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C U R R E N T E N H A N C E M E N T U P D A T E * 

F r a n k W . C h a m b e r s , J o h n C. C l a r k , K e n W . S t r u v e , S i m o n S. Yu 

and R a l p h E. M e I e n d e z 

L a w r e n c e I. 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 
U n i v e r s i t y of C a l i f o r n i a '.iC!' rj—b '' i. If. 
L i ve r m o r e . C a . 9 4 5 5 0 

A B S T R A C T 

Net c u r r e n t e n h a n c e m e n t to l e v e l s in e x c e s s of the b e a m 
c u r r e n t h a s b e e n o b s e r v e d in g a s e s at p r e s s u r e s e x c e s s of 5 0 
t o r r . W e d e l i n e a t e the r e g i m e s w h e r e e n h a n c e m e n t is 
o b s e r v e d . The e x p e r i m e n t a l r e s u i t s fall into two v e r y 
d i s t i n c t c l a s s e s ; c u r r e n t e n h a n c e m e n t at i n j e c t i o n w h e r e the 
b e a m is o n l y s l i g h t l y d i s p l a c e d and c u r r e n t e n h a n c e m e n t 
c l e a r l y a s s o c i a t e d w i t h the high a m p l i t u d e h o s e i n s t a b i l i t y . 
A c a r e f u l t h e o r s l i c a l and e x p e r i m e n t a l s t j d y of the 
d i a g n o s t i c s r e v e a l e d no f u n d a m e n t a l f l a w s a l t h o u g h t h e r e are 
s e v e r a l c o m o l e x and u n l i k e l y s c e n a r i o s w h i c h c o u l d i n t r o d u c e 
f i c t i t i o u s c u r r e n t e n h a n c e m e n t . T h e o r e t i c a l e f f o r t s 
i n d i c a ' ? s e v e r a l m e c h a n i s m s for g e n e r a t i n g e n h a n c e m e n t but 
n o n e of the t h e o r i e s can a c c o u n t for the d e t a i l e d 
o b s e r v a t i o n s . 

I N T R O D U C T I O N 

C u r r e n t e n h o n c e m e n t h a s b e e n o b s e r v e d ( R e f . 1) for b e a m s p r o d u c e d 
by the ETA p r' o p a c 11 i ng in g a s at p r e s s u r e s in e x c e s s of 50 t o r r . W e 
h a v e pei f o r m e d a d d i t i o n a l e x p e r i m e n t s d e s i g n e d to f u r t h e r d o c u m e n t 
this p h e n o m e n a w i t h p a r t i c u l a r e m p h a s i s on v e r i f i c a t i o n of the 
d i a g n o s t i c s e m p l o y e d . In this r e p o r t w e d i s c u s s the p r e s e n t s t a t e of 
u n d e r s t a n d i n g of e x p e r i m e n t a l r e s u l t s , d i a g n o s t i c l i m i t a t i o n s , and 
t h e o r e t ical p r e d i < M i o n s . 

E X P E R I M E N T A L R E S U L T S 

C u r r j n t e n h a n c e m e n t o b s e r v a t i o n s fall into two very d i s t i n c t 
c l a s s e s . N e a r the p o i n t of i n j e c t i o n into g a s ( i' < X „ ) we c f t e n 
o b s e r v e a s t r o n g e n h a n c e m e n t t h r o u g h o u t the b e a m p u l s e as s h o w n in 
f i g u r e 1. The e n h a n c e m e n t is f a i r l y u n i f o r m w i t h o u t c u r r e n t s p i k e s . 
Net c u r r e n t s in e x c e s s of the b e a m c u r r e n t are o b s e r v e d in the 5 0 - 5 0 0 
torr r a n g e . W M h i n j e c t e d c u r r e n t s o r o u r d 6 k i l o a m p s net c u r r e n t s in 
g a s of 8 k i l o a m p s ore r e c o r d e d . T h i s e f f e c t is o b s e r v e d w h e n t h e r e is 
no w i r e z o n e p r e s e n t and not o b s e r v e d in the p r e s s n c e of a w i r e z o n e . 
W e b e l i e v e the p h e n o m e n a d e p e n d s on the c u r r e n t d e n s i t y and the 
w i r e - c o n d i t i o n e d b e a m h a s a larger e q u i l b r i u m r a d i u s and h e n c e less 
e n h c n c e m e n t. 

