
DIAGNOSING L I G H T ~ ~ O N  -BEAM 'DIODES" 

C. W. Mendel, Jr. 
Sand ia  N a t i o n a l  L a b o r a t o r i e s ,  Albuquerque,  NM 87185 ( U S A )  

T h i s  l e c t u r e  w i l l  b eg in  w i t h  a d i s c u s s i o n  o f  d i a g n o s t i c s  i n  
ion-beam d iodes .  T h i s  w i l l  i n c l u d e  e l e c t r o m a g n e t i c  measure- 
ments ,  measurements o f  t h e  e l e c t r o n  c l o u d ,  and measurements 
o f  anode plasmas.  A few minu t e s  w i l l  be s p e n t  on d i a g n o s t i c s  
o f  d i s t r i b u t e d  i o n  s o u r c e s  r e q u i r e d  f o r  one c l a s s  of  i o n  
d i o d e s ,  t h e  p l a s m a - f i l l e d  v e r s i o n s ,  which r e q u i r e  high-den- 
s i t y ,  h i g h l y  i o n i z e d  s o u r c e s  o f  v e r y  uniform plasma. The 
measurements o f  t h e  beam c h a r a c t e r i s t i c s  w i l l  t h en  be d i s -  
cussed.  T h i s  w i l l  be  broken i n t o  t w o  r e g i o n s ;  t h e  r e g i o n  
n e a r  t h e  d i o d e  where d i a g n o s t i c s  are g e n e r a l l y  e x t e n s i o n s  o f  
t h o s e  used i n  o t h e r  f i e l d s ;  and t h e  r e g i o n  n e a r  f o c u s  where 
new d i a g n o s t i c s  have been developed.  
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I n  t h e  f i r s t  l e c t u r e  t h e  c h a r a c t e r i s t i c s  o f  i o n  d i o d e s  were 

d e s c r i b e d .  The p r i m a r y  d i o d e  measu remen t s  a r e  t h e  d i o d e  c u r -  

r e n t ,  i o n  c u r r e n t  and d i o d e  v o l t a g e .  The c u r r e n t s  a r e  

measu red  by  m a g n e t i c  p r o b e s  a t  v a r i o u s  p l a c e s  on  t h e  d i o d e .  

U s u a l l y  s e v e r a l  a r e  a v e r a g e d  to  g e t  t h e  c u r r e n t  and  a r e  d i f -  

f e r e n c e d  t o  l o o k  a t  symmetry.  Rogovsky b e l t s  a r e  n o t  u s u a l l y  

u sed  b e c a u s e  t h e  p u l s e  t r a n s i t  t i m e  a l o n g  t h e i r  l e n g t h  is too 

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

p r o b e  g e n e r a l l y  works q u i t e  w e l l  a s  l o n g  a s  h i g h  c u r r e n t  den- 

s i t y  i o n  o r  e l e c t r o n  beams d o  n o t  h i t  it. 

V o l t a g e  is a n o t h e r . m a t t e r  e n t i r e l y .  I n  s m a l l  e x p e r i m e n t s  t h e  

v o l t a g e  c a n  b e  measured  on  t h e  w a t e r ' s i d e  o f  a  vacuum i n t e r -  

f a c e  or i n  a . m a g n e t i c a l l y  i n s u l a t e d  l i n e  ( v o l t a g e  c a n  be c a l -  

c u l a t e d  from m a g n e t i c  m e a s u r e m e n t s )  and c o r r e c t e d  f o r  i nduc -  

t a n c e  be tween  t h e  p o i n t  where  t h e  v o l t a g e  was measured  and t h e  

d i o d e .  I n  a  l a r g e  s y s t e m  s u c h  a s  PBFA I t h i s  is  n o t  p o s s i b l e  

a t  p r e s e n t  due t o  t h e  l a r g e  number of  power s o u r c e s  i n v o l v e d  

( 3 6  f o r  PBFA I ) .  The d i o d e  v o l t a g e  is i n f e r r e d  f rom t h e  t i m e -  

d e p e n d e n t  i o n  e n e r g y  s p e c t r u m .  The measurement  c a n  b e  done  

w i t h  a  t i m e - d e p e n d e n t  Thompson p a r a b o l a ,  ' shown s c h e m a t i c a l l y  

i n  F i g .  2-1. A s m a l l  s p o t  o f  p r o t o n  e m i t t i n g  m a t e r i a l  ( s u c h  

as  n y l o n  mesh) is p l a c e d  on t h e  p o s i t i v e  t r a n s m i s s i o n  l i n e  

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

a s m a l l  a p e r t u r e  i n  t h e  n e g a t i v e  l i n e  w i t h  ene rgy .  e q u a l  t o  t h e  

l i n e  v o l t a g e  times t h e  p r o t o n i c  c h a r g e .  They t h e n  p a s s  

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

t i c  and  e l e c t r i c  f i e l d .  The m a g n e t i c  f i e l d  is  c o n s t a n t  i n  

t i m e  and t h e  e l e c t r i c  f i e l d  rises l i n e a r l y  i n  t i m e .  The 

d e f l e c t i o n  no rma l  t o  t h e  f i e l d s  is d e t e r m i n e d  by t h e  r a t i o  o f  

m a g n e t i c  f i e l d  to  momentum ( F i g .  2 - 2 ) .  The d e f l e c t i o n ,  t h e r e -  

f o r e ,  is  p r o p o r t i o n a l  t o  o n e , . o v e r  t h e  s q u a r e  root o f  v o l t a g e .  

