ra-beam i o n - i o n c o l l i s i o n s . 

IV .1 .2 Pu lse Energy Accumulat ion 
~ 14 15 

Target imp los ion requ i res a d r i v i n g power of 10 to 10 w a t t s , i . e . a 

pulse energy of 5 MJ d e l i v e r e d w i t h i n 10 to 20 nanoseconds. In con t ras t t o 

the i nduc t i on l i n a c scheme, t h i s pu lse power i n HIBALL i s not generated i n 

" rea l t i m e " , but a long beam pulse (some m i l l i s e c o n d s ) i s s t o r e d , compressed, 

and then d e l i v e r e d to the t a r g e t . In the papers of the e a r l y HIF w o r k s h o p s ^ ) , 

t h i s scheme has been c a l l e d "RF a c c e l e r a t o r s c e n a r i o " (see F i g . I V . 1 - 1 ) . 

A l l the pu lse energy i s generated in a long RF l i n a c w i th Uj. = 5 x 1 0 9 

v o l t s , I b e a m = 160 mA, and P b e a m = 800 MW. Since some shor t beam pauses are 

programmed w i t h i n the p u l s e , s imply by sw i t ch ing the ion cu r ren t o f f / o n , the 

pulse has to l a s t 7.5 msec, w i th a net on-t ime of 6.3 msec. The p a r t i c l e 

momentum has to be w i t h i n a band of a r e l a t i v e width of +5 x I O " 5 ; t h e r e f o r e 

the beam requ i res c a r e f u l debunching. I f t h i s band were l a r g e r , one would run 

i n t o d i f f i c u l t i e s w i th chromat ic abe r ra t i ons of the f i n a l lenses which have to 

focus the beam onto the t a r g e t , and a h igh f r a c t i o n of the beam would miss the 

t a r g e t . The l o n g i t u d i n a l emi t tance of the beam, i . e . the product of beam energy 

h a l f - w i d t h and the pu lse t ime h a l f - w i d t h , i s c r i t i c a l throughout the s c e n a r i o , 

and i s more c r i t i c a l than the t r ansve rse emi t tances . While the beam energy i s 
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b e i n g g e n e r a t e d i n t h e l i n a c , i t i s p i e c e w i s e s t o r e d i n a s e t o f s t o r a g e 

r i n g s . I t i s c o n v e n i e n t t o t h i n k o f t h e s t o r a g e r i n g s i n te rms o f e l e c t r i c 

c a p a c i t o r s . The " c o h e r e n t " s p a c e c h a r g e l i m i t , w h i c h i n d i c a t e s a t w h i c h 

s t o r e d e l e c t r i c c h a r g e Q an a l l o w a b l e t u n e s h i f t Av ( d i f f e r e n c e o f b e t a t r o n 

o s c i l l a t i o n numbers pe r r e v o l u t i o n ) o c c u r s , i s p r o p o r t i o n a l , among o t h e r 

f a c t o r s , t o t h e a c c e l e r a t o r v o l t a g e U s . F o r l o n g - t e r m s t o r a g e , | A V | i s 

r e s t r i c t e d t o v a l u e s < 0 . 2 5 , o r even l o w e r . Fo r a few t u r n s , | A V | o f even a 

few u n i t s may be t o l e r a t e d . O t h e r i m p o r t a n t f a c t o r s a r e t h e t r a n s v e r s e 

e m i t t a n c e s e H o r e v o f t h e s t o r e d beam, and t h e b u n c h i n g f a c t o r Bp = T / I , 

where I i s t h e s p a t i a l maximum and T t h e a v e r a g e c i r c u l a t i n g beam c u r r e n t . 

N o n - r e l a t i v i s t i c a l l y , t h e c o h e r e n t s p a c e c h a r g e l i m i t can be e x p r e s s e d as 

(Shape f a c t o r s q u o t e d i n t h e o r i g i n a l l i t e r a t u r e (CERN) a r e i n t h e o r d e r o f 

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

A g a i n , a b e r r a t i o n s o f t h e f i n a l l e n s e s d e t e r m i n e t h e a l l o w a b l e t r a n s v e r s e 

e m i t t a n c e s e T . F o r a t a r g e t o f 3 mm r a d i u s , t h e e m i t t a n c e s h o u l d no t bej 

g r e a t e r t h a n 60 mm mrad = 6 x I O " 5 ttr pe r channe l o r p e r s t o r a g e r i n g , o r a t 

l e a s t a p r o d u c t o f e H e v = 3600 (mm m r a d ) 2 s h o u l d no t be s u r p a s s e d . T h e r e f o r e , 

t h e e l e c t r i c c h a r g e o f 1 0 * 3 Coulomb p e r p u l s e has t o be d i s t r i b u t e d i n t o 10 

s t o r a g e r i n g s , o f a c a p a c i t y o f 0 . 02 pF e a c h , t o e n s u r e t h a t i n none o f them 

Av = 0 . 2 5 i s s u r p a s s e d a t Bp = 1 , o r Av = 0 . 5 a t Bp a t 0 . 5 , and so o n . F o r 

more p r e c i s e numbe rs , r e f e r t o F i g . I V . 1 - 2 . The l i m i t s f o r Av w h i c h a r e 

r e a l l y s a f e a r e no t w e l l e s t a b l i s h e d ; t h e y may be even h i g h e r . 

= 1400 pF/m -Av e T Bp U^, 
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I t i s wor th n o t i n g t h a t t h e c o h e r e n t s p a c e c h a r g e l i m i t i s no t e x p l i c i t l y 

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

a f t e r ( f a s t ) e x t r a c t i o n , t h e r i n g s s h o u l d be as compact as p o s s i b l e . We a n t i ­

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

p o s s i b l e l a t t i c e s o f 1" « 1.4 T e s l a ( w i t h l o c a l m a g n e t i c f i e l d s o f 4 . 5 T e s l a ) , 

i n w h i c h B i 2 + i o n s c i r c u l a t e w i t h a r e v o l u t i o n t i m e o f 5 p s e c . W i th r e s p e c t 

t o t h e c h r o m a t i c a b e r r a t i o n s o f t h e f i n a l l e n s e s , i t t u r n s ou t t h a t o n l y h a l f 

o f t h e 5 p s e c , namely 2 . 5 psec can be p r o c e s s e d i n one beam c h a n n e l , and t h a t 

each r i n g needs two e x i t s , r e s u l t i n g i n 20 beam l i n e s i n t o t h e t a r g e t 

chamber . T h i s number o f beam l i n e s i s needed f o r a n o t h e r r e a s o n , namely t h e 

s p a c e - c h a r g e t r a n s p o r t c a p a c i t y o f i n d i v i d u a l c h a n n e l s (see C h a p t e r V ) . On 

one h a n d , t h e r e f o r e , i t i s no t n e c e s s a r y t o l o o k f o r d e n s e r r i n g l a t t i c e s ; on 

t h e o t h e r h a n d , l e s s dense l a t t i c e s wou ld r e q u i r e a l a r g e r number o f e x i t s p e r 

r i n g , o r a l a r g e r t o t a l number o f beam l i n e s , o r a l t e r n a t i v e l y a n a r r o w e r A p / p 

d i s t r i b u t i o n i n t h e r i n g s . I t seems as i f t h e r e i s no o t h e r r e a s o n a b l e c h o i c e 

f o r "B~, a t l e a s t f o r t h e g i v e n s e t o f t a r g e t p a r a m e t e r s . 

The a s s u m p t i o n o f what ene rgy o r momentum s p r e a d i s r e a s o n a b l e i n t h e 

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

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

f i g u r e o f A p / p = +5 x 1 0 " 5 t h e n i s t h e l o w e r l i m i t o f what can be a c h i e v e d 

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

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

Two r i s k s a r e w o r t h m e n t i o n i n g . One i s t h e q u e s t i o n o f w h e t h e r d e b u n c h ­

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

under t h e i n f l u e n c e o f ( n o n l i n e a r ) l o n g i t u d i n a l s p a c e c h a r g e f o r c e s . The 

o t h e r i s t h e r i s k o f s e l f - b u n c h i n g o f t h e beam i n t o e r r a t i c bunch modes w h i l e 

c o a s t i n g i n t h e s t o r a g e r i n g s . I t i s known t h a t t h i s s e l f - b u n c h i n g o c c u r s a t 
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a g i v e n l e v e l o f I / ( A p / p ) , and t h a t i t i s dependen t on t h e number o f c o a s t i n g 

r e v o l u t i o n s . Bo th q u e s t i o n s a r e t h e s u b j e c t o f e x p e r i m e n t a l i n v e s t i g a t i o n s 

p l a n n e d on t h e SNS p r o t o n r i n g a t R u t h e r f o r d L a b o r a t o r y w h i c h w i l l be 

c o n s t r u c t e d i n t h e n e x t few y e a r s . I t i s p l a n n e d t o check measures ( a c t i v e 

f e e d b a c k ) t o push 1 / ( A p / p ) t o as h i g h a l e v e l as p o s s i b l e . 

Next a d e s c r i p t i o n o f how t h e beam i s pu t i n t o t h e s t o r a g e r i n g s w i l l be 

g i v e n . The p a r t o f t h e l i n a c beam wh i ch i s t o be wrapped i n t o one s t o r a g e 

r i n g has a ( v i r t u a l ) l e n g t h o f 0 . 6 7 5 msec ßc = 6 2 . 5 km, w h i c h i s 135 t i m e s t h e 

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 . I t i s , p h y s i c a l l y and t e c h n i c a l l y , i m p o s s i b l e 

t o do a 1 3 5 - t u r n r a d i a l m u l t i t e r m i n j e c t i o n . S i n c e a comb ined r a d i a l - v e r t i c a l 

s t a c k i n g p r o c e d u r e a l s o seems t o be t o o d i f f i c u l t , ( h a n d l i n g a beam power o f 

800 MW ( ! ) ) , t h e n e x t i d e a i s t o wrap t h e beam i n a l a r g e " t r a n s f e r " r i n g 

r a d i a l l y , say 10 t u r n s , e x t r a c t i t , r o t a t e i t by 9 0 ° , and wrap i t r a d i a l l y 

a g a i n b y , s a y , 15 o r 20 t u r n s . B e s i d e s t h e f a c t t h a t a t u r n number as h i g h as 

10 i s s t i l 1 t o o r i s k y , t h e a d d i t i o n a l d i f f i c u l t y i s t h a t t h e c o h e r e n t t u n e 

s h i f t o f t h e beam i n t h e t r a n s f e r r i n g i s so h i g h t h a t t h e 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 i s d i s t u r b e d ( t he same I O " 4 Coulomb as i n t h e s t o r a g e r i n g , w i t h a 

f a r s m a l l e r t r a n s v e r s e beam e m i t t a n c e ) . So t h i s scheme p r o v e s t o be i m p o s s i b l e . 

One s o l u t i o n , a m u l t i p l i c i t y o f t r a n s f e r r i n g s a l 1 b e i n g d i s c h a r g e d a t 

one t i m e i n t o one o f t h e s t o r a g e r i n g s , has been p r o p o s e d by N .M . K i n g . (2) A 

s t i l l l o w e r r i s k s o l u t i o n i s g i v e n h e r e ; see F i g . I V . 1 - 1 . A t r a n s f e r r i n g 

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

t u r n s . A f t e r e x t r a c t i o n t h e beam i s r o t a t e d by 90° and i n j e c t e d i n t o one o f 

f i v e " c o n d e n s e r " r i n g s , a g a i n w i t h t h r e e t u r n s . T h i s i s r e p e a t e d f i v e t i m e s 

u n t i l a l l t h e f i v e c o n d e n s e r r i n g s have been f i l l e d . Al 1 f i v e r i n g s a r e d i s ­

c h a r g e d s i m u l t a n e o u s l y , t h e i r beams a r e combined i n an i n v e r s e s t a t i c beam 

s p l i t t e r (as i t i s i n use a t UNILAC f o r 3 beams) and i n j e c t e d i n t o t h e s t o r a g e 
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r i n g s , a g a i n w i t h t h r e e t u r n s . Now s t a c k i n g has been done i n f o u r s t e p s , w i t h 

t h e a s s o c i a t e d s t a c k i n g f a c t o r s o f 3 , 3 , 5 , 3 , whose p r o d u c t i s 1 3 5 . Though t h e 

a s s o c i a t e d d i l u t i o n f a c t o r s a l s o m u l t i p l y up t o t h e f o u r t h power , t h e p r o d u c t 

i s s m a l l s i n c e e a c h o f t h e f a c t o r s can be k e p t s m a l l when o n l y t h r e e t u r n s a r e 

s t a c k e d . 

As p r o o f o f p h y s i c a l c o n s i s t e n c y , t h e beam e m i t t a n c e s , t u n e s h i f t , c u r ­

r e n t s , e t c . , a r e l i s t e d i n F i g . I V . 1 - 2 . The t i m e s c h e d u l e f o r t h e l i n a c 

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

i n d i c a t e d i n F i g . I V . 1 - 3 . 

Up t o now, t e n ene rgy s t o r e s have been f i l l e d w i t h a l l t h e d r i v i n g ene rgy 

n e e d e d . I f d i s c h a r g e d t h r o u g h t h e 20 e x t r a c t i o n c h a n n e l s , t h e 2 . 5 usee l o n g 

p u l s e s wou ld s t i l l be t o o l o n g . The momentum w i d t h i n t h e s t o r e d beam o f A p / p 

= ±5 x 1 0 " 5 a l l o w s us t o shape t h e c o n t e n t s i n t o p u l s e s o f 20 n s e c l e n g t h and 

+5 x 1 0 " 3 r e l a t i v e momentum h a l f - w i d t h , o f e l l i p t i c a l p h a s e - s p a c e c o n f i g u ­

r a t i o n . 

Though t h i s i s s i m p l y p o s s i b l e f rom L i o u v i l l e ' s t h e o r e m , t h e expense f o r 

d o i n g t h i s i s no t t r i v i a l . F i r s t o f a l l , i t r e q u i r e s c a r e f u l a d i a b a t i c b u n c h ­

i n g i n t h e s t o r a g e r i n g s , by means o f m u l t i p l y i n g an RF v o l t a g e o f e x p o ­

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

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

o f B F = 0 . 5 i s r e a c h e d . From t h e r e o n , b u n c h i n g i s f a s t e r , bu t t h e r e q u i r e d 

RF a m p l i t u d e s become h i g h e r and h i g h e r . T h e r e f o r e , f rom a s u i t a b l y chosen 

p o i n t o n , b u n c h i n g s h o u l d no l o n g e r be a d i a b a t i c bu t " f a s t " . 

One p a r t o f f a s t b u n c h i n g i s done i n t h e s t o r a g e r i n g s t h e m s e l v e s , by 

means o f t h e RF c a v i t i e s ( 0 . 4 MHz) whose v o l t a g e i s r a i s e d t o a h i g h v a l u e 

s u d d e n l y . The s e c o n d p a r t i s done o u t s i d e t h e r i n g s i n an i n d u c t i o n l i n a c 
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w i t h s a w t o o t h v o l t a g e , and t h e bunch comes t o a t i m e f o c u s a f t e r a r o u g h l y 1 

km l o n g d r i f t . Because o f t h e i m p o r t a n c e t o t h e i n v e s t m e n t c o s t s , t h e d e t a i l s 

o f t h i s p r o c e d u r e a r e d e s c r i b e d i n a s e p a r a t e s e c t i o n ( I V . 9 ) . 

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

1 P r o c e e d i n g s o f Heavy Ion F u s i o n Workshops : New Y o r k , O c t . 1 7 - 2 1 , 1 9 7 7 , 
B N L - 5 0 7 6 9 ; A r g o n n e , S e p t . 1 9 - 2 6 , 1 9 7 8 , A N L - 7 9 - 4 1 ; B e r k e l e y , O c t . 2 9 - N o v . 
9 , 1 9 7 9 , L B L - 1 0 3 0 1 / S L A C - P U B - 2 5 7 5 . 

2 . N .M . K i n g , J . R . M . M a i d m e n t , "A S t o r a g e R i n g Sys tem f o r H I F , " R L - 8 1 - 0 0 7 
( 1 9 8 1 ) . 
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I V . 2 Ion S o u r c e 

The d e s i g n g o a l s f o r t h e i o n s o u r c e a r e 50 mA o f heavy i o n s w i t h A / q « 

110 and a n o r m a l i z e d e m i t t a n c e e n ( e n = ß y e , e = F / T T , F = a r e a o f e m i t t a n c e 

f i g u r e ) o f e n < 2 x 1 0 - 7 m. The d e s i r e d b r i g h t n e s s B n = I / ( e J J e r t e [ j o r ) , 

B N > 1.25 x 1 0 1 2 A / m 2 i m p l i e s t h a t t h e space c h a r g e o f t h e e x t r a c t e d i o n beam 

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

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

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

The e m i t t i n g s u r f a c e may be e i t h e r s o l i d ( c o n t a c t i o n i z a t i o n s o u r c e s , 

1 i m i t e d t o v e r y few m a t e r i a l s l i k e ces iurn) o r a p lasma s h e a t h . As t h e f u t u r e 

knowledge o f c h a r g e exchange c r o s s s e c t i o n s w i t h i n t h e beam may u l t i m a t e l y 

d e t e r m i n e t h e c h o i c e o f t h e i o n s p e c i e s a p lasma s o u r c e w i t h i t s w ide range o f 

f e e d i n g m a t e r i a l s o f f e r s g r e a t a d v a n t a g e s o v e r t h e f o r m e r one and was p r e ­

f e r r e d h e r e . 

The p lasma o f ou r s o u r c e i s g e n e r a t e d by a low v o l t a g e , h e a t e d c a t h o d e 

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

m u l t i p o l e and a x i a l l y by two r e f l e c t o r e l e c t r o d e s . T h i s geomet ry has p r o v e d 

i t s v a l u e w i t h Q ( q u i e t p lasma) m a c h i n e s ^ ) and n e u t r a l i n j e c t i o n s o u r c e s . ( 2 ) 

As a f i r s t m o d e l , we d e v e l o p e d a s o u r c e f o r o p e r a t i o n w i t h g a s e s , ELSIRE 

( E i n z e l - L a d u n g s - S c h w e r - I o n e n - R e f l e x - E n t l a d u n g ) ( 3 ) w h i c h y i e l d e d , f o r e x a m p l e , 

26 mA Xe i o n s w i t h a b r i g h t n e s s o f B n = 1.5 x 1 0 1 2 A / m 2 , u s i n g a 7 - h o l e e x ­

t r a c t i o n sys tem w i t h 0 .5 c m 2 t o t a l a p e r t u r e a r e a . An e x t e n s i o n o f t h e e x ­

t r a c t i o n a r e a up t o 1.5 c m 2 i s p o s s i b l e and s h o u l d r e s u l t i n abou t a 75 mA i o n 

c u r r e n t . S i n g l e h o l e e x t r a c t i o n ( 0 . 2 c m 2 a r e a ) was a l s o t r i e d and gave 4 . 3 mA 

w i t h B n = 1.37 x 1 0 1 3 A / m 2 , bu t a t t h e e x t r a c t i o n v o l t a g e s i n v o l v e d ( 2 0 - 5 0 kV) 

one canno t e n l a r g e t h i s one a p e r t u r e w i t h o u t s e v e r e l y l o s i n g b r i g h t n e s s . T h i s 

1 i m i t a t i o n may be l o s t when one e x t r a c t s d i r e c t l y w i t h a s e v e r a l hundred kV 
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e x t r a c t i o n v o l t a g e , u s i n g a 4 - e l e c t r o d e s y s t e m . A f i r s t s t e p i n t h i s d i r e c ­

t i o n , d e s i g n i n g a 75 kV 4 - e l e c t r o d e s y s t e m , has a c t u a l l y been s t a r t e d . 

ELSIRE was e x t e n s i v e l y t e s t e d w i t h h e l i u m f o r h i g h c u r r e n t a c c e l e r a t o r 

e x p e r i m e n t s , ^ ) and e x h i b i t e d good r e l i a b i l i t y and s t a b l e o p e r a t i o n w i t h o u t 

i n t e r r u p t i o n f o r 50 hou rs (50 Hz p u l s e s , each one 2 ms l o n g ) . 

F o r t h e g e n e r a t i o n o f me ta l p l a s m a s , t h e s o u r c e HORDIS (Hot R e f l e x D i s ­

c h a r g e Ion S o u r c e ) w a s c o n s t r u c t e d . I t has an e l e c t r o d e c o n f i g u r a t i o n 

i d e n t i c a l t o t h a t o f E L S I R E , bu t a l l e l e c t r o d e s a r e suspended on p o o r l y h e a t -

c o n d u c t i n g s t r u c t u r e s and run hot d u r i n g s o u r c e o p e r a t i o n . The me ta l v a p o r i s 

p r o d u c e d i n an oven and c o n d u c t e d t h r o u g h t h e c a t h o d e i n t o t h e d i s c h a r g e 

v o l u m e . F i r s t t e s t s showed t h a t t h e d i s c h a r g e can be run i n a pu re m e t a l 

p lasma a f t e r t h e s o u r c e had been h e a t e d up u s i n g an a u x i l i a r y g a s . 

The i o n s p e c i e s o f i n t e r e s t f o r HIBALL i s 2 0 9 B i 2 + . F o r a c o p i o u s p r o ­

d u c t i o n o f t h e s e c o n d c h a r g e s t a t e t h e d i s c h a r g e must be run a t q u i t e h i g h 

power as then bo th v o l t a g e and d e n s i t y o f t h e i o n i z i n g e l e c t r o n s a r e e n h a n c e d . 

H igh p lasma d e n s i t y , on t h e o t h e r h a n d , means t h a t t h e e x t r a c t i o n a p e r t u r e s 

must be s m a l l , i n o r d e r no t t o have t h e t e r m i n a t i n g p lasma s h e a t h p r o t r u d i n g 

ou twa rds w h i c h wou ld c a u s e a b a d l y m ismatched beam. 

At an oven t e m p e r a t u r e o f 9 9 0 ° C , an 8 mA b i s m u t h beam was e x t r a c t e d f rom 

0 . 3 4 c m 2 (7 h o l e s ) a r e a a t 31 k V . T h i s beam c o n t a i n e d 3 . 2 mA (28% p a r t i c l e s ) 

o f B i 2 + , t h e b r i g h t n e s s f o r B i 2 + t h e n was B n > 5 x 1 0 1 1 A / m 2 ( c a l c u l a t e d f rom 

t h e beam l i n e a c c e p t a n c e ; t h e e m i t t a n c e was no t m e a s u r e d ) . W h i l e i t seems 

i m p o s s i b l e t o f u r t h e r r a i s e t h e r e l a t i v e abundance o f t h e B i 2 + c h a r g e s t a t e , 

t h e r e i s a good c h a n c e t o i n c r e a s e t h e t o t a l i o n beam c u r r e n t by u s i n g 13 o r 

even 19 e x t r a c t i o n h o l e s . 

F o r s t i l l l a r g e r e x t r a c t i o n a r e a s t h e s o u r c e d i s c h a r g e chamber has t o be 

m o d i f i e d . S o , p r e s e n t l y a w i d e r s o u r c e , HORDIS I I , i s i n t h e d e s i g n s t a t e . 
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One s h o u l d u n d e r l i n e , h o w e v e r , t h a t t h e c a l c u l a t e d l o w e r l i m i t f o r t h e b r i g h t ­

ness i s a f a c t o r o f 3 benea th t h e d e s i g n v a l u e , and i n c r e a s i n g t h e e x t r a c t i o n 

a r e a can n e v e r l e a d t o h i g h e r b r i g h t n e s s , even w i t h p r o p o r t i o n a l l y g r o w i n g 

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

T h e r e f o r e , f rom t h e v i e w p o i n t on t h e i o n s o u r c e , i o n s l i k e I n + o r 127 j+ 

a r e much p r e f e r r a b l e as t h e f i r s t c h a r g e s t a t e can a l w a y s be e x t r a c t e d w i t h 

more than 95% a b u n d a n c e . Reduced d i s c h a r g e power , t h e n , wou ld be a l s o b e n e ­

f i c i a l f o r s o u r c e 1 i f e - t i m e and r e l i a b i l i t y . Once B i 2 + i s g i v e n u p , one 

s h o u l d a l s o t h i n k a g a i n o f X e + ( p o s s i b l y one e n r i c h e d i s o t o p e ) o r * 3 3 C s + as 

c a n d i d a t e s . 

When e m p l o y i n g s i n g l y c h a r g e d , m o n o - i s o t o p i c i o n s , one can a l s o l e a v e ou t 

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

c u l t y , t h a t i s , t h e e m i t t a n c e g rowth due t o l o s s o f s p a c e c h a r g e c o m p e n s a t i o n 

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

m e n t s . ^ ) The e m i t t a n c e grew by a f a c t o r o f 5 when t h e beam was p a s s e d 

t h r o u g h a m a g n e t i c q u a d r u p o l e t r i p l e t . On t h e t e s t s t a n d t h i s g rowth c o u l d 

o n l y p a r t i a l l y be r e d u c e d by once more c o m p e n s a t i n g t h e space c h a r g e , r a i s i n g 

t h e backg round p r e s s u r e i n t h e beam l i n e b e h i n d t h e l e n s . I t i s d o u b t f u l , 

h o w e v e r , i f t h i s t e c h n i q u e can be a p p l i e d t o a p r e - a c c e l e r a t o r beam 1 i n e . A 

low v o l t a g e beam 1 i n e as s h o r t as p o s s i b l e i s t h e r e f o r e s t r o n g l y i n d i c a t e d by 

t h e e x p e r i e n c e s g a i n e d . 
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I V . 3 L o w - V e l o c i t y A c c e l e r a t o r T ree 

S e v e r a l r e a s o n s d i c t a t e t h e s t a r t o f 1 i n a c a c c e l e r a t i o n w i t h a low RF 

f r e q u e n c y , i n t h e s p e c i f i c c a s e , o f 1 3 . 5 MHz. To have a s a f e and r e l i a b l e 

p r e - a c c e l e r a t i o n t e c h n o l o g y w i t h q u i c k a c c e s s t o t h e s o u r c e s , and t o f a c i l i ­

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

be above 0 . 5 MV. T h i s i s ou r s p e c i f i c c h o i c e , based on UNILAC e x p e r i e n c e s . 

There a r e a p p r o a c h e s o f a n o t h e r g roup (ANL) w i t h c o n s i d e r a b l y h i g h e r s t a t i c 

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

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

A l w a y s , t h e v e l o c i t y 3c o f t h e v e r y heavy i o n s i s l o w , and t o a r r i v e a t a 

r e a s o n a b l y l o n g d r i f t t ube l e n g t h , ß A / 2 , t o house t h e f o c u s i n g q u a d r u p o l e s , 

t h e o n l y way i s t o c h o o s e t h e wave l e n g t h A h i g h enough o r t h e f r e q u e n c y 

f = c / x 1ow e n o u g h . 

A second r e a s o n i s t h e s p a c e c h a r g e t r a n s p o r t 1 i m i t o f 1 i n e a r a c c e l e ­

r a t o r s . F o r a g i v e n t r a n s v e r s e a c c e p t a n c e , t h i s 1 i m i t i s p r o p o r t i o n a l t o t h e 

s p a t i a l b e t a t r o n f r e q u e n c y , a0/S, where a0 i s t h e phase advance o f t h e b e t a ­

t r o n o s c i l l a t i o n p e r u n i t e e l 1 l e n g t h S . In t h e c a s e o f a m a g n e t i c a l l y , o r 

b e t t e r , e l e c t r o s t a t i c a l l y f o c u s e d 1 i n a c , where t h e number o f q u a d r u p o l e s o f 

one p o l a r i t y w i t h i n one FODO group has no p r i n c i p a l 1 i m i t , t h e main p o i n t o f 

v i e w f o r t h e f r e q u e n c y c h o i c e i s a t e c h n i c a l o n e . F o r an RFQ a c c e l e r a t o r t h e 

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

s u b s t a n t i a l l y d i f f e r e n t , bu t t h e RFQ a c c e l e r a t o r , b e c a u s e o f a h i g h e r a0/S, 

has t h e h i g h e r beam t r a n s p o r t c a p a b i l i t y . The f r e q u e n c y t h e n s h o u l d be c h o s e n 

so t h a t 0 O * 1 r a d i a n , w i t h t h e e l e c t r i c f i e l d s t r e n g t h l i m i t e d by s p a r k i n g . 