P e r f o r m e d j o i n t l y u n d e r the a u s p i c e s of the U . 5 . D O E by L L N L u n d e r 
W - 7 4 0 5 - E N G - 4 8 a n d for the D O D u n d e r D A R P A , A R P A O r d e r N O . 4 3 9 5 , 
m o n i t o r e d by N S W C . 
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The radial l o c a t i o n of t ; e e n h a n c e d c u r r e n t h a s b e e n d e t e r m i n e d 
u s i n g m o v a b l e B B p r o b e s . W i t h such p r o b e s the net c u r r e n t e n c l o s e d 
w i t h i n a g i v e n r a d i u s c a n be d e t e r m i n e d a s s u m i n g the b e a m is on 
c e n t e r . M e a s u r e m e n t s in f i g u r e 2 s h o w there is r e a s o n a b l e a g r e e m e n t 
b e t w e e n c u r r e n t d e t e r m i n e d w i t h the b e a n b u g and c u r r e n t from the B^ 
p r o b e . The e n h a n c e d c u r r e n t is f l o w i n g v e r y r e a r to the b e a m c h a n n e l 
and not out at large r a d i i . There may be a v e r y s l i g h t r e t u r n c u r r e n t 
at large radii a l t h o u g h the a p p a r e n t e f f e c t Is w i t h i n e x p e r i m e n t a l 
e r r o r . 

C u r r e n t e n h a n c e m e n t is a l s o o b s e r v e d d o w n s t r e a m of the i n j e c t i o n 
point ( Z "• ^ « ) • This e n h a n c e m e n t is c l e a n l y c o n n e c t e d w i t h the h i g h 
a m p l i t u d e h o s e i n s t a b i l i t y w h i c h has g r o w n up at this Z l o c a t i o n . 
H e r e the e n h a n c e m e n t is c h a r a c t e r i z e d by a s p i k i n g of the c u r r e n t . A J 
s e e n in f i g u r e 3 one boarcbug w i l l d i s p l a y an e n h a n c e m e n t for m o s t X in 
the b e a m p u l s e . The next b e a m b u g will s h o w the s p i k e s and the 
f o l l o w i n g bug will s h o w d r a m a t i c c u r r e n t l o s s . In this p r e s s u r e and Z 
r e g i m e the b e a m is u n d e r g o i n g h o s e m o t i o n s w h i c h a r e large in 
c o m p a r i s o n w i t h the b e a m r a d i u s but w h i c h a r e small in c o m p a r i s o n to 
the p i p e r o d i u s . W e o b s e r v e the sp'.ning of the b e a m c u r r e n t o c c u r s at 
a p p r o x i m a t e l y twice the f r e q u e n c y of the b e a m h o s e o s c i l l a t i o n s 
i n d i c a t i n g an e n h a n c e m e n t w h i i h is q u a d r a t i c w i t h b e a m d i s p l a c e m e n t . 

F i g u r e 4 p r o v i d e s an o v e r v i e w of the c u r r e n t e n h a n c e m e n t v e r s u s 
p r e s s u r e and p r o p a g a t i o n d i s t a n c e for the Sprinu. 1983 b e a m p r o p a g a t i o n 
e x p e r i m e n t s on ETA. The h e i g h t of eoch m a r k e r i n d i c a t e s the o b s e r v e d 
m a x i m u m net c u r r e n t . The s i g n a t u r e of c u r r e n t e n h a n c e m e n t is the same 
In e a c h p i c t u r e . N e a r the p o i n t of i n j e c t i o n t h e r e is some c u r r e n t 
n e u t r a l i z a t i o n w h i c h is s t r o n g e r af lower p r e s s u r e s . As we m o v e 
f u r t h e r a w a y fr om the e n t r a n c e foil t ii e n e u t r a l i z a t i o n i n c r e a s e s 
s l i g h t l y . H o w e v e r , as the b e a m p r o p a g a t e s f u r t h e r the net c u r r e n t 
s t a r t s g r o w i n g . G r o w t h is f a s t e r in Z at the h i g h e r p r e s s u r e s . At 
s o m e c r i t i c a l bug or b u g s the net c u r r e n t e x c e e a s the b e a m c u r r e n t . 
B e y o n d this b i the c u r r e n t and c h a r g e t r a n s p o r t e d d r o p d r a m a t i c a l l y . 
H o s e has d i s , ted p r o p a g a t i o n . 

