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Equilibrium and stability are examined for a high-current self-com- 
pressed discharge :in a dense, optically opaque plasma of finite con- 
ductivity, with allowance for dissipation via radiative heat transfer. 
If the thermal conductivity is high, the plasma temperature is virtually 
constant throughout the cross-section of the discharge, whereas the 
density and pressure fall off fairly rapidly away from the axis. The 
spectrum for small oscillations shows that such an equilibrium discharge 
is unstable with respect to short-wave hydrodynamic oscillations (bend- 
ing and necking) if the plasma conductivity is low. Instability can 
develop only for long-wave perturbations in a cylindrical discharge, 
and also for a nonequilibrium discharge when the rise time is iess than 
the equilibration time. A planar equilibrium discharge is stable, while 
a cylindrical equilibrium discharge in a dense low-temperature plasma 
is more stable than one in a high-temperature plasma. 

There have been several discussions of the use of high-current discharges 
in dense plasmas as light sources for laser pumping. The choice of 
discharge dimensions is governed by the temperature T of the radiating 
surface, which should be 3-10 eV. Only ohmic heating can allow one 
to keep a plasma at such a temperature for a sufficiently long time 
(around 100 vsec). On the other hand, hydrodynamic instabilities (bends, 
necks, hot spots) can arise in a dense plasma carrying a current, which 
can lead to current interruption and plasma dispersal (see [1] for lit- 
erature). Stability is therfore a major problem in the use of such dis- 
charges as light sources. However, it is not correct to apply the theory 
of [1] to such discharges, since this theory is for a not very dense, hot. 
transparent plasma under conditions such that radiation does not play 
a major part in the development of the discharge, whereas a discharge 
in a dense, optically opaque plasma is best as a light source. Such a 
plasma can have considerable radiative energy transfer, which can 
influence the entire character of the discharge. Moreover, effects due 
to the finite conductivity (diffusion of electric and magnetic fields) 
may play major parts at these relatively low temperatures. Here we 
present a theoretical discussion of the equilibrium and stability of a 
high-current discharge in a dense, optically opaque plasma having 
a finite conductivity and considerable radiative heat transfer. 

1. F o r m u l a t i o n .  T h e  f o l l o w i n g  i s  [2] t h e  c o m p l e t e  
s y s t e m  of e q u a t i o n s  of  m a g n e t o h y d r o d y n a m i c s  f o r  a 
p l a s m a  w i t h  a l l o w a n c e  f o r  r a d i a t i v e  h e a t  t r a n s f e r :  

t B}, d i v B  0, r o t B  = - ' : c j  = ~ { E  + c v  • 

" -~c ro tE  = ~--0B = r o t ( v •  ~ r o t  ( ~ r 0 t  B) 

Ot ( ~ + P S +  8 ~ ) + d i v ( q - ] - S ) = 0 '  

= - - V P  + ~lAV + (~ + ~ )  grad d i v v  + ~ n r o t B x B ,  

0p O--Y + div pv = O, p = P (p, T). (1.1) 

H e r e  q i s  t he  e n e r g y  f lux  and S is  t he  r a d i a t i o n  f lux  

in an  o p t i c a l l y  o p a q u e  p l a s m a  [3]: 

q P v ( 2 + e + p )  1 = + ~ - ~ B • 2 1 5  

C 2 
+ ~ ,  - ~ r ~ 2 1 5  

S = - -  l s /s~~ (p, T) VT (1.2) 

a ~  5 . 6 7 . 1 0  -5 e r g / c m  2 - d e g  4 - s e e  i s  S t e f a n ' s  c o n s t a n t  
and l i s  t he  R o s s e l a n d  pa th  l eng th  f o r  the  l igh t .  

If T i s  3 - 1 0  eV,  t he  p l a s m a  m a y  be  c o n s i d e r e d  a s  
a c o m p l e t e l y  i o n i z e d  i dea l  gas ,  so 

P = ( t + z ) N u T - -  (i--', _)z • ' 

( i + z ) •  T = 3 P �9 e = % T  3 M - - 2 ' T - '  (1 .3 )  

in w h i c h  M i s  t he  ion  m a s s  and z i s  e f f e c t i v e  ion  c h a r g e .  
The  c o n d u c t i v i t y  i s  t h e n  ~ = (~z-tTS/2,  wi th  a =4  �9 107. 