T h i s low f r e q u e n c y , on t h e o t h e r h a n d , a l l o w s one t o m u l t i p l y t h e beam 

c u r r e n t i n s u b s e q u e n t a c c e l e r a t o r s e c t i o n s by i n j e c t i n g i n t o them s e v e r a l 

( h e r e , two) beams ou t o f a c o r r e s p o n d i n g number o f l i n e a r a c c e l e r a t o r s . T h i s 
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must a l w a y s be a c c o m p a n i e d by a jump o f t h e RF f r e q u e n c y by a t l e a s t t h i s 

f a c t o r , , By t h i s jump o f f r e q u e n c y an a p p r o p r i a t e number o f new RF b u c k e t s i s 

c r e a t e d i n t o w h i c h t h e bunches o f t h e i n j e c t i n g l i n a c s a r e i n s t a l l e d , s i m p l y 

by a t r a n s v e r s e l y d e f l e c t i n g RF f i e l d o f t h e f r e q u e n c y o f t h e f o r e g o i n g 

s e c t i o n . Do ing t h i s r e p e a t e d l y , t h e l o w - v e l o c i t y end o f t he l i n a c then has 

t h e shape o f a t r e e w i t h , e . g . , 8 b r a n c h e s o f 1 3 . 5 MHz c o n f l u e n t i n t o one beam 

a t 108 MHz. T h i s s o - c a l l e d " f u n n e l i n g " scheme i s an o l d i d e a and i s based on 

s e v e r a l f a v o r a b l e e f f e c t s : 

a) At c o n s t a n t a c c e l e r a t i o n g r a d i e n t s , and c o n s t a n t e q u i l i b r i u r n p h a s e , t h e 

bunch w i d t h o f a beam s h r i n k s l i k e ß _ 3 / 4

s t h e w e l l - k n o w n phase d a m p i n g . 

I f t h e f r e q u e n c y i s s u d d e n l y d o u b l e d , t h e b u c k e t shape r a t i o changes w i t h 

f 1 / 2 i n such a manner t h a t a matched beam wou ld t h e n have a s m a l l e r phase 

w i d t h as r 1 / 4 . G e n e r a l l y , a t a f r e q u e n c y jump r e b u n c h i n g i s n e c e s s a r y t o 

match t h e beam i n t o t h e new b u c k e t s h a p e , and i t i s n e c e s s a r y anyway i n 

o r d e r t o t r a n s p o r t t h e beam a c r o s s t h e f u n n e l i n g d e f l e c t o r ( i t i s a l s o t h e 

same r e a s o n f o r w h i c h t r a n s v e r s e l e n s e s a r e n e e d e d ) . In t o t a l , one can 

d o u b l e t h e f r e q u e n c y a f t e r e v e r y p i e c e o f 1 i n a c w h i c h d o u b l e s t h e p a r t i c l e 

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

phase <f)S r e m a i n u n c h a n g e d . 

In o u r s p e c i f i c c a s e t h e a d i a b a t i c b u n c h i n g p r o c e s s i s f i n i s h e d a t 

ß = U , o r W = 10 MeV, a sum v o l t a g e o f U E = 5 MV, a t a f r e q u e n c y o f 1 3 . 5 

MHz, and a t an a c c e l e r a t i o n g r a d i e n t o f E e f f = 0 .6 MeV/m. At ß = 8%, 

W = 600 MeV, U E = 300 MV, o r a f t e r r o u g h l y 200 m l e n g t h o f s t r u c t u r e , a l l 

e i g h t beams have been comb ined i n t o one a t 108 MHz. S i n c e t h e r e E e f f = 2 

MV/m, t h e phase w i d t h i s o n l y 60° • ( 0 . 6 / 2 ) 1 / 4 = 4 4 . 4 ° . F o r t h i s r e a s o n , 

one m igh t comb ine t h e beams even e a r l i e r . 
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b) The t r a n s v e r s e s p a c e c h a r g e " b o t t l e n e c k " o f any 1 i n e a r a c c e l e r a t o r i s 

f ound a t i t s b e g i n n i n g , a t low v e l o c i t i e s . T h i s i s t r u e a l s o a t t h e f r e ­

quency j u m p s , as i t i s seen f rom a n a l y s i s o f any a v a i l a b l e f o r m u l a , o r 

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

l e n g t h o f i n d i v i d u a l bunches i n c r e a s e s s i i g h t l y as ( g x ) 1 / 4 , i t i s com­

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

l o n g i t u d i n a l m a t c h i n g . A l s o w i t h a c o n s t a n t t r a n s v e r s e t u n e o y , t h e 

t r a n s v e r s e d i m e n s i o n s do no t c h a n g e . O v e r a l l , t h e volume o f an i n d i v i d u a l 

b u n c h , and hence t h e l o c a l f o r c e s ( t r a n s v e r s e and l o n g i t u d i n a l ) seen i n 

t h e mov ing f rame o f t h e b u n c h , rema in i n t h e same o r d e r o f m a g n i t u d e ; 

o t h e r w i s e t h e d i m e n s i o n s o f t h e bunch c o u l d no t rema in c o n s t a n t . T h i s 

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

o f 1 i g h t t h e s p a c e - c h a r g e 1 i m i t s a r e a t h i g h e r c u r r e n t s . 

In t h e bunch f r a m e , n e i g h b o r i n g bunches a r e s h i f t e d away f rom t h e 

o b s e r v e r ' s b u n c h ; t h i s f a c t may s i i g h t l y m o d i f y l o n g i t u d i n a l s p a c e c h a r g e 

f o r c e s . B u t , a t a f r e q u e n c y j u m p , new bunches a r e i n s e r t e d , and t h e o b ­

s e r v e r has t h e i m p r e s s i o n o f s e e i n g n e i g h b o r i n g bunches as c l o s e as a t t h e 

b e g i n n i n g o f t h e f o r e g o i n g c y c l e . S o , i f t h e space c h a r g e l i m i t s have 

been c h e c k e d f o r a p i e c e o f 1 i n a c w h i c h d o u b l e s t h e p a r t i c l e v e l o c i t y , one 

can r e l y upon t h e r a t i o o f s p a c e - c h a r g e f o r c e s t o e x t e r n a l f o r c e s b e i n g 

t h e same a g a i n a f t e r d o u b l i n g t h e f r e q u e n c y and d o u b l i n g t h e beam c u r r e n t 

by i n s e r t i n g new bunches i n t o t h e new b u c k e t s . 

A f t e r e x p l a i n i n g t h e p h y s i c a l c o n d i t i o n s , a t e c h n i c a l d e s c r i p t i o n o f t h e 

l o w - v e l o c i t y l i n a c t r e e i s t o be g i v e n . A t t h e b e g i n n i n g , t h e r e a r e e i g h t 

( a l t e r n a t i v e l y 16) s o u r c e s , f o l 1 owed by a c h a r g e s e l e c t i o n and a f a s t c h o p p i n g 

d e v i c e . F o r r e a s o n s o f m a i n t e n a n c e , t h e s o u r c e s h o u l d be a r r a n g e d on s e p a r a t e 

h i g h v o l t a g e p l a t f o r m s , r a t h e r t h a n on a common p l a t f o r m . Each p l a t f o r m i s on 
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a p o s i t i v e v o l t a g e o f 252 k V , powered by a power s u p p l y f o r a t l e a s t 10 mA, 

b u f f e r e d by a c a p a c i t y o f l e a s t 75 nF ( v o l t a g e d rop l e s s t h a n 5 kV when 

375 pC = 50 mA x 7 .5 ms a r e t a k e n ) , and housed i n an R F - t i g h t c a b i n e t . S t a t i c 

a c c e l e r a t i o n co lumns f o r h i g h c u r r e n t (20 mA i o n s ) a r e under d e v e l o p m e n t ; i t 

i s s u r e t h a t t h e y can be made w i t h good o p t i c a l p r o p e r t i e s , . 

A r r i v i n g a t g round p o t e n t i a l , t h e beam i s f o c u s e d i n t o t h e t r a n s v e r s e 

a c c e p t a n c e o f an RFQ a c c e l e r a t o r wh i ch w i l l be d e s c r i b e d i n t h e n e x t s e c t i o n . 

Here t he beam i s s t i l l a d „ c . beam. One o r two w i d e - a p e r t u r e t r i p l e t s , and a 

s p a c e - c h a r g e c o r r e c t i o n l e n s w i l l be n e e d e d . 

The l i n a c t r e e b e g i n s w i t h 8 p a r a l l e l RFQ l i n a c s a t 1 3 . 5 MHz, f o l l o w e d by 

4 p a r a l l e l W iderue l i n a c s o f 27 MHz, 2 p a r a l l e l Wideröe o r A l v a r e z l i n a c s o f 

54 MHz, and one A l v a r e z l i n a c whose f i r s t s e c t i o n o p e r a t e s a t 108 MHz. I n -

b e t w e e n , t u n n e l i n g and r e b u n c h e r s e c t i o n s combine t h e beams. 
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I V . 4 RFQ S e c t i o n 

At low p a r t i c l e v e l o c i t i e s , f o c u s i n g by e l e c t r i c q u a d r u p o l e f i e l d s i s 

more e f f e c t i v e t h a n by m a g n e t i c f i e l d s . F e e d i n g t h e q u a d r u p o l e s w i t h R F , a 

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

s i n c e s u p p o r t i n s u l a t o r s can be a v o i d e d . Though RF power i s more e x p e n s i v e t o 

p roduce t h a n t h e same amount o f dc power , w i t h a c a r e f u l d e s i g n one can b u i l d 

t he a c c e l e r a t o r a t a f a r l o w e r expense pe r m e g a v o l t t h a n a d r i f t t ube 1 i n a c 

w i t h s t a t i c f o c u s i n g d e v i c e s . 

T h i s e x p l a i n s why a d i a b a t i c b u n c h i n g o f a dc beam i n t o RF b u c k e t s i s 

m o s t l y m e n t i o n e d i n c o n n e c t i o n w i t h RFQ s t r u c t u r e s . A d i a b a t i c b u n c h i n g w h i c h 

i n p r i n c i p l e i s p o s s i b l e w i t h any 1 i n a c t y p e , demands a c e r t a i n a d d i t i o n a l 

l e n g t h o f 1 i n a c w h i c h n o r m a l l y i s r e g a r d e d t o be t o o e x p e n s i v e f o r t h i s p u r ­

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

ous t o a v o i d e x c e s s i v e l o n g - t r a n s c o u p l i n g ( e s p e c i a l l y t h e p a r a m e t r i c c o u p l i n g 

r e s o n a n c e ) , and t h i s a g a i n wou ld make o t h e r s t r u c t u r e s t h a n t h e RFQ l e s s e f ­

f e c t i v e . E s p e c i a l l y , t h e c o m b i n a t i o n o f c u r r e n t s o f 2 0 9 B i 2 + i o n s o f 20 mA, 

a d i a b a t i c and l o s s - f r e e b u n c h i n g ou t o f a p a r t i c l e ene rgy o f 0 . 5 MeV and a 

f r e q u e n c y o f 1 3 . 5 MHz i s o n l y p o s s i b l e w i t h RFQ t e c h n i q u e s . 

In an i n g e n i o u s c o n c e p t K a p c h i n s k i j and T e p l y a k o v ^ 1 ) have d e m o n s t r a t e d 

how t o use RFQ t e c h n i q u e s i n t h e most e f f i c i e n t way. S i n c e t h e n , s e v e r a l 

g roups have begun t o d e s i g n o r t o b u i l d RFQ s t r u c t u r e s , t h e most s u c c e s s f u l o f 

wh i ch was a t Los A l a m o s . N e a r l y a l 1 o f t h e s e were f o r p r o t o n s o r 1 i g h t i o n s 

( A / q < 3 ) ; a l s o t h e o r i g i n a l c o n c e p t o f K a p c h i n s k i j and T e p l y a k o v was d e s i g n e d 

f o r 1 i g h t i o n s a t f a i r l y h i g h f r e q u e n c i e s (> 100 M H z ) . 

B e s i d e an i n c o m p l e t e d e s i g n o f D. S w e n s o n ^ 2 ) f o r v e r y heavy i o n s ( A / q = 

100) t h e o n l y e f f o r t t o d e s i g n an RFQ a c c e l e r a t o r f o r t h e s e i o n s (o r even 

h e a v i e r ones ) a t l ow f r e q u e n c i e s a round 10 MHz up t o now has been made j o i n t l y 
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by GSI o f Darms tad t and t h e U n i v e r s i t y o f F r a n k f u r t . The RF s y s t e m o f t h i s 

a c c e l e r a t o r i s q u i t e d i f f e r e n t f rom t h e l i g h t i o n t y p e s . ( 3 ) I t s f e a t u r e s a r e 

good power economy i n s p i t e o f a h i g h c a p a c i t i v e l o a d o f t h e RF c a v i t y ( o r a 

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

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

e r r o r s ) . A p r o t o n model o f t h i s d e s i g n , s c a l e d down 1:4 has been put i n t o 

o p e r a t i o n . Now (1981) a p r o t o t y p e o f a f u l l - s c a l e a c c e l e r a t o r c a v i t y i s 

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

r a d i a l m a t c h i n g s e c t i o n s a r e i n s t a l l e d a t t h e b e g i n n i n g as w e l l as a t t h e e n d . 

By t h i s measure i t i s t r i e d t o keep t h e t r a n s v e r s e e m i t t a n c e b l o w - u p as s m a l l 

as p o s s i b l e . We hope f o r an e m i t t a n c e b l o w - u p f a c t o r as s m a l l as 1.5 t o 2 . 0 , 

and t h i s hope i s n o u r i s h e d by c a l c u l a t i o n s o f t h e Los A lamos g r o u p . A maximum 

b l o w - u p f a c t o r o f 3 . 0 wou ld be t o l e r a b l e . 

A s p e c i f i c p rob lem w i t h a d i a b a t i c b u n c h i n g i s t h e l o n g i t u d i n a l e m i t t a n c e 

o f t h e beam. W i t h o u t a s o - c a l l e d s h a p e r s e c t i o n , t h e l o n g i t u d i n a l e m i t t a n c e 

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

" g e n t l e - b u n c h e r " i n t o w h i c h t h e beam i s f i 1 a m e n t a t e d . To d e c r e a s e t h e e m i t ­

t a n c e , i . e . t o a v o i d some o f t h e f i l a m e n t a t i o n , a s o - c a l l e d " s h a p e r s e c t i o n " 

i s used b e f o r e , w i t h no a c c e l e r a t i o n a t a l l , bu t w i t h a r i s i n g l o n g i t u d i n a l 

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

t i v e . W i th a i m l o n g s h a p e r , 18 px p e r i o d s , t h e l o n g i t u d i n a l e m i t t a n c e i s 50 

d e g r e e s x k e V / a m u , compared w i t h 140 deg x keV/amu w i t h o u t any s h a p e r . The 

l o n g i t u d i n a l e m i t t a n c e s h o u l d be s m a l l e r t h a n 25 deg x keV/amu f o r t h e HIBALL 

a c c e l e r a t o r . At t h e t i m e o f w r i t i n g we t r y t o d e t e r m i n e how l o n g t h e s h a p e r 

s h o u l d b e . A l o n g e r s h a p e r does no t improve t h e c a p t u r e e f f i c i e n c y s u b s t a n ­

t i a l l y , w h i c h i s now 80 t o 90%. F i g u r e I V . 4 - 1 shows a l o n g i t u d i n a l s e c t i o n 

t h r o u g h t h e RFQ c a v i t y p r o t o t y p e . 
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I V . 5 Wideröe and A l v a r e z S e c t i o n s 

T h i s i s t h e most c o n s e r v a t i v e and b e s t d e v e l o p e d p a r t o f t h e f a c i l i t y . 

Though i t has t o be d e s i g n e d f o r a 1 ower s p e c i f i c i o n c h a r g e q / A , i t s t e c h n i ­

c a l f e a t u r e s may be w i d e l y i d e n t i c a l w i t h t h e GSI d e s i g n o f UNILAC c a v i t i e s , 

e x c e p t f o r t h e t o t a l l e n g t h s . D e s c r i p t i o n s have t o be o m i t t e d h e r e , t h e y may 

be t a k e n f rom t h e 1 i t e r a t u r e . ( 1 _ 3 ) F i g u r e I V . 5 - 1 g i v e s a p a r a m e t e r t a b l e o f 

t h e 1 i n a c . 

W h i l e UNILAC i s composed o f 27 .1 and 108 .4 MHz s t r u c t u r e s o n l y , t h e r e 

w i l l be an i n t e r m e d i a t e 5 4 . 2 MHz s t r u c t u r e a l s o , p r o b a b l y o f t h e Wideröe 

d e s i g n . T h i s s t r u c t u r e has not y e t been d e t a i l e d . 

C a l c u l a t i o n s and e x p e r i m e n t s done r e c e n t l y ^ 4 ) show t h a t t h e beam t r a n s ­

p o r t c a p a b i l i t y o f t h e Wideröe s t r u c t u r e i s s u f f i c i e n t f o r H I B A L L , e x c e p t t h e 

f i r s t p a r t o f UNILAC c a v i t y WI, t h e v e r y f i r s t o n e , w h i c h i n HIBALL w i l l be 

r e p l a c e d by an RFQ c a v i t y , see s e c t i o n I V . 4 . 

The l a s t p a r t o f t h e 1 i n a c , but t he l a r g e s t one as measured i n te rms o f 

l e n g t h o f s t r u c t u r e and i n s t a l l e d power , i s a 3 2 5 . 2 MHz A l v a r e z s t r u c t u r e . 

T h i s f r e q u e n c y i s p r e f e r r e d o v e r 2 1 6 . 8 MHz because t h e r e i s no matu re power -

a m p l i f i e r t e c h n o l o g y a v a i l a b l e between 108 MHz (upper end o f FM r a d i o ) and t h e 

o n s e t o f k l y s t r o n t e c h n o l o g y f o r w h i c h o n l y r e c e n t l y h i g h - p o w e r k l y s t r o n s o f 

324 MHz have been d e v e l o p e d . T h i s c o n s i d e r a t i o n was one o f t h e i m p o r t a n t 

r e a s o n s o f t h e f r e q u e n c y c h o i c e (108 and 324 MHz) f o r t h e SNQ P r o j e c t , 
(5) a 

1.1 GeV p r o t o n 1 i n a c f o r an i n t e n s e n e u t r o n s o u r c e . In t h i s p r o j e c t a l s o t h e 

t y p e o f s t r u c t u r e changed i n f a v o r o f t h e " d i s c - a n d - w a s h e r " s t r u c t u r e a t t h i s 

f r e q u e n c y j ump . We a r e , h o w e v e r , no t a b l e t o choose a n o t h e r t y p e o f c a v i t y 

t han t h e A l v a r e z s t r u c t u r e f o r two r e a s o n s : (1) Fo r r e a s o n s o f s p a c e c h a r g e 

t r a n s p o r t we have t o p r o v i d e one q u a d r u p o l e magnet p e r ßx, i . e . t h e l e n g t h o f 

one FODO p e r i o d s h o u l d no t be more t h a n 1 ßx; so we may no t c h o o s e a s t r u c t u r e 



RFQ 13.5 MHz 
8 x 20 mA 

GH 

Wideröe 27 MHz 
4 x 38 mA 

Wideröe 54 MHz 
2 x 75 mA 

Alvarez 108 MHz 
1 x 150 mA 

Alvarez 324 MHz 
1 x 150 mA 
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W i n MeV/u 

AU in MV 10 

Acc. Rate 

in MV/m 0.5 
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RF Peak Power 
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per Section 4.8 

RF Duty Factor 0.154 
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0.154 

0.68 

3 

0,4 
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12 
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Z = 5000 MV 
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2500 Z = 3000 m 
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Z = 293 MW 

Z = 45.8MW 
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Comments: Acc.Rate E 0 • T - cos <)>s 
E 0 = Average A x i a l F i e l d 
T = Transittime Factor ̂ 0.86 

<|>s = Synchron.Phase Angle = -30° 
RF Peak Pwr i n MW/m = E 0

2 / Z Q 

ZQ = Shunt impedance = 50 Mfi/m 

F i g . IV.5—1: Preliminary HIBALL Linac Parameters 



o f " s e p a r a t e f u n c t i o n s " . (2) The main p a r a m e t e r t h a t d e t e r m i n e s whe the r t h e 

shun t impedance (wh i ch i s a f i g u r e o f m e r i t f o r o p t i m a l power economy) i s n e a r 

i t s maximum, i s t h e p a r t i c l e v e l o c i t y , ß = 0 .32 i s w e l l w i t h i n t h e domain o f 

A l v a r e z , and c l e a r l y o u t s i d e t h e domain o f d i s c and w a s h e r . A T i t t l e p rob lem 

seems t o a r i s e f rom t h e d i a m e t e r o f d r i f t t u b e s w h i c h c a n n o t be s c a l e d down t o 

p r o p o r t i o n a l t o x s i n c e t h e bo re d i a m e t e r does not s c a l e t h i s way . N e v e r t h e ­

l e s s , even i f t h e opt imum o f d r i f t t ube d i a m e t e r (about 5 t o 10% o f x) c a n n o t 

be m a t c h e d , t h e shun t impedance s t i l l i s h i g h e r a t 3 2 5 . 2 MHz than a t 2 1 6 . 8 

MHz. Moreover i t i s hoped t o draw a d v a n t a g e f rom t h e n e w l y - d e v e l o p e d pe rma-

n e n t - q u a d r u p o l e magnet t e c h n o l o g y ^ ) by d e s i g n i n g smal l e r (and e n e r g y -

c o n s e r v i n g ) d r i f t t u b e s . 

P r o b a b l y i t w i l l no t be n e c e s s a r y t o e q u i p t h e 1 i n a c w i t h remote h a n d l i n g 

m a i n t e n a n c e d e v i c e s , i n c o n t r a s t t o h i g h - i n t e n s i t y p r o t o n and d e u t e r o n ma­

c h i n e s . I f i o n s h i t s o l i d m a t e r i a l s , e l a s t i c and i n e l a s t i c s c a t t e r i n g d o m i ­

n a t e l a r g e l y o v e r n u c l e a r r e a c t i o n s . At UNILAC, r e s i d u a l r a d i o a c t i v i t y i n 

1 i n a c components i s n e g l i g i b l e e x c e p t i n t h e beam s p l i t t e r s e p t a w h i c h 

r o u t i n e l y a r e h i t by a l a r g e f r a c t i o n o f t h e beam. However , t h i s d e v i c e t o o 

does not r e q u i re remote h a n d l i n g . In H IBALL , beam i n t e n s i t i e s a r e t h r e e o r 

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

r a d i o a c t i v e , bu t o n l y s e p t a i n t h e s t o r a g e r i n g s w i l l r e q u i r e remote h a n d l i n g . 

The RF a m p l i f i e r s ys tems p r o b a b l y w i l l l o o k a 1 i t t l e d i f f e r e n t f rom 

UNILAC t e c h n i q u e s . 50% t o 75% o f t h e RF power , about 800 MW, w i l l be t a k e n by 

t h e beam. Then t h e 50 Ohm power t r a n s m i s s i o n 1 i n e s between t h e a m p l i f i e r s and 

t h e a c c e l e r a t o r s t r u c t u r e s w h i c h , though e x p e n s i v e , r e p r e s e n t an a d v a n t a g e f o r 

s t a t u s d i a g n o s t i c s unde r a smal1 beam l o a d , a r e no l o n g e r v e r y r e a s o n a b l e . 

I n s t e a d , we may t h i n k o f t e t r o d e a m p l i f i e r s w h i c h a r e c o u p l e d d i r e c t l y , on a 

h i g h impedance l e v e l , t o t h e a c c e l e r a t o r s t r u c t u r e s . T h i s may r e s u l t i n 
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s m a l l e r u n i t s a l s o , t he m o d u l a r i t y o f t h e s e u n i t s may improve t h e r e l i a b i l i t y . 

These t r e n d s a t p r e s e n t do no t a p p l y t o k l y s t r o n a m p l i f i e r s w h i c h n o r m a l l y 

have t o o p e r a t e i n t o a matched wavegu ide 1 i n e . 
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IV.6 F u n n e l i n g 

The p u r p o s e o f t h e f u n n e l i n g s e c t i o n s has been d e s c r i b e d i n s e c t i o n I V . 1 , 

and i s s h o r t l y r e p e a t e d h e r e . 

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

c l e s has been d o u b l e d . At t h i s p o i n t , one can combine t h e beams o f two f o r e ­

g o i n g 1 i n a c s i n t o t h e one o f h i g h e r f r e q u e n c y w i t h o u t any d i s a d v a n t a g e s c o n ­

c e r n i n g space c h a r g e c o n t a i n m e n t , s i n c e t h e 1 i n a c o f h i g h e r f r e q u e n c y c o n t a i n s 

d o u b l e t h e number o f RF b u c k e t s . One n e e d s , howeve r , a s w i t c h w h i c h b r i n g s 

t he beams o f b o t h f o r e g o i n g 1 i n a c s i n t o a common beam a x i s . 

Though i n p r i n c i p l e one wou ld need a d e f l e c t o r w i t h a s t e p - f u n c t i o n 

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

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

1 i n a c , i . e . t o combine t h e beams o f two 5 4 . 2 MHz l i n a c s i n t o one 1 0 8 . 4 MHz 

1 i n a c , one wou ld use a 5 4 . 2 MHz t r a n s v e r s e d e f l e c t o r . 

A n o t h e r q u e s t i o n i s whe the r t h e e l e c t r i c f i e l d n e c e s s a r i l y t r a v e l s a l ong 

w i t h t he beam p u l s e s , o r whe the r a s t a n d i n g - w a v e c a v i t y may be u s e d . In t h e 

c a s e o f s i n u s o i d a l f i e l d , t h e f i e l d s t r e n g t h wh i ch can be g e n e r a t e d i s h i g h 

enough t o a p p l y a s t a n d i n g wave . The p r a c t i c a l p r o b l e m o f a f u n n e l i n g s e c t i o n 

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

q u a d r u p o l e l e n s e s , b e n d i n g magnets and a septum magnet a l s o have t o be 

a r r a n g e d i n t h e beam p a t h . 

Because o f t h e l i m i t e d " a p e r t u r e " o f t h e " t i m e l e n s e s " , as r e b u n c h e r s can 

be l o o k e d a t , g i v e n by t h e u s e f u l phase w i d t h o f t h e s i n u s c u r v e wh i ch has t o 

be s u f f i c i e n t l y l i n e a r , t h e s p a c e between two r e b u n c h e r c a v i t i e s , o r t h e d i s ­

t a n c e t o t h e o b j e c t s w h i c h have t o be matched t o , i s 1 i m i t e d t o a few m e t e r s . 

G e n e r a l l y , f u n n e l i n g s e c t i o n s t e n d t o be s h o r t and c r o w d e d . T h i s p rob lem i s 

l o o k e d a t by K. Bonga rd t a t K f K . A p r e l i m i n a r y d e s i g n i s shown i n F i g . I V . 6 - 1 , 
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F i g . I V . 6 - 1 

EXAMPLE FOR A FUNNELING SECTION 
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based on a t w o - r e b u n c h e r - c a v i t y d e s i g n (wh ich g i v e s enough f l e x i b i l i t y f o r 

m a t c h i n g ) . 
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IV .7 R i n g s , L a t t i c e , and Magnet T e c h n o l o g y 

The p u r p o s e o f t h e s t o r a g e r i n g s y s t e m , i t s b a s i c p r o p e r t i e s and how i t 

f i t s i n t o t h e d r i v e r c o n c e p t o f HIBALL have been d e s c r i b e d i n C h a p t e r I V . 1 . 