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

p . r o p o r t i o n a 1  t o  e l ec t r i c  f i e l d  d i v i d e d  by e n e r g y  and t h e r e f o r e  



t o  e l ec t r i c  f i e l d  d i v i d e d  by l i n e  v o l t a g e .  S i n c e  l i n e  v o l t a g e  

is i n f e r r e d  from t h e  measured  m a g n e t i c  d e f l e c t i o n ,  w e  t h e n  

know t h e  e l e c t r i c  f i e l d  i n  t h e  s p e c t r o m e t e r  c o r r e s p o n d i n g  t o  

t h a t  l i n e  v o l t a g e .  S i n c e  w e  know e l e c t r i c  f i e l d  as  a  f u n c t i o n  

o f  t i m e ,  w e  c a n  i n f e r  t h e  t i m e  a t  which  t h e  v o l t a g e  o c c u r r e d .  

The d a t a  i s  r e c o r d e d  w i t h  a  c h a n n e l  p l a t e  a m p l i f i e r ,  p h o s p h o r ,  

and f i l m  c o m b i n a t i o n .  The c h a n n e l  m u l t i p l i e r  a r r a y  o u t p u t  

c o u l d  e a s i l y  b e  r e c o r d e d . w i t h  a  d i o d e  a r r a y  s u c h  a s  t h o s e  used  

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

s t r a i g h t  t o  a  compu te r .  . . 

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

e x a c t l y  l i k e  t h e  p l a sma  f i l l e d  v e r s i o n  shown e a r l i e r ,  i t  i s  

l i k e l y  t h a t  t h e y  w i l l  be p l a sma  f i l l e d .  T h i s  is b e c a u s e  t h e y  

m u s t  o p e r a t e  f o r  many p u l s e s  w i t h o u t  m a i n t e n a n c e .  D ie l ec t r i c  

a n o d e s  a r e  e s s e n t i a l l y  d e s t r o y e d  on t h e i r  f i r s t  s h o t .  I t  w i l l  

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

I n  prasma f i l l e d  d i o d e s  you w i l l  r e c a l l  t h a t  , t h e  p l a s m a  is 

pushed  r a p i d l y .  away from t h e  c a t h o d e  by t h e  m a g n e t i c ,  f i e l d  o f  

t h e  s e r i e s  c o i l .  T h e r e f o r e  t h e  t ime-dependen t  g a p  be tween  

c a t h o d e  and  p l a sma  anode  c a n  b e  measured  by m e a s u r i n g  f i e l d  , 

c o i l . v o l t a g e  ( t y p i c a l l y  5 0  kV) i n t e g r a t i n g  it to  g e t  f l u x  and 

d i v i d i n g  by c o i l  ~ u r r e n t . ~  The c o i l  i n d u c t a n c e  is p r o p o r -  

t i o n a l  to  t h e  d i o d e  g a p  X 

where  K is a  c o n s t a n t  d e p e n d e n t  upon t h e  a c t u a l  c o i l  d e s i g n .  

The  g a p  o p e n i n g  v e l o c i t y  is  g i v e n  by3 



w h i c h  is r e l a t e d  t o  t h e  A l f v e n  v e l o c i t y .  I n  t h i s  e x p r e s s i o n  

n i  is t h e  i o n  d e n s i t y  o f  t h e  a n o d e  p l a s m a ,  m i  is  t h e  i o n i c  

mass, A is  t h e  d i o d e  a r e a ,  and  bo is a c o n s t a n t  w i t h  . u n i t s  o f  

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

( r e c a l l  t h a t  t h e  f i e l d  c o i l  is  i n  ser ies  w i t h ,  t h e  d i o d e ) .  

D i f f e r e n t i a t i n g  L ( X )  w i t h  r e s p e c t  t o  t and  t a k i n g  t h e  r a t i o  o f  

d ~ / d t  t o  ~ ~ / d t  w e  c a n  t h e n  g e t  a n  e x p r e s s i o n  f o r  ni 

w h e r e  I = d ~ / d t  . h a s  b e e n  u s e d .  F i g u r e  2-3 shows  d a t a  f rom a 

p l a s m a  f i l l e d  d i o d e .  The  p l o t s  a re  L v s  Q f o r  f o u r  d i ' f f e r e n t  
i 
1 p l a s m a  f i l l  d e n s i t i e s .  The p l a s m a  d e n s i t y  f rom t h e  a b o v e  

