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The " c o a r s e " p a r t i c l e  method [1-4] is  used  in this  paper  to solve the p rob lem of decay of any ion-den-  
s i ty  rup tu re  when the e l ec t ron  t e m p e r a t u r e  is s ign i f ican t ly  h igher  than the ion t e m p e r a t u r e  (in the c a l c u l a -  
t ions the ion t e m p e r a t u r e  is  a s sumed  to be ze ro ) .  As in [5-12] a model  is chosen in which only the ion ic -  
component motion is cons ide red ,  and the e l ec t ron  dens i ty  is d e s c r i b e d  by the Bol tzmann d i s t r ibu t ion .  The 
n e c e s s i t y  of using the c o a r s e - p a r t i c l e  method for  solving the kinet ic  equations a r i s e s  due to the fact  that  the 
hydrodynamic  de sc r ip t i on  of ion-acous t i c  waves in a non i so the rmic  p l a s m a  with T i = 0 is val id  only for  
waves of c o m p a r a t i v e l y  s m a l l  ampl i tude:  

9max ~ ~* = 1.26 Te / e, U . (  1.58 ( Te / mi) '/~ 

F o r  l a rge  ampl i tudes  and ve loc i t i e s  the r egu la r - so lu t ion  wave s t ruc tu r e  is de s t royed  and a m u l t i c u r -  
ren t  flow is gene ra t ed  [5]. 

We s t a r t  with the s y s t e m  of equat ions 

o/ a/ e o/ o~ (1) 
"J-~ § u"~x m~ au Ox - 0  

oo 

- c o  

where  f is  the ion d i s t r ibu t ion  function, u is  the ion ve loc i ty ,  (p is  the potent ia l ,  T is  the e l ec t ron  t e m p e r a -  
tu re ,  and n o is  the unpe r tu rbed  p l a s m a  dens i ty .  

The c h a r a c t e r i s t i c  equat ions for  the kinet ic  equation (1) are  the equations of motion of ionic l a y e r s  

duj _ Oq~ dxj _ 

, - -  - , , s  (3) 
d t  a x  d t  

02q) 
Oz 2 = exp (q~) -- p (4) 

Here j is the particle (layer) number, p is the ion density, the velocity u is measured in units of ion- 
acoustic velocity (T/mi) I/2, the coordinate x is in Debye radii D = (T/4~m0e2)I/2 , and the potential in units 
of T / e .  

:/.5 i &r a 

Fig. 1 

The a lgor i thm of solving Eqs .  (3), (4) is  d i s c u s s e d  in de ta i l  
in [11]. In a l l  ca lcu la t ions  we used 1000 p a r t i c l e s ,  and the length of 
the spa t i a l  i n t e rva l  was 150 D. The ca lcu la t ion  t ime of a typ ica l  
v a r i a n t  up to a t ime t = 25wo~ cons i s t ed  of 15 min on a Bt~SM-6 c o m -  
pu te r .  

Cons ider  the evolution of an in i t ia l  ion-densi ty  rup ture  (a step) 
given by 

C ~ const for 0 ~ x  ~x0 
p(x, 0)= t ,~ (C-- l) exp(--(x--x0) 2 / l  2) for z ~ x o  

u] (z, 0) ~ 0 
(5) 
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F o r  a r e l a t i v e l y  s m a l l  d e n s i t y  d r o p  (C ~ 4) the s t ep  d e c a y  l e a d s ,  as  
cou ld  be e x p e c t e d ,  to the  f o r m a t i o n  of a l a m i n a r  shock  wave  t r a v e l l i n g  r i g h t  
and a d i l a t a t i on  wave  t r a v e l l i n g  lef t .  The s h o c k  wave has  an o s c i l l a t i n g  l ead ing  
edge  due to  d i s p e r s i o n  at  the c h a r g e  s e p a r a t i o n ,  which  i s  a c c o m p a n i e d  by a p o r -  
t ion wi th  a p r e d o m i n a n t l y  c o n s t a n t  a m p l i t u d e  ~ .  We no t i ce  tha t  the p r e s e n c e  
of th i s  p o r t i o n  is  r e l a t e d  to a n o n s t a t i o n a r y  p r o c e s s ;  fo r  t ~ ~ the whole  r eg ion  
shou ld  be f i l l ed  b y  o s c i l l a t o r s .  The l e a d ing  so lu t ion  a m p l i t u d e  i n c r e a s e s  to 
s o m e  value  ~ m a x  < q~* ; f ron t  r e v e r s a l  and p a r t i c l e  i n t e r c h a n g e  do not  o c c u r .  
The r e s u l t s  of t he se  c a l c u l a t i o n s  w e r e  c o m p a r e d  wi th  the  a c c u r a t e  so lu t i on  of 
the r u p t u r e  p r o b l e m  in d i s s i p a t i o n l e s s  gas  d y n a m i c s  wi th  an ad i aba t i c  index 
T = 1, which  c o r r e s p o n d s  to n e g l e c t i n g  d i s p e r s i o n  e f f e c t s  (D ~ 0). The v e l o c -  
i ty  of a g a s - d y n a m i c  shock  wave M 0 is  d e t e r m i n e d  f r o m  the t r a n s c e n d e n t a l  
equa t ion  