H e r e , a d d i t i o n a l t e c h n i c a l d e t a i l s w i l l be d i s c u s s e d . No s i g n i f i c a n t p r o b l e m s 

a r e e x p e c t e d t o o c c u r i n t h e t r a n s f e r r i n g o r i n t h e c o n d e n s e r r i n g s due t o 

t h e i r l a r g e c i r c u m f e r e n c e , t h e r e l a t i v e l y low c o a s t i n g beam c u r r e n t , and t h e 

l o w e r e l e c t r i c c h a r g e . T h e r e f o r e , a t t e n t i o n i s f o c u s e d on t h e s m a l l s t o r a g e 

r i n g s where p a r t o f t h e n e c e s s a r y b u n c h i n g p r o c e d u r e t a k e s p l a c e . These r i n g s 

have t o be b u i l t as compact as p o s s i b l e t o m i n i m i z e t h e r e v o l u t i o n t i m e . On 

t h e o t h e r h a n d , t h a t may i n d u c e p r a c t i c a l p rob lems i f t h e a v a i l a b l e s p a c e i n 

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

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

I V . 7 . 1 Magnet L a t t i c e 

The most e f f i c i e n t h i g h - q u a l i t y l a t t i c e f o r p r o v i d i n g a l t e r n a t i n g g r a d i ­

en t t r a n s v e r s e f o c u s i n g i s t h a t composed o f FODOFODO-cel 1 s w i t h b e n d i n g d i -

p o l e s p l a c e d i n s p a c e 0 between q u a d r u p o l e s F and D. F o r s i m u l t a n e o u s e x t r a c ­

t i o n o f two bunched beam segments i t i s c o n v e n i e n t t h a t t h e l a t t i c e be made up 

o f 4 i d e n t i c a l s e c t o r s , t h e s u p e r p e r i o d s , each o f them c o n s i s t i n g o f 10 normal 

p e r i o d s o f 1 1 . 5 8 m l e n g t h . That pu t s t h e b e t a t r o n t u n e v n e a r 1 0 . B e s i d e s 

t h e two s t r a i g h t s e c t i o n s f o r e x t r a c t i o n p u r p o s e s , t h e r e a r e two o t h e r 

s t r a i g h t s t o be used f o r beam i n j e c t i o n and f o r i n s t a l l i n g b u n c h i n g c a v i t i e s . 

In each h a l f normal p e r i o d abou t 1.6 m a r e p r o v i d e d t o i n s t a l l a d d i t i o n a l 

e q u i p m e n t . The p r e l i m i n a r y l a t t i c e d a t a a r e summar ized i n T a b l e I V . 7 - 1 . 
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T a b l e I V . 7 - 1 . M a g n e t i c L a t t i c e Da ta 

L a t t i c e P a r a m e t e r s 

M a g n e t i c r i g i d i t y o f t h e beam 107 .7 Tm 

Number o f s u p e r p e r i o d s 4 

Number o f normal p e r i o d s 40 

B e t a t r o n t une n e a r 10 

C i r c u m f e r e n c e o f t h e r i n g 463 .1 m 

Leng th o f a s u p e r p e r i o d 1 1 5 . 8 m 

L e n g t h o f a normal p e r i o d 11 .6 m 

F ree s p a c e pe r h a l f normal p e r i o d 1.6 m 

D i p o l es 

T o t a l number 144 

Number pe r h a l f normal p e r i o d 2 

D e f l e c t i o n a n g l e 2 . 5 ° 

Leng th 1.09 m 

A d d i t i o n a l f r e e space 0 . 2 5 m 

Bend ing r a d i u s 2 5 . 0 5 m 

Assumed m a g n e t i c f i e l d s t r e n g t h 4 . 3 0 T 

Ave rage d i p o s e f i e l d 1.43 j 

S a g i t t a 0 .06 m 

Q u a d r u p o l e s 

T o t a l number 80 

Leng th 0 . 6 3 m 

A d d i t i o n a l f r e e s p a c e 0 . 2 0 m 

F i e l d g r a d i e n t 4 1 .9 j / m 

( a p p r o x i m a t e v a l u e under a s s u m p t i o n o f 90° phase advance ) 

S c h e m a t i c l a y o u t o f h a l f a normal p e r i o d : 

E l e m e n t : Q u a d r u p o l e D r i f t Space 2 D i p o l e s D r i f t Space Q u a d r u p o l e 

L e n g t h / m : 0 . 6 3 0 . 4 5 2 . 6 8 2 . 0 2 0 . 6 3 

A more d e t a i l e d p a r a m e t e r l i s t , i n c l u d i n g i o n o p t i c a l d a t a , i s i n p r e p a r a t i o n . 

F o r a d d i t i o n a l d a t a see a l s o t h e c o m p l e t e HIBALL p a r a m e t e r l i s t . 
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Whereas t he t r a n s f e r r i n g as w e l l as t h e c o n d e n s e r r i n g s w i l l be b u i l t by 

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

p r o b a b l y w i t h s u p e r c o n d u c t i n g e x c i t a t i o n c o i l s , advanced t e c h n o l o g i e s s h o u l d be 

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

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

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

a r e l e s s s e v e r e than i n a c c e l e r a t i n g s y n c h r o t r o n s b e c a u s e o f t h e f a c t t h a t no 

f a s t p u l s i n g o f t h e magnets i s n e c e s s a r y . The b i g g e s t a d v a n t a g e i s t he much 

l o w e r power c o n s u m p t i o n o f s u p e r c o n d u c t i n g m a g n e t s . 

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

between 4 T and abou t 5 T . T h i s f i e l d r e g i o n can be r e a l i z e d u s i n g s u p e r c o n ­

d u c t o r s o f N b / T i i n a c o p p e r m a t r i x , and one can r e l y on a w e l l p roven t e c h ­

n o l o g y . The p r e s e n t d e s i g n v a l u e f o r t h e c e n t r a l i n d u c t i o n o f 4 . 3 T i s w e l l 

be low t h e l i m i t o f 5 T where d i f f i c u l t i e s seem t o i n c r e a s e r a p i d l y . 

A bo re s i z e o f a t l e a s t 60 mm i s n e e d e d . Bo th s o l u t i o n s - - warm o r c o l d 

i r o n — a r e r e a l i z e d a t p r e s e n t . A d e c i s i o n i n t h a t r e s p e c t c o u l d be based on 

t h e f o l l o w i n g p o i n t s : 

. The dange r o f permanent hea t i n p u t i n t o t h e h e l i u m by means o f RF l o s s e s 

and beam i n d u c e d c u r r e n t s i n t h e chamber w a l l i s a v o i d e d u s i n g a warm b o r e . 

E s p e c i a l l y t h e h i g h peak c u r r e n t s i n HIBALL may c r e a t e s e v e r e p r o b l e m s . 

. i n t h e c a s e o f beam l o s s e s t h e r e i s no dange r o f e v a p o r a t i o n o f f r o z e n 

i m p u r i t i e s f rom t h e w a l l s . 

. The mach ine vacuum t u b e c o m p l e t e l y a t room t e m p e r a t u r e e n a b l e s t h e i n s t a l ­

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

. one o f t h e most s e r i o u s d i s a d v a n t a g e s o f c o l d i r o n i s t h e h i g h mass t o be 

c o o l e d down t o h e l i u m t e m p e r a t u r e . T h i s means e x t r e m e l y l o n g c o o l i n g and 
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h e a t i n g t i m e s w h i c h a r e v e r y u n c o m f o r t a b l e i n many c a s e s ( t e s t s , r e p l a c e ­

ment i n t h e r i n g ) . 

• F u r t h e r m o r e i t i s no t e a s y t o a v o i d d i f f i c u l t i e s due t o t h e d i f f e r e n c e i n 

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

• In c a s e s where t h e i r o n i s t o o c l o s e t o t h e c o i l s , s a t u r a t i o n e f f e c t s may 

cause f i e l d d i s t o r t i o n s wh i ch have t o be c o r r e c t e d . 

• On t h e o t h e r h a n d , one has t h e f o l l o w i n g a d v a n t a g e s : c o i l s a r e e a s i e r t o 

a l i g n c e n t r a l l y w i t h i n t h e i r o n b o r e . M a g n e t i c f o r c e s can be s a f e l y t a k e n 

a t t h e low t e m p e r a t u r e o f t h e c o i l w i t h o u t hea t l o s s e s . The i r o n i s c l o s e r 

t o t h e c o i l s , wh i ch r e q u i r e s l e s s ampere t u r n s f o r t h e same f i e l d and 

' u s e f u l d i a m e t e r . 

The a d v a n t a g e s and d i s a d v a n t a g e s o f warm i r o n a r e n a t u r a l l y t h e i n v e r s e o f 

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

The f i n a l s e l e c t i o n s h o u l d be p o s t p o n e d u n t i l e x t e n s i v e e x p e r i e n c e and 

i n f o r m a t i o n i s a v a i l a b l e f rom o t h e r s u p e r c o n d u c t i n g sys tems e i t h e r a l r e a d y i n 

f a b r i c a t i o n o r b e i n g p r o p o s e d . Many components and d e t a i l s m igh t s t i l l be i m ­

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

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

i n g magnets has t o be r a i s e d c o n s i d e r a b l y . 

Assuming abou t 200 m o f magnets p e r s t o r a g e r i n g and a n e c e s s a r y c o o l i n g 

power o f abou t 3 W/m t o be d e l i v e r e d a t t h e c o l d p a r t o f t h e magne t , l e a d s t o 

600 W o f t o t a l c o o l i n g power pe r r i n g . F a c i l i t i e s o f up t o 3000 W can be 

b u i l t a l r e a d y a t p r e s e n t t i m e . C o n s e q u e n t l y , i t wou ld be r e a s o n a b l e t o use 

one c o o l i n g f a c i l i t y f o r a g roup o f 5 s t o r a g e r i n g s . 

R e f e r e n c e s f o r S e c t i o n I V . 7 

1. H E R A - R e p o r t ; ECFA 8 0 / 4 2 ; 17 March 1 9 8 0 ; DESY HERA 8 0 / 0 1 . 
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I V . 8 Beam H a n d l i n g i n t h e R i n g s ( K i c k e r s ) 

I V . 8 . 1 I n j e c t i o n and E x t r a c t i o n 

In t h e p r e s e n t c o n c e p t , m u l t i t u r n i n j e c t i o n i s used t o f i l l t h e t r a n s f e r 

r i n g as w e l l as t h e c o n d e n s e r and s t o r a g e r i n g s . In any c a s e t h e p r i n c i p a l 

e l emen t i s a septum magnet w h i c h t r a n s p o r t s a new t u r n o f beam i n t o t h e r i n g 

and l e t s pass t h e p r e v i o u s l y i n j e c t e d t u r n s o f beam on t h e o t h e r ( f i e l d - f r e e ) 

s i d e o f t h e s e p t u m . The septum has t o be t h i n so t h a t t h e new and t h e o l d 

t u r n s can be s t a c k e d n e x t t o each o t h e r w i t h a minimum o f s e p a r a t i o n between 

t hem. The t h i c k n e s s o f t h e septum w i l l be o p t i m i z e d w i t h r e s p e c t t o i t s c o o l ­

i n g p r o p e r t i e s and t h e t o l e r a b l e beam l o s s e s . As s u c c e s s i v e t u r n s a r e 

s t a c k e d , s i n c e i t i s i m p o s s i b l e t o move t h e septum t h a t r a p i d l y , t h e o r b i t o f 

t he a l r e a d y i n j e c t e d beam i s moved by 2 p a i r s o f f a s t o r b i t - b u m p magnets 

l o c a t e d a p p r o x i m a t e l y +90° and - 9 0 ° b e t a t r o n phases f rom t h e e x i t o f t h e 

sep tum. I t w i l l be n e c e s s a r y t o s h i f t t h e bumped o r b i t s i n t i m e s o f t h e o r d e r 

o f 1 p s e c . In o r d e r no t t o r e s t r i c t t h e a c c e p t a n c e , t h e bumped o r b i t s a r e o n l y 

a l l o w e d t o a p p e a r i n t h e i n j e c t i o n s t r a i g h t s e c t i o n . Because o f t h e f a c t t h a t 

o n l y 3 t u r n s a r e i n j e c t e d i n t h e h o r i z o n t a l p l a n e o f each r i n g i t s h o u l d no t 

be a p rob lem t o keep t h e e m i t t a n c e d i l u t i o n f a c t o r w e l l be low a v a l u e o f 2 as 

r e q u i r e d by t h e p r e s e n t scheme. The f i l l i n g o f t h e s e c o n d t r a n s v e r s e p l a n e i s 

a c c o m p l i s h e d by r o t a t i n g t h e beam by tr/2 between t h e t r a n s f e r r i n g and t h e 

c o n d e n s e r r i n g s , f o l 1 owed by a n o t h e r s t a c k i n g p r o c e d u r e i n t h e h o r i z o n t a l 

p l a n e . S o l u t i o n s t o a l l t h e s e p rob lems a r e on hand i n t h e f rame o f t h e 

c u r r e n t s t a t e - o f - t h e - a r t o f a c c e l e r a t o r t e c h n o l o g y . 

A l t e r n a t i v e l y , a c o r n e r septum c o u l d be used t o s t a c k t h e beam s i m u l t a n e ­

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

f i g u r a t i o n w i t h r e s p e c t t o t h e t r a n s f e r and c o n d e n s e r r i n g s . B u t , h o w e v e r , 

t h a t method has no t y e t been c o n s i d e r e d i n more d e t a i l . 
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A f t e r b u n c h i n g , two bunches e x i s t i n each s t o r a g e r i n g and have t o be e x ­

t r a c t e d s i m u l t a n e o u s l y by f a s t k i c k e r m a g n e t s . The e x t r a c t i o n equ ipmen t w i l l 

be i n s t a l l e d i n two s t r a i g h t s e c t i o n s on o p p o s i t e s i d e s o f t h e s t o r a g e r i n g s . 

I V . 8 . 2 K i c k e r Magnets 

The c h a r a c t e r i s t i c p r o p e r t i e s and t h e t e c h n o l o g i c a l p rob lems o f k i c k e r s 

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

The r e q u i red f i e l d s t r e n g t h i s d e t e r m i n e d by t h e n e c e s s a r y d e f l e c t i o n 

a n g l e t h e m a g n e t i c r i g i d i t y o f t h e beam BR and t h e a l l o w e d l e n g t h o f t h e 

k i c k e r magnet i t s e l f : 

k i c k [Tm] = ? [ r a d ] - B R [Tm] . 

The c o r r e s p o n d i n g k i c k e r p a r a m e t e r s needed f o r t h e t h r e e t y p e s o f r i n g s used 

i n t h e HIBALL c o n c e p t a r e g i v e n i n T a b l e I V . 8 - 1 . 

A rough e s t i m a t i o n o f t h e n e c e s s a r y v o l t a g e V , c u r r e n t I and c o n s e q u e n t l y 

o f t h e r e q u i r ed power i s p o s s i b l e by u s i n g t h e r e l a t i o n s 

V [V ] - , I [ A ] - h * k 

T R % * * 

where £ , h , w [m] a r e t h e mean l e n g t h , h e i g h t , and w i d t h o f t h e a p e r t u r e , T R 

[ s e c ] i s t h e r i s e t i m e , and k [Tm] t h e k i c k n e e d e d . The r e q u i r e d v o l t a g e s a r e 

i n t h e range f rom 10 t o 100 kV and t h e c o r r e s p o n d i n g c u r r e n t s v a r y between 5 

and 20 k A . 

In p r i n c i p l e no p rob lems a r e e x p e c t e d t o o c c u r i n t h e f i n a l phase o f c o n ­

s t r u c t i o n o f such k i c k e r magnets f rom a t e c h n o l o g i c a l p o i n t o f v i e w . However , 

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

m a g n e t s , and w i t h t h e 1 i m i t e d l e n g t h o f abou t 3 m a l l o w e d i n t h e s t o r a g e 
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T a b l e I V . 8 - 1 . K i c k e r Magnet P a r a m e t e r s 

D e f l e c t i o n A n g l e 
[mrad] 

R i s e Time 
[ u s e e ] 

F l a t Top 
[ u s e e ] Type 

T r a n s f e r R i n g 2 . 5 < 1 45 A 

Condense r R i n g s 2 . 5 < 1 15 A 

S t o r a g e R i n g s 6 . 0 1.5 0 . 5 B 

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

e a c h o t h e r . In any c a s e , p r o t o t y p e s o f f i n a l s i z e have t o be b u i l t and t e s t e d 

i n a d v a n c e . 

P r o b a b l y , t y p e B k i c k e r s have t o be s p l i t i n t o s e v e r a l modu les d r i v e n by 

d i s c h a r g e s o f h i g h - v o l t a g e L / C - p u l s e f o r m i n g n e t w o r k s , w h i c h i s a p r o v e n 

method f o r g e n e r a t i n g k i c k e r p u l s e s o f c o n s t a n t c u r r e n t ( l ow r i p p l e and o v e r ­

s h o o t , e t c . ) . The k i c k e r modu les t h e m s e l v e s may be d e s i g n e d as a s y m m e t r i c C -

shaped f e r r i t e m a g n e t s . C o o l i n g w a t e r c h a n n e l s have t o be p r o v i d e d i n t h e 

c o n d e n s e r p l a t e s i n o r d e r t o keep t h e i n s e r t e d f e r r i t e p i e c e s be low t h e i r 

C u r i e t e m p e r a t u r e . A l t e r n a t i v e l y , a d e s i g n w i t h o u t f e r r i t e may be w o r t h w h i l e 

c o n s i d e r i n g . A c c o r d i n g t o t h e l i t e r a t u r e ^ 1 ) i n t h i s c a s e abou t t w i ce t h e 

amount o f c u r r e n t and c o m b l i k e c o n d u c t o r s a r e r e q u i r e d f o r a s u f f i c i e n t l y good 

d i p o l e f i e l d . 

Methods have a l s o been s u g g e s t e d ^ ) t o r e c y c l e a t l e a s t 50% o f t h e ene rgy 

s t o r e d i n such k i c k e r s . 

R e f e r e n c e s f o r S e c t i o n I V . 8 

1 . G . S c h a f f e r ; I K O R - R e p o r t ; J u l - S p e z - 1 1 4 ; June 1 9 8 1 . 

2 . G . S c h a f f e r ; K f K ; A p r i l 1 9 8 1 ( u n p u b l i s h e d ) . 
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I V . 9 B u n c h i n g 

I V . 9 . 1 B u n c h i n g i n t he S t o r a g e R i n g s 

S t a r t i n g f rom a c o a s t i n g beam (21 A ; 5 p s e c r e v o l u t i o n t i m e ) two bunches 

(250 A ; 200 nsec l e n g t h ) have to be c r e a t e d , w i t h as l i t t l e l o s s o f p a r t i c l e s 

as p o s s i b l e . The most t e d i o u s p a r t i s t he f i r s t one w h i c h has t o o c c u r c a r e ­

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

a v o i d e d . A s i n u s o i d a l RF v o l t a g e o f 0 . 4 MHz i s a p p l i e d , s t a r t i n g w i t h an 

a m p l i t u d e o f 0 .1 kV ( p e r t u r n ) ( s e p a r a t r i x h a l f h e i g h t = 5 x 1 0 " 5 ; Q = 5 x 10 

and t he RF a m p l i t u d e i s i n c r e a s e d e x p o n e n t i a l l y w i t h t i m e . ' I t i s e s t i m a t e d 

t h a t i t t a k e s a t l e a s t 10 msec (2000 r e v o l u t i o n s ) u n t i l a b u n c h i n g f a c t o r 

B F = 0 . 5 , bunch l e n g t h o f 1.9 y s e c , has been r e a c h e d a t an RF a m p l i t u d e 

( i n t e g r a t e d o v e r t he c i r c u m f e r e n c e ) o f 0 . 1 5 kV p e r r e v o l u t i o n . 

9 
The b u n c h i n g f a c t o r i s d e f i n e d as Bp = - | A t / x . 

P r o c e e d i n g w i t h a d i a b a t i c b u n c h i n g , t h e bunch l e n g t h A t s h r i n k s as t h e 

i n v e r s e l / 4 t h power o f t he RF v o l t a g e : 

tA ~ B p ~ U p p / 4 . 

To a r r i v e a t a bunch f a c t o r o f 1/18 (bunch l e n g t h o f 200 n s e c ) , U R F has t o be 

r a i s e d to as much as 1.0 MV. . T h i s i s p r o b a b l y too h i g h a v o l t a g e , i n v i e w o f 

t h e c e r a m i c windows o f t he c a v i t i e s . 

I n s t e a d o f t h i s t o t a l l y a d i a b a t i c p r o c e d u r e , one wou ld p r e f e r a m ixed 

p r o c e d u r e : b u n c h i n g i s a d i a b a t i c u n t i l Bp = 0 . 2 has been r e a c h e d , a t 

a v o l t a g e o f a b o u t 5 . 8 kV . Then v o l t a g e i s r a i s e d s u d d e n l y , w i t h i n a few 

m i c r o s e c o n d s , to 76 kV . T h e r e a f t e r t he phase s p a c e e l l i p s e b e g i n s to r o t a t e ; 

when i t i s i n a v e r t i c a l p o s i t i o n , t he bunches a r e e x t r a c t e d . In t h i s n o n -
- 1 / 2 

a d i a b a t i c p r o c e d u r e , t h e s h o r t e s t b u n c h w i d t h i s p r o p o r t i o n a l t o U D F : 
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B F 1 f

U R F r a i s e d r 1 7 2 

t h a t means t h a t Bp = 1/18 i s a c h i e v e d w i t h 76 kV. 

S i n c e t h e h i g h RF v o l t a g e i s a p p l i e d t o a bunch o f +60° phase e x t e n t , and 

t h e bunch i s f u r t h e r compressed by a f a c t o r o f 3 .6 o n l y , i t i s a l l o w e d t o be a 

s i n e and no t s a w t o o t h . We e s t i m a t e i t t o be dange rous t o have f e r r i t e c a v i ­

t i e s i n t h e r i n g s , e x c e p t f o r t h e pu rpose o f a c t i v e f e e d b a c k f o r s u p p r e s s i o n 

o f s p u r i o u s bunch modes , and w i t h t h e f e e d b a c k a m p l i f i e r b e i n g s w i t c h e d o n . 

T h i s i s a t e c h n i q u e w h i c h w i l l be i n v e s t i g a t e d e x p e r i m e n t a l l y i n t h e SNS a t 

R u t h e r f o r d L a b o r a t o r y . I f t h e f eedback a m p l i f i e r were v e r y p o w e r f u l one c o u l d 

a l s o a p p l y t h e b u n c h i n g v o l t a g e d i r e c t l y i n t o t h i s c a v i t y . Some k i l o v o l t s 

wou ld s u f f i c e t o p e r f o r m t h e who le b u n c h i n g p r o c e s s , w i t h no a d i a b a t i c b u n c h ­

i n g p r o c e s s b e f o r e . The q u e s t i o n whe the r t h i s t e c h n i q u e w i l l be s u c c e s s f u l i s 

v e r y o p e n , and o u r d e s c r i p t i o n i s no t based on t h i s (however v e r y a d v a n t a g e ­

ous ) ' m e t h o d . 

The s t o r a g e r i n g vacuum must be c l o s e d f rom t h e volume o f t h e RF c a v i t i e s 

( w i t h o r w i t h o u t f e r r i t e s ) by a c y l i n d r i c c e r a m i c w indow, b e c a u s e t h e r i n g 

vacuum has t o be a t a p r e s s u r e o f 1 0 " 1 2 t o r r . T h i s l i m i t s t h e RF v o l t a g e t o 

< 50 kV ( a m p l i t u d e ) p e r RF c a v i t y , and two o r t h r e e RF c a v i t i e s have t o 

be i n s t a l l e d pe r r i n g . 

The RF c a v i t i e s may be s h a r e d by a l l r i n g s o f a r i n g package ( o f 5 

r i n g s ) . T h i s s h a r i n g does no t mean t h e l o s s o f f reedom t o bunch t h e c o n t e n t s 

o f t h e 20 f i n a l beam l i n e s i n d i v i d u a l l y i n d i f f e r e n t w a y s , i n o r d e r t o shape 

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

t h e r i n g s ( see nex t s u b s e c t i o n ) , o f w h i c h t h e r e has t o be r e a l l y one pe r beam 

1 i n e . 
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I V . 9 . 2 I n d u c t i o n L i n a c Compresso r 

I V . 9 . 2 . 1 I n t r o d u c t i o n 

A f t e r t h e 20 beam p u l s e s a r e s i m u l t a n e o u s l y e x t r a c t e d f rom t h e 10 s t o r a g e 

r i n g s , f i n a l c o m p r e s s i o n o f each beam i s i n i t i a t e d w i t h an i n d u c t i o n l i n a c 

c o m p r e s s o r . Each c o m p r e s s o r , 20 r e q u i r e d , a p p l i e s a ± 150 MV (± 300 MeV) v o l t a g e 

ramp t o t h e beam i n 250 kV s t e p s f o r c i n g t he 200 nsec beam p u l s e t o be b a l -

1 i s t i c a l l y f o c u s e d t o 20 n s e c a t t h e t a r g e t chamber . 

A c o m p r e s s o r can be v i ewed as c o n s i s t i n g o f a beam t r a n s p o r t s ys tem and 

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

I V . 9 . 2 . 2 Beam T r a n s p o r t Sys tem 

Each beam wi11 be t r a n s p o r t e d t h r o u g h a c o m p r e s s o r w i t h a p e r i o d i c F0D0 

sys tem w h i c h i s matched t o s t o r a g e r i n g e x t r a c t i o n . Compresso r beam t r a n s p o r t 

p a r a m e t e r s a r e t a b u l a t e d i n T a b l e I V . 9 - 1 . 

T a b l e I V . 9 - 1 . Compresso r Beam T r a n s p o r t P a r a m e t e r s 

P e r i o d 8 m 

Occupancy F a c t o r 1 / 8 

Tune S h i f t 6 0 ° - 3 6 ° ( v e r t i c a l ) 

6 0 ° - 1 8 ° ( h o r i z o n t a l ) 

Nominal C u r r e n t 250 A 

Beam R a d i u s 0 . 0 5 2 m 

F o c u s i n g S t r e n g t h 5 3 . 2 T/m 

A l l o w i n g 25% beam r a d i u s c l e a r a n c e , t h e f o l l o w i n g f o c u s i n g magnet p a r a m e t e r s 

a r e o b t a i n e d : 
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T a b l e I V . 9 - 2 . F o c u s i n g Magnet P a r a m e t e r s 

Bore Tube R a d i u s 0 . 0 6 5 m 

B o r e Tube R a d i u s F i e l d 3 .46 T e s l a 

E f f e c t i v e m a g n e t i c l e n g t h 0 . 5 0 m 

S u p e r c o n d u c t i n g c o s i n e c o i l q u a d r u p o l e s a r e e n v i s i o n e d f o r t h e beam 

t r a n s p o r t s y s t e m . 

I V . 9 . 2 . 3 I n d u c t i o n L i n a c Sys tems 

The i n d u c t i o n 1 i n a c s e c t i o n s o f t h e c o m p r e s s o r c o n s i s t each o f 12 mod­

u l e s . Each module i s f e d w i t h a s u i t a b l y t a i l o r e d h i g h v o l t a g e p u l s e so t h a t 

a ramped v o l t a g e o f 250 kV maximum i s a p p l i e d t o t h e beam p u l s e . Thus each 

s e c t i o n a p p l i e s a 3 MV v o l t a g e t i l t t o a beam p u l s e and 50 s e c t i o n s (600 

m o d u l e s ) p r o v i d e t h e r e q u i r ed 150 MV. 