In this , eg ire of large a m p l i t u d e h o s e w e c a n n o t use the 8 f l p r o b e 
to d e t e r m i n e the l o c a t i o n of the c u r r e n t in r o d i u s d u e to the 
u n c e r t a i n t i e s in b e a m p o s i t i o n and lack of r s p e o t o b i l i t y . T h u s we 
c a n n c t s p e c i f y the l o c a t i o n of J n # i ( r ) • 

D I A G N O S T I C S 

The p r i m a r y d i a g n o s t i c for net c u r r e n t m e a s u r e m e n t Is the b e a m b u g 
( R e f . 2 ) . B e a m p r o p a g a t i o n e x p e r i m e n t s w e r e p e r f o r m e d to v e r i f y 
b e a m b u g m e a s u r e m e n t s v e r s u s o t h e r d i a g n o s t i c s . E x p e r i m e n t s a l t e r i n g 
the b o u n d a r y c o n d i t i o n s for r e t u r n c u r r e n t flow w e r e p e r f o r m e d in the 
b e a m b u g test s t a n d . C a l c u l a t i o n s w e r e p e r f o r m e d to s t u d y tho 
l i m i t a t i o n s on b e a m b u g m e a s u r e m e n t due to the f i n i t e n u m b e r of p i c k o f f 
p o i n t s . 

E x p e r i m e n t s c o n c e n t r a t e d on v e r i f y i n g the b e a m b u g m e a s u r e m e n t s 
a g a i n s t RF loops and B_ p r o b e s . C o m p a r i s o n s of b ^ a m b u g and RF loop 
m e a s u r e m e n t s r e v e a l e d no s i g n i f i c a n t d i f f e r e n c e s ir, the b e a m c u r r e n t 
or d i s p l a c e m e n t . B Q d a t a w a s a l s o c o n s i s t e n t w i t h the net c u r r e n t 
o b s e r v a t i o n s . A f u r t h e r i n v e s t i g a t i o n w a s c o n d u c t e d an the e f f e c t s of 
irreg:.latities ( p o r t s . g a p s ) in the r e t u r n c u r r e n t p a t h . A t t e m p t s to 
d i s t o r t the r e t u r n c u r r e n t p a t h p r o d u c e d a f a s c i n a t i n g null r e s u l t . 
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W h e n m a j o r g a p s w e r e i n t r o d u c e d In the r e t u r n c u r r e n t p a t h by the u s e 
of p o r t s or s i m p l y l e a v i n g p i p e s d i s c o n n e c t e d w e c o u l d not a l t e r the 
b e a m b u g c u r r e n t r e a d i n g at the b e a m b u g test s t a n d . W e w e r e u n a b l e to 
find any f l a w s In the b e a m b u g m e a s u r e m e n t t e c h n i q u e w i t h the o t h e r 
d i a g n o s t i c s we u s e d . N e v e r t h e l e s s , w e h a v e c o n s t r u c t e d a t w e l v e 
p i c k u p b e a m b u g and w i l l c o n s t r u c t a R o g o w s k i coil tor f u r t h e r 
e x p e r i m e n t s w h e n time on ETA b e c o m e s a v a i l a b l e . 