In (1.1) we  h a v e  n e g l e c t e d  the  r a d i a t i o n  e n e r g y  r e l -  
a t i v e  to the  i n t e r n a l  ( t h e r m a l )  e n e r g y ,  wh ich  i s  c o r r e c t  

i f  

s ~  
- -  ~ P ~ ps.  (1 .4 )  

c 

T h i s  c o n d i t i o n  i s  o b e y e d  c l o s e l y  f o r  N >_ 1016 e m  -s 
in t he  above  t e m p e r a t u r e  r a n g e .  We s u b s e q u e n t l y  n e g l e c t  

t he  e l e c t r o n  t h e r m a l  c o n d u c t i v i t y  r e l a t i v e  to  t h e  r a d i a t i v e  

one,  i . e . ,  we a s s u m e  tha t  

Z ~ - j - z  I~ t. (1.5) 

T h i s  i n e q u a l i t y  a l s o  a l l o w s  us  to n e g l e c t  t he  v i s c o u s  

t e r m s  in (1..1) and (1.2). 
A l l  t he  r e s u l t s  be low on the  s t a b i l i t y  a r e  i n d e p e n d e n t  

of  t he  e x p l i c i t  f o r m  of 1 (p, T),  b u t  to e s t i m a t e  t he  p l a s m a  
p a r a m e t e r s  we  u s e  the  e x p r e s s i o n  [3] 

M~TV2 (1.6) l = y o ~ ,  

wh ich  i s  c o r r e c t  f o r  a g a s  w i t h  h igh ly  i o n i z e d  a t o m s *  

f o r  T0 ~ 4.4 �9 1022. 
We  u s e  (1.6) w i t h  X " ~ e - ~ 2  aT  to w r i t e  (1.5) a s  

N ~ t012 T2,, (1.7) 

T h i s  i n e q u a l i t y  i s  o b e y e d  c l o s e l y  f o r  N < 102t cm -s 

in t h i s  r a n g e  in T.  

* E x p r e s s i o n  (1.6) i s  a l s o  a p p l i c a b l e  to d e s c r i p t i o n  
of  f r e e - f r e e  t r a n s i t i o n s  in a c o m p l e t e l y  i o n i z e d  p l a s m a  
f o r  70 ~ 4 .8 .1024.  
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2. D i s c h a r g e  e q u i l i b r i u m  in a d e n s e  p l a s m a .  S y s -  
t e m  (1.1) s h o w s  tha t  t he  e l e c t r i c  f i e l d  E 0 s h o u l d b e  

c o n s i d e r e d  u n i f o r m  o v e r  t he  c r o s s - s e c t i o n  of the  
p l a s m a  (for  vo = 0) in  t h e  s t r i c t l y  e q u i l i b r i u m  s t e a d y  

s t a t e .  The  p r e s s u r e ,  d e n s i t y ,  t e m p e r a t u r e ,  c u r r e n t ,  

and m a g n e t i c  f i e ld  a r e ,  in g e n e r a l ,  f u n c t i o n s  of  t he  

c o o r d i n a t e s .  
T h e  f o l l o w i n g  e q u a t i o n s  * (with s u b s c r i p t  0 d e n o t i n g  

e q u i l i b r i u m  quan t i t i e s )  d e f i n e  t he  s p a t i a l  d i s t r i b u t i o n  

of  t h e s e  q u a n t i t i e s :  

4~ 4n~ 
rot Bo = -?-aoEo = c--~ T~176 

t VPo = - ~  rot  Bo • Bo, 

. c 2 

(t + z) • v-"oTo Po M (2.1) 

H e r e  we  c o n s i d e r  d i s c h a r g e s  of  two types :  a p l a n a r  