A c o n c e p t u a l i n d u c t i o n l i n a c s e c t i o n i s shown i n F i g . I V . 9 - 1 . A module 

c o n s i s t s o f a f e r r i t e c o r e ( n i c k e l - z i n c - f e r r i t e ) , a h i g h v o l t a g e s u p p l y l o o p 

w h i c h a l s o f u n c t i o n s as t h e f e r r i t e c o r e s u p p o r t , an i n s u l a t o r and t h e h o u s i n g 

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

i n s u l a t i o n . 

The d e s i g n shown i s o f s i m p l e c o n s t r u c t i o n and b a s i c a l l y c o n s i s t s o f j u s t 

2 a s s e m b l i e s . Each f e r r i t e c o r e ( f a b r i c a t e d w i t h s u c h shapes as r i n g s , s e g ­

ments o r b l o c k s ) i s c a p t u r e d by a c o r e s u p p o r t and w e l d e d t o t h e o u t e r h o u s ­

i n g ; t h i s makes up t h e c o r e h o u s i n g a s s e m b l y . A l l t h e i n s u l a t o r s a r e we lded 

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

s p r i n g c o n t a c t , w h i c h w i t h a pump-out makes up t h e s e c t i o n i n s u l a t o r a s s e m b l y . 

To a s s e m b l e a s e c t i o n , t h e i n s u l a t o r assemb ly i s i n s e r t e d i n t o t h e c o r e -

h o u s i n g a s s e m b l y . An o i l s e a l i s p r o v i d e d a t e i t h e r end o f t h e c o r e - h o u s i n g 
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f o r o i l c o n t a i n m e n t . An advan tage o f t h i s d e s i g n i s t h a t t h e p o t e n t i a l l y 

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

a c c e s s e d by remov ing t h e s e c t i o n i n s u l a t o r f rom t h e c o r e - h o u s i n g . 

Compresso r l e n g t h i n c l u d i n g t h e beam t r a n s p o r t i s 200 m w i t h a 0 . 7 5 MV/m 

peak v o l t a g e g r a d i e n t . R e l e v a n t module d i m e n s i o n and p a r a m e t e r s a r e t a b u l a t e d 

i n T a b l e I V . 9 - 3 . 

T a b l e I V . 9 - 3 . I n d u c t i o n Module D i m e n s i o n s and P a r a m e t e r s 

Modu le L e n g t h 0 . 2 5 m 

Core Leng th 0 .17 m 

H i g h V o l t a g e O i l S p a c i n g 0 . 0 5 m 

Bore R a d i u s 0 .065 m 

Core I n n e r R a d i u s 0 . 1 3 5 , 0 . 1 8 5 m 

Core Ou te r R a d i u s 0 .56 m 

Modu le O u t e r R a d i u s 0 . 6 6 m 

I n s u l a t o r G r a d i e n t 17 kV/cm 

F e r r i t e Co re Weigh t 725 kg 

Core Loss Energy 24 J 

Modu le S t o r e d Energy 64 J 

Module Peak C u r r e n t 2050 A 

Modu le Power a t 20 Hz 1280 kW 

The d e s i g n r e p r e s e n t s a c o n s e r v a t i v e a p p r o a c h bu t a c t u a l p e r f o r m a n c e must 

be v e r i f i e d w i t h p r o t o t y p e t e s t i n g . W i t h module deve lopmen t e f f o r t and newer 

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

more f e r r i t e ) and a s h o r t e r t r a n s p o r t 1 i n e needs t o be e x a m i n e d . 1 

The r e q u i r e m e n t s f o r t h e 20 c o m p r e s s o r s a r e t a b u l a t e d i n T a b l e I V . 9 - 4 . 

The e s t i m a t e d c o s t s ( 1 9 8 1 ) , w i t h power s u p p l i e s , a r e $ 3 3 , 0 0 0 ( 7 3 , 0 0 0 DM) pe r 

m o d u l e . The q u a d r u p o l e magnets a r e no t i n c l u d e d ; t h e y a r e c o s t i t e m s o f t h e 

beam 1 i n e s . 

T a b l e I V . 9 - 4 . R e q u i r e m e n t s f o r 20 C o m p r e s s o r s 

No . o f Modu les 1 2 , 0 0 0 

T o t a l Weight o f F e r r i t e 8 , 1 0 0 t o n s 

T o t a l S t o r e d Energy 0 . 7 7 MJ 

T o t a l Power 1 5 . 3 MW 
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I V . 1 0 D r i v e r E f f i c i e n c y 

I V . 1 0 . 1 I n t r o d u c t i o n 

E f f i c i e n c y i s meant t o be t h e p a r t i c l e beam power d e l i v e r e d f rom t h e 

d r i v e r d i v i d e d by t h e o v e r a l 1 power c o n s u m p t i o n o f t h e d r i v e r f a c i l i t y . The 

f a c t t h a t a f r a c t i o n o f t h e beam m igh t m i s s t h e t a r g e t i s no t i n c l u d e d h e r e . 

The f i g u r e be low i l l u s t r a t e s t h e s i m p l i f i e d power f l o w d i a g r a m o f 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 power p l a n t . 

D r i v e r T a r g e t 
R e a c t o r & 
Steam P l a n t P_ (1 - F )P = . 

E f f i c . TI G a i n g E f f i c . e 
ne t e l e c t r . 
power d e l i v e r e d 
t o t h e power 
g r i d 

ne t e l e c t r . 
power d e l i v e r e d 
t o t h e power 
g r i d 

R e c i r c u l a t e d e l e c t r i c a l power F x P 

I f t h e f r a c t i o n o f t h e r e c i r c u l a t e d power F i s chosen t o be 1/4 and t h e t h e r ­

mal e f f i c i e n c y e o f r e a c t o r and t u r b i n e sys tem i s 1 / 3 , t h e n n . g > 1 2 . T h i s 

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

beam d r i v e r w i t h an e f f i c i e n c y n o f abou t 1/4 r e q u i r e s a t a r g e t g a i n o f o n l y 

> 4 8 , w h i c h i s r e g a r d e d t o o f f e r many e n c o u r a g i n g o p t i o n s i n t a r g e t d e s i g n . 

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

be l e s s by an o r d e r o f magn i t ude and hence t h e s u c c e s s o f an a p p r o p r i a t e 

t a r g e t d e s i g n i s l e s s c e r t a i n . W h i l e a l a s e r beam e f f i c i e n c y o f 2.5% s t i l l i s 

a d e s i g n a i m , t h e c o r r e s p o n d i n g f i g u r e o f n e a r l y 25% f o r a p a r t i c l e beam 

d r i v e r w i l l be shown t o be r e a l i s t i c . I t i s n e i t h e r t h e p u r p o s e o f t h i s 

c o n t r i b u t i o n t o c a l c u l a t e t h i s number w i t h t h e h i g h e s t p o s s i b l e p e r f e c t i o n no r 
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t o make s u g g e s t i o n s f o r f u r t h e r i m p r o v e m e n t s . I t i s r a t h e r t h e a im t o 

i d e n t i f y a c c e l e r a t o r components and subsys tems wh i ch a r e most d e t e r m i n a t i v e 

f o r t he o v e r a l l e f f i c i e n c y and s e p a r a t e them f rom t h e o t h e r s , f o r w h i c h power 

c o n s u m p t i o n i s no t a s t r i n g e n t d e s i g n p a r a m e t e r . 

I V . 1 0 . 2 The A c c e l e r a t o r 

F o r a beam c u r r e n t equa l t o 0 , t h e e f f i c i e n c y i s a l s o 0 . F o r an e x t r e m e ­

l y h i g h c u r r e n t , t h e e f f i c i e n c y a p p r o a c h e s t h e c o n v e r s i o n e f f i c i e n c y o f ma in 

power i n t o RF power , t y p i c a l l y 0 . 5 4 . F o r c u r r e n t v a l u e s i n between b o t h e x ­

t r e m e s , t h e e f f i c i e n c y s t r o n g l y depends on a c c e l e r a t o r p a r a m e t e r s and hence 

t h e mach ine d e s i g n must be known, p a r t l y i n d e t a i l . The l a y - o u t o f t h e l i n a c 

was d e s c r i b e d i n s e c t i o n I V . 5 and t h e numbers g i v e n i n F i g . I V . 5 . 1 . 

Most d a t a have been chosen t o be s i m i l a r t o t h e UNILAC. A f o u r t h f r e ­

quency jump t o 324 MHz, w h i c h i s not c o r r e l a t e d t o a f u n n e l i n g s t e p , was 

t e n t a t i v e l y i n c l u d e d . I t was t h e p o t e n t i a l o f (a) c u t t i n g down t h e l i n a c 

c o s t ; (b) i n c r e a s i n g t h e RF e f f i c i e n c y , b e c a u s e i t i s t h e l o w e s t f r e q u e n c y , a t 

w h i c h a k l y s t r o n ( n - 70%) seems r e a l i s t i c ; ( c ) t h e f i l l i n g t i m e o f t h e c a v i ­

t i e s b e i n g l o w e r by a f a c t o r o f 3 and hence t h e RF du t y f a c t o r b e i n g more 

f a v o r a b l e compared t o t h e beam d u t y f a c t o r ; and (d) t he p o s s i b i l i t y o f a 

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

dancy i s deemed n e c e s s a r y . 

An RF power s o u r c e f o r 324 MHz w i l l become a v a i l a b l e s o o n . However , t h e 

RF e f f i c i e n c y f i g u r e assumed h e r e i s based on t h e 108 MHz t e t r o d e a m p l i f i e r s 

o f t h e UNILAC, h e n c e , t h e r e s u l t i s o v e r l y c o n s e r v a t i v e . The shun t impedance 

o f t h e l i n a c s t r u c t u r e , w h i c h i s n e a r l y as d e t e r m i n a t i v e f o r t h e o v e r a l l e f f i ­

c i e n c y as t h e RF c o n v e r s i o n e f f i c i e n c y , was d e r i v e d f rom t h e UNILAC A l v a r e z 

s e c t i o n , 50 Mn/m. T h i s f i g u r e i n c l u d e s l o s s e s f o r e n d - w a l l s , t u n e r s , e t c . 

T h i s f i g u r e m igh t be more f a v o r a b l e f o r a 324 MHz s t r u c t u r e , p r o v i d e d t h e 
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d r i f t t ube d i a m e t e r c o u l d be d e c r e a s e d f rom t h e 20 cm v a l u e , used i n t h e 

UNILAC, t o 12 -14 cm by u s i n g permanent magnet q u a d r u p o l e s . 

The same shun t impedance f i g u r e o f 50 Mn/m i s assumed f o r t h e Wideröe 

s e c t i o n s t o o , t hough t h i s t y p e o f s t r u c t u r e has a t y p i c a l l y h i g h e r v a l u e . But 

i t i s s t r o n g l y dependen t on t h e p a r t i c l e v e l o c i t y and f r e q u e n c y and c a n n o t be 

d e r i v e d more a c c u r a t e l y w i t h o u t a more d e t a i l e d c a v i t y d e s i g n . The same i s 

t r u e f o r t h e t r a n s i t t i m e f a c t o r : o n l y a f i n a l d e s i g n can y i e l d a more a c c u ­

r a t e number . Here an a v e r a g e v a l u e o f t h e UNILAC A l v a r e z s e c t i o n i s u s e d , 

T = 0 . 8 6 . A n o t h e r number , wh i ch d e t e r m i n e s t h e l i n a c e f f i c i e n c y , i s d e r i v e d 

f rom t h e UNILAC: t h e ne t a c c e l e r a t i o n r a t e o f 1 .75 MV/m. T h i s v a l u e i s 

u s u a l l y s e l e c t e d by a c o s t o p t i m i z a t i o n o f l i n a c l e n g t h v e r s u s RF power 

i n s t a l l a t i o n and u s u a l l y does not i n c l u d e e f f i c i e n c y c o n s i d e r a t i o n s . The 

adap ted UNILAC number r e s u l t s i n a l i n a c l e n g t h o f 3 km, w h i c h a c t u a l l y i s t h e 

l e n g t h o f t h e l o n g e s t l i n a c p r e s e n t l y i n e x i s t e n c e . I f t h e 1 i n a c l e n g t h wou ld 

be d o u b l e d t h e l i n a c e f f i c i e n c y wou ld be 3 8 . 5 % , r a t h e r t h a n 3 3 . 3 % , as i n t h e 

p r o p o s e d d e s i g n . F o r t h e d r i f t t ube q u a d r u p o l e s , permanent magnets a r e a s ­

sumed and a DC d o u b l e t w i l l be used e v e r y 10 m between t h e c a v i t i e s f o r m a t c h ­

i n g p u r p o s e s . I t i s no t c l e a r f rom t h e p a r t i c l e dynamics s t a n d p o i n t whe the r 

t h i s 1 i m i t e d amount o f f o c u s i n g a d j u s t m e n t i s adequa te f o r a beam s t a b i l i t y 

between z e r o and f u l l beam c u r r e n t . I f t h i s i d e a has t o be abandoned t h e 

l i n a c e f f i c i e n c y d r o p s f rom 33.3% t o a p p r o x i m a t e l y 31%. 

Compared t o t h e l i n a c , t h e t r a n s f e r r i n g , t h e c o n d e n s e r r i n g s , t h e 

s t o r a g e r i n g s , t h e beam m a n i p u l a t i o n components and t h e l o n g beam t r a n s p o r t 

p a t h s a r e by f a r l e s s d e t e r m i n e d a t t h e p r e s e n t s t a g e o f t h e HIBALL s c e n a r i o . 

F o r t u n a t e l y , t h e power c o n s u m p t i o n o f t h o s e i t e m s , 75 MW, does no t d o m i n a t e 

t h e power b a l a n c e , as t h e l i n a c w i t h i t s 300 MW d o e s . T h e r e f o r e t h e c o n c e r n 

abou t t h i s f i n a l p a r t o f t h e f a c i l i t y i s more o f a q u e s t i o n o f f e a s i b i l i t y and 
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c o s t r a t h e r t h a n e f f i c i e n c y . The use o f s u p e r c o n d u c t i n g magnets i s a l m o s t 

o b i i g a t o r y . Permanent magnets c o u l d be used f o r beam t r a n s p o r t l e n s e s , bu t 

h a r d l y f o r t h e h i g h f r a c t i o n o f b e n d i n g d i p o l e s . I f room t e m p e r a t u r e magnets 

u l t i m a t e l y have t o be u s e d , t h e power r e q u i rement o f 62 km o f beam t r a n s p o r t 

l e n g t h , i n c l u d i n g t h e r i n g s , wou ld go up by a f a c t o r o f 10 a p p r o x i m a t e l y and 

t h e o v e r a l 1 e f f i c i e n c y wou ld d rop f rom 26% t o 17%. In a d d i t i o n , t h e l a y - o u t 

o f s t o r a g e r i n g s , beam r o t a t o r s and f i n a l l e n s e s wou ld have t o be r e v i s e d 

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

t he r i n g s and t h e i n d u c t i o n 1 i n a c , w h i c h i s i n c l u d e d as t h e f i n a l bunch com­

p r e s s o r i n each o f t h e 20 beam 1 i n e s , a r e no t y e t d e t e r m i n e d i n t h e i r e l e c t r i 

c a l p a r a m e t e r s and may i n f l u e n c e t h e power b a l a n c e more s i g n i f i c a n t l y . 

I V . 1 0 . 3 The Power B a l a n c e 

The 1 i s t i n g o f i n d i v i d u a l power r e q u i r e m e n t s i s based on a v e r a g e v a l u e s . 

That means t h a t e x c e p t f o r t h e o b v i o u s c o n t i n u o u s power c o n s u m e r s , t h e peak 

power must be d e t e r m i n e d and t h e n be m u l t i p l i e d by t h e i n d i v i d u a l du t y 

f a c t o r s , w h i c h a l s o must i n c l u d e b u i l d - u p t i m e s and p a u s e s . T h e r e f o r e t h e 

t i m i n g scheme o f t h e beam p u l s e and t h e e x c i t a t i o n p a t t e r n o f t h e 1 i n a c and 

t h e beam m a n i p u l a t i o n e l e m e n t s was d e t e r m i n e d . 

A) Peak Beam Power 150 mA x 5 GV = 750 MW 

Average Beam Power 750 x 6 b e a m = 100 MW 

B) RF Power Requ i remen t = Beam Pwr + L i n a c a v e r . RF Pwr = 

e s t i m . RF Pwr f o r Rebunchers and F u n n e l i n g C a v i t i e s 

1 4 5 . 8 MW 

2 . 2 MW 

148 MW 
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C o n v e r s i o n E f f . Main Pwr /RF Pwr = 0 .54 

Ma in Power o f RF I n s t a l l a t i o n = 1 4 8 / 0 . 5 4 = 275 MW 

C o n v e n t i o n a l Lenses and S t e e r i n g Magnets 10 kW pe r 10 m = 3 MW 

Vacuum, C o n t r o l s , Mi s e e l . 1 kW pe r m 4 MW 

C o o l i n g P l a n t t o Remove 150 MW Power L o s s e s : 150 x 0 . 12 - 18 MW 

T o t a l L i n a c Ma in Power Consumpt ion 300 MW 

r , , . . Beam Pwr _ 100 _ ™ 
L i n a c E f f i c i e n c y = T o t a 1 Main Pwr " lüti ~ 3 3 ' 3 * 

C) R i n g s , Beam T r a n s p o r t , Beam H a n d l i n g , F i n a l F o c u s i n g 

Leng th o f Beam P a t h : 

F i r s t T r a n s f e r R i n g 3 . 2 0 km 

5 Condense r R i n g s 6 .94 km 

10 S t o r a g e Ri ngs 4 . 6 3 km 

20 Long + 80 S h o r t T r a n s p . L . 4 8 . 0 0 km 

6 2 . 7 7 km 

Magnet F i l l i n g F a c t o r " 0 . 5 

T o t a l L e n g t h o f S u p e r c o n d . Magnets 3 1 . 4 0 km 

Power Loss a t 4°K 2 W/m 

T o t a l R e f r i g e r a t o r C a p a c i t y a t 4°K 62 kW 

C o n v . E f f . o f R e f r . P l a n t I n c l u d i n g U t i l i t i e s 4 5 0 : 1 

C o o l i n g P l a n t Ma in Power Requ i remen t 28 MW 

80 C o r r e c t i o n D i p o l es a t Beam L i n e Ends 16 MW 

B u n c h i n g C a v i t i e s and I n d . L i n a c ( e s t i m . ) 12 MW 

20 S low S w i t c h i n g Magnets ( e s t i m . ) 4 MW 

22 K i c k e r Magnets 2 MW 
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22 Septum Magnets 3 MW 

Vacuum, C o n t r o l s , Mi s e e l . 0 . 2 kW/m 10 MW 

75 MW 

T o t a l F a c i l i t y 
E f f i c i e n c y L i n a c + R i n g + r r a n s p . Pwr Consumpt . 

Beam Power 

100 
" 3ÖÖ + 75 = 26.7% 

I V . 1 0 . 4 C o n c l u s i o n s 

1. An o v e r a l l e f f i c i e n c y o f abou t 25% i s r e a l i s t i c f o r a heavy i o n f u s i o n 

d r i v e r , when a l l beam t r a n s p o r t magnets a r e based on s u p e r c o n d u c t i n g 

t e c h n o l o g y . 

2 . R e l i a b i l i t y and redundancy c o n s i d e r a t i o n s , p o t e n t i a l r e s e r v e s i n beam 

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

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

3 . The most d e c i s i v e f i g u r e i s t h e c o n v e r s i o n e f f i c i e n c y o f main power i n t o 

RF power . I f t h i s f i g u r e wou ld be 70% (wh ich i s e x p e c t e d i n t h e n e a r 

f u t u r e ) , r a t h e r t h a n t h e assumed 54%, t h e o v e r a l 1 e f f i c i e n c y would go up 

f rom 26.7% t o 32%. 

4 . The f u n n e l i n g s e c t i o n o f t h e chosen l i n a c c o n t r i b u t e s o n l y about 1.5% t o 

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

g r a d i n g t h e e f f i c i e n c y . 
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V Beam T r a n s m i s s i o n and F i n a l F o c u s i n g 

V . l Gene ra l Theory 

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

T r a n s p o r t o f beams f rom the a c c e l e r a t o r t o the t a r g e t chamber and f o c u s ­

i n g on a s m a l l t a r g e t a re key i s s u e s i n heavy i o n f u s i o n . T h e i r s o l u t i o n 

d e t e r m i n e s most of the pa rame te r s o f the a c c e l e r a t o r s c e n a r i o . The o p t i o n o f 

t r a n s p o r t i n g beams b a l 1 i s t i c a l l y as though i n vacuum — w i t h o u t n e u t r a l i z a t i o n 

__ has been r e c o g n i z e d as a ma jo r advan tage o f u s i n g heavy i o n s and w i l l be 

c o n s i d e r e d h e r e . The a l t e r n a t i v e use o f a p lasma channe l f o r f i n a l t r a n s p o r t 

o f heavy i o n s — s i m i l a r t o l i g h t i on f u s i o n schemes — r e q u i r e s c o n s i d e r a b l e 

a d d i t i o n a l t h e o r e t i c a l and a l s o e x p e r i m e n t a l work b e f o r e i t can be a s s e s s e d i n 

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

The c o m p a t i b i l i t y o f n e a r l y vacuum p r o p a g a t i o n w i t h t he c a v i t y d e s i g n 

( w a l l p r o t e c t i o n , pump ing , e t c . ) w i l l be c o n s i d e r e d i n c h a p t e r VI and a 

p r o p e r d e f i n i t i o n o f the vacuum by s t r i p p i n g c o n s i d e r a t i o n s w i l l be g i v e n 

l a t e r i n s e c t i o n V . 6 . A c r u c i a l c a v i t y d e s i g n pa rame te r t h a t d e t e r m i n e s f i n a l 

t r a n s p o r t i s the s t a n d - o f f d i s t a n c e o f f i n a l f o c u s i n g magnets from the t a r g e t 

( 8 . 5 m ) . Because o f l i m i t e d s p a c e , t he number o f beam l i n e s ( i n c l u d i n g 

s h i e l d i n g ) i s c o n f i n e d t o a p p r o x i m a t e l y t e n on a c i r c u m f e r e n c e , hence t h e use 

o f two rows o f beam p o r t s demands a p a r t i c l e c u r r e n t per beam l i n e o f t h e 

o r d e r o f 1 kA. I t was a l s o f e l t t h a t e l l i p t i c e n t r y p o r t s ( w i t h n o t i c e a b l y 

v e r t i c a l e l o n g a t i o n ) r a t h e r t han c i r c u l a r e n t r y p o r t s o f t h e same a r e a c o u l d 

be advan tageous t o t he d e s i g n o f c o o l a n t t u b e s and p o s s i b l y be h e l p f u l f o r 

c o r r e c t i n g g e o m e t r i c a b e r r a t i o n s o f t he f i n a l m a g n e t s . 

In a d d i t i o n t o t h e s e c a v i t y r e l a t e d c o n s t r a i n t s t h e r e a re beam dynamics 

l i m i t a t i o n s wh ich have t o be i n c o r p o r a t e d i n t o t h e f i n a l t r a n s p o r t d e s i g n . 

Space c h a r g e pi ays an i m p o r t a n t r o l e here and i s a nove l f e a t u r e compared w i t h 
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d e s i g n s o f e x i s t i n g h i g h e n e r g y beam 1 i n e s t h a t u s u a l l y have n e g l i g i b l e s p a c e 

c h a r g e e f f e c t s . The c u r r e n t t r a n s p o r t 1 i m i t i n t h e l o n g p e r i o d i c beam 1 i n e 

c o n n e c t i n g w i t h t h e a c c e l e r a t o r i s no t s e r i o u s as l o n g as l ow c h a r g e s t a t e s 

a r e chosen (q = 1 , 2 ) . In f a c t , r e c e n t compu te r s i m u l a t i o n s have shown ( see 

V . l . 2 and R e f . 3) t h a t under c e r t a i n c o n d i t i o n s t h e r e i s no 1 i m i t t o t h e 

t r a n s p o r t a b l e c u r r e n t f rom t h e p h y s i c s p o i n t o f v i e w . E l e c t r o s t a t i c r e p u l s i o n 

i n t h e f i n a l d r i f t can be c o n t r o l l e d by i n c r e a s i n g t h e beam d i v e r g e n c e , hence 

t h e e n t r y p o r t r a d i u s . The l e n s a p e r t u r e i s 1 i m i t e d , h o w e v e r , by s p h e r i c a l 

a b e r r a t i o n s and i t was f e l t t h a t a 10-20% i n c r e a s e o v e r t h e e m i t t a n c e c o n ­

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

t h e e m i t t a n c e and momentum s p r e a d s h o u l d be as smal1 as p o s s i b l e . Fo r c o n ­

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

r a t o r s i z e . A r e a s o n a b l e compromise has been f o u n d i n t h e p a r a m e t e r s p a c e 

a r o u n d 60 IT mm-mrad a v e r a g e h o r i z o n t a l - v e r t i c a l e m i t t a n c e and 1 /2-1% momentum 

s p r e a d . 

As t o t h e l e v e l o f c o n f i d e n c e one may have i n t h e t r a n s v e r s e t r a n s p o r t 

c o n s i d e r a t i o n s , we n o t e t h a t compu te r s i m u l a t i o n s t u d i e s p e r f o r m e d a t t h e 

Nava l R e s e a r c h L a b o r a t o r y and a t t h e M a x - P l a n c k - I n s t i t u t f u r P l a s m a p h y s i k w i t h 

d i f f e r e n t codes have l e d t o e x c e l l e n t agreement and a l s o c o n f i r m p r e d i c t i o n s 

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

dynamics and l o n g i t u d i n a l - t r a n s v e r s e c o u p l i n g under s t r o n g s p a c e c h a r g e c o n d i ­

t i o n s d u r i n g l o n g i t u d i n a l c o m p r e s s i o n , w h i c h r e q u i re f u t u r e w o r k . F o r t h e 

p r e s e n t s t u d y a f i r s t - o r d e r a p p r o a c h has been made by u s i n g t h e l o n g i t u d i n a l 

e n v e l o p e e q u a t i o n . 

D u r i n g t h e p e r f o r m a n c e o f t h i s s t u d y p r o g r e s s has been made a l s o w i t h r e ­

g a r d t o t h e deve lopmen t o f d e s i g n programs t o t r e a t t h e f i n a l f o c u s i n g p r o b l e m * 

A t t h e U n i v e r s i t y o f G i e s s e n , a v e r y f l e x i b l e compute r p rogram GIOS has been 
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F i g . V . l - 1 

E v o l u t i o n o f i n i t i a l K-V d i s t r i b u t i o n i n p e r i o d i c FODO 

f o c u s i n g w i t h (T0 = 9 0 ° and <T = 4 5 ° t r a n s p o r t e d o v e r 25 

c e l l s ( " t h i r d o r d e r " i n s t a b i l i t y ) . P r o j e c t i o n s i n t o t h e 

x - y , x - v . y - v . and v - v phase p l a n e s ( f r o m t o p ) a r e 
x y A y 

shown. 
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d e v e l o p e d f o r t h e d e s i g n o f comp lex beam g u i d a n c e s y s t e m s up t o t h i r d o r d e r . 

An e x t e n s i o n o f GIOS t o t r e a t beams c a r r y i n g space c h a r g e i s under p r o g r e s s . 

At t h e M a x - P l a n c k - I n s t i t u t f u r P l a s m a p h y s i k t h e p rogram SC0P1 has been d e ­

v e l o p e d w i t h main emphas i s on t h e t r e a t m e n t o f s p a c e c h a r g e and some d e s i g n 

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

V . l . 2 T r a n s v e r s e S t a b i l i t y o f P e r i o d i c T r a n s p o r t 

Beam t r a n s f e r f rom t h e s t o r a g e r i n g s t o t he t a r g e t chamber r e q u i r e s a 

l e n g t h o f t h e o r d e r o f a k i l o m e t e r t o p e r f o r m l o n g i t u d i n a l bunch i m p l o s i o n . 