A n a l y s i s of b e a m b u g o p e r a t i o n s a s s u m i n g an i n f i n i t e l y long, 
c y l i n d r i c a l ly s ymme trie b e a m s h o w s the m e a s u r e d c u r r e n t can be 
e n h a n c e d If the b e a m is s i g n i f i c a n t l y d i s p l a c e d ; see r e f . 2 . If the 
d i s p l a c e m e n t e x c e e d s one h a l f of the p i p e r a d i u s then e r r o r s in e x c e s s 
of 10 p e r c e n t may o c c u r . H o w e v e r , the p o s i t i o n m e a s u r e m e n t s i n f e r r e d 
from the b e o m b u g d i f f e r e n c e v o l t a g e s i n d i c a t e d i s p l a c e m e n t s less than 
half the p i p e r a d i u s . S i n c e one t y p i c a l l y u t i l i z e s the l i n e a r i z e d 
i n v e r s i o n s n h e m e to d e t e r m i n e b e a m l o c a t i o n and this is not v a l i d 
b e y o n d small d i s p l a c e m e n t s we d e v e l o p e d a fuli i n v e r s i o n s c h e m e to 
c o m p u t e I, X, and Y for a b e a m b u g w i t h o u t any small d i s p l a c e m e n t 
a s s u m p t i o n s . W e c o u l d then a r t i f i c i a l l y c o n s t r u c t s i t u a t i o n s w i t h 
a p p a r e n t c u r r e n t e n h a n c e m e n t at a p p a r e n t small d i s p l a c e m e n t . H o w e v e r , 
w h e n a p p l i e d to the e x p e r i m e n t a l d a t a the full I n v e r s i o n s c h e m e did 
not s i g n i f i c a n t l y a l t e r the result of the usual i n v e r s i o n p r o c e s s . 
M e a s u r e d b e a m d i s p l a c e m e n t s a r e not s u f f i c i e n t l y large to a c c o u n t for 
- b s e r v e d c u r r e n t e n h a n c e m e n t s . H o w e v e r , we did not o b s e r v e 
d i s p l a c e m e n t s in e x c e s s of one half the p i p e r a d i u s yet b e a m c u r r e n r 
w a s g e t t i n g lost, p r e s u m a b l y by s c r a p e o f f on the p i p e . T h u s the issue 
of a c t u a l b e a n d i s p l a c e m e n t is not r e s o l v e d . 

A n u m b e r of s c e n a r i o s can be c o n s t r u c t e d w i t h b e a m s w h i c h a r e not 
I n f i n i t e l y long and c y l i n d r i c a l ly s ymme t r i e . W i t h a four port b e a m b u g 
one c o u l d fhon o b ; e r v e a f i c t i t i o u s e n h a n c e m e n t . For e x a m p l e , if a 
b e a m b i f u r c a t e d into two b e a m l e t s w h i c h e a c h c a r r i e d one h a l f the 
c u r r e n t and w h i c h a p p r o a c h e d a p p o s i t e m e a s u r e m e n t loops one c o u l d 
m e a s u r e o c u r r e n t in e x c e s s of the b e a m c u r r e n t and yet a z e r o 
d e f l e c t i o n . h o w e v e r , it is e q u a l l y likely that the b e a m l e t s w o u l d 
m o v e out at 45 d e g r e e s r e s u l t i n g in c u r r e n t d s D I e t i on. Thus w h i l e we 
c a n n o t p r e c l u d e or.e of these s c e n a r i o s from a r i s i n g , the p o s s i b i l i t y 
is e x t r e m e l y u n l i k e l y . L o n g i t u d i n a l b u n c h i n g w o j l d p r o d u c e c u r r e n t 
s p i k i n g w h i c h m i g h t a p p e a r as s o m e of the h o s e d a t a d o e s . H o w e v e r , 
T h e r e a r e bug t r a c e s w h e r e the e n h a n c e m e n t p e r s i s t s for all X w h e r e a s 
b u n c h i n g w o u l d r e q u i r e v a l l e y s as w e l l as s p i k e s . 

T H E O R E T I C A L M O D E L S OF C U R R E N T E N H A N C E M E N T 

S e v e r a l p h y s i c a l e f f e c t s h a v e b e e n p r >pos ed for e x p l o i n i n g 
c u r r e n * e n h a n c e m e n t . They '.vill be d i s c u s s e d b r i e f l y and r e f e r e n c e d in 
this n o t e . 