M~, ~ = C exp" [-- (Mo -- Mo-])] (6) 

and the values of the density, potential, and gas velocity at the front equal 

~ Mo 2, ~o--  21nMo, a =  Mo-- Mo -I (7) 

F i g .  3 
The po ten t i a l  amp l i t ude  ~ a g r e e s  qui te  w e l l  wi th  the quan t i t y  ~0 ob ta ined  

f r o m  Eq .  (7). The  v e l o c i t y  of the  o s c i l l a t i n g  s h o c k  wave  M is  s o m e w h a t  
h i g h e r  than M 0 f r o m  (6), s i nce  i t  i s  d e t e r m i n e d  by the amp l i t ude  q~ m a x  of the l e a d ing  so lu t i on .  F i g u r e  1 
shows  the r e s u l t s  of c a l c u l a t i n g  the evo lu t ion  of a r u p t u r e  wi th  C = 4; the po in t s  c o r r e s p o n d  to the g a s -  
d y n a m i c  p o t e n t i a l  p r o f i l e .  

F o r  i n i t i a l  d e n s i t y  d r o p s  5 ~ C ~ 13 (0.8 ~ $ < q~*) the l e a d ing  so l i ton  a m p l i t u d e ,  un l ike  the p r e v i -  
ous c a s e ,  i n c r e a s e s  to the  va lue  ~ m a x  5 ~ *,  a f t e r  which  r e v e r s a l  o c c u r s  wi th  the f o r m a t i o n  of a p r e -  
c u r s o r  and f a s t  p a r t i c l e s ,  r e f l e c t e d  by the f ron t .  C a l c u l a t i o n s  show tha t  if  ~ < q~*, p a r t i c l e  e m i s s i o n  has  
a p u l s a t i n g  c h a r a c t e r ,  i . e . ,  a f t e r  the l e ad ing  so l i ton  a m p l i t u d e  i n c r e a s e d  to q~max ~ ~ *,  l a t e r  i n c r e a s i n g  
aga in  due to the s t e p  e n e r g y ,  new p a r t i c l e  e m i s s i o n  t a k e s  p l a c e ,  e t c .  Th i s  f ac t  ha s  been  n o t i c e d  [5] fo r  
the evo lu t ion  p r o b l e m  of s y m m e t r i c  c o m p r e s s i o n .  F i g u r e  2 p r e s e n t s  r e s u l t s  of c a l c u l a t i n g  r u p t u r e  d e c a y  
wi th  C = 9. 

An i n c r e a s e  of the s t ep  a m p l i t u d e  C and of the  c o r r e s p o n d i n g  p o t e n t i a l  a m p l i t u d e  (~ (C > 13,(~ > q~ . )  
l e a d s  to the  f o r m a t i o n  of a shock  wave wi thout  r e g u l a r  o s c i l l a t i o n s ,  but  wi th  a s h a r p  f ron t  be tween  the 
f u n d a m e n t a l  p a r t  of the wave  and the p r e c e d i n g  p a r t .  At  the s a m e  t i m e  con t inuous  r e f l e c t i o n  of p a r t i c l e s  
t a k e s  p l a c e .  The f o r m a t i o n  of a p r e c u r s o r  wave  is  a c c o m p l i s h e d  by a r e t a r d a t i o n  of the  f u n d a m e n t a l  wave .  
Indeed ,  i f  a l a m i n a r  shock  wave  a lways  a n t i c i p a t e s  a gas  dyna mic  p r o f i l e ,  in the c a s e  c o n s i d e r e d  the fun-  
d a m e n t a l w a v e l a g s  a f t e r i t .  F o r  e x a m p l e ,  the v e l o c i t y  of the gas  d y n a m i c  shock  wave  is  M 0 = 2.49 at  C = 
50, and the wave  v e l o c i t y  in the c a l c u l a t i o n s  is  M ~ 1.8 fo r  D ~ 0. The v e l o c i t y  of the p r e c u r s o r  wave  i s ,  
i ndeed ,  s i g n i f i c a n t l y  h i g h e r  a n d e q u a l s  Mp ~ 5.3 in th i s  c a s e .  In v iew of the fac t  tha t  a f u r t h e r  i n c r e a s e  in 
the p o t e n t i a l  ~ in the shock  wave  r e q u i r e s  a s i g n i f i c a n t  i n c r e a s e  in C (see  below) and, c o r r e s p o n d i n g l y ,  in 
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the n u m b e r  of p a r t i c l e s ,  for  l a rge  ampli tude ca lcu la t ions  we used  a modif ied  
mode l  in which only the shock  wave reg ion  was  c o n s i d e r e d .  The ini t ia l  cond i -  
t ions  