1 e x p r e s s i o n  is shown w i t h  e a c h  p l o t .  T h i s  m e a s u r e m e n t  w o r k s  
q u i t e  w e l l  b u t  i t  is o f  c o u r s e  a n  a v e r a g e  measu remen t  o v e r  t h e  

a n o d e  p l a s m a  s u r f a c e .  
I 
I 
I A n o t h e r  method o f  m e a s u r i n g  p l a s m a  d e n s i t i e s  i n  t h e  r a n g e  

n e e d e d  is t h e  measu remen t  o f  t h e  c o l l i s i o n l e s s  s k i n  d e p t h  

u s i n g  mic rowaves .  I n  t h e  method w e  h a v e  u s e d  a t  S a n d i a ,  a  

wave t r a v e l s  down a w a v e g u i d e  t o w a r d  a s l o t  i n  t h e  s u r f a c e  o f  
1 

a n  e l e c t r o d e  a t  wh ich  t h e  measu remen t  is d e s i r e d .  The s l o t  

is c o v e r e d  w i t h  a t h i n  m y l a r  f i l m  so t h a t  t h e  w a v e g u i d e  is  

e m p t y i  and t h e  p l a s m a  i~ o n l y  o n  t h e  electrode side o f  t h e  

f i l m  ( F i g .  2 - 4 ) .  The  w i d t h  o f  t h e  s l o t  is e q u a l  t o  th ' e  s t a n d -  

a r d  wavegu ide  w i d t h ,  b u t  t h e  h e i g h t  ( i n  t h e  E f i e l d  d i r e c t i o n )  

is much smaller t h a n  a w a v e l e n g t h . ,  F o r  t h e  1 3  mm w a v e l e n g t h  

d a t a  t o  be  p r e s e n t e d  t h e  s l o t  h e i g h t  was 1 mm. With  no  p l a s m a  

o v e r  t h e  f i l m  t h e  l i n e  r e f l e c t s  a s  a n  o p e n  l i n e .  A s  t h e  elec- 

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

u n t i l  i t  i s  180' o u t  o f  p h a s e  w i t h  ' t h e  z e r o  d e n s i t y  r e f l e c t i o n  

a t  d e n s i t i e s  s u c h  t h a t  t h e  s k i n  d e p t h ' i s  small compared t o  t h e  



s l o t  h e i g h t .  The p h a s e  s h i f t  is r e a d i l y  measu red  by  s t a n d a r d  

mic rowave  t e c h n i q u e s .  F i g u r e  2-5 shows a p h a s e  p l o t  o f  some 

d a t a  t a k e n  on  a l a b o r a t o r y  p l a s m a  gun .  B e l o w  c r i t i c a l  d e n s i t y  

t h e r e  is  some r a d i a t i o n  f rom t h e  s l o t ,  so t h e  r e f l e c t e d  wave 

is smaller.  A t  h i g h  d e n s i t y  t h e  c o l l i s i o n s  a t t e n u a t e  t h e  

r e f l e c t e d  wave. F i g u r e  2-6 shows t h e  d e c a y  o f  a p l a s m a  i n  a n , .  

e l e c t r o n  d i o d e  e x p e r i m e n t .  The e x p o n e n t i a l  d e c a y  is a n  i n d i c a -  

t i o n  o f  t h e  q u a l i t y  o f  t h e  measu remen t .  T h i s  d i a g n o s t i c  h a s  

b e e n  u sed  i n  o u r  p l a s m a  s o u r c e  r e s e a r c h  and  a l s o  t o  m e a s u r e  

p r e - p u l s e  p l a s m a s  c a u s e d  by  l o w  l e v e l  (-- 10 kV) p u l s e s  p r e -  

c e e d i n g  t h e  main  power  p u l s e  i n  d i o d e  e x p e r i m e n t s .  The t h e o r y  

o f  t h e  measu remen t  c a n  b e  d o n e  a n a l y t i c a l l y  b e c a u s e  o f  t h e  

small r a t i o  o f  t h e  s l o t  h e i g h t  to  t h e  w a v e l e n g t h  o f  t h e  micro- 

waves .  The  p r i m a r y  d i f f i c u l t i e s  a re  t h a t  t h e  measu remen t  i s  

close t o  t h e  s u r f a c e  o f  a n  e l e c t r o d e ,  and  t h a t  microwave  

d e t e c t o r s  ( p a r t i c u l a r l y  s q u a r e - l a w  d e t e c t o r s )  h a v e  low o u t p u t  

I , '  

, v o l t a g e .  The e l e c t r o - m a g n e t i c  p u l s e  a r o u n d  p u l s e d  power  

I m a c h i n e s  is t y p i c a l l y  h u n d r e d s  o f  k i l o v o l t s  p e r  meter so t h a t  

I n o i s e  and s o l i d  s t a t e  component  damage is a g r e a t  c o n c e r n .  

Tho rough  e l e c t r i c  s h i e l d i n g  is e s s e n t i a l .  

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

s p e c t r o s c o p y  and  h o l o g r a p h y .  4 i 5  The  d a t a  showed a t h i n  l a y e r  

I 
o f  p l a s m a  w i t h  5x1016 cm-3 d e n s i t y  and  5 e V  t e m p e r a t u r e ,  

I e x p a n d i n g  away f rom t h e  a n o d e  a t  t h e  a c o u s t i c  v e l o c i t y .  The 

I times o f  i n t e r e s t  a re  s u f f i c i e n t l y  l o n g  f o r  most h o l o g r a p h y  

I s y s t e m s ,  and t h e .  d e n s i t i e s  a re  a d e q u a t e  f o r  good s e n s i t i v i t y .  

