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EXCITATION OF STRONG COLLISIONLESS SHOCK WAVES IN A DEUTERIUM 

PLASMA 
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In [1] i t  was shown tha t  shock  waves  with a f ront  
width much l e s s  then the ion m e a n  f r ee  path can be 
exc i t ed  in a r a r e f i e l d  p l a s m a  in a q u a s i - s t a t i o n a r y  
m a g n e t i c  f ie ld .  

It fol lows f r o m  t h e o r y  [2] tha t  a t  l e a s t  two c o n d i -  
t ions m u s t  be s a t i s f i e d  in o r d e r  to e f f ec t ive ly  hea t  the 
ions:  1) t < R /V  (where t is  the c h a r a c t e r i s t i c  bu i ldup  
t ime  for  the m a g n e t i c  f ie ld ,  V a is  the Alfven ve loc i ty ,  
and R is the t r a n s v e r s e  d i m e n s i o n  of the c h a m b e r ) ;  
2) H > 2 - 3 H  0 (H is the  a l t e r n a t i n g  m a g n e t i c  f i e ld  g e -  
n e r a t i n g  the wave ,  and H0 is the q u a s i - s t a t i o n a r y  field).  

This  a r t i c l e  g ives  p r e l i m i n a r y  r e s u l t s  of e x p e r i -  
men t s  on hea t ing  a hydrogen  p l a s m a  by s t r o n g  c o l l i -  
s i o n l e s s  shock  waves .  

The p l a s m a  was c r e a t e d  in a g l a s s  vacuum c h a m b e r  
16 em in diameter and about 2.5 m long and confined 
to the system axis by magnetic mirrors (the period 
of the quasi-stationary field of the magnetic trap was 
5 psec, H 0 = 0.5-2 k0e, and the mirror ratio ~ ~ 1.4). 
The plasma was first ionized by a conical ~-pinch and 
deuterium admitted in pulses (0.i cm 3 at p = 500-700 
mm Hg) regulated outside the mirror configuration 
[3]. After a few tens of microseconds the plasma pas- 
sed through the mirror and uniformly filled the volume 
of the magnetic trap; in the middle of this trap there 
was a cylindrical loop 30 cm long, which generated 
shock waves. A special accumulator with capacitance 
0.6 mmf discharged across this loop at voltage of 60- 
100 kV. The alternating magnetic field on the loop 
axis reached 4-6 k0e after ~0.3 psec. 

We s tud ied  the p l a s m a  p a r a m e t e r s  us ing  f a m i l i a r  
d i agnos t i c  m e t h o d s :  m i c r o w a v e  p rob ing  (k = 0.4, 0.8, 
and 3 cm),  X - r a y  and neu t ron  r a d i a t i o n  p i c k - u p s ,  and 
c h a r g e d  p a r t i c l e  e n e r g y  a n a l y z e r s .  H i g h - s p e e d  p h o -  
t o g r a p h i c  me thods  us ing  i m a g e  t r a n s l a t o r s  (IT) and 
m a g n e t i c  p r o b e s  [1] p l a c e d  d i f f e r en t  d i s t a n c e s  f rom 
the r a d i u s  made  is p o s s i b l e  to s tudy the f o r m a t i o n  
p r o c e s s e s ,  the mo t ion  of the "magne t i c  p i s ton , "  and 
i ts  a s s o c i a t e d  shock  wave.  

Since the l ight  i n t ens i ty  of  the  d e u t e r i u m  p l a s m a  
in the f i r s t  q u a r t e r - p e r i o d  of d i s c h a r g e  p r o v e d  i n s u f -  
f i c ien t  for  r e l i a b l e  op t i ca l  r e g i s t e r a t i o n  of the in i t i a l  
s t a g e s  of the p r o c e s s  a t  the n e c e s s a r y  r a n g e  of c o n -  
c e n t r a t i o n s  (n = 5 �9 1012-3 �9 1013 era) ,  h e l i u m  was 
used  as  the work ing  gas  (a c o m p a r i s o n  of p i c t u r e s  
t aken  in s u c c e s s i o n  showed tha t  the b e h a v i o r  of the 
p l a s m a  r e m a i n e d  a l m o s t  cons tan t ) .  

F i g u r e  1 g ives  pho tog raphs  of the  p l a s m a  l u m i n o -  
s i ty  ob ta ined  th rough  the end of the vacuum c h a m b e r  
by the IT. F r a m e s  i and 2 c l e a r l y  show the evo lu t ion  
of the  c u r r e n t  s h e e t  f o r m e d  ( "magne t i c  p i s t o n " )  
exc i t i ng  the  shock  wave whose  a p p e a r a n c e  was r e g i s -  
t e r e d  by  the m a g n e t i c  p r o b e s .  