I t i s n e c e s s a r y t o e n s u r e t r a n s p o r t o v e r a l a r g e number o f p e r i o d s o f a 

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

F o r z e r o i n t e n s i t y , t h e r e q u i r e m e n t f o r s t a b l e t r a j e c t o r i e s i s o 0 < 1 8 0 ° , 

w i t h a0 t h e phase advance p e r f o c u s i n g p e r i o d , t o a v o i d a h a l f - i n t e g e r r e s o ­

nance w i t h t h e f o c u s i n g p e r i o d . F o r f i n i t e i n t e n s i t y , t h e d e f o c u s i n g s p a c e 

c h a r g e f o r c e d e p r e s s e s t h e t u n e t o a v a l u e 0 < a < o 0 and as a new phenomenon 

c o l l e c t i v e modes o f o s c i l l a t i o n can be i n r e s o n a n c e w i t h t h e f o c u s i n g p e r i o d , 

w h i c h may l e a d t o e m i t t a n c e g rowth u n l e s s o 0 and a a r e c o n s t r a i n e d t o s t a b l e 

b a n d s . 

A n a l y t i c t h e o r y ^ 1 ) and compute r s i m u l a t i o n ^ 2 ' 3 ) have s u g g e s t e d t h a t 

i n s t a b i l i t y o f t h e e n v e l o p e mode i s s u p p r e s s e d i f a0 < 9 0 ° , and i n s t a b i l i t y o f 

t h e " t h i r d o r d e r " mode i f a0 < 6 0 ° . T h i s " t h i r d o r d e r " mode i s e v o l v i n g w i t h 

t h r e e arms i n x - p x o r y - p y phase s p a c e and i s q u i t e i n s e n s i t i v e t o t h e t y p e o f 

d i s t r i b u t i o n f u n c t i o n ( F i g . V . l - 1 ) . The r e m a i n i n g h i g h e r o r d e r mode i n s t a ­

b i 1 i t i e s do no t s p o i l t h e r . m . s . e m i t t a n c e i f a i s d e p r e s s e d t o s m a l l v a l u e s . ( 3 ) 

D i f f e r e n t e m i t t a n c e s i n t h e h o r i z o n t a l and v e r t i c a l p l a n e s may g i v e r i s e 

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

c o u p l 1 n g i n s t a b i l i t y and r e q u i r e s c o n s i d e r a b l e ene rgy a n i s o t r o p y and s t r o n g 

t une d e p r e s s i o n . ( 3 ) In most c a s e s t h e o n s e t o f i n s t a b i l i t y i s s u p p r e s s e d i f 



s t r o n g t une d e p r e s s i o n i s a v o i d e d , f o r i n s t a n c e a/a0 > 0 . 3 i n b o t h p l a n e s f o r 

e x / s y = 4 (see F i g . V . l - 2 w i t h l i n e a r c u r r e n t ramp t o s i m u l a t e bunch i m p l o s i o n ) , 

T h i s l i m i t s t h e c u r r e n t p e r f o r m a n c e compared w i t h equa l o r a l m o s t equa l e m i t ­

t a n c e s , where no l i m i t has been found so f a r . 

I t i s c o n v e n i e n t t o e x p r e s s t h e c u r r e n t i n t h e c h a n n e l i n te rms o f t h e 

s c a l e d s p a c e c h a r g e p a r a m e t e r Q' and maximum a m p l i t u d e u m ( see R e f . 4) 

I /q . 3 .66 x 1 0 6 ( A ^ V q ^ J B ^ O Y ) 7 7 3 « 2 ^ ' / ^ 3 [ A ] ( V . l - 1 ) 

where Q ' / u 2 7 3 ( L a s l e t t ' s " f i g u r e o f m e r i t " ) i s a f u n c t i o n o f t h e t une d e p r e s ­

s i o n o / o 0 ( see F i g . V . l - 3 ) and t h e r e m a i n i n g q u a n t i t i e s a r e : 

A a t o m i c w e i g h t 

q c h a r g e s t a t e 

Bg p o l e t i p f i e l d ( T e s l a ) 

ß v / c 

e u n n o r m a l i z e d e m i t t a n c e [ m - r a d ] ( f o r unequa l e m i t t a n c e s t h e l a r g e r 

one) 

V . l . 3 L o n g i t u d i n a l Bunch C o m p r e s s i o n 

L o n g i t u d i n a l d r i f t b u n c h i n g i s d e s c r i b e d by an e n v e l o p e e q u a t i o n ^ 

9 9 Hr 
- + l £ J E. ( V . l - 2 ) 

z m - " O 2 T 2 5 2 
^ m m 

w i t h : z m = e n v e l o p e i n z 

e = 1/TT x e m i t t a n c e i n ( z , A p / p ) 

N = t o t a l number o f i o n s 
10 . 

r p = c l a s s i c a l p r o t o n r a d i u s (= 1.52 x 1 0 " i O m) 

E q u a t i o n ( V . l - 2 ) assumes a l i n e a r s p a c e c h a r g e f o r c e , i . e . p a r a b o l i c l i n e 

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

E v o l u t i o n o f i n i t i a l w a t e r b a g d i s t r i b u t i o n i n FODO 

w i t h % = 60° and c u r r e n t ramp d e p r e s s i n g t unes f r om 

55° to 36° i n x and 50° to 18° i n y o v e r 80 c e l l s . 

N e a r l y a d i a b a t i c b e h a v i o r . 
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F i g . V . l - 3 

Fig,V.1 - 3 . I n t e n s i t y c o e f f i c i e n t vs.tune depression i n x f o r a O q = 60 
symmetric FODO lattice and E /e - 4 . l / q as example for HIBALL 

x y 
parameters. The dashed line gives the corresponding tune depres­
sion in y and the c i r c l e s i n d i c a t e s t a b i l i t y l i m i t s beyond which 
emittance t r a n s f e r i s p o s s i b l e . 



f u n c t i o n (see R e f . 5 ) , whereas i n p r a c t i c e d e v i a t i o n s f rom t h e 1 i n e a r f o r c e 

c o m p r e s s i o n must be e x p e c t e d due t o t h e p resumab l y G a u s s i a n shaped d i s t r i ­

b u t i o n f u n c t i o n . In a d d i t i o n , t h e geomet ry f a c t o r g depends on t h e t r a n s v e r s e 

p o s i t i o n . F o r a u n i f o r m d e n s i t y beam o f r a d i u s , a , i n a p i p e w i t h r a d i u s , b , 

g = 1 + 2 In ( b / a ) - ( r / a ) 2 ( V . l - 3 ) 

Hence i t v a r i e s between 1 + 2 In ( b / a ) and 2 In ( b / a ) f rom t h e c e n t e r t o t h e 

edge o f t h e beam. A q u a n t i t a t i v e e v a l u a t i o n o f t h i s n o n - i d e a l c o m p r e s s i o n 

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

l a t i o n program e m p l o y i n g r - z o r x - y - z g e o m e t r y . A s i m u l a t i o n code s o l v i n g 

P o i s s o n ' s e q u a t i o n i n r - z geomet ry i n a l o n g c i r c u l a r c r o s s s e c t i o n p i p e i s 

p r e s e n t l y b e i n g t e s t e d a t t h e M a x - P l a n c k - I n s t i t u t f u r P l a s m a p h y s i k . 

In s p i t e o f t h e s e l i m i t a t i o n s E q . ( V . l - 2 ) i s a u s e f u l s t a r t i n g p o i n t t o 

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

s p a c e e l l i p s e i s p r o v i d e d by t h e ramped v o l t a g e o f an i n d u c t i o n 1 i n a c s e c t i o n 

o f s e v e r a l hundred m e t e r s l e n g t h . The phase s p a c e r o t a t i o n i s c o m p l e t e d i n a 

l o n g d r i f t space ( s e e F i g . V . 1 - 4 ) . 

Assum ing c o n s t a n t l o n g i t u d i n a l e m i t t a n c e d u r i n g b u n c h i n g , t h e c o h e r e n t 

i n i t i a l momentum s p r e a d (Ap/p).,- n e c e s s a r y t o a c h i e v e t h e d e s i r e d f i n a l p u l s e 

l e n g t h can be e a s i l y d e r i v e d f rom E q . ( V . l - 2 ) by c a r r y i n g ou t an i n t e g r a t i o n 

(see R e f . 4 ) . Fo r l a r g e c o m p r e s s i o n r a t i o we h a v e , 

9 9 ,,2 „ N r 
( A p / p ) f = ( A p / p ) ^ + . ( V . 1 - 4 ) 

Note t h a t t h e i n c o h e r e n t momentum s p r e a d a t t a r g e t ( A p / p ) t i s r e d u c e d be low 

( A p / p ) j b e c a u s e o f t h e s p a c e c h a r g e r e p u l s i o n w h i c h becomes e f f e c t i v e c l o s e t o 
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V.1-4. E l l i p s e r o t a t i o n i n l o n g i t u d i n a l phase space f o r l o n g i t u d i n a l 
bunch implosion under space charge c o n d i t i o n s 



V . 1 - 1 0 — 265 — 

t he end o f t h e b u n c h i n g p r o c e s s , when t h e 1 i n e c h a r g e d e n s i t y has a l m o s t come 

t o i t s f i n a l h i g h v a l u e . 

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

( A p / p ) t i s l i m i t e d by c h r o m a t i c a b e r r a t i o n s o f t h e f i n a l f o c u s i n g s y s t e m . The 

f i n a l momentum t r a n s m i s s i o n o f a l o n g beam l i n e w i t h b e n d i n g s e c t i o n s w i l l s e t 

a 1 i m i t t o (Ap/p) . , - , bu t i t i s assumed here t h a t t h e f i n a l f o c u s i n g c o n s t r a i n t 

on A p / p i s more s t r i n g e n t and t h u s d e t e r m i n e s t h e momentum w i d t h i n t h e 

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

V . l . 4 F i n a l F o c u s i n g C o n s t r a i n t s 

A f i n a l q u a d r u p o l e d o u b l e t o r t r i p l e t i s a d e q u a t e t o p e r f o r m f o c u s i n g o n ­

t o t h e s m a l l t a r g e t . The l a r g e beam s i z e r e q u i r e d i n t h e f i n a l l e n s i s matched 

t o t h e p e r i o d i c t r a n s p o r t 1 i n e w i t h s e v e r a l q u a d r u p o l e s . There i s no t a u n i q u e 

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

n e c e s s a r y t o keep bo th c h r o m a t i c and g e o m e t r i c a b e r r a t i o n s a t as low a l e v e l 

as d e s i r a b l e w i t h r e g a r d t o t h e c o n s t r a i n t s imposed by s t o r a g e r i n g c o n s i d e r ­

a t i o n s . 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 s (dependence o f f o c a l l e n g t h on 

momentum) a r e g i v e n by ( R e f . 6 ) : 

w i t h x' = d x / d s a t t a r g e t , and s i m i l a r f o r y . A s i m p l e e s t i m a t e r e s u l t s i n 

L ~ Y 2 y ( A P / p ) 

AX -

s t 
f ( x 1 ) 2 ds ( V . l - 5 ) 

a ( V . l - 6 ) 
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w i t h : r Q = t a r g e t r a d i u s 

L = d i s t a n c e F . F . M . - t a r g e t 

E = t r a n s v e r s e e m i t t a n c e . 

The c o e f f i c i e n t a e x c e e d s u n i t y f o r a f o c u s i n g sys tem w i t h q u a d r u p o l e s 

o n l y . I t s a c t u a l v a l u e depends on t h e f i r s t o r d e r d e s i g n and can be m i n i m i z e d 

a c c o r d i n g t o E q . ( V . 1 - 5 ) by an a p p r o p r i a t e s e t t i n g o f s u f f i c i e n t l y many m a t c h ­

i n g q u a d r u p o l e s so as t o a v o i d u n n e c e s s a r y f l u t t e r i n g o f e n v e l o p e . 

S e x t u p o l e c o r r e c t i o n o f c h r o m a t i c a b e r r a t i o n s has no t been a t t e m p t e d 

h e r e , bu t we have t r i e d t o keep A p / p a t t h e l e v e l o f +0.005 where c o r r e c t i o n 

i s u n n e c e s s a r y . Due t o t h e v a r i a t i o n o f space c h a r g e d e f o c u s i n g w i t h i n t h e 

bunch and w i t h d i s t a n c e f rom t h e t a r g e t t h e r e i s c o n c e r n t h a t s e x t u p o l e s m igh t 

do more harm t h a n good i f t h e y a r e used a c c o r d i n g t o c o n c e p t s d e v e l o p e d f o r 

h i g h e n e r g y beam l i n e s w i t h o u t s p a c e c h a r g e ( R e f . 7 ) . F u r t h e r s t u d y i s r e ­

q u i r e d t o c l a r i f y s e x t u p o l e c o r r e c t i o n i n t h e p r e s e n c e o f v a r y i n g space 

c h a r g e . 

A c c o r d i n g t o R e f . 8 t h i r d o r d e r g e o m e t r i c a b e r r a t i o n s a r e t o l e r a b l e i f 

e < 0 . 1 5 r ^ 4 p " 1 / 4 . ( V . l - 7 ) 

Here p i s t h e r a d i u s o f c u r v a t u r e r e l a t e d t o t h e p o l e - t i p f i e l d , and t h e c o ­

e f f i c i e n t 0 . 1 5 i s abou t t h e minimum v a l u e t h a t can be a c h i e v e d by a l a r g e 

c l a s s o f f o c u s i n g s y s t e m s . A b r i e f e x a m i n a t i o n shows t h a t f o r HIBALL p a r a ­

m e t e r s w i t h p > 25 m (Bp = 106 T-m) t h e s p o t s i z e w i l l be s p o i l e d by a b e r ­

r a t i o n i f e e x c e e d s i n bo th p l a n e s t h e v a l u e 30 mm-mrad. We n o t e t h a t t h e 

a b e r r a t i o n p r o p e r t i e s o f t h e R e f e r e n c e D e s i g n a r e v e r y w e l l d e s c r i b e d by E q . 

( V . l - 7 ) as d e t a i l e d c a l c u l a t i o n w i l l show. 
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V . 2 F i n a l T r a n s p o r t and F o c u s i n g f o r HIBALL 

V . 2 . 1 P e r i o d i c T r a n s p o r t L a t t i c e f o r I m p l o d i n g Bunch 

The goa l i s t o t r a n s p o r t and s i m u l t a n e o u s l y bunch i n d i v i d u a l b e a m l e t s (20 

p e r c a v i t y ) f rom t h e a c c e l e r a t o r t o t h e t a r g e t w i t h t h e f o l l o w i n g s p e c i f i ­

c a t i o n s a t t a r g e t : 

p a r t i c l e c u r r e n t / b e a m ( a v e r a g e d o v e r p u l s e ) 

u n n o r m a l i z e d e m i t t a n c e : v e r t i c a l 

h o r i z o n t a l 

momentum s p r e a d Ap /p 

p u l s e l e n g t h 

The r e q u i r e m e n t s t o a c h i e v e t h i s by t e n - f o l d d r i f t b u n c h i n g a r e (see F i g . V . 2 - 1 ) 

i n i t i a l momentum s p r e a d A p / p ( c o h e r e n t + i n c o h e r e n t ) +0.017 

i n d u c t i o n l i n a c v o l t a g e ±150 MV 

l e n g t h o f i n d u c t i o n 1 i n a c > 150 m 

d r i f t d i s t a n c e ( i n d u c t i o n l i n a c - t a r g e t ) 655 m 

The re a r e s e v e r a l o p t i o n s t o d e t e r m i n e t h e p e r i o d i c l a t t i c e o f t h e s e beam 

l i n e s . The maximum p a r t i c l e c u r r e n t a t t h e end o f t h e p e r i o d i c l a t t i c e i s 1.0 

k A , a s s u m i n g a f l a t p u l s e shape ( n o t e t h a t t h e f i n a l c u r r e n t o f 1.2 kA i s 

a c h i e v e d a f t e r d r i f t i n g t h r o u g h 60 m o f l a r g e d i a m e t e r f i n a l f o c u s i n g l e n s e s 

where space c h a r g e i s l e s s i m p o r t a n t ) . W h i l e i t i s c l e a r f rom E q . ( V . l - 1 ) 

t h a t q u a d r u p o l e s a t t h e 1 kA p a r t i c l e c u r r e n t l e v e l have t o be s u p e r c o n d u c t i n g 

(4 T ) , i t a p p e a r s a t t r a c t i v e t o d i v i d e t h e l a t t i c e a t l o w e r c u r r e n t s i n t o 

1.2 kA 

120 IT mm-mrad 

30 TI mm-mrad 

+0.005 

20 nsec 



WH 

a 

l ~ r t - t - r Y T n- 1- r^- t-T- r rp^ 
0 .0 0.1 0 . 2 0 . 3 0 . 4 0 *5 0 .6 

t [km] 

•TT-rTTJTTi-TXTTi-T^ 
0.0 0.1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 

t [üm] 

Fig.V..2-1 . L o n g i t u d i n a l bunch compression by t e n - f o l d d r i f t bunching between 
i n d u c t i o n l i n a c and ta r g e t . L o n g i t u d i n a l envelope z [m], momentum 
spread Ap/p and p a r t i c l e currant l / q [kAj a e c o r J i r j K * S 1 V O 

equation (with g « 2) ae f u n c t i o n of di a t c n c a s f i c T i» >.:;(• if.^. l i n a c . 



s e c t i o n s w i t h normal c o n d u c t i n g (< 2 T) and permanent (< 1 T) m a g n e t s . The 

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

I < 410 x B 2 / 3 [ A ] ( V . 2 - 1 ) 

w i t h an upper l i m i t o f 0 . 3 f o r Q ' / u ^ 3 e q u i v a l e n t t o a t u n e o f o v e r t = 3 6 ° , 

o h o r = 18° a t t h e end o f each l a t t i c e s e c t i o n ( see s t a b i l i t y d i s c u s s i o n i n 

s e c t i o n V . l . l ) . W i t h i n a s e c t i o n t h e l a t t i c e i s e x a c t l y p e r i o d i c e x c e p t f o r 

t h e f i r s t few magnets t h a t a r e assumed t o p e r f o r m m a t c h i n g i n t o t h e changed 

l a t t i c e s t r u c t u r e . D e t a i l s o f t h i s l a t t i c e a r e g i v e n i n T a b l e v . 2 - 1 . 



V . 2 - 4 ~ 2 7 1 ~ 

T a b l e V . 2 - 1 . P e r i o d i c T r a n s p o r t L a t t i c e f o r R i s i n g Beam C u r r e n t (The 

Beam Tube D i a m e t e r i s Assumed 25% l a r g e r t h a n t h e A c t u a l Beam D i a m e t e r ) 

l a t t i c e 

o c c u p a n c y f a c t o r 

z e r o i n t e n s i t y tune 

t une a t max. c u r r e n t i n each s e c t i o n 

l e n g t h 

b e n d i n g r a d i u s 

a v e r a g e d i p o l e f i e l d 

FODO ( s y m m e t r i c ) 

n = 1/2 

o 0 = 60° 

° v e r t 36° 

0 h o r = 18° 

595 m 

150 /220 m 

0 . 7 0 7 / 0 . 4 8 2 T 

C e l l P a r t . C u r r e n t P o l e - T i p Max. Beam G r a d i e n t L e n g t h o f 
[A] BQ [ T ] D iam. [m] B Q / a [ T / m ] C e l l [m] 

1-51 120 -350 

( 0 - 4 1 5 m) 

5 2 - 6 9 3 5 0 - 5 6 0 

(415 -508 m) 

7 0 - 1 0 0 560 -1000 

(508 -595 m) 

1 0 . 1 0 2 

0 . 0 8 2 

0 . 0 6 0 

1 5 . 7 

3 9 . 0 

1 3 3 . 3 

8 . 1 4 2 

5 . 1 6 2 

2 . 7 9 0 
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V . 2 . 2 F i n a l F o c u s i n g - R e f e r e n c e D e s i g n 

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

f o i l ow ing 1 i n e s : 

1 . In o r d e r t o keep t h e beam s i z e and t h u s second o r d e r c h r o m a t i c and a l s o 

t h i r d o r d e r g e o m e t r i c a b e r r a t i o n s as s m a l l as p o s s i b l e ( w i t h o u t c o r r e c t i o n ) 

t h e maximum o b t a i n a b l e f o c u s i n g power i s pu t i n t o t h e f i r s t two q u a d r u ­

p o l e s , w h i c h c a l l s f o r s u p e r c o n d u c t i n g m a g n e t s . I t i s assumed t h a t t h e 

f i e l d a t t h e c o n d u c t o r s i s l i m i t e d t o 10 T e s l a , w i t h a 50 cm t h i c k s h i e l d 

i n c l u d e d i n t h e a p e r t u r e . 

2 . M a t c h i n g o f t h e l a r g e beam s i z e i n t h e f i n a l magnets t o t h e s m a l l beam 

s i z e i n t h e p e r i o d i c t r a n s p o r t i s p e r f o r m e d as s m o o t h l y as p o s s i b l e , 

s e a r c h i n g f o r a minimum o f t h e i n t e g r a l i n E q . ( V . 1 - 5 ) , w h i c h d e t e r m i n e s 

t h e s i z e o f c h r o m a t i c a b e r r a t i o n s . 

The d e s i g n has been p e r f o r m e d u s i n g t h e compute r p rogram SC0P1 ( s p a c e 

c h a r g e o p t i c s _p_rogram 1) d e v e l o p e d a t t h e M a x - P l a n c k - I n s t i t u t f u r P l a s m a p h y s i k . 

The p rogram has two o p t i o n s : 

A . I n t e g r a t i o n o f t h e K a p c h i n s k i j - V l a d i m i r s k i j e n v e l o p e e q u a t i o n s f o r f i r s t -

o r d e r d e s i g n . 

B . R a y t r a c i n g o f a random s e t o f t r a j e c t o r i e s w i t h i n i t i a l K-V d i s t r i b u t i o n 

i n t r a n s v e r s e phase s p a c e and s q u a r e d i s t r i b u t i o n i n momentum s p a c e . I t 

assumes a 1 i n e a r s p a c e c h a r g e f o r c e d e r i v e d f rom t h e r . m . s . beam e n v e l o p e s 

c a l c u l a t e d a t each t i m e - s t e p . Second o r d e r c h r o m a t i c and t h i r d o r d e r 

g e o m e t r i c a b e r r a t i o n s can be t u r n e d on as w e l l as m u l t i p o l e f i e l d s f o r 

c o r r e c t i o n . 

Bo th o p t i o n s use f i t t i n g r o u t i n e s f o r m a t c h i n g (A) and c o r r e c t i o n ( B ) . R e ­

s u l t s can be c h e c k e d w i t h t h e p a r t i c l e - i n - c e l l code SC0P2 f o r a r b i t r a r y i n ­

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



F i r s t O rde r D e s i g n 

The r e s u l t s o f a d e s i g n w i t h h a r d - e d g e q u a d r u p o l e s a r e shown i n T a b l e 

V . 2 - 2 and F i g . V . 2 - 2 . Note t h a t t h e f i r s t o r d e r s p o t d i a m e t e r i s t a k e n 5 mm 

t o a c c o u n t somewhat f o r a n o n i d e a l beam p r o f i l e . The p l o t t e d beam s i z e has 

been assumed e v e r y w h e r e 25% l a r g e r t h a n t h e r . m . s . s i z e (K-V e n v e l o p e ) f o r t h e 

same r e a s o n . 

H i g h e r O r d e r E f f e c t s and Beam C h a r a c t e r i s t i c s on T a r g e t 

A d i s t r i b u t i o n o f momenta and d e v i a t i o n s f rom p a r a x i a l f o c u s i n g r e s u l t i n 

an i n c r e a s e d s p o t s i z e . A momentum w i d t h o f +0.005 can be accomoda ted i n t h e 

3 mm r a d i u s s p o t . The s i t u a t i o n i s d i f f e r e n t w i t h r e g a r d t o t h i r d o r d e r g e o ­

m e t r i c a b e r r a t i o n s . W i t h o u t c o r r e c t i o n o n l y 40% o f t h e i n t e n s i t y h i t t h e 

t a r g e t and i t t a k e s a 10 mm r a d i u s t a r g e t t o c o n t a i n 80% o f p a r t i c l e s , t h e 

a c t u a l s p o t b e i n g e l 1 i p t i c r a t h e r t han c i r c u l a r . 

A p p l y i n g f i e l d s w i t h o c t u p o l e symmetry i n Q 3 , Q 7 and Q 8 has b r o u g h t some 

improvement t o t he d e g r e e t h a t a f a i r l y c i r c u l a r s p o t i s o b t a i n e d w i t h 80% o f 

t h e p a r t i c l e s c o n t a i n e d i n a r a d i u s o f 5 mm. T h i s modest improvement m igh t be 

due t o t h e f i r s t o r d e r d e s i g n w h i c h does no t a l l o w e f f e c t i v e ( i . e . s u f f i c i e n t ­

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

p r e v i o u s d e s i g n i t has been p o s s i b l e t o a l m o s t e n t i r e l y c o r r e c t a b e r r a t i o n s 

w i t h t h r e e o c t u p o l e s , t 1 ) bu t t h i s d e s i g n had a l a r g e r momentum s e n s i v i t i t y . 

No a t t e m p t has been made t o o p t i m i z e t h e d e s i g n f o r r e d u c e d g e o m e t r i c and 

c h r o m a t i c a b e r r a t i o n s , w h i c h w i l l be d e s i r a b l e f o r f u t u r e w o r k . 

N o n p a r a x i a l e f f e c t s due t o a n o n u n i f o r m s p a c e c h a r g e have been found i n 

p r e v i o u s w o r k ( 2 ) t o be c o m p a r a t i v e l y s m a l l under s i m i l a r c o n d i t i o n s ( s i m i l a r 

e l e c t r i c c u r r e n t and beam s i z e , w h i c h l e d t o a 20% i n t e n s i t y r e d u c t i o n w i t h i n 

t h e f i r s t o r d e r s p o t s i z e ) . 
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T a b l e V . 2 - 2 . R e f e r e n c e D e s i g n S p e c i f i c a t i o n s Wi th Ha rd -Edge Q u a d r u p o l e s 

U n n o r m a l i z e d e m i t t a n c e ( r . m . s . ) (no d i l u t i o n i n p e r i o d i c 

t r a n s p o r t ) 

v e r t i c a l 

h o r i z o n t a l 

P a r t i c l e c u r r e n t / b e a m 

F i r s t o r d e r s p o t d i a m e t e r 

Di s t a n c e F . F . M . - t a r g e t 

T o t a l l e n g t h o f f i n a l f o c u s i n g 

L e n g t h o f q u a d r u p o l e s 

D r i f t s e c t i o n s between magnets 

D r i f t s e c t i o n a f t e r p e r i o d , t r a n s p . 

beam s i z e ( 1 . 2 5 x r . m . s . d i a m e t e r ) 

a t e x i t o f p e r i o d i c t r a n s p . 

i n s i d e f r o n t magnet (Q3) 

G r a d i e n t s [ T e l s a / m ] 

Q l Q 2 Q3 °4 % Qe °7 

0 . 7 1 1 4 . 7 6 2 6 . 5 6 1 4 . 7 2 2 1.611 2 . 8 6 8 8 .221 

F D F D F F D 

120 IT mm-mrad 

30 IT mm-mrad 

1.2 kA 

5 mm 

8 . 5 m 

6 0 . 3 7 4 m 

2 . 6 8 3 m 

1.789 m 

1 7 . 8 9 0 m 

7 x 3 cm 

120 x 60 cm 

% 
7 .922 

F i n v e r t i c a l 

d i r e c t i o n 



Fig.V. 2-2 • Reference design for f i n a l focusing employing 8 quadrupole magnets for beam 
transfer from the periodic l a t t i c e to the target. The square line represents 
the focusing strength (gradient) in vertical direction. 