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

a c c e s s i b l e  and q u a s i - s p h e r i c a l  f o c u s i n g  d i o d e s  w i l l  b e  more 

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

a n o d e s  are  v e r y  d e n s e '  ( 10 l6 t o  10  l8 ~ r n - ~  ) s p e c t r o s c o p i c  a n a l y -  

. . .  sis w i l l  p r o b a b l y  b e  v e r y  . u s e f u l , 1 5  b u t  h a s  j u s t  begun  to  be  

used .  T h e s e  a n o d e s  a re  e s s e n t i a l l y  n o t  u n d e r s t o o d  a t  a l l ,  

1 ' so t h i s  is a v a l u a b l e  p l a c e  f o r  c u r r e n t  r e s e a r c h .  

! . .. 
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T h e  e l e c t r o n  c l o u d  i n  t h e  d i o d e  a l so  is v e r y  d i f f i c u l t  to  

s t u d y .  Microwave m e a s u r e m e n t s  c a n  b e  i n s t r u c t i v e 6  ,' and  h a v e  

b e e n  d i s c u s s e d  e a r l i e r  a t  t h i s  c o n f e r e n c e  b y  Chuck Whar ton .  

T i m e - i n t e g r a t e d  x - r a y  p h o t o g r a p h s  o f  i o n  d i o d e  a n o d e s  some- 

t imes show s t r e a k e d  p a t t e r n s  w h i c h  h a v e  b e e n  a s c r i b e d  t o  elec- 

t r o n  i n s t a b i l i t y .  I t  d o e s  n o t  .seem l i k e l y  t h A t  a n  i n s t a b i l i t y  

i n v o l v i n g  e l e c t r o n s ,  a l o n e  would  b e  s t a t i o n a r y ,  so t h e r e  , is 

p r o b a b l y  a n  a n o d e  h e a t i n g  mechanism i n v o l v e d  i n  t h e  i n s t a b i l -  

i t y .  F o r  e l e c t r o n  c l o u d  i n s t a b i l i t y ,  f a s t  d i a g n o s t i c s  a re  

r e q u i r e d .  E x p e r i m e n t s  a t  c o r n e l 1 6  h a v e  s e e n  mic rowave  . b u r s t s  

f o l l o w e d  b y  x - r a y  b u r s t  i n  i o n  d i o d e s .  T h e s e  are b e l i e v e d  t o  

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

a n o d e  r e s u l t i n g  i n  i n c r e a s e d  b r e m s s t r a h l u n g .  T h e r e f o r e  rnicro- 

wave or x - r ay  b u r s t s  c a n  b e  u s e d  t o  m o n i t o r  e l e c t r o n  c l o u d  

i n s t a b i l i t y .  F a s t  x - r a y  p i n h o l e  c a m e r a s  u s i n g  d e p l e t e d  U 238  

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

b e  u s e d  t o  p h o t o g r a p h  t h e  a n o d e  x - r a y s  on a o n e  nanosecond  

t i m e  scale.  T h e s e  cameras a re  now i n  e x i s t e n c e .  The  p r i m a r y  

problem is e l i m i n a t i o n  o f  t h e  g e n e r a l  x - r a y  b a c k g r o u n d  e x i s t -  

i n g  n e a r  a l l  p u l s e d  power  m a c h i n e s .  The backg round  h a s  a 

t h i c k  t a r g e t  s p e c t r u m  e x t e n d i n g  up t o  t h e  end  p o i n t  e n e r g y  

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

comes f r o m  x - r a y s  o f  a  few t e n s  o f  k i l o - e l e c t r o n  v o l t s .  F i v e  

t o  t e n  c e n t i m e t e r s  o f  l e a d  w i t h  c a r e f u l  a t t e n t i o n  to  a v o i d i n g  

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

The  measu remen t  o f  t h e  i o n  beam i t s e l f  is t h e  m o s t  d e v e l o p e d  

area o f  i o n  beam f u s i o n  d i a g n o s t i c s .  The s i m p l e s t  b e a n  d i a g -  

n o s t i c  is t h e  b i a s e d  c h a r g e  co l l ec to r  shown i n  F i g .  7 .  T h e s e  

are  u s e d  n e a r  t h e  d i o d e  a t  c u r r e n t  d e n s i t i e s  up  t o  a few 

k ~ / c r n . ~  S i n c e  t h e  beam d e n s i t y  is t y p i c a l l y  a b o u t  1013  cm-3 

t h e  beam mus t  be  n e u t r a l i z e d  a l l  t h e  way to  t h e  col lector  

e x c e p t  f a r  a t h i n  s h e a t h  o f  0 . 1  c m  t h i c k n e s s  w h e r e  e l e c t r o n s  

a r e  e x c l u d e d  by t h e  b i a s  v o l t a g e .  The b i a s  v o l t a g e  m u s t  be 



h i g h  enough t o  s t o p  c o - f l o w i n g  e l e c t r o n s ,  and is t y p i c a l l y  

a b o u t  - 1 kV. O f t e n  t h e  i n p u t  a p e r t u r e  is c o v e r e d  w i t h  a  t h i n  

f o i l  t o  s t o p  slower i o n s .  By u s i n g  s e v e r a l  d e t e c t o r s  w i t h  

d i f f e r e n t  t h i c k n e s s  f o i l  t h e  v o l t a g e  waveform c a n  b e  measu red .  