The m o m e n t s  of e x p o s u r e  a r e  shown on the c u r r e n t  
o s c i l l o g r a m  (Fig.  2b) ( exposure  t i m e  t ~ 15 �9 10 -~ sec) ;  
F i g s .  2a and 2c give the neu t ron  r a d i a t i o n ,  whi le  F ig .  2d 
ind i ca t e s  t i m e  m a r k s  of 2 ~sec.  The s i gna l s  c o r -  
r e s p o n d i n g  to the  shock  wave  and c u r r e n t  s h e e t  for  the 
o s c i l l o g r a m  in Fig .  3a a r e  of d i f f e r e n t  p o l a r i t y ,  s i n c e  
the f i e lds  H and H 0 w e r e  o p p o s i t e l y  d i r ec t ed~  

Fig. 1 
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Fig. 2 Fig. 3 

Fig. 4 
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Under  the e x p e r i m e n t a l  condi t ions  the veloci ty of 
the shock wave d e t e r m i n e d  f rom the delay of the 
magnet ic  s igna ls  va r i ed  f rom 107-108 c m / s e c  for a 
f ront  width of 1 -3  era. It became  c lea r  af ter  p r o c e s -  
s ing the o s c i l l o g r a m s  and h igh-speed  photographs 
that dur ing  the f i r s t  q u a r t e r - p e r i o d  the shock wave 
accumula t e s  on the chamber  axis and the c u r r e n t  
sheet  effect ively c o m p r e s s e s  the heated p lasma.  The 
conf igura t ion  of the magnet ic  field in the shock loop 
p e r m i t s  the p l a sma  to flow par t ly  along the magnet ic  
l ines  of force;  this apparen t ly  explains  the na tu re  of 
the luminos i ty  r e g i s t e r e d  in Fig. l ( f r a m e  4). 

At the beginning  of the second ha l f -pe r iod  b r e a k -  
down began at the chamber  wal l  (in expe r imen t s  with 
deu t e r i um at a dens i ty  n -< 1013 em -3 breakdown 
shifted to the beginning  of the th i rd  ha l f -per iod)  and 
the growing magne t ic  field cont inued to c o m p r e s s  the 
p l a sma  in the cen te r  of the chamber .  When the c u r r e n t  
was a m a x i m u m ,  the p l a s m a  had a d i a m e t e r  of 2 to 3 
cm (Fig. l a ,  f r ame  6). The c o m p r e s s i o n  p rocess  was 
accompanied  by neu t ron  radia t ion;  here ,  the e l e c t r o -  
s ta t ic  ana lyze r  mounted  behind the magnet ic  m i r r o r  
s t ab i l i zed  the ions and e lec t rons  with a longi tud i -  
na l  ene rgy  of up to 15 keV (see Figs.  4a, b, and c). 
In expe r imen t s  with a shock loop cons i s t ing  of two 
cone f r u s t r u m s  making  an angle of ~5 ~ with the axis ,  
a neu t ron  s igna l  appeared  dur ing  the f i r s t  q u a r t e r -  
per iod  (Fig. 2c). F igu re  3 gives an o sc i l l og ram of 
s igna ls  f rom the magnet ic  probes  in the p l a sma  under  
the loop at d i s t ances :  a) 0.25R, and b) 0.7R f rom the 
chambe r  axis;  c) c u r r e n t  o sc i l l og ram in the shock 
loop T = 1.8 ~sec. 

The dura t ion  of neu t ron  rad ia t ion  va r i ed  in the 
range  15-100  psec,  the total  n u m b e r  neu t rons  af ter  
d i scharge  being 106-107 . The space d i s t r ibu t ion  of 
the neu t ron  rad ia t ion  was studied us ing  nuc l ea r  
e m u l s i o n s .  This  made it  poss ib le  to de t e rmine  the 
longi tudinal  d i m e n s i o n  of the rad ia t ion  source ,  which 

tu rned  out to be 20 cm. The re  were  no d i s c r epa nc i e s  

found in the space d i s t r ibu t ion  to indicate  that a cce l -  
e r a t i ng  m e c h a n i s m s  were  p r e sen t .  Photoe lec t r ic  
techniques  (foils, c r y s t a l s ,  pho tomu! t ip l i e r ' s )were  

used to m e a s u r e  the t r a n s v e r s e  e l ec t ron  energy,  Most 
of the 7 -quan t a  r e g i s t e r e d  lay in the 7 - 1 0  keV energy  
range .  F igure  4 shows the neu t ron  rad ia t ion  c o r r e -  
lated with the read ings  of the c h a r g e d - p a r t i c l e  a n a -  
lyzer :  a--n~ b - - ions ,  1 keV; c - - ions ,  10 keV; d - - t ime  
m a r k s ,  10 #sec; e - - "cu t -o f f "  of mic rowaves  at k = 
= 3 cm;  f - - X - r a y  r ad ia t ion  caused by e l ec t ron  drif t  
a c ros s  the magnet ic  field; g - - t ime  makes  50 t~sec. 

The expe r imen ta l  r e su l t s  conf i rm that  ions may  be 
in tense ly  heated when s t rong  co l l i s ion le s s  shock waves 
a re  exci ted and the p l a sma  is subsequent ly  c o m p r e s -  
sed by a c u r r e n t  sheet.  Optical and magnet ic  m e a -  
s u r e m e n t s  dur ing  the f i r s t  ha l f -pe r iods  did not r evea l  
not iceable  in s t ab i l i t i e s ,  which, in our opinion, is ex -  
t r e m e l y  impor t an t  in expla in ing the neu t ron  fo rmat ion  
m e c h a n i s m .  The ion t e m p e r a t u r e ,  computed a s s u m i n g  
a t h e r m o n u c l e a r  fo rmat ion  m e c h a n i s m  for neu t rons ,  
w a s  ~10 keV for  n ~< 10 t3 cm -a which is in a g r e e m e n t  
with data obtained by the charged pa r t i c l e  energy  
ana lyze r  and magnet ic  probes .  

The author  thanks G. I. Budker  for  his  cont in-  
uous a t tent ion and i n t e r e s t  in the i r  work and R. Z. 
Sagdeev for his co l labora t ion  in a s s e s s i n g  the e x p e r i -  
men ta l  r e su l t s .  
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