S u m m a r i z i n g , t h e p r e s e n t r e f e r e n c e d e s i g n d e l i v e r s abou t 50% (or 40% 

w i t h o u t o c t u p o l e s ) o f t h e beam i n t e n s i t y on a t a r g e t w i t h 3 mm r a d i u s . The 

r e m a i n i n g i n t e n s i t y i s s p r e a d ou t b e c a u s e o f a b e r r a t i o n s . T h i r d o r d e r g e o ­

m e t r i c a b e r r a t i o n s a r e t h e dominant c o n s t i t u e n t ; o c t u p o l e s have been shown t o 

g i v e an improvement a t l e a s t i n p r i n c i p l e . The s i z e o f t h e u n c o r r e c t e d a b e r ­

r a t i o n s i s no t d i s c o u r a g i n g , and i t i s c o n c e i v a b l e t h a t t h e d e s i r e d s p o t can 

be a c h i e v e d w i t h improved d e s i g n . 

V . 2 . 3 S tudy o f t h e O v e r a l l Beam L i n e Ar rangement 

When d e s i g n i n g t h e f i n a l f o c u s i n g sys tem one must pay a t t e n t i o n no t o n l y 

t o t h e geomet ry and f i e l d d i s t r i b u t i o n o f t h e l a s t q u a d r u p o l e l e n s m u l t i p l e t 

bu t a l s o t o t h e p r e c e d i n g l a s t s e c t i o n o f t h e beam g u i d a n c e s y s t e m . Though 

many d i f f e r e n t a r r a n g e m e n t s a r e f e a s i b l e i t seems i n e v i t a b l e t h a t t h e f i n a l 

f o c u s i n g q u a d r u p o l e l e n s e s w i l l be a r r a n g e d a l o n g 1 i n e s i n c l i n e d r e l a t i v e t o a 

h o r i z o n t a l p l a n e o f symmet ry . The beam g u i d a n c e s y s t e m w h i c h must f e e d t h e s e 

i n c l i n e d beam l i n e s must d e v i a t e even more f rom t h i s h o r i z o n t a l p l a n e o f 

symmet ry . An examp le o f a p o s s i b l e o v e r a l l a r r angemen t i s shown i n F i g . V . 2 -

3 . , Though he re q u a d r u p o l e s o f maximal f l u x d e n s i t i e s o f 5 T a r e a s s u m e d , t h e 

b e n d i n g magnets a r e p o s t u l a t e d t o have o n l y 3 .2 T . A t t e n t i o n s h o u l d h e r e be 

p a i d t o t h e f a c t t h a t t h e apexes o f t h e v e r t i c a l l y c u r v e d beam g u i d a n c e 

sys tems a r e more t h a n 20 m above and be low t h e h o r i z o n t a l p l a n e o f symmet ry . 

S i n c e a l t o g e t h e r 20 beam l i n e s a r e p l a n n e d , 10 a r r a n g e m e n t s as i n F i g . V . 2 - 3 

must be f o r e s e e n , t h e p l a n e s o f w h i c h a r e i n c l i n e d by 36° r e l a t i v e t o e a c h 

o t h e r w i t h t h e a x i s o f r o t a t i o n a l symmetry o f t h e r e a c t o r v e s s e l b e i n g common 

t o a l 1 . Thus t h e r e i s a t r u e t h r e e - d i m e n s i o n a l s t r u c t u r e t o be b u i l t h a v i n g a 

r a d i u s o f abou t 200 m and a h e i g h t o f abou t +20 m. Most p r o b a b l y , such a 

s t r u c t u r e i s b e s t b u i l t u n d e r g r o u n d . In any c a s e t h e c o s t s f o r t h e comp lex 

c i v i l e n g i n e e r i n g s h o u l d be c o n s i d e r e d . 



•H ' 
x j I 1 20 m 
< o 

F i g . V.2-3 The p o s s i b l e o v e r a l l arrangement of a r a d i a l s e c t i o n o f the f i n a l f o c u s i n g | 
quadrupole and the f i n a l p o r t i o n s o f two beam l i n e s . For each of these beam S3 
l i n e s three u n i t c e l l s are shown which a l t o g e t h e r feed f i n a l f o c u s i n g lenses I 
which are i n c l i n e d by ±16° to a h o r i z o n t a l plane of symmetry. 
Note t h a t 10 such beam l i n e arrangements are necessary f o r the f i n a l system 
and t h a t the planes o f these arrangements are i n c l i n e d r e l a t i v e to each other 
by 36° w i t h the a x i s of r o t a t i o n of the r e a c t i o n chamber being common to a l l . 
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R e f e r e n c e s f o r S e c t i o n V . 2 

1. 1. Ho fmann, u n p u b l i s h e d ( J a n u a r y 1981) 

2 . I. B o z s i k and I. Ho fmann, P r o c . o f t he C o n f e r e n c e on Charged P a r t i c l e 
O p t i . c s , G i e s s e n , 1 9 8 0 , t o be p u b l i s h e d i n N u c l . I n s t r . and M e t h . 

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

W i t h i n t h e s e t o f f i n a l f o c u s i n g q u a d r u p o l e s i n each beam l i n e , t h e most 

s e v e r e c o n s t r a i n t s f o r d e s i g n and o p e r a t i o n must be met by Q 7 and Q 8 . They 

a r e s u b j e c t e d t o f u s i o n n e u t r o n s more s t r o n g l y t h a n t h e o t h e r q u a d r u p o l e s , and 

t h e y have t o p r o v i d e a m a g n e t i c g r a d i e n t o f g = 8 T/m t o a beam o f d i a m e t e r 2a 

= 1.2 m. The p r o d u c t g»a o f g r a d i e n t and minimum a p e r t u r e r a d i u s i s a l m o s t 5 

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

The q u a d r u p o l e f i e l d must t h e r e f o r e be g e n e r a t e d by an a p p r o p r i a t e c u r ­

r e n t d i s t r i b u t i o n ( F i g . V . 3 - 1 ) w h i c h i s s t a n d a r d p r a c t i c e i n t h e 1ayou t o f 

s u p e r c o n d u c t i n g q u a d r u p o l e m a g n e t s . ( 1 ) 

F o r t h e HIBALL q u a d r u p o l e s , t h e c u r r e n t c a r r y i n g c o n d u c t o r s may be normal 

c o n d u c t i n g o r s u p e r c o n d u c t i n g . Normal c o n d u c t i n g c o i l s , e . g . , o f c o p p e r and 

i n o r g a n i c i n s u l a t i o n , may be s u b j e c t e d t o 1 0 1 2 r a d b e f o r e t h e i r p e r f o r m a n c e 

d e g r a d e s . F o r a r e a s o n a b l e l i f e t i m e o f t h e c o i l s , t h e r a d i a t i o n s h i e l d i n g 

must be a t l e a s t 0 . 2 m t h i c k , y i e l d i n g a minimum i n n e r c o i l r a d i u s o f 0 .2 m + 

a = 0 . 8 m. Each q u a d r u p o l e o f t h i s t y p e wou ld consume 20 t o 50 MW o f e l e c t r i c 

power d e p e n d i n g on t h e t r a d e - o f f between c u r r e n t d e n s i t y and r a d i a l t h i c k n e s s 

( w e i g h t , m a t e r i a l s c o s t ) . W i th a 1 i f e t i m e o f abou t 1 y e a r , t h e s e c o i l s wou ld 

r e q u i r e f r e q u e n t m a i n t e n a n c e . Power b a l a n c e and f r e q u e n t remote r e p a i r e x ­

c l u d e s t h e use o f normal c o n d u c t i n g c o i l s i n HIBALL f i n a l f o c u s i n g s y s t e m s . 

F o r s u p e r c o n d u c t i n g c o i l s , t h e s h i e l d i n g r e q u i r e m e n t s a r e d i c t a t e d by t h e 

o p e r a t i n g t e m e p r a t u r e o f 4 . 2 K o r be low much more s t r o n g l y t h a n by r a d i a t i o n 

damage c o n s i d e r a t i o n s . The hea t l o a d i n t o t h e c o i l s may be s u f f i c i e n t l y r e ­

duced by a n e u t r o n - and y - s h i e l d o f 0 .6 m w h i c h , t o g e t h e r w i t h c r y o s t a t and 

s u p p o r t s , g i v e s an i n n e r c o i l r a d i u s o f 1.3 m. I t can be assumed t h a t w i t h 

t h e s e p a r a m e t e r s , a s u p e r c o n d u c t i n g c o i 1 w i l 1 o p e r a t e f o r abou t 30 y e a r s o f 
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1 i f e t i m e b e f o r e r a d i a t i o n damage o f t h e i n s u l a t i o n becomes an i s s u e . The Nb-

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

The main p a r a m e t e r s o f a c o n c e p t u a l q u a d r u p o l e a r e g i v e n i n T a b l e V . 3 - 1 , 

i t s c r o s s s e c t i o n i s shown i n F i g . V . 3 - 1 ( s e e F i g . I I . 1 - 8 f o r a v i s u a l i z a t i o n ) . 

T a b l e V . 3 - 1 . P a r a m e t e r s o f F i n a l F o c u s i n g Q u a d r u p o l e 

I nne r c o i 1 r a d i u s 1.3 m 

O u t e r c o i 1 r a d i u s 2 . 3 m 

R a d i a t i o n s h i e l d t h i c k n e s s 0 .6 m 

F i e l d g r a d i e n t i n c o i l m i d p l a n e 8 T/m 

Ave rage c u r r e n t d e n s i t y i n c o i l 2 k A / c m 2 

Peak i n d u c t i o n i n c o i l 12 T 

S u p e r c o n d u c t o r - NbßSn 

- NbTi i n low f i e l d 

r e g i o n s 

Leng th o f c o i 1 s t r a i g h t s e c t i o n t o a c h i e v e a 

f o c u s i n g s t r e n g t h o f 20 T/m-m ~ 2 . 5 m 

O v e r a l 1 c o i l l e n g t h 4 - 6 m 

I r o n s h i e l d t h i c k n e s s ( o p t i o n a l ) > 4 m 

These p a r a m e t e r s r e p r e s e n t t h e 1 i m i t s o f p r e s e n t l y c o n c e i v a b l e s u p e r ­

c o n d u c t o r t e c h n o l o g y . In p a r t i c u l a r , t h e a v e r a g e c u r r e n t d e n s i t y c a n n o t be 

i n c r e a s e d : 

Q 

• L a r g e magnets (> 10 J ) r e q u i r e a f u l l y s t a b i l i z e d s u p e r c o n d u c t o r , i . e . a 

s u f f i c i e n t amount o f good normal c o n d u c t i n g m a t e r i a l must be p r o v i d e d i n 

p a r a l l e l w i t h t h e c o n d u c t o r . 
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The L o r e n t z f o r c e s wh i ch have a p a r t i c u l a r l y c o m p l i c a t e d p a t t e r n i n m u l t i -

p o l e magnets must be accommodated w i t h o u t c o n d u c t o r d e g r a d a t i o n . A l a r g e 

f r a c t i o n o f t h e c o i l c r o s s s e c t i o n must t h e r e f o r e be t a k e n by s t e e l o r 

s i m i l a r m a t e r i a l s . 

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

wh i ch a r e p r e s e n t l y d i s c u s s e d f o r l a r g e s u p e r c o n d u c t i n g magnets i n tokamaks 

and mi r r o r s . 

Two a s p e c t s o f t h e magnet d e s i g n r e q u i r e s p e c i a l a t t e n t i o n as t h e y r e l a t e 

t o t h e o v e r a l l l a y o u t o f H I B A L L : 

a) i f t h e s t r a y f i e l d must be s h i e l d e d , i r o n o f abou t 4 m r a d i a l t h i c k n e s s i s 

needed (about 3000 t o n s p e r q u a d r u p o l e ) . I f t h i s s h i e l d i n g i s no t c o n ­

s i d e r e d , t h e mutua l d i s t o r t i o n o f f i e l d s i n n e i g h b o r i n g beam l i n e s and t h e 

s t r a y f i e l d i n t h e r e a c t o r chamber must be t a k e n i n t o a c c o u n t . 

b) The o v e r a l l a x i a l l e n g t h o f t h e q u a d r u p o l e s i s d e t e r m i n e d by t h e c o i l and 

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

c o n d u c t o r s i s r e v e r s e d . At l e a s t 6 m o f t o t a l l e n g t h r e s u l t i f t h e c o i l 

end i s p r o v i d e d i n t h e same r a d i a l r e g i o n i n w h i c h t h e c o i l i t s e l f i s 

s i t u a t e d (see F i g . ( V . 3 - 1 ) . I f t h e c o i l end i s ben t r a d i a l l y o u t w a r d , t h e 

t o t a l l e n g t h comes down t o abou t 3 . 5 m bu t t h e r a d i a l d i m e n s i o n s and t h u s 

t h e m a g n e t i c s h i e l d i n g r e q u i r e m e n t s a r e a g g r a v a t e d . 

R e f e r e n c e f o r S e c t i o n V . 3 

1. H. B r e c h n a , S u p e r c o n d u c t i n g Magnet Sys tems . B e r l i n , H e i d e l b e r g , New Y o r k : 
S p r i n g e r 1 9 7 3 , T e c h n . P h y s i k i n E i n z e l d a r s t e l l u n g e n B d . 1 8 . 
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V . 4 S h i e l d i n g o f F i n a l F o c u s s i n g Magnets 

V . 4 . 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 t o accommodate a v a r i e t y o f p e n e t r a t i o n s . 

The p u r p o s e and s i z e o f t h e s e 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 t h e r e a c t o r 

t y p e . ( 1 _ 3 ) 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 t o p r o t e c t t h e 

v i t a l components i n t h e 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 

r a d i a t i o n s t r e a m i n g . The m a j o 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 t h e i o n beam 1 i n e . Such a p e n e t r a t i o n i s c h a r a c t e r i z e d by a l a r g e a r e a 

(- 1 m 2 ) . F u r t h e r m o r e , 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 t o 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 t h e t a r g e t . 

The HIBALL r e a c t o r u t i l i z e s t w e n t y 10 GeV B i + + i o n beams t o b r i n g t h e 

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 

1 0 2 . 8 cm and a w i d t h o f 3 4 . 3 cm a t t h e r e a c t o r c a v i t y wal1 o f r a d i u s 7 m. 

There w i l l be 8 . 1 4 x 1 0 1 6 n e u t r o n s s t r e a m i n g t h r o u g h each beam l i n e 

p e n e t r a t i o n p e r s h o t f o r a DT y i e l d o f 400 M J . A number o f s u p e r c o n d u c t i n g 

magnets a r e a r r a n g e d a l o n g t h e beam 1 i n e t o f o c u s t h e i o n beam t o a s p o t 6 mm 

i n d i a m e t e r a t t h e t a r g e t . Adequa te p e n e t r a t i o n s h i e l d i n g i s r e q u i red t o 

p r o t e c t t h e s e beam f o c u s s i n g magnets f rom e x c e s s i v e r a d i a t i o n damage. 

V a r i o u s beam 1 i n e p e n e t r a t i o n s h i e l d shapes have been c o n s i d e r e d t o 

a s s e s s t h e i r e f f e c t i v e n e s s i n r e d u c i n g t h e r a d i a t i o n e f f e c t s i n t h e HIBALL 

beam f o c u s s i n g m a g n e t s . 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 

must be p e r f o r m e d t o a c c o u n t f o r t h e g e o m e t r i c a l c o m p l e x i t y o f t h e p e n e ­

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

t h e magnets a r e : 

1) A 50% r a d i a t i o n i n d u c e d r e s i s t i v i t y i n c r e a s e i n t h e c o p p e r s t a b i l i z e r 

w h i c h c o r r e s p o n d s t o 1.4 x 1 0 " 4 dpa ( d i s p l a c e m e n t s p e r a t o m ) . 

2) A r a d i a t i o n dose o f 5 x 1 0 9 Rad i n t h e epoxy e l e c t r i c a l i n s u l a t i o n . 



3) A peak n u c l e a r h e a t i n g o f I O " 4 W/cm J i n t h e magne t . 

V . 4 . 2 C a l c u l a t i o n a l Model 

The b l a n k e t r e g i o n i n HIBALL i s 2 m t h i c k and c o n s i s t s o f S i C t u b e s 

t h r o u g h w h i c h L i 1 7 P b 8 3 l i q u i d me ta l e u t e c t i c f l o w s . The t u b e s o c c u p y 33% o f 

t h e 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 h a v i n g a r a d i u s o f 7 m i s u s e d . 

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 (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 f e r r i t i c s t e e l 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 u s e d . The r e a c t o r u t i l i z e s a 3 . 5 m t h i c k c o n c r e t e b i o ­

l o g i c a l s h i e l d . A more d e t a i l e d d i s c u s s i o n i s g i v e n l a t e r i n s e c t i o n V I . 3 . 

Because o f i t s s m a l l t h i c k n e s s and n e g l i g i b l e e f f e c t on r a d i a t i o n damage i n 

t h e p e n e t r a t i o n , t h e f i r s t w a l l i s n e g l e c t e d i n t h e p r e s e n t a n a l y s i s . 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 t h e 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 t h e s p h e r i c a l t a r g e t u s i n g t h e d i s c r e t e o r d i n a t e s code A N I S N ( 5 ) 

as d e s c r i b e d i n s e c t i o n 11 I . l . 

The f i n a l f o c u s s i n g s y s t e m i n HIBALL wh i ch f o c u s e s t h e beam f rom t h e 

p e r i o d i c beam l i n e on to t h e t a r g e t , c o n s i s t s o f e i g h t q u a d r u p o l e m a g n e t s . The 

t o t a l l e n g t h o f t h e sys tem i s 6 0 . 4 m. Each q u a d r u p o l e has a l e n g t h o f 2 . 7 m 

w i t h t h e d r i f t s e c t i o n s between t h e q u a d r u p o l e s b e i n g 1.8 m l o n g . F i g u r e 

V . 4 - 1 shows t h e 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 f o r t h e beam as i t i s t r a n s ­

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

q u a d r u p o l e s used f o r f o c u s s i n g t h e beam a r e a l s o shown. The i n n e r d i m e n s i o n s 

o f t h e magnet s h i e l d have been c h o s e n t o be a t l e a s t 2 cm l a r g e r t h a n t h e beam 

s i z e , as d e t e r m i n e d f rom t h e e n v e l o p e s i n F i g . V . 4 - 1 , a t a l l p l a c e s a l o n g t h e 

p e n e t r a t i o n . 
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The 20 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 symmet r i c a b o u t t h e 

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 4 m a p a r t v e r t i c a l l y a t t h e r e ­

a c t o r 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 m o d e l l e d i n 

t h e 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 used a t t h e p l a n e s o f 

symmet ry . C o n s e q u e n t l y , o n l y 1/40 o f t h e r e a c t o r i s m o d e l l e d . T h i s c o r r e ­

sponds t o a " p i e s l i c e " o f t h e uppe r h a l f o f t h e 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 t h e c e n t e r l i n e o f t h e beam l i n e p e n e t r a t i o n 

and t h e r e a c t o r m i d p l a n e i s 1 6 ° . The axes a r e r o t a t e d by 16° a round t h e y 

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

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

F i g u r e V . 4 - 2 g i v e s t h e v e r t i c a l c r o s s s e c t i o n f o r t h e f o c u s s i n g magnets and 

s h i e l d . F i g u r e V . 4 - 3 g i v e s t h e c r o s s s e c t i o n a t t h e p l a n e z ' = 0 . Each 

q u a d r u p o l e has a l e n g t h o f 2 .7 m and a t h i c k n e s s o f 1 m. Each magnet c o i l i s 

m o d e l l e d t o have 7 . 5 2 v / o NbTi s u p e r c o n d u c t o r c o i l s , 6 7 . 4 8 v / o c o p p e r s t a b i ­

l i z e r , 15 v / o l i q u i d h e l i u m c o o l a n t , and 10 v / o i n s u l a t i o n . The magnet s h i e l d 

i s t a k e n t o be made o f 60 v / o 316 S S , 15 v / o P b , 15 v / o B 4 C and 5 v / o H 2 0 

c o o l a n t . The s h i e l d has a minimum t h i c k n e s s o f 0 . 5 m i n t h e q u a d r u p o l e 

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

t a p e r e d such t h a t i t does no t see d i r e c t l i n e o f s i g h t 14 .1 MeV s o u r c e 

n e u t r o n s . T h i s w i l l be shown t o be more a d v a n t a g e o u s t h a n u s i n g a s h i e l d w i t h 

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

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 t h e t h r e e -

d i m e n s i o n a l Monte C a r l o code M O R S E . ( 6 ) A c o u p l e d 25 n e u t r o n - 21 gamma g roup 

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 l i b r a r y c o n s i s t s o f t h e RSIC D L C - 4 1 B / 

VITAMIN-C d a t a l i b r a r y ^ 7 ) and t h e 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 . ( 8 ) 

S i n c e o n l y 1/40 o f t h e r e a c t o r i s c o n s i d e r e d , we s t a r t w i t h 1 .775 x 1 0 1 9 14 .1 

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



Q: 

REACTOR 
CENTERLINE 

QUADRUPOLE LENGTH 2.7 m 
QUADRUPOLE THICKNESS 1.0 m 
QUADRUPOLE SHIELD THICKNESS > 0.5 m 
DRIFT SECTION LENGTH 1.8 m 

% 4 

fSDt 
1 6 * Q 8 

SHIELD THICKNESS IN DRIFT SECTIONS 
Ql - Q 2 £ 0.5 m 
Q 2 - Q 3 £ 0.5 m 
Q 3 - Q 4 ^ 0.5 m 
Q 4 - Q 5 £ Im 
Q 5 - Q 6 ^ I m 
Q 6 - Q 7 * 1.5 m 
Q 7 - Q 8 £ 1.5 m 

oH—roil—1Q5 I—FoTl fo i l 

l i ^ . 3 1 4 61.2 1 3 2 1.3 L 4 1 1.0 « * < 4 < H » 

1 
cn 

ro 00 
1̂ 

1.2 

8.5 

1.58 I.l 

REFLECTING 
BOUNDARY 

F i g u r e V . 4 - 2 V e r t i c a l c r o s s s e c t i o n f o r f o c u s s i n g magnets and s h i e l d . 



REFLECTING 
BOUNDARY 

on for 
/ / / / / / ^ / / / / / / / / / / /// / j / / / y / / 

1.35 0.2 /0.45 / 0.45 / 0.4 / 0.5 / 0.4 / 0.4 7 0.35 
0.35 0.50 0.48 0.45 0.55 0.43 0.43 0.37 

REFLECTING 
BOUNDARY 

F i g u r e V . 4 - 3 C r o s s s e c t i o n a t p l a n e z ' = 0 f o r f o c u s s i n g magnets and s h i e l d . 
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t h e s o u r c e i n t e n s i t y and s p e c t r u m f o r n e u t r o n s and gammas e m i t t e d f rom t h e 

t a r g e t . These s o u r c e n e u t r o n s and gammas a r e c o n s i d e r e d t o be e m i t t e d 

i s o t r o p i c a l l y a t t h e o r i g i n . 

In o r d e r t o ge t s t a t i s t i c a l l y adequa te e s t i m a t e s f o r t h e f l u x i n t h e 

f o c u s s i n g magnets w i 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 i s 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 t o t h a t used p r e v i o u s l y f o r 

t he a n a l y s i s o f t h e end p l u g o f a tandem m i r r o r f u s i o n r e a c t o r . ( 3 ) However , 

i n t h i s c a s e , t h e d i s t r i b u t i o n i s b i a s e d i n bo th p o l a r and a z i m u t h a l a n g l e s . 

The d i s t r i b u t i o n f u n c t i o n f rom w h i c h t h e p o l a r and a z i m u t h a l a n g l e s a r e 

p i c k e d i s 

P ( i l ) dfl = P (u ) P U ) du d<j> . ( V . 4 - 1 ) 

For t he u n b i a s e d i s o t r o p i c d i s t r i b u t i o n we have 

P ( u ) = 1 , (0 < u < 1) 

and 

PM = 10/7T , (0 < * < ^ y ) 

where u=cose , and e and $ a r e t h e p o l a r and a z i m u t h a l a n g l e s w i t h r e s p e c t t o 

t h e f rame x y z . I f t h e b i a s e d d i s t r i b u t i o n f u n c t i o n i s g i v e n by 

P ' ( n ) d n = P' (u) P ' U ) du Q> , ( V . 4 - 2 ) 

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

(e,<{,) f o r t h e f i n a l e s t i m a t e s t o be u n b i a s e d . T h e r e f o r e , t h e w e i g h t f o r t h e 

b i a s e d c a s e , w ' , i s r e l a t e d t o t h e w e i g h t f o r t h e u n b i a s e d c a s e , w, by 

w ' = w Ä i y (v-4-3) 

In t h i s w o r k , y i s p i c k e d f rom a b i a s e d d i s t r i b u t i o n w h i c h f o r c e s 90% o f 
A6 

t h e s o u r c e n e u t r o n s t o have e p - - f - < 6 < 9 p + - f - , where e p = 74° i s t h e 

a n g l e between t h e axes x ' and z , and A9 p = 8 . 0 7 ° as shown i n F i g . V . 4 - 2 . A 

s c h e m a t i c o f t h e b i a s e d and u n b i a s e d d i s t r i b u t i o n s f o r y i s g i v e n i n F i g . 

V . 4 - 4 ( a ) . The a z i m u t h a l a n g l e , <j>, i s p i c k e d f rom a b i a s e d d i s t r i b u t i o n t h a t 

f o r c e s 90% o f t h e s o u r c e n e u t r o n s t o have 0 < <|> < A<ty where A<j>p = 1 .4° i s t h e 

a z i m u t h a l a n g l e i n t h e p l a n e z=0 s u b t e n d e d by t i e p e n e t r a t i o n . A s c h e m a t i c o f 

t h e b i a s e d and u n b i a s e d d i s t r i b u t i o n s f o r <j> i s g i v e n i n F i g . V . 4 - 4 ( b ) . A f t e r 

p i c k i n g y and <j>, t h e d i r e c t i o n c o s i n e s o f t h e s o u r c e p a r t i c l e w i t h r e s p e c t t o 

t h e f rame xyz a r e c a l c u l a t e d . An o r t h o g o n a l t r a n s f o r m a t i o n i s p e r f o r m e d t o 

d e t e r m i n e t h e c o r r e s p o n d i n g d i r e c t i o n c o s i n e s w i t h r e s p e c t t o t h e f rame x ' y z ' 

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

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

f e c t s o c c u r i n t h e magnets c l o s e r t o t h e s o u r c e . F o r t h i s r e a s o n and t o r e ­

duce t h e c o m p u t i n g t i m e , o n l y t h e l a s t two q u a d r u p o l e s Q 7 and Q 8 a r e m o d e l l e d . 

The geomet ry f o r t h e c o m p u t a t i o n a l model used i s g i v e n i n F i g . V . 4 - 5 . Each 

q u a d r u p o l e i s d i v i d e d i n t o t h r e e zones and e a : h q u a d r u p o l e s h i e l d i s d i v i d e d 

i n t o two z o n e s . Zone 12 r e p r e s e n t s t h e b i o l o g i c a l s h i e l d . Zones 13 and 14 

r e p r e s e n t t h e 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 15) i s e x t e n d e d t o t h e r e g i o n o u t s i d e t h e b i o l o g i c a l s h i e l d and t h e 

f o c u s s i n g m a g n e t s . T h i s a l l o w s t h e n e u t r o n s l e a k i n g ou t o f t h e b i o l o g i c a l 
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Figure V .4 -4 Angular source biasing scheme. 
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CROSS SECTION AT PLANE z' = 0 
Figure V . 4 - 5 Geometry of computational model for f ina l two focussing magnets. 