Some d a t a  u s i n g  t h i s  t e c h n i q u e  c a n  b e  s e e n  i n  F i g .  2-8. Notice 

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

e x c e e d s  t h e  f o i l  t h i c k n e s s  ( F i g .  2 -8b) .  T h i s  t e c h n i q u e  is s i m -  

p l e  and i s  q u i t e  r e l i a b l e .  The d i f f i c u l t y  f o r  a  reactor.  s i t u a -  

t i o n  is t h ' a t  t h e  f o i l  would need r e p l a c e m e n t  be tween  s u c c e s -  

s i v e  .beam p u l s e s .  T h i s  c o u l d  u n d o u b t a b l y  be  a c c o m p l i s h e d  w i t h  

moving f o i l .  t a p e s .  T h e r e  h a s  been  d e b a t e  a s  t o  t h e  b e s t  way 
t o  a v o i d  s e c o n d a r y  e l e c t r o n  p r o b l e m s  w i t h  t h e s e  d e t e c t o r s  

s i n c e  t h e  beam is a n e u t r a l  p l a sma  a l m o s t  a l l  t h e  way t o  t h e  

cup. The s i m p l e  v e r s i o n  shown i n  t h e  f i g u r e  seems t o  compare 

w e l l  w i t h  t h e  i o n  o u t p u t  measured  a t  t h e  d i o d e  and a l s o  w i t h  

n u c l e a r  measu remen t s  t o  b e  d i s c u s s e d .  

I o n s  w i t h  multi-MeV e n e r g i e s  a r e  good c a n d i d a t e s  f o r  measure-  

m e n t s  i n v o l v i n g  n u c l e a r  r e a c t i o n s .  8-'13 N u c l e a r  d i a g n o s t i c s  

h a v e  b e e n  d e v e l o p e d  a t .  s e v e r a l  l a b o r a t o r i e s ,  w i t h  many o f  t h e  

i d e a s  coming from t h e  Nava l  R e s e a r c h  L a b o r a t o r y  i n  t h e  U n i t e d  

S t a t e s .  The  most common and o n e  o f  t h e  m o s t  r e l i a b l e  h a s  b e e n  

t h e  measurement  o f  p r o t o n  beams u s i n g  c a r b o n  a c t i v a t i o n .  9-11 

A t  l o w  c u r r e n t  d e n s i t i e s  ( u p  t o  a b o u t  100 ~ / c r n ~  f o r  20-30 n s )  

a s m a l l  e a r b o n  b l o c k  is p l a c e d  i n  t h e  beam. The c a r b o n  i a  

a c t i v a t e d  by t h e  p r o t o n  beam t h r o u g h  t h e  1 2 ~ ( p , ~  1 131J r e a c t i o n .  

I m m e d i a t e l y  a f t e r  t h e  s h o t  t h e  c a r b o n  b l o c k  is t h e n  t a k e n  t o  a  

c o i n c i d e n c e  c o u n t i n g  d e t e c t o r  p a i r .  The l3 I J  d e c a y s  by emis- 

s i o n  o f  a  p o s i t r o n  t h r o u g h  t h e  1 3 ~ (  p +)  13c r e a c t i o n  w i t h  a  10 

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

ing f  r u ~ n  t h e  y u s i  t ru r i  d r i ~ ~ i l ~ i l e i t i u ~ i .  Al: l i i g i i e ~ .  ~ u t . i e i i L s  L l ~ e  

c a r b o n  b l o c k  a b l a t e s  and s o m e . o f  t h e '  a c t i v a t e d  c a r b o n  i s  los t .  

To overcome t h i s  t h e  c a r b o n  c a n . b e  p l a c e d  i n  a " s a l t  s h a k e r n  

t o  c o n t a i n  t h e  a b l a t e d  m a t e r i a l .  lo The s a l t  s h a k e r  a l l o w s  



-1 ' ,  . 
t h e  beam i n  t h r o u g h  i t s  a p e r t u r e ,  b u t  r e t a i n s  most o f  t h e  

I a b l a t e d  c a r b o n  i n s i d e  so i ts  a c t i v i t y  is c o u n t e d .  T h i s  is 

s a t i s f a c t o r y  up to  s e v e r a l  k ~ / c m ~ .  The t e c h n i q u e  is b e t t e r  

s u i t e d ' t o  s i n g l e - s h o t ,  l a b o r a t o r y  e x p e r i m e n t s  t h a n  i t  is t o  

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

p r e s e n t  ( see  Ref .  9 f o r  a l i s t  o f  u s e f u l  r e a c t i o n s ) .  They  

h a v e  been  c h o s e n  b e c a u s e  t h e y  allow s u f f i c i e n t  t i m e  t o  g e t  t h e  

a c t i v a t e d  m a t e r i a l  t o  t h e  d e t e c t i o n  sys t em.  R e a c t i o n s  w i t h  