50 80 300 t422 76880 
M0 2.49 2.73 3.48 4.48 7.39 

t .82 2 .01  2.49 3.00 4.00 

a re  a s s igned  in this ca se  by the gas  dynamic  solut ions  and are  of the f o r m  

t -~ = coast for 0 ~ x ~< ~o 
p(x, 0) = ( tq-  (C-- t) exp [-- (x--xo) ~/l~l for x > 2  o (8) 

(x, 0) = in p (m, 0) (9) 

uj (x, O) = [p (xi, 0)l v~-  [p (zj, 0)l -in (10) 

F igure  3 shows the potent ia l  p ro f i l e s  and pa r t i c l e  ve loc i t i e s  at va r ious  
m o m e n t s  of t ime  in c a s e  ga = 2. C l e a r l y  seen  is the fo rma t ion  of a c u r r e n t  of 
f a s t  p a r t i c l e s  and a p r e c u r s o r  c u r r e n t ,  as well  as a s h a r p  f ron t  of the funda-  
m e n t a l  wave .  With i n c r e a s i n g  potent ia l  ampl i tude r the m a x i m u m  potent ia l  

value in the p r e c u r s o r  wave gap i n c r e a s e s  (see below) and the d i f fe rence  between the fundamenta l  wave and 
the p r e c u r s o r  wave van i shes .  This o c c u r s  for  ga ~ 2 .4 .  

2 2.2 2.35 
(pp t .25 t .5 2.0 

The t r ans i t i on  to ampl i tudes  ~ > 2.4 c a u s e s  a qual i ta t ive  r e a r r a n g e m e n t  in the na ture  of the p r o c e s s ,  
ins tead  of shock  wave f o r m a t i o n  the re  o c c u r s  a cont inuous  s p r e a d  of the ini t ia l  p ro f i l e .  This  fac t  was  ob-  
s e r v e d  e x p e r i m e n t a l l y  [13] and was  ve r i f i ed  by ca lcu la t ions  [11, 14, 15]. We notice tha t  [11, 14] c o n s i d e r e d  
the evolut ion of the ini t ia l  c o m p r e s s i o n  

p(x,. 0) = l~-  C e x p [ -  (x-x0)  e / l  2] 

and [15] the p is ton p r o b l e m .  F igure  4 shows p ro f i l e s  of the potent ia l  and pa r t i c l e  ve loc i t i e s  at va r i ou s  
m o m e n t s  of t ime  in c a s e  ga = 2.5.  Unlike the s m a l l e r - a m p l i t u d e  c a s e s  c o n s i d e r e d  e a r l i e r ,  the p a r t i c l e s  can 
be s h a r p l y  divided into two g roups ,  f a s t  and s low.  

Thus ,  the s tudy of evolut ion of any ion-dens i ty  rup tu re  in a n o n i s o t h e r m i c  p l a s m a  shows that,  depend-  
ing on the dens i ty  r a t i o  C or  the potent ia l  ampl i tude ~ the re  ex i s t  four  qua l i t a t ive ly  d i f fe ren t  c a s e s :  

1) C < 5, ~ ~ 0.7, a l a m i n a r  o sc i l l a t i ng  shock  wave; 

2) 5 ~ C ~ 13, 0.8 ~ ~ < ~ , ,  r e v e r s a l  of the  shock  wave with pu lsa t ing  p a r t i c l e  r e f l ec t ion  with f o r -  
ma t ion  of a p r e c u r s o r  wave; the fundamenta l  wave has a sha rp  leading edge; 

3) C > 13, ~v, < ~ < 2.4, a shock  wave with a sha rp  f ron t  between the fundamenta l  and p r e c u r s o r  wave,  
a potent ia l  p ro f i l e  without  osc i l l a t ions ,  cont inuous p a r t i c l e  re f lec t ion ;  

4) ~ >2.4,  cont inuous r e a r r a n g e m e n t  of the potent ia l  p ro f i l e .  
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