V . 4 - 1 1 - 2 9 3 -

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 t h e f o c u s 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 t h e y wou ld be i f an o u t e r vacuum r e g i o n i s u s e d . To q u a n t i f y 

l e a k a g e f rom t h e p e n e t r a t i o n a 1 cm t h i c k p e n e t r a t i o n p l u g i s d e s i g n a t e d a s 

zone 1 7 . The d o t t e d 1 i n e s i n F i g . V . 4 - 5 r e p r e s e n t t h e geomet ry f o r a f l a t 

s h i e l d i n t h e q u a d r u p o l e s e c t i o n s . The s o l i d 1 i n e s r e p r e s e n t t h e c a s e w i t h 

t h e s h i e l d b e i n g t a p e r e d i n t h e q u a d r u p o l e s e c t i o n s . T a b l e V . 4 - 1 g i v e s t h e 

d i m e n s i o n s and m a t e r i a l c o m p o s i t i o n used i n t h e d i f f e r e n t z o n e s . The r e s u l t s 

p r e s e n t e d he re a r e o b t a i n e d u s i n g 2 0 , 0 0 0 h i s t o r i e s i n t he Monte C a r l o p r o b l e m . 

V . 4 . 3 R e s u l t s and D i s c u s s i o n 

The e f f e c t o f t a p e r i n g t h e s h i e l d i n t h e q u a d r u p o l e s e c t i o n s on t h e f l u x 

i n t he magnets was i n v e s t i g a t e d . The g e o m e t r i c a l mode ls used f o r t h e f l a t and 

t a p e r e d s h i e l d c a s e s a r e shown i n F i g . V . 4 - 5 . In t h e t a p e r e d s h i e l d c a s e , t h e 

s h i e l d i s t a p e r e d a l o n g t h e 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 . In t h i s 

c a s e , no d i r e c t 14 .1 MeV s o u r c e n e u t r o n s i m p i n g e on t h e p a r t o f t h e s h i e l d i n 

t h e q u a d r u p o l e s e c t i o n s . A l l s o u r c e n e u t r o n s imp inge on t h e i n n e r s u r f a c e o f 

t h e s h i e l d i n t h e d r i f t s e c t i o n . T a b l e V . 4 - 2 shows t h e e f f e c t o f t a p e r i n g t h e 

s h i e l d on t h e n e u t r o n s c a l a r f l u x i n t h e d i f f e r e n t p e n e t r a t i o n z o n e s . 

I t i s c l e a r f rom t h e r e s u l t s i n T a b l e V . 4 - 2 t h a t t a p e r i n g t h e s h i e l d i n 

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

n e u t r o n f l u x i n q u a d r u p o l e 7 o c c u r r i n g i n zone 3 i s r e d u c e d by a f a c t o r o f 1.8 

when t h e s h i e l d i s t a p e r e d . On t h e o t h e r h a n d , t h e peak n e u t r o n f l u x i n 

q u a d r u p o l e 8 o c c u r r i n g i n zone 8 i s r e d u c e d by an o r d e r o f m a g n i t u d e . The 

e f f e c t o f s h i e l d t a p e r i n g on t h e f l u x i n q u a d r u p o l e 8 i s more p ronounced t h a n 

t h a t i n q u a d r u p o l e 7 b e c a u s e s c a t t e r i n g o f 14 .1 MeV n e u t r o n s i s h i g h l y f o r w a r d 

p e a k e d . I t i s c l e a r a l s o t h a t t h e f l u x i n t h e s h i e l d f o r q u a d r u p o l e 8 i s r e ­

duced s i g n i f i c a n t l y by t a p e r i n g . The r e a s o n i s t h a t i n t h e t a p e r e d c a s e no 

d i r e c t l i n e o f s i g h t s o u r c e n e u t r o n s r e a c h zones 10 and 11 and n e u t r o n s r e a c h 
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T a b l e V . 4 - 1 Zones Used t o Model t h e F i n a l Two F o c u s s i n g Q u a d r u p o l e s 

and T h e i r S h i e l d s 

Zone L e n g t h T h i c k n e s s (m) F l a t 

R e g i o n Number (m) Tape red S h i e l d S h i e l d M a t e r i a l C o m p o s i t i o n 

Q u a d r u p o l e 7 1 

2 

2 .7 

2 . 2 

. . 9 

.1 

.9 

.1 

7 .52 v / o NbTi + 6 7 . 4 8 v / o Cu 

+ 15 v / o L i q . He + 10 v / o 

3 . 5 .1 .1 I n s u l a t i o n 

S h i e l d , f o r Q 7 4 2 . 2 . 5 - . 5 5 .5 60 v / o 316 SS + 15 v / o Pb S h i e l d , f o r Q 7 

5 .5 . 5 4 - . 5 6 .5 + 15 v / o B 4 C + 5 v / o H 2 0 

D r i f t S e c t i o n 
Sh ie l ' d " " 6 1.8 1 . 3 7 - 1 . 5 6 1 . 3 5 - 1 . 5 0 

Q u a d r u p o l e 8 7 

8 

2 .7 

. 5 

.9 

.1 

.9 

.1 

7 .52 v / o NbTi + 6 7 . 4 8 v / o Cu 

+ 15 v / o L i q . He + 10 v / o 

9 2 . 2 .1 .1 I n s u l a t i o n 

S h i e l d f o r Q f i 10 .5 . 5 - . 5 4 .5 60 v / o 316 SS + 15 v / o Pb 

11 2 . 2 . 5 3 - . 6 9 .5 + 15 v / o B 4 C + 5 v / o H 2 0 

B i o l o g i c a l 
S h i e l d 12 _ 3 . 5 3 . 5 95 v / o C o n c r e t e + 5 v / o H 2 0 

R e f l e c t o r 13 _ .4 .4 90 v / o f e r r i t i c s t e e l + 10 

v / o L i 1 7 P b 8 3 

B l a n k e t 14 2 . 0 2 . 0 98 v / o L i 1 7 P b 8 3 + 2 v / o S iC 

( . 3 3 d . f . ) 

I nne r Vacuum 15 - - - V o i d 

O u t e r Vacuum 16 - _ - V o i d 

P e n e t r a t i o n 17, .01 .01 316 SS 

TTug 
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T a b l e V . 4 - 2 E f f e c t o f T a p e r i n g t h e S h i e l d on t h e 

F l u x E s t i m a t e s i n P e n e t r a t i o n Zones 

Neu t ron S c a l a r F l u x ( n / c m 2 s ) 
Zone 

F l u x ( n / c m 2 s ) 

R e g i o n Number F l a t S h i e l d Tape red S h i e l d 

Q u a d r u p o l e 7 1 2 . 7 6 7 x 1 0 s ( 0 . 6 0 ) * 1 . 6 3 1 x l 0 8 ( 0 . 7 7 ) 

2 4 . 5 0 4 x l 0 9 ( 0 . 4 0 ) 3 . 4 4 1 x l 0 9 ( 0 . 5 2 ) 

3 2 . 1 5 6 x l 0 1 0 ( 0 . 3 8 ) 1 . 2 1 7 x l 0 1 0 ( 0 . 4 8 ) 

S h i e l d f o r Q 7 4 1 . 5 5 2 X 1 0 1 2 ( 0 . 1 3 ) 7 . 7 2 8 x l 0 U ( 0 . 1 4 ) 

5 3 . 6 0 6 x l 0 1 2 ( 0 . 1 7 ) 2 . 2 2 4 x l 0 1 2 ( 0 . 1 5 ) 

D r i f t S e c t i o n S h i e l d 6 1 . 2 9 9 x l 0 1 2 ( 0 . 0 9 ) 9 . 7 6 5 X 1 0 1 1 ( 0 . 0 8 ) 

Q u a d r u p o l e 8 7 7 . 3 8 8 x l 0 9 ( 0 . 7 5 ) 9 . 7 2 0 x l 0 6 ( 0 . 7 7 ) 

8 9 . 8 5 4 X 1 0 1 0 ( 0 . 7 6 ) 9 . 7 5 8 x l 0 9 ( 0 . 6 9 ) 

9 1 . 7 8 0 X 1 0 1 1 ( 0 . 5 0 ) N S * * 

S h i e l d f o r Q« 10 6 . 6 2 4 x l 0 1 2 ( 0 . 1 4 ) 8 . 1 0 8 X 1 0 1 1 ( 0 . 1 8 ) 

11 8 . 1 8 1 x l 0 1 2 ( 0 . 1 1 ) 1 . 9 8 0 X 1 0 1 1 ( 0 . 3 0 ) 

P e n e t r a t i o n P Iug 17 5 . 9 3 6 x l 0 1 3 ( 0 . 1 3 ) 5 . 3 6 8 x l 0 1 3 ( 0 . 1 0 ) 

* Numbers i n p a r e n t h e s e s a r e 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 s . 

* * No s c o r e i n t h i s zone f o r t h e 2 0 , 0 0 0 h i s t o r i e s u s e d . 

t h e s e zones o n l y a f t e r h a v i n g c o l l i s i o n s i n t h e d r i f t s e c t i o n s h i e l d (zone 6 ) . 

On t he o t h e r h a n d , t h e n e u t r o n f1ux i n t h e s h i e l d f o r q u a d r u p o l e 7 d e c r e a s e s 

o n l y s i i g h t l y b e c a u s e t h e 14.1 MeV s o u r c e n e u t r o n s have a l a r g e r chance t o go 

i n t h e f o r w a r d d i r e c t i on i n t o zones 4 and 5 t h a n t o go i n t h e backward d i r e c ­

t i on i n t o zones 10 and 11 a f t e r c o l l i d i n g i n t h e d r i f t s e c t i o n (zone 6 ) . The 

n e u t r o n f l u x a t t h e f i r s t s u r f a c e o f t h e HIBALL b l a n k e t a t t h e r e a c t o r m i d ­

p l a n e i s 2 . 3 6 4 x 1 0 1 4 n / c m 2 s . T h i s i m p l i e s t h a t t h e peak f l u x i n t h e 
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f o c u s s i n g magnets i s more t h a n f o u r o r d e r s o f magn i tude l o w e r t h a n t h e f l u x a t 

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

The n e u t r o n l e a k a g e f l u x a t t h e p e n e t r a t i o n p l u g i s 5 .368 x 1 0 1 3 n / c m 2 s 

f o r t h e t a p e r e d s h i e l d c a s e . The d i r e c t 1 i n e o f s i g h t 1 4 . 1 MeV n e u t r o n f l u x 

l e a k i n g f rom t h e p e n e t r a t i o n i s 2 . 3 9 8 x 1 0 1 3 n / c m 2 s w h i c h amounts t o 45% o f 

t he n e u t r o n l e a k a g e f l u x . I t i s c l e a r f rom t h e r e s u l t s i n T a b l e V . 4 - 2 t h a t 

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

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

p e n e t r a t i o n d e c r e a s e s when no d i r e c t l i n e o f s i g h t s o u r c e n e u t r o n s a r e i n c i ­

den t on t h e s h i e l d f o r q u a d r u p o l e 7 . Even though an a p p r e c i a b l e amount o f 

n e u t r o n s a r e l e a k i n g t h r o u g h t h e p e n e t r a t i o n model l e d h e r e , t h i s does no t pose 

a s e r i o u s p rob lem because o n l y t h e l a s t two q u a d r u p o l e s a r e m o d e l l e d h e r e . 

The o t h e r s i x q u a d r u p o l e s a r e s h i e l d e d i n t h e same manner as shown i n F i g s . 

V . 4 - 2 and V . 4 - 3 . C o n s i d e r i n g 1 / R 2 a t t e n u a t i o n , t h e n e u t r o n l e a k a g e f l u x a t 

q u a d r u p o l e 1 i s e s t i m a t e d t o be 7 .257 x 1 0 1 2 n / c m 2 s . 

F u r t h e r m o d i f i c a t i o n i n t h e shape o f t h e s h i e l d i n t h e d r i f t s e c t i o n i s 

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

s u r f a c e o f t h e s h i e l d i n t h e d r i f t s e c t i o n i s t a p e r e d a t b o t h ends such t h a t 

i t c o i n c i d e s w i t h t h e d i r e c t 1 i n e o f s i g h t f rom t h e s o u r c e as shown i n F i g . 

V . 4 - 6 . In t h i s c a s e , a l 1 s o u r c e n e u t r o n s imp inge on a v e r t i c a l n e u t r o n dump 

i n t h e s h i e l d . T h i s i n c r e a s e s t h e minimum d i s t a n c e between t h e magnet and t h e 

p o i n t on t h e s u r f a c e o f t h e s h i e l d where t h e s o u r c e n e u t r o n has i t s f i r s t 

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

p o s i t i o n s a r e c o n s i d e r e d f o r t h e n e u t r o n dump as shown i n F i g . V . 4 - 6 . 

T a b l e V . 4 - 3 g i v e s t h e a t o m i c d i s p l a c e m e n t s p e r f u l l power y e a r (FPY) i n 

t h e Cu s t a b i l i z e r i n t h e d i f f e r e n t magnet zones f o r t h e c a s e s o f f l a t s h i e l d 

and t a p e r e d s h i e l d w i t h t h e d i f f e r e n t o p t i o n s f o r t h e d r i f t s e c t i o n s h i e l d 
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T a b l e V . 4 - 3 E f f e c t o f P e n e t r a t i o n S h i e l d Shape 

on DPA Ra te i n t h e Copper S t a b i l i z e r 

R e g i o n 

Q u a d r u p o l e 7 

DPA Ra te ( d p a / F P Y ) 

Zone F l a t Tapered S h i e l d i n Q u a d r u p o l e S e c t i o n 

Number S h i e l d O p t i o n A O p t i o n B O p t i o n C 

1 

2 

3 

2 . 1 6 7 X 1 0 " 6 

3 . 1 2 9 X 1 0 - 5 

9 . 1 1 5 X 1 0 " 5 

1 . 1 4 2 x l 0 " 6 1 . 0 2 3 x l 0 " 7 

" 5 1 . 2 5 6 x l 0 " 5 3 .686x10 

9 . 7 0 2 x 1 0 - 5 1 .600x10 - 5 

NS 

NS 

2 . 7 1 0 x l 0 " 6 

Q u a d r u p o l e 8 7 

8 

9 

1 . 6 9 0 x l 0 " 5 

6 . 1 8 2 x l 0 " 4 

1 . 0 5 6 x l 0 " 3 

1.742x10 

1 .151x10 

NS 

- 7 

-4 
NS 

NS 

NS 

1 . 7 4 9 x l 0 " 8 

4 . 4 8 3 x l 0 " 6 

7 .580x10 - 7 

shown i n F i g . V . 4 - 6 . N o t i c e t h a t even though t h e s c a l a r f l u x i n zones 2 and 3 

o f q u a d r u p o l e 7 d e c r e a s e when t h e s h i e l d i s t a p e r e d w i t h o p t i o n A ( T a b l e 

V . 4 - 2 ) , t h e dpa r a t e s l i g h t l y i n c r e a s e s . The r e a s o n i s t h a t when t h e s h i e l d 

i s t a p e r e d , a l 1 1 4 . 1 MeV s o u r c e n e u t r o n s f a l l on t h e d r i f t s e c t i o n s h i e l d 

( z o n e 6) i n s t e a d o f f a l l i n g on zones 4 and 5 as w e l l . S i nee e l a s t i c s c a t t e r ­

i n g o f h i g h e n e r g y n e u t r o n s i s h i g h l y f o r w a r d p e a k e d , t h i s r e s u l t s i n a s i i g h t 

i n c r e a s e i n t h e h i g h e n e r g y f l u x i n zones 2 and 3 o f q u a d r u p o l e 7 y i e l d i n g 

h i g h e r dpa v a l u e s . As t h e n e u t r o n s s l o w down i n t h e s h i e l d t h e s c a t t e r i n g 

becomes more i s o t r o p i c w i t h t h e low e n e r g y f l u x d e c r e a s i n g i n zones 2 and 3 . 

The ne t e f f e c t i s t o d e c r e a s e t h e t o t a l n e u t r o n s c a l a r f l u x as shown i n T a b l e 

V . 4 - 2 . On t h e o t h e r h a n d , t a p e r i n g t h e s h i e l d w i t h o p t i o n A 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 t h e dpa r a t e i n q u a d r u p o l e 8 . 

I f s h i e l d i n g o p t i o n B i s u s e d , i t i s f ound t h a t t h e peak dpa r a t e i n 

q u a d r u p o l e 7 i s d e c r e a s e d by a f a c t o r o f ~ 6 as compared t o o p t i o n A i n 
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a d d i t i o n t o d e c r e a s i n g t h e peak dpa r a t e i n q u a d r u p o l e 8 s i g n i f i c a n t l y . In 

t h e run o f 2 0 , 0 0 0 h i s t o r i e s , no c o n t r i b u t i o n was o b t a i n e d i n q u a d r u p o l e 8 . 

Because s c a t t e r i n g i s f o r w a r d peaked a t h i g h n e u t r o n e n e r g i e s , l o c a t i n g t h e 

s o u r c e n e u t r o n dump h a l f w a y between Q 7 and Q 8 r e s u l t s i n c o n s i d e r a b l e r e d u c ­

t i o n i n damage i n Q 8 and a s m a l l e r r e d u c t i o n i n Q 7 . U s i n g o p t i o n A t h e peak 

damage o c c u r s i n Q 8 w h i l e i t o c c u r s i n Q 7 when o p t i o n B i s u s e d . In o p t i o n C , 

t h e s o u r c e n e u t r o n dump i s moved c l o s e r t o Q 8 . T h i s i s f ound t o d e c r e a s e t h e 

peak dpa r a t e i n Q 7 c o n s i d e r a b l y and i n c r e a s e t h e peak damage r a t e i n Q 8 o n l y 

s i i g h t l y . The peak i n Q 8 when o p t i o n C i s used i s a f a c t o r o f ~ 25 l o w e r t h a n 

t h a t when o p t i o n A i s u s e d . 

T a b l e V . 4 - 4 g i v e s t h e r a d i a t i o n dose r a t e i n t h e epoxy e l e c t r i c a l i n s u ­

l a t i o n i n t h e d i f f e r e n t magnet zones f o r t h e d i f f e r e n t g e o m e t r i c a l o p t i o n s 

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

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

a d o p t e d . The r e s u l t s g i v e n i n T a b l e V . 4 - 4 i n c l u d e t h e c o n t r i b u t i o n f rom bo th 

n e u t r o n and gamma e n e r g y d e p o s i t i o n . T a b l e V*.4-5 g i v e s t h e peak dpa r a t e , t h e 

peak r a d i a t i o n d o s e , and t h e peak power d e n s i t y i n t h e f o c u s s i n g magnets f o r 

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

s h i e l d w i t h o p t i o n C i s t h e most e f f e c t i v e s h i e l d d e s i g n . U s i n g o p t i o n C f o r 

t h e d r i f t s e c t i o n s h i e l d i s f ound t o r e s u l t i n a peak dpa r a t e i n t h e Cu 

s t a b i l i z e r o f o n l y 4 . 4 8 3 x I O - 6 d p a / F P Y . The n e u t r o n l e a k a g e f l u x a t t h e 

p e n e t r a t i o n p l u g i s f ound a l s o t o d e c r e a s e t o a v a l u e o f 4 . 6 1 5 x 1 0 1 3 n / c m 2 s 

w i t h o p t i o n B and 3 .361 x 1 0 1 3 n / c m 2 s f o r o p t i o n C . T h i s r e s u l t s f rom i n ­

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

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

R a d i a t i o n damage t o t h e s t a b i l i z i n g m a t e r i a l i n t h e s u p e r c o n d u c t i n g mag­

n e t s r e s u l t s i n i n c r e a s i n g t h e e l e c t r i c a l r e s i s t i v i t y . The r a d i a t i o n i n d u c e d 
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T a b l e V . 4 - 4 E f f e c t o f P e n e t r a t i o n S h i e l d Shape on 

R a d i a t i o n Dose Rate i n t h e Epoxy I n s u l a t i o n 

R e g i o n 

R a d i a t i o n Dose Rate ( R a d / F P Y ) 

Zone F l a t Tapered S h i e l d i n Q u a d r u p o l e S e c t i o n 

Number S h i e l d O p t i o n A O p t i o n B O p t i o n C 

Q u a d r u p o l e 7 5 . 2 2 0 X 1 0 6 2 . 1 4 9 X 1 0 6 

5 .914x10 7 7 . 6 3 7 x l O y 

7 . 9 6 6 x l 0 5 

1 . 9 7 8 x l 0 7 

1 . 8 3 1 x 1 0 s 2 . 1 9 5 x 1 0 s 2 . 5 2 6 x 1 0 ' 

1 . 6 2 5 X 1 0 2 

7 . 3 9 0 x l 0 3 

4 . 1 7 4 x l 0 6 

Q u a d r u p o l e 8 7 

8 

9 

4 . 9 6 1 x l 0 / 

1 . 6 1 6 x l 0 9 

3 . 4 6 7 x l 0 9 

3 . 3 5 0 X 1 0 5 

2 . 5 5 2 x l O S 

NS 

NS 

NS 

NS 

1 . 0 3 1 X 1 0 5 

7 . 1 8 8 x l 0 6 

1 . 2 5 0 x l 0 6 

T a b l e V . 4 - 5 E f f e c t o f P e n e t r a t i o n S h i e l d Shape on Peak 

V a l u e s o f DPA, R a d i a t i o n D o s e , and N u c l e a r 

H e a t i n g i n t h e F o c u s s i n g Magnets 

Peak d p a / F P Y 
i n Cu S t a b i l i z e r 

Peak R a d i a t i o n 
Dose i n I n s u l a t i o n 

Peak Power 
D e n s i t y (W/cm 3 ) 

F l a t 
S h i e l d 

1 .056x10 ' 

Tape red S h i e l d i n Q u a d r u p o l e S e c t i o n 
O p t i o n A O p t i o n B O p t i o n C 

• 3 1 . 1 5 1 X 1 0 " 4 1 . 6 0 0 x l 0 " 5 4 . 4 8 0 x l 0 ~ 6 

3 . 4 6 7 x l 0 9 2 . 5 5 2 x 1 0 s 2 . 5 2 6 x l 0 7 7 . 2 0 x l 0 6 

4 . 3 8 0 X 1 0 " 3 2 . 4 4 X 1 0 " 4 3 . 5 5 4 x l 0 ~ 6 5 . 3 5 0 x l 0 ~ 7 
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r e s i s t i v i t y i s r e l a t e d t o t h e number o f d i s p l a c e m e n t s p e r atom i n t h e s t a b i -

1 i z e r . A 50% r a d i a t i o n i n d u c e d r e s i s t i v i t y i n c r e a s e i n t h e c o p p e r s t a b i l i z e r 

i s c o n s i d e r e d as a d e s i g n c r i t e r i o n . A r e s i s t i v i t y o f t h i s amount i s p r o d u c e d 

by a damage l e v e l o f 1.4 x 1 0 ~ 4 d p a . T h i s v a l u e i s o b t a i n e d u s i n g t h e r e l a ­

t i o n between t h e i n d u c e d r e s i s t i v i t y i n C u , p.. and t h e t o t a l d i s p l a c e m e n t s p e r 

a tom, d , g i v e n by t he f o l 1 owing e q u a t i o n : 
(9) 

7 - 5 6 3 d 
p. = 3 x 1 0 " 7 (1 - e ) ü . cm . ( V . 4 - 4 ) 

However , r e c o v e r y i s p o s s i b l e by a n n e a l i n g . I n c r e a s i n g t h e t i m e span between 

r e q u i red a n n e a l s i s d e s i r a b l e f o r r e d u c i n g t h e m a i n t e n a n c e c o s t . D e c r e a s i n g 

t h e number o f a n n e a l s r e q u i r ed d u r i n g t h e r e a c t o r 1 i f e t i m e a l s o m i n i m i z e s any 

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

d e s i g n w i t h o p t i o n C , t h e maximum p e r i o d o f o p e r a t i o n w i t h o u t a n n e a l i n g i s 

- 31 f u l 1 power y e a r s . T h i s i s compared t o 8 . 5 FPY when o p t i o n B i s used and 

- 1 FPY when o p t i o n A i s u s e d . I f a f l a t s h i e l d d e s i g n i s u s e d , one needs t o 

a n n e a l e v e r y - 45 d a y s . T h i s i m p l i e s t h a t when t h e s h i e l d d e s i g n w i t h o p t i o n 

C i s u s e d , no a n n e a l i n g i s needed f o r an e s t i m a t e d r e a c t o r 1 i f e t i m e o f 20 f u l 1 

power y e a r s . 

The r a d i a t i o n e f f e c t s on t h e i n s u l a t o r a r e not r e v e r s i b l e and i t i s e s ­

s e n t i a l t h a t i t l a s t s t h e who le r e a c t o r 1 i f e t i m e . The d e s i g n 1 i m i t used f o r 

t h e r a d i a t i o n dose i n t h e epoxy e l e c t r i c a l i n s u l a t o r i s 5 x 1 0 9 r a d . The r e ­

s u l t s show t h a t f o r an e s t i m a t e d r e a c t o r 1 i f e t i m e o f 20 f u l l power y e a r s , t h e 

d e s i g n s w i t h o p t i o n s B and C r e s u l t i n an a c c u m u l a t e d r a d i a t i o n dose w e l l b e ­

low the d e s i g n 1 i m i t , w h i l e t h e d e s i g n s w i t h a f l a t s h i e l d and w i t h o p t i o n A 

do no t s a t i s f y t h e d e s i g n c r i t e r i o n . The d e s i g n 1 i m i t on t h e peak power 

d e n s i t y i s s e t t o be I O - 4 W / c m 3 . I t i s c l e a r f rom t h e r e s u l t s o f T a b l e V . 4 - 5 
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t h a t t he t a p e r e d s h i e l d d e s i g n w i t h o p t i o n s B and C s a t i s f y t h i s d e s i g n c r i ­

t e r i o n w h i l e t h e d e s i g n s w i t h a f l a t s h i e l d and o p t i o n A do no t f u l f i l l t h i s 

r e q u i r e m e n t . I t i s c o n c l u d e d f rom t h e r e s u l t s p r e s e n t e d h e r e t h a t a magnet 

s h i e l d w h i c h i s t a p e r e d i n t h e q u a d r u p o l e s e c t i o n s w i t h o p t i o n C f o r t h e d r i f t 

s e c t i o n s h i e l d shape s a t i s f i e s t h e d e s i g n c r i t e r i a on t h e r a d i a t i o n dose i n 

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

e l i m i n a t i n g t he need f o r magnet a n n e a l i n g d u r i n g t h e who le r e a c t o r 1 i f e t i m e . 

Our c a l c u l a t i o n s show t h a t t h e edges o f q u a d r u p o l e 8 c l o s e t o t he r e f l e c ­

t o r a r e exposed t o r e l a t i v e l y h i g h l e v e l s o f r a d i a t i o n b e c a u s e o f t h e poor 

s h i e l d i n g e f f e c t i v e n e s s o f c o n c r e t e . To meet t h e d e s i g n c r i t e r i a , t h e dpa 

r a t e , r a d i a t i o n dose and power d e n s i t y a t t h e c o r n e r o f Q 8 c l o s e t o t h e r e ­

f l e c t o r need t o be r e d u c e d by f a c t o r s o f 5 , 1 0 , and 4 0 , r e s p e c t i v e l y . T h i s 

can be a c h i e v e d by s u r r o u n d i n g t h e magnet a t t h e s e s p o t s by more e f f e c t i v e 

s h i e l d i n g . Tungs ten can be used t o a t t e n u a t e n e u t r o n s and hence reduce t h e 

dpa and n e u t r o n h e a t i n g . Lead can a l s o be used t o a t t e n u a t e t h e h i g h gamma 

f l u x wh i ch i s t h e main s o u r c e f o r n u c l e a r h e a t i n g i n t h e s e p a r t s o f t h e 

magnet . 