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

many p u l s e s ,  however.  T h i n  f o i l  f i l t e r s  h a v e  a l s o  been. u s e d  

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

. . f o r  d e t e c t i o n .  

f 
O t h e r  n u c l e a r  d i a g n o s t i c ,  more s u i t e d  t o  t h e  r e a c t o r  e n v i r o n -  

men t  a r e  t h e  prompt-Y r a y  d i agnos t i c s .9 f11 -14  One example  i s  
8 t h e  ' L ~ ( ~ , Y )  B e  r e c t i o n  shown i n  F i g .  9. The i o n  beam i m p i n g e s  

o n  ' a  l i t h i u m  m e t a l  t a r g e t  and r e a c t s  w i t h  t h e  l i t h i u m  n u c l e i .  

W h i l e  t h e s e  r e a c t i o n s  h a v e  s h a r p  r e s o n a n c e s ,  t h e  t h i c k  t a r g e t  

. . y i e l d  is b r o a d .  T h i s  is b e c a u s e  a l l  i o n s  more e n e r g e t i c  t h a n .  

t h e  r e s o n a n c e  p a s s  t h r o u g h  i t  a s  t h e y  slow i n  t h e  t a r g e t  

m a t e r i a l .  The t h i c k  t a r g e t  y i e l d  f o r  t h e  r e a c t i o n  is shown i n  

t h e  g r a p h  o n  t h e  f i g u r e .  Some f r a c t i o n  o f  t h e  prompt  gammas 

are  d e t e c t e d  by a  s c i n t i l l a t o r  wh ich  is w e l l  s h i e l d e d  a g a i n s t  

.I I 
t h e  e x t r e m e l y  i n t e n s e ,  b u t  much l e s s  e n e r g e t i c  b remss . t rah lung  

x - r a y s  f rom t h e  d i o d e  power p u l s e .  A t i m e - i n t e g r a t e d  measu re -  

ment  c a n  be o b t a i n e d  a t  t h e  same t i m e  by  p l a c i n g  a  Cu s l u g  

n e a r  t h e  l i t h i u m .  The c o p p e r  is a c t i v a t e d  by  t h e  gammas and 

t h e n  emits p o s i t r o n s .  The  r e a c t i o n  is 6 3 ~ u (  y ,n16*cu (  p '1. 
The a n n i h i l l a t i o n  p h o t o n  p a i r  c a n  be  d e t e c t e d  w i t h  t h e  same 

s y s t e m  used  f o r  c a r b o n  a c t i v a t i o n .  The l i t h i u m  may a b l a t e  i n  

t h i s  measurement  s y s t e m  w i t h o u t  e f f e c t i n g  t h e  ou tcome s i n c e  

t h e  gamma r a y  a p p e a r s  a l m o s t  i m m e d i a t e l y .  L i t h i u m  s a l t s  c a n  

. I r e p l a c e  t h e  m e t a l  t h e r e b y  making  h a n d l i n g  e a s i e r .  The  p rompt  
' .  gamma ,measurement  w i t h  gamma d e t e c t i n g  s c i n t i l l a t o r  s y s t e m s  is 



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

a r r i v e  w e l l  a f t e r  t h e  gamma p u l s e ,  and  b r e m s s t r a h l u n g  c a n ' b e  

s h i e l d e d  out . .  

An a d d i t i o n a l  measurement  o f .  t h e  beam is t h e  d i v e r g e n c e .  I t  

m u s t  b e  l o w  enough 'or much o f  t h e  beam w i l l  m i s s  t h e  t a r g e t  i n  

p r e s e n t  e x p e r i m e n t s  o r  t h e  c h a n n e l  i n  a  r e a c t o r .  The method 

used  f o r  t h i s  measurement  is  t o  u s e  t h e  i o n  beam t o  image a n  

a p e r t u r e  w i t h  some f i g u r e  ( a  cross i n  F i g .  2-10) on  a  heavy  

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

i n  s c a t t e r e d  i o n s  is t h e n  imaged on a  d e t e c t o r  w i t h  a .  p i n h o l e  

camera.  c u r r e n t  d e v i c e s  a r e  q u i t e  s m a l l  ( a  few c m  i n  e a c h  

d i r e c t i o n )  and c o u l d  be made s m a l l e r .  The d e t e c t o r s  a r e  p r e -  

s e n t l y  c e l l u l o s e  n i t r a t e  which  is e t c h e d  i n  h o t  NaOIl 

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

s i z e  by t h e  e t c h i n g  p r o c e s s .  A s k i l l e d '  a n a l y s t  c a n  t h e n  t e l l  

f rom t h e  p i t s  how heavy  t h e  i o n  was and  c a n  t h e r e f o r e  d i s c r i -  

m i n a t e  be tween  d i f f e r e n t  i o n s .  1 n . a  reactor t h e  c e l l u l o s e  

n i t r a t e  would b e  r e p l a c e d  by a  c h a n n e l  e l e c t r o n  m u l t i p l i e r  

a r r a y ,  g i v i n g  i n s t a n t  r e a d o u t ,  b u t  n o t  d i s c r i m i n a t i n g  be tween  

v a r i o u s  i o n  s p e c i e s .  