D e l t a rays h a v e b e e n i n v e s t i g a t e d e x t e n s i v e l y by S i m o n Yu ond 
o t h e r s ( R e f . 3 ) . They find d e l t a rays can lead to c u r r e n t e n h a n c e m e n t 
at I n j e c t i o n w i t h n e a r l y a p p r o p r i a t e s c a l i n g s w i t h b e a m s i z e , c u r r e n t , 
a n a p r e s s u r e . U n f o r t u n a t e l y , the m a g n i t u d e of the p r e d i c t e d e f f e c t s 
is on the o r d e r of 10 p e r c e n t w h i l e thd o b s e r v a t i o n s are in the 2 0 - 5 0 
p e r c e n t r a n g e . G i v e n * h e u n c e r t a i n t i e s i n v o l v e d this topic is w o r t h 
p u r s u i n g f u r t h e r t h e o r e t i c a l l y . If w o u l d be m o s t h e l p f u l to d e t e r m i n e 
the e n e r g i e s of the p a r t i c l e s c a r r y i n g the e x c o s s c u r r e n t . 
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In the presence of high amplitude hose motion several effects may 
be important. If the beam breaks sharply it may produce a plasma 
current in the channel left behind by the beam segment along with the 
beam current in the new radial location. There are intuitive 
arguments against this possibility but o more detailed calculation of 
the induced currents woulc- be u s e f u l . A fieldsolver capable of 
handling large amplitude beam displacements is required to solve this 
problem. We have implemented a version of the DYNASTY code (Ref. 4 ) 
ot LLNL and will investigate the consequences of largo a m p l i t u d e hose 
on n e 1 current. 

Ed Lee hos pointed out that in the presence of high amplitude 
hose the beam has a significant transverse momentum. To conserve 
energy the beam must iove fost momentum in the forward d i r e c t i o n . If 
this momentum appears in the less massive (by a factor of y) plasma 
electrons then a gain in current *v i II occur. H o w e v e r , c a l c u l a t i o n s 
show any excess momentum in the plasma electrons will be removed very 
quickly by collisions with the background gas . Unless the electrons 
acting as the momentum sink for the bearr are also col I ision less this 
m e c h a n i s m cannot account for the observed current e n h a n c e m e n t . 

Finally, a careful study of the data suggests the current 
enhancement is often associated at least partially with bunching. A 
beam segment which is undergoing large amplitude hose motion in the 
transverse direct.on will have its 2 directed beta reduced and will 
bun ;- against the subsequent beam segments if their hose amplitude is 
lower. This m e c h a n i s m can explain i oca I current enhancement in X with 
spiking but not the global enhancement which is usually seen near the 
onset of high amplitude h o s e . 

SUMMARY AND COMMENTARY 

O b s e r v a t i o n s of current enhancement in the 50-500 torr range in 
ETA gos propagation e x p e r i m e n t s are still not u n d e r s t o o d . There are 
distinct regimes with the phenomena in the absence of or presence of 
high amplitude hose. More detailed B „ m e a s u r e m e n t s indicate the 
current flaw pattern is near to the beam current pattern in radius 
(there are no large forword or return current flows well outside Jhe 
beam radius) . 

Further experimental work is required to verify the present 
d i a g n o s t i c s . The comparison of the twelve port beambug and the 
Rogowski coil is required. Determination of the energy of the current 
carriers would be of high value. 

The full significance of the current enhancement phenomena hinges 
on the conneclion between enhancement and high amplitude hose. Since 
beams undergoing high a m p l i t u d e hose motion are not of p r o g r a m m a t i c 
•nferesf it follows that if current enhancement is strictly a high 
amplitude hose phenomena its study is of low priority. Upcoming 
e x p e r i m e n t s on ATA with c o n d i t i o n e d , well characterized beams with low 
amplitude initial p e r t u r b a t i o n s will be pivotal in determining the 
significance of current e n h a n c e m e n t . 
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BEAMBUG 9 Z=-2,5CM BEAMBUG 10 Z=2.5CM 
IN VACUUM IN GAS 

5.4 80 MICRONS 
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Figure 1. Current enhancement at injection into 
gas for several pressures. 
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