V . 4 . 4 Summary 

T a p e r i n g t h e s h i e l d i n t h e q u a d r u p o l e s e c t i o n s i n such a way t h a t a l l 

d i r e c t l i n e o f s i g h t 14 .1 MeV s o u r c e n e u t r o n s f a l l on t h e i n n e r s u r f a c e o f t h e 

d r i f t s e c t i o n s h i e l d was f o u n d t o r e d u c e t h e r a d i a t i o n damage i n t h e m a g n e t s . 

S e v e r a l o p t i o n s f o r t h e shape o f t h e s h i e l d i n t h e d r i f t s e c t i o n s were a n a ­

l y z e d . The s m a l l e s t r a d i a t i o n e f f e c t s i n t h e magnet were o b t a i n e d when t h e 

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

i n a v e r t i c a l n e u t r o n dump between t h e m a g n e t s . B e t t e r s h i e l d i n g was o b t a i n e d 

when t h e n e u t r o n dump between t h e l a s t two q u a d r u p o l e s was p l a c e d c l o s e r t o 

t h e l a s t q u a d r u p o l e . W i th t h i s d e s i g n , t h e p e r i o d between r e q u i r e d magnet 
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a n n e a l s was i n c r e a s e d t o - 31 f u l l power y e a r s compared t o 45 days f o r t h e 

f l a t s h i e l d d e s i g n . T h i s i m p l i e s t h a t u s i n g t h e recommended s h i e l d d e s i g n , 

t h e need f o r a n n e a l i n g d u r i n g t h e r e a c t o r 1 i f e t i m e can be e l i m i n a t e d c o m p l e t e ­

l y . The recommended s h i e l d d e s i g n r e d u c e s t h e peak r a d i a t i o n dose i n t h e 

i n s u l a t o r a l l o w i n g i t t o l a s t f o r t h e who le r e a c t o r l i f e t i m e . The peak power 

d e n s i t y i n t h e magnet i s a l s o reduced s i g n i f i c a n t l y . We c o n c l u d e t h a t w i t h 

p r o p e r s h i e l d d e s i g n t h e f i n a l f o c u s i n g magnets f o r HIBALL can be p r o t e c t e d 

s u f f i c i e n t l y so t h a t r a d i a t i o n damage w i l l no t l i m i t t h e i r l i f e t i m e and t h a t 

t h e n u c l e a r h e a t i n g l o a d s a r e no t s e r i o u s . 
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V . 5 C o n s i d e r a t i o n s f o r F u t u r e D e s i g n 

To f o c u s s e v e r a l i n t e n s e i o n beams on a s p o t o f 3 mm r a d i u s i t i s a d v a n ­

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

h o r i z o n t a l and t h e v e r t i c a l p l a n e s . One main r e a s o n f o r t h i s i s t h a t t h e 

INPORT tube p r o t e c t i o n o f t h e r e a c t o r v e s s e l i s e a s i e r t o f a b r i c a t e by 

r e q u i r i n g v e r t i c a l l y l o n g and h o r i z o n t a l l y na r row beam a p e r t u r e s i n s t e a d o f 

round o p e n i n g s o f equa l a r e a . A n o t h e r main r e a s o n i s t h a t t h e c h o i c e o f 

unequa l phase s p a c e a r e a s s i m p l i f i e s t h e c o r r e c t i o n o f image a b e r r a t i o n s o f 

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

d e s i g n o f t he beam g u i d a n c e sys tems w h i c h m a i n l y r e s u l t i n l a r g e r beam 

a p e r t u r e s and t h u s l a r g e r magnet e l e m e n t s . To accommodate t h e r e q u i r ed phase 

s p a c e a r e a o f abou t 30 x 120 Tr2mm2 m r a d 2 f o r 20 beam 1 i n e s a h o r i z o n t a l phase 

space a r e a o f 30 ir mm-mrad and a v e r t i c a l phase s p a c e a r e a o f 120 u mm-mrad, 

each was chosen as b a s i s o f a l 1 g e o m e t r i c d e s i g n s i n t h i s s e c t i o n , r e s u l t i n g 

i n beam a p e r t u r e s o f ±110 and +340 mm i n t h e m i d d l e o f t h e 3 m t h i c k w a l l o f 

t h e r e a c t o r v e s s e l . 

In o r d e r t o a c h i e v e a homogeneous bombardment o f t h e t a r g e t and a t t h e 

same t i m e a l l o w a P b - L i f l o w wh i ch i s as 1 i t t l e d i s t u r b e d as p o s s i b l e t h e 20 

beam 1 i n e s were a r r a n g e d i n 10 p a i r s i n c l i n e d by ± 1 6 ° . An even more homogene­

ous bombardment o f t h e t a r g e t wou ld be f e a s i b l e by c h o o s i n g no t o n l y two bu t 

t h r e e o r p o s s i b l y f o u r rows o f beam 1 i n e s each o f w h i c h t r a n s m i t s a s m a l l e r 

phase s p a c e . T h i s may be u n d e r s t o o d as a s m a l l e r l a t e r a l phase s p a c e f o r a 

beam p u l s e o f e q u a l l e n g t h o r , w h i c h may be o f h i g h i m p o r t a n c e , a s h o r t e r i o n 

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

S i n c e a l 1 f o c u s i n g l e n s e s must be p l a c e d o u t s i d e o f t h e r e a c t o r v e s s e l 

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

i n q u i t e b u l k y magnets o f h i g h f l u x d e n s i t i e s . To keep t h e s e l e n s d i a m e t e r s 
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w i t h i n 1 i m i t s i t seems r e a s o n a b l e t o use as s h o r t l e n s e s as p o s s i b l e . Thus 

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

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

i o n i z i n g r a d i a t i o n so t h a t r a t h e r w e l l - d e s i g n e d s h i e l d i n g a g a i n s t n e u t r o n s i s 

n e c e s s a r y . However , such r a d i a t i o n s h i e l d s i n c r e a s e t h e l e n s a p e r t u r e s c o n ­

s i d e r a b l y . F o r l e n s c o i l s w h i c h have a d i r e c t v i e w t o t h e t a r g e t t h i s i n ­

c r e a s e i n d i a m e t e r i s abou t +500 mm so t h a t t h e c r o s s s e c t i o n w i t h i n any l e n s 

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

i o n beam. Fo r l e n s c o i l s w h i c h have no d i r e c t v i e w t o t h e t a r g e t t h i s i n ­

c r e a s e i n d i a m e t e r i s a round +300 mm. 

In t h e d e s i g n o f such f i n a l f o c u s i n g l e n s e s a t t e n t i o n must be p a i d t o t h e 

e x i s t i n g space c h a r g e o f t h e i o n beams. S i n c e i o n beams o f c o m p a r a b l e i n ­

t e n s i t i e s a r e no t y e t a v a i l a b l e e x p e r i m e n t a l l y i t i s d i f f i c u l t t o p r e d i c t t o 

what e x t e n t t h e p o s i t i v e c h a r g e o f i o n s i s compensa ted by s l o w e l e c t r o n s o r 

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

c h a r g e c o m p e n s a t i o n s v a r y f rom 0% t o 100% s i n c e i t seems p o s s i b l e t o m o d i f y 

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

As l o n g as no e x p e r i m e n t a l i n f o r m a t i o n on such i o n beams i s a v a i l a b l e i t 

seems most u s e f u l t o e i t h e r l o o k f o r s o l u t i o n s w h i c h a r e r e l a t i v e l y i n s e n s i ­

t i v e t o v a r y i n g s p a c e c h a r g e by a v o i d i n g na r row beam c r o s s o v e r s and l o n g 

d r i f t d i s t a n c e s ^ ) (most p r o b a b l y , howeve r , t h e r e q u i r e d f o c u s i n g p r e c i s i o n 

c a n n o t be p r e s e r v e d o v e r a w ide range o f s p a c e c h a r g e v a l u e s ) . We c o u l d a l s o 

l o o k f o r s o l u t i o n s i n w h i c h t h e e f f e c t s o f v a r y i n g space c h a r g e can be 

compensa ted by v a r y i n g t h e magnet f l u x d e n s i t i e s i n some o r a l l l e n s e s o f t h e 

f i n a l f o c u s i n g s e c t i o n . S i nee b o t h t y p e s o f s o l u t i o n s can be e x p e c t e d t o work 

o n l y f o r na r row r e g 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 , any d e s i g n f o r an 

a r b i t r a r i l y c h o s e n f i x e d p e r c e n t a g e can o n l y be an e x a m p l e . 
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To p r o v i d e a summary abou t p o s s i b l e s o l u t i o n s f o r t h e f i n a l f o c u s i n g l e n s 

sys tems and a t t h e same t i m e pay some a t t e n t i o n t o t h e m e n t i o n e d p rob lems we 

s h a l l be low d i s c u s s t h r e e p r i n c i p l e s o l u t i o n s : 

1 . The f i r s t t y p e o f l e n s sys tem c o n s i s t s o f 6 o r 8 q u a d r u p o l e s t o w h i c h t h e 

r a t h e r na r row i o n b u n d l e f rom a beam t r a n s p o r t 1 i n e i s matched by n o r m a l l y 

3 a d d i t i o n a l q u a d r u p o l e s . ( 2 ) Though such s o l u t i o n s seem q u i t e r e a s o n a b l e 

a t f i r s t and second s i g h t , t h e y a l l have t h e d raw-back t h a t t h e l e n s c o i l s 

have a d i r e c t v i e w t o t h e f u s i o n t a r g e t and t h u s r e q u i re heavy s h i e l d i n g . 

W h i l e t h e f i n a l f o c u s i n g l e n s e s o f t h e r e f e r e n c e d e s i g n (see s e c t i o n V . 2 ) 

r e q u i re maximal m a g n e t i c f l u x d e n s i t i e s i n e x c e s s o f 4 T a t t h e beam 

e n v e l o p e , r e s u l t i n g i n more than 8 T a t t h e q u a d r u p o l e c o i l s o u t s i d e o f 

t h e heavy s h i e l d i n g , i t i s a l s o p o s s i b l e t o f i n d s o l u t i o n s f o r wh i ch t h e 

maximal f l u x d e n s i t i e s s t a y be low 2 T a t t h e beam e n v e l o p e . Thus good 

magnet i r o n c o u l d be used t o c o n c e n t r a t e t h e m a g n e t i c f l u x w i t h o u t s a t u ­

r a t i o n e f f e c t s i n t h e p o l e t i p s . T h i s wou ld r e s u l t i n c o n s i d e r a b l y l e s s 

c o s t l y sys tems f o r w h i c h t h e s h i e l d i n g p rob lem i s much s i m p l e r . Such 

s o l u t i o n s , h o w e v e r , must be e x p e c t e d t o have i n c r e a s e d image a b e r r a t i o n s 

so t h a t p o s s i b l y t h e a c c e p t a b l e phase space f o r each i o n beam must be r e ­

duced s i i g h t l y i n o r d e r t h a t t h e m a j o r p o r t i o n o f t h e i o n s i n a beam can 

be d e l i v e r e d t o t h e t a r g e t . 

2 . The second t y p e o f l e n s s y s t e m c o n s i s t s no t o n l y o f q u a d r u p o l e l e n s e s but 

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

t h e r e a c t o r v e s s e l so t h a t o n l y t h e f i r s t s e c t o r f i e l d ( see F i g . V . 5 - l a ) 

has a d i r e c t v i e w t o t h e f u s i o n t a r g e t . C o n s e q u e n t l y , t h e r a d i a t i o n 

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

c o r r e s p o n d i n g l e n s d i a m e t e r s by abou t 0 . 3 m. However , i t s h o u l d no t be 

o v e r l o o k e d t h a t t h e f i r s t one o f t h e s e l e n s e s i s no l o n g e r 10 m away f rom 
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F i g . v . 5 - 1 Two p o s s i b l e arrangements of a l a s t s e c t o r f i e l d i n 
the f i n a l f o c u s i n g system are shown which both reduce 
the r a d i a t i o n l e v e l f o r the f i n a l f o c u s i n g quadrupoles. 
One f i r s t s o l u t i o n (a) p o s t u l a t e s v e r t i c a l l y d e f l e c t i n g 
d i p o l e f i e l d s immediately o u t s i d e of the r e a c t o r v e s s e l . 
Note here the race t r a c k design of the s e c t o r f i e l d s which 
allows t o l e r a b l e f r i n g i n g f i e l d s and l i m i t e d amounts of 
i r o n . A second s o l u t i o n (b) assumes a l a r g e magnetic c o i l 
to form a magnet f l u x p a r a l l e l to the v e s s e l a x i s . In 
t h i s case the o p t i c a l elements o u t s i d e of the r e a c t o r 
v e s s e l must focus the i o n beam not onto the f u s i o n p e l l e t 
but to a p o i n t about 1 m away from i t so t h a t the magnetic 
f i e l d i n the r e a c t o r v e s s e l can b r i n g i t onto the p e l l e t . 
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t he f u s i o n t a r g e t , t h a t i s , t h e r a d i u s o f t h e r e a c t o r c h a m b e r , bu t a l m o s t 

20 m. Thus t h e l e n s d i a m e t e r s must be r a t h e r l a r g e a t l e a s t i n t h e v e r t i ­

c a l d i r e c t i o n because o f t h e a p e r t u r e a n g l e s o f +40 mrad w h i c h a r e o n l y 

s i i g h t l y m o d i f i e d by t h e f i r s t s e c t o r f i e l d ( see F i g . V . 5 - 2 ) . Because o f 

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

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

p o s t u l a t e , howeve r , t h a t i t must c o m p l e t e l y s e p a r a t e t h e i o n s f rom t h e 

. n e u t r o n beam a t t h e boundary o f t h e r e a c t o r v e s s e l . C h o o s i n g a s e c t o r 

magnet o f 2 T (o r 4 T) one t h u s f i n d s f rom s i m p l e geomet ry a d e f l e c t i o n 

a n g l e <j>0 = 15° ( o r - 19° ) and a magnet l e n g t h o f p0<j>0 « 8 . 2 ( o r « 5 .8 ) 

m e t e r s . In s p i t e o f t h e s e r a t h e r smal1 d i f f e r e n c e s , i t seems a d v a n t a g e o u s 

t o use a s e c t o r magnet o f 2 T so t h a t good magnet i r o n can be used t o 

c o n c e n t r a t e t h e m a g n e t i c f l u x and t o a v o i d any p rob lems a r i s i n g f rom a 

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

i n t h e r a c e t r a c k d e s i g n as i n d i c a t e d i n F i g . V . 5 - l a . 

3 . A t h i r d t y p e o f 1 ens sys tem r e q u i r e s a l a r g e p r e f e r a b l y s u p e r c o n d u c t i n g 

c o i 1 t o be wound a round t h e r e a c t o r v e s s e l (see F i g . V . 5 - l b ) so t h a t a 

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

o p t i c a l sys tem o u t s i d e o f t h e r e a c t o r v e s s e l t h e n t h e i o n s seem t o be 

f o c u s e d t o a p o i n t a l m o s t one me te r away f rom t h e t a r g e t . Fo rm ing a 

channe l o f s h i e l d i n g m a t e r i a l w h i c h i s d i r e c t e d t o w a r d s t h e v i r t u a l t a r g e t 

p o s i t i o n t h e n e u t r o n and y - r a d i a t i o n f rom t h e t a r g e t can be s h i e l d e d e f f e c ­

t i v e l y . The s h i e l d i n g m a t e r i a l can be p a r t i a l l y t h e P b - L i c o o l i n g 1 i q u i d 

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

o f t he r e a c t o r w a l 1 . Depend ing on t h e d e s i g n o f t h e P b - L i s h e e t p r o b a b l y 

o n l y a m i n o r amount o f s h i e l d i n g m a t e r i a l must be added t o t h e r e a c t o r 

w a l l so t h a t one can employ q u a d r u p o l e l e n s e s s i m i l a r l y as i n c a s e 1 . 
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The c o n c l u s i o n s o f t h e p r e v i o u s a n a l y s i s can be s t a t e d as f o l l o w s : 

1 . The magn i t ude o f t h e space c h a r g e t o be t a k e n i n t o a c c o u n t i s unknown f o r 

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

t h e magn i t ude o f s p a c e c h a r g e c o m p e n s a t i o n seem i n d i s p e n s a b l e . T h i s i n ­

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

2 . A s y s t e m as shown i n F i g . V . 5 - 2 d e f l e c t s t h e i o n beam v e r t i c a l l y by two 

m a g n e t s . In t h i s d e s i g n t h e h i g h e s t and t h e l o w e s t p o i n t s o f t h e two i o n 

beams s t a c k e d on t o p o f each o t h e r v e r t i c a l l y a r e o n l y abou t 5 m above and 

5 m be low t h e p l a n e o f symmetry o f F i g . V . 5 - l a . Systems as shown i n F i g s . 

V . 5 - 2 and V . 5 - 3 i n c l u d e much l o n g e r s t r a i g h t s e c t i o n s so t h a t v e r t i c a l 

d e f l e c t i o n s can o c c u r o n l y i n t h e beam g u i d a n c e 1 i n e s . The h i g h e s t and 

l o w e s t p o i n t s o f t h e two i o n beams i n t h e s e two c a s e s t h u s a r e more t h a n 

20 m above and be low t h e p l a n e o f symmetry as o u t l i n e d i n s e c t i o n V . 2 . 3 . 

3„ D e t a i l e d c a l c u l a t i o n s o f image a b e r r a t i o n s o f t h e f i n a l f o c u s i n g l e n s e s 

s h o u l d be p e r f o r m e d as soon as t h e q u e s t i o n s o f p o i n t 1 a r e b e t t e r known 

o r r e a s o n a b l e a s s u m p t i o n s can be made and as soon as one has f i x e d a f i r s t 

o r d e r d e s i g n . In such c a l c u l a t i o n s , t h e e f f e c t s o f t h e comp lex beam 

g u i d a n c e sys tems must be i n c l u d e d s i n c e t h e i r i n f l u e n c e i s no t n e g l i g i b l e . 
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V . 5 - 2 : F i n a l f o c u s i n g l e n s sys tem w h i c h uses a m a g n e t i c s e c t o r f i e l d as i t s l a s t 
e l e m e n t i s shown i n a v e r t i c a l ( uppe r p a r t ) and h o r i z o n t a l ( l o w e r p a r t ) 
p r o j e c t i o n . T h i s s e c t o r magnet d e f l e c t s t h e i o n beam so t h a t a l l q u a d r u p o l e 
l e n s e s ups t ream a r e o u t o f s i g h t o f t h e f u s i o n p e l l e t and t h u s s u b j e c t t o a 
c o n s i d e r a b l y r e d u c e d n e u t r o n f l u x o n l y . The n e u t r o n and y - r a d i a t i o n beam 
i s i n d i c a t e d by dashed 1 i n e s . The d r a w - b a c k o f t h i s d e s i g n i s t h a t t h e l e n g t h 
o f t h e f i r s t 2T s e c t o r f i e l d i s 8 . 2 m so t h a t t h e f i r s t q u a d r u p o l e l e n s i s 
a b o u t 17m away f r o m t h e f u s i o n p e l l e t . Because o f t h e l a r g e phase s p a c e a r e a o f 
30x120 IT mrad t h e beam r a d i i o f t h e s e q u a d r u p o l e 1enses t h e n a r e a l m o s t 
2 m w i t h f l u x d e n s i t i e s o f a b o u t 6 T . 
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F i g . V . 5 - 3 : A q u a d r u p o l e l e n s o c t e t t p r e c e d e d by a s e c t o r f i e l d and f o l l o w e d by a d i p o l e 
f i e l d o f IT f o rmed by t h e l a r g e c o i l o f f i g . V . 5 - l b i s shown i n a v e r t i c a l 
( uppe r p a r t ) and h o r i z o n t a l ( l o w e r p a r t ) p r o j e c t i o n . B e c a u s e o f t h e m a g n e t i c 
beam d e f l e c t i o n i n t h e r e a c t o r v e s s e l t h e n e u t r o n and y - r a d i a t i o n i s a l r e a d y 
c o n s i d e r a b l y r e d u c e d a t t h e r e a c t o r w a l l so t h a t o n l y 1 i m i t e d s h i e l d i n g i s 
n e c e s s a r y i n t h e q u a d r u p o l e l e n s e s and t h e beam l i n e . No te t h e n e u t r o n and 
y r a d i a t i o n i n d i c a t e d by dashed 1 i n e s . 
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V . 6 Beam S t r i p p i n g Theo ry 

V . 6 . 1 S t r i p p i n g C r o s s S e c t i o n 
i o 

The t o t a l i n e l a s t i c s c a t t e r i n g c r o s s s e c t i o n f o r B i ' r on Pb has been c a l ­

c u l a t e d i n Born a p p r o x i m a t i o n by Y . K. Kim A1) F o l l o w i n g t h e method d e s c r i b e d 

i n R e f . 2 , he has c a l c u l a t e d t h e p a r a m e t e r s g i v e n i n T a b l e V . 6 - 1 , w h i c h a r e t o 

be i n s e r t e d i n f o r m u l a s ( l ) - ( 4 ) o f R e f . 2 . T a b l e V . 6 - 2 g i v e s t h e a t o m i c 

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

cr. = 2 .2 x I O " 1 6 c m W . 
i n 

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

f a c t o r ^ 1 ) 

1 - 0 . 0 0 2 / ß 2 , 

so t h a t t h e Born a p p r o x i m a t i o n s h o u l d be v e r y good a t ß 2 = 0 . 1 . I f we assume 

t h a t t h e s t r i p p i n g c r o s s s e c t i o n i s 1/3 o f t h i s , t h e n 

a . = 0 .7 x 1 0 " 1 6 c m 2 / f 5 2 . 
s t 

F o r ß 2 = 0 . 1 , t h i s i s 

a + = 7 x I O " 1 6 c m 2 . 
s t 

The b e s t e s t i m a t e o f Pb d e n s i t y i n t h e t a r g e t c a v i t y when t h e beam e n t e r s 

i s 4 x 1 0 1 0 a t o m s / c m 3 . T h i s i s b e l o w t h e e q u i l i b r i u m d e n s i t y a t 470°C w h i c h 

i s 8 x 1 0 1 0 a t o m s / c m 3 . I f we t a k e t h e l a t t e r f i g u r e as more c o n s e r v a t i v e , we 



T a b l e V . 6 - 1 Bethe C r o s s S e c t i o n s f o r t h e E x c i t a t i o n o f 

B i 2 + by Pb ( see R e f . 2) 

Q u a n t i t y V a l u e 

r i n , e l 5634 .1 

! i n , i n 1 6 1 . 8 3 

Y i n , e l - 6 8 0 8 0 . 5 

* 
Y i n , i n ~ - 172150 

* I n E q . (17) o f R e f e r e n c e 2 , - 2 E t o t a l ( a . u . ) was used i n s t e a d o f S ( l ) . T h i s 

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

T a b l e V . 6 - 2 A tomic P r o p e r t i e s o f B i 2 + and Pb 

P r o p e r t y * B i 2 + Pb 

z N 83 82 

Z e 81 82 

_ E t o t a l ( a , u ' ) 21539 .4 2 0 8 8 9 . 3 

< r 2 > 6 p ( a 0 ) 6 .914 1 1 . 4 2 3 

I - P - 6 p ( e V ) 2 5 . 0 8 6 .91 

s ( -D ( R y d " 1 ) 9 . 4 3 3 1 4 . 4 8 2 

* B a s e d on D i r a c - F o c k wave f u n c t i o n s . 



V . 6 - 3 - 3 1 6 -

get f o r t h e mean f r e e p a t h 

% , ~ 150 m . 
s t 

The f r a c t i o n o f beam s t r i p p e d i s 

1 - exp( -7m/150m) ~ 5% . 

V . 6 . 2 Beam L o s s on T a r g e t Due t o S t r i p p i n g 

S t r i p p i n g o f a beam i o n f r om q = 2 * 3 r e s u l t s i n a l a r g e r d e f l e c t i n g 

f o r c e due t o t h e beam s p a c e c h a r g e . The d i s p l a c e m e n t a t t a r g e t depends on t h e 

d i s t a n c e o f t h e p r o j e c t i l e f rom t h e t a r g e t as w e l l as f rom t h e beam a x i s a t 

t h e moment o f s t r i p p i n g . 

In o r d e r t o d e t e r m i n e what f r a c t i o n o f s t r i p p e d i o n s a c t u a l l y m i s s t h e 

t a r g e t we i n t r o d u c e a l o s s f a c t o r X i n t h e r a t e e q u a t i o n 

d n ( s ) = - a s t p n ( s ) x ( s ) ds ( V . 6 - 1 ) 

w i t h p t h e b a c k g r o u n d gas d e n s i t y , n t h e beam d e n s i t y (a toms/cnv 3 ) and s t h e 

d i s t a n c e f rom t a r g e t . We have c a l c u l a t e d X f o r d i f f e r e n t v a l u e s o f s by 

t r a c i n g t r a j e c t o r i e s o f a r andom ly d i s t r i b u t e d s e t o f 100 i o n s ( i n i t i a l K-V 

d i s t r i b u t i o n ) s t r i p p e d a t d i s t a n c e s and mov ing under t h e i n f l u e n c e o f t h e 

s p a c e c h a r g e f o r c e o f t h e f o c u s e d beam, w h i c h r e s u l t s f r om t h e z e r o o r d e r 

e n v e l o p e m o t i o n ( s e e F i g . V . 6 - 1 ) . T h i s i s v a l i d i f o n l y a s m a l l f r a c t i o n o f 

t h e beam i s s t r i p p e d . By i n t e g r a t i n g x ( s ) f r om 7 m up t o t h e t a r g e t one f i n d s 

t h a t t h e a c t u a l l o s s i s o n l y 1/2 t h e f r a c t i o n o f beam s t r i p p e d . 



V . 6 - 4 - 3 1 7 -

F i g . V . 6 - l . Loss f a c t o r A(s) ( l o s t i o n s / s t r i p p e d ions) as f u n c t i o n of d i s ­
tance from target f o r HIBALL beam and an assumed K - V transverse 
d i s t r i b u t i o n . 



V. 6 . 3 D i s c u s s i o n 

F o r t h e e q u i l i b r i u m d e n s i t y o f Pb a t 470°C , i . e . 8 x 1 0 1 0 a t o m s / c m 3 t h e 

p r e d i c t e d s t r i p p i n g i s 5% and t h e l o s s on t a r g e t 2 .5%. These r a t e s might be 

up t o a f a c t o r o f two l a r g e r i f t h e r a t i o o s t / a i n = 1/3 i s t o o o p t i m i s t i c . A 

more a c c u r a t e c a l c u l a t i o n o f o s t c o u l d be c a r r i e d ou t by s u b t r a c t i n g f r o m o i n 

t h e dominan t d i s c r e t e e x c i t a t i o n s o f B i + + by P b ; t h i s wou ld i n v o l v e s e v e r a l 

months o f c o m p u t a t i o n a l e f f o r t . On t h e o t h e r hand v e r y c r u d e e s t i m a t e s o f 

n o n - B o r n c o r r e c t i o n s s u g g e s t a r e d u c t i o n o f t h e c r o s s s e c t i o n s o f 20-30% a t 

the ene rgy c o n s i d e r e d . ( 3 ) 

A l l t h i s amounts t o t h e c o n c l u s i o n t h a t t h e assumed s t r i p p i n g c r o s s 

s e c t i o n , 7 x I O - 1 6 c m 2 , i s p r o b a b l y c o n s e r v a t i v e and l e a d s t o l e s s t han 5% 

l o s s f o r t h e assumed b a c k g r o u n d gas d e n s i t y . 

We n o t e t h a t beam n e u t r a l i z a t i o n due t o b a c k g r o u n d gas i o n i z a t i o n i s 

n e g l i g i b l e h e r e , c o n t r a r y t o a l i t h i u m c a v i t y f i l l g a s , where t h e r e l e v a n t 

i o n i z a t i o n c r o s s s e c t i o n i s an o r d e r o f magn i t ude l a r g e r t h a n t h e beam 

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