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

o n  t h e  t a r g e t  ( t h i s  is  n o t  t r u e  f o r  heavy  i o n  f u s i o n  o r  t h e  

i n t e r m e d i a t e  i o n  s y s t e m s  s t u d i e d  by O c c i d e n t a l  P e t r o l e u m  and 

o t h e r s ) .  l6 I t  w i l l  h a v e  t o  b e  t r a n s p o r t e d  s e v e r a l  meters 
i n  a n  i o n i z e d  c h a n n e l .  These  c h a n n e l s  mus t  be  d i a g n o s e d  i n  

t h e i r  own r i g h t ,  and  t h e y  may a l s o  p r o v i d e  a n  e a s y  w a y , t o  

m e a s u r e  t h e  i o n  beam. T h e s e  c h a n n e l s  have  b e e n  s t u d i e d  f o r  

s e v e r a l  y e a r s  now. 18-21 The  t e c h n i q u e  which  seems t o  b e  b e s t  

s u i t e d  to  i o n  beam f u s i o n  i n v o l v e s  h e a t i n g  t h e  t a r g e t  chamber  

g a s  ( p e r h a p s  100 T0r . r  o f  a r g o n  w i t h  s m a l l  amount of  sod ium)  by 

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

added  t o  t h e  chamber  a s  a d o p e n t .  The h e a t e d  g a s  d r i v e s  a  



. . 

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

I g a s .  The l o w  p r e s s u r e  g a s  i n  t h e  c h a n n e l  is  t h e n  i o n i z e d  by 

1 .  a d i s c h a r g e  f rom a  s m a l l  c a p a c i t o r  bank ( F i g .  2-1'1). F i g u r e  

I 2-12 shows Abel  i n v e r t e d  d a t a  f rom s e v e r a l  ho log rams  t a k e n  a t  

I .  v a r i o u s  times d u r i n g  the '  d i s c h a r g e .  T h e s e  c h a n n e l s  a r e  

I e x t r e m e l y  s t r a i g h t  and  v e r y  r e p r o d u c i b l e .  I t ' w o u l d  b e  pos-  

I s i b l e  t o  m o n i t o r  t h e s e  c h a n n e l s  i n  a  r e a c t o r  by s i m i l a r  

I d i a g n o s t i c s .  

The c h a n n e l s  a r e  o f  h i g h  enough d e n s i t y  t h a t  s o p h i s t i c a t e d  
t 
* .  s p e c t r o s c o p i c  a n a l y s i s  . .  s h o u l d  . b e  v a l u a b l e .  The c u r r e n t  den- 

s i t y  p r o f i l e  would be  o f  g r e a t  i n t e r e s t .  The c u r r e n t s  a r e  
. . 

1 s m a l l  enough t h a t  F a r a d a y  r o t a t i o n  o f  l a s e r  l i g h t  d u e  t o  t h e  

I c h a n n e l  m a g n e t i c  f i e l d  on t h e  e l e c t r o n s  would g i v e  o n l y  a  
i s m a l l  r o t a t i o n .  Zeeman e f f e c t  on  t h e  t a r g e t  chamber  g a s  i s  

a  p o s s i b l e  d i a g n o s t i c ,  however .  Us ing  t h e  many t e c h n i q u e s  

d e v e l o p e d  by ~ r i e n ~ ~  and o t h e r s  a  g r e a t  d e a l  o f  i n f o r m a t i o n  

i s h o u l d  be d e r i v a b l e  f rom t h e  s p e c t r u m .  S i n c e  c h a n n e l  d i a g -  

I, n o s i s  h a s  b a r e l y  begun,  much o p p o r t u n i t y  f o r  d e v e l o p m e n t  

i 
i 

r e m a i n s .  
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F i g u r e  C a p t i o n s  

2-1. Swept  Thompson p a r a b o l a  f o r  m e a s u r i n g  t i m e - d e p e n d e n t  

i o n  s p e c t r a ,  f rom which v o l t a g e  waveform i s  de t e rmined . .  

The m a g n e t i c  f i e l d ' i s  c o n s t a n t  and no rma l  t o  t h e  i o n  

beam. The e l e c t r i c  f i e l d  ' is p a r a l l e l  t o  t h e  i o n  beam 

and  . i s  s w e p t  i n  t i m e .  

2-2. The t r a c e  o f  t h e  s w e p t  Thompson . p a r a b o l a  on t h e  r e c o r d -  

i n g  medium. A t  a n y  i n s t a n t  o f  t i m e  t h e  p r o t o n s  m u s t  

f a l l  on  t h e  p a r a b o l a  d e t e r m i n e d  by  t h e  e l e c t r i c  f i e l d  

a t  t h a t  t i m e .  The  parabo1.a  t h u s  d e t e r m i n e s  t i m e ,  t h e  

d e f l e c t i o n  d e t e r m i n e s  i o n  e n e r g y  and t h u s  ' l i n e  v o l t a g e .  

2-3. I n d u c t a n c e  o f  t h e  f i e l d  c o i l  v e r s u s  c h a r g e  ( i n t e g r a l  o f  

d i o d e .  c u r r e n t )  f o r  a  p lasma '  f i l l e d ,  ser ies  f i e l d  co i l  

d i o d e  (Ampf ion ) .  The c o i l  i n d u c t a n c e  i s  p r o p o r t i o n a l  

t o  d i o d e  g a p ,  a s  is  t h e  c h a r g e .  The s l o p e  o f  t h e  

c u r v e s  a r e  p r o p o r t i o n a l  t o  o n e ' o v e r  t h e  s q u a r e  root o f  

p l a s m a  f i l l  d e n s i t y .  The f o u r  c u r v e s  are f o r  f o u r  d i f -  

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

2-4. . D i a g n o s t i c  s l o t  f o r  m e a s u r i n g  p l a s m a  c o l l i s i o n l e s s  s k i n  

d e p t  w i t h  microwaves .  The wavegu ide  is r e d u c e d  i n  

. h e i g h t  by  q u a r t e r - w a v e  s t e p s .  The m y l a r  f i l m  k e e p s  

p l a s m a  o u t  o f  t h e  waveguide .  

2-5. . P h a s e  o f  t h e  wave r e f l e c t e d  from t h e  s l o t  f o r .  a  r a n g e  

. o f  p l a s m a  d e n s i t y  up t o  20  t imes t h e  c r i t i c a l  d e n s i t y  

(7x1012 c m  i n  t h i s  c a s e ) .  B e l o w  c r i t i c a l '  d e n s i t y  t h e  

s l o t  r a d i a t e s  somewhat. T h i s  d a t a  was t a k e n  by  s t a g -  

n a t i n g  t h e  p l a s m a  f rom a small  p l a s m a  g u n  a g a i n s t  t h e  

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

2-6. D e n s i t y  measu red  i n  t h e  a f t e r - g l o w  from a n  e l . e c t r o n  

beam d i o d e .  The e x p o n e n t i a l  d e c a y  i n d i c a t e s  t h a t  a  

good measurement  w a s  made o v e r  more t h a n  t w o  d e c a d e s  

i n  d e n s i t y .  



B i a s e d -  c h a r g e  co l lec tor .  T h e s e  d e v i c e s  work a m a z i n g l y  

w e l l  f o r  i o n  c u r r e n t  d e n s i t i e s  up t o  a  few k ~ / c m ~ .  

T h i n  f i l t e r  f o i l s  c a n  b e  used  t o  e l i m i n a t e  l o w  e n e r g y  
. .... ?< . . .. - \, 

i o n s ,  or  to  u s e  t h e  d i a g n o s t i c  t o d e t e r m i n e  w.hen t h e  

v o l t a g e  r e a c h e d  t h e  l e v e l  where  t h e  o u t p u t  i o n  r a n g e  -. . . 
e x c e e d s  t h e  f o i l  t h i c k n e s ' s .  

Measurements  o f  a p r o t o n  beam ( 8 a ) .  T h i s  d a t a  a g r e e s  

w e l l  w i t h  o t h e r  me thods  o f  measu remen t s .  I n  F ig .  2-8b 

c h a r g e  c o l l e c t o r s  w i t h  8 p m  and 16 p m  f i l t e r s  show 

when t h e  p r o t o n  e n e r g y  e x c e e d s  0 . 6 5  and 1 .0  EW. 

Prompt-gamma d i a g n o s t i c .  The p r o t o n s  c a u s e  t h e  l i t h i u m  

t a r g e t  to  e m i t  gamma-rays t h r o u g h  t h e  L i ( p , . y ) B e  r e a c -  

' t i o n .  T h e s e  r a y s  a r e  t h e n  r e c o r d e d  w i t h  s c i n t i l l a t o r s  

c a r e f u l l y  s h i e l d e d  t o  r e d u c e  x- ray  background .  T h i s  

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

e x t r e m e l y  h i g h  p r o t o n  d o s e s .  

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

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

t h e  image on  a heavy  m e t a l  s c a t t e r i n g  f o i l .  Lower 

beam d i v e r g e n c e  g i v e s  a b e t t e r  q u a l i t y  image. The 

s c a t t e r e d  i o n  image is t h e n  r e c o r d e d  w i t h  a  p i n h o l e  

camera  and a n a l y z e d .  

Expe r imen t  t o  t e s t  c h a n n e l  t r a n s p o r t  o f  i o n s .  The. i o n  

t r a n s m i s s i o n  was measu red  w i t h  n u c l e a r  d i a g n o s t i c s  

( 5 0 %  o v e r  2  m ) .  Ho log raphy  normal  to  t h e  c h a n n e l  

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

Channel  d e n s i t y  p r o f i l e s  f o r  f o u r  d i f f e r e n t  times as  

measured  by h o l o g r a p h y  and Abe l  i n v e r s i o n .  Error b a r s  

. a re  shown a t  a  few r e p r e s e n t a t i v e  p o i n t s .  
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