( su r f ace )  d i s c h a r g e  and a s i m p l e  c y l i n d r i c a l  one  (Z 
p inch) .  Only n u m e r i c a l  m e t h o d s  can  g i v e  e x a c t  s o l u -  

t i o n s  to (2.1) in both  c a s e s ,  but  we  do not  n e e d  an 
e x a c t  s o l u t i o n  f o r  o u r  p u r p o s e s ,  b e c a u s e  a d i s c h a r g e  
in a d e n s e  p l a s m a  can  be  u s e d  e f f i c i e n t l y  a s  a l igh t  

s o u r c e  on ly  w h e n  t h e  p l a s m a  s u r f a c e  has  a h igh  T,  
w h i c h  w i l l  o c c u r  w h e n  T m a y  be  t a k e n  a s  a l m o s t  c o n -  
s t an t  o v e r  t he  c r o s s - s e c t i o n .  We a s s u m e  tha t  t h i s  i s  
so  to ge t  f r o m  the  f i r s t  t h r e e  e q u a t i o n s  in (2.1) f o r  t h e  

two c a s e s ,  r e s p e c t i v e l y ,  tha t  

Bo = r  ~ ,  Po = Po(0) t , 

Po (0) d" 
xp 2 = '2nao2(O) Eo ~ ' 

- -  ~ F2 1 

Po (0) e "~ 
rP2 -- xzd- (0) Eo ~ (2.2) 

H e r e  P0(0) and %(0) a r e  t h e  e q u i l i b r i u m  P and 
(conduct iv i ty )  at  t he  a x i s .  We u s e  (2.2) and (1.6) to ge t  
T O f r o m  the  l a s t  e q u a t i o n  in (2.1) a s  

T o =  T , ( 0 ) { I - -  ; ~  ( t  %~", ~,)},x~ 

To = T o ( O ) { i - -  r-" ( 1 - -  r '  r '  

_ i 6  (0) XT ~" r T ~- = =~" ~c 4nT0u~0 (0) To '% 
x~ r2  zc~po s (0) (2.4) 

in w h i c h  

We  h a v e  f r o m  t h e  a b o v e  a s s u m p t i o n  tha t  x 2 >> x z , 
to wh ich  we  m u s t  add the  c o n d i t i o n  f o r  a p p l i c ~ i l i t ; P o f  
r a d i a t i v e  h e a t  t r a n s f e r ,  Xp ~> l (or r p  >> l ) .  T h e s e  
i n e q u a l i t i e s  m a y  be  pu t  a s  f o l l o w s  f o r  z = 2: 

107To 'A ~ N >~. lOt~ (2.5) 

Formulas (2.2) and (2.3) are correct for x < Xp(Or r -< rp). The 
pressure and density fall sharply near Xp, while the Rosseland length 

increases without bound, and the plasma becomes transparent. The 
region of transparency is negligibly small for Xp >> I and makes no 
substantial contribution to the energy balance of the discharge, which 
is governed on the one hand by ohmic heating and on the other by 

,2 >> @ ,  and the radiation flux emission from the surface. Then x T 
from the surface is that from a black body at T 0 (0). 

We have made substantial use of the uniformity of E 0 in examining 
the equilibrium state, but this assumption is correct only after the 
passage of an adequate time (the equilibration time) from appIication 
of the potential. Therefore, in examining the stability we are not bound 
to the particular equilibrium state of (2.2) and (2.3) and assume, in 
general, an arbitrary inhomogeneous current distribution in the quasi- 
stationary state. 

3.  S t a b i l i t y  of  a p l a n a r  d i s c h a r g e .  We c o n s i d e r  t he  
s t a b i l i t y  in  t h e  p r e s e n c e  of  s m a l l  p e r t u r b a t i o n s :  

P - ~ P o §  T - + T o §  TI~ 

P - + P o  § P i ,  B---~Bo § B1, v .  

We l i n e a r i z e  (1 .1 ) - (1 .3 )  by  t a k i n g  the  p e r t u r b e d  
q u a n t i t i e s  in t he  p l a n a r  d i s c h a r g e  a s  d e p e n d e n t  on t i m e  

and c o o r d i n a t e s  v i a  ( f ( x ) e x p ( - i w t  + ikyy + ikzz ) ,  so  

--io~91 -]- div pov = 0, d ivB t  : 0, 

--&0p0v = - -  V P I §  ~ r o t B o x B 1  § ~ r o t  B , •  

( 3 Bo. BI '~ 
i(,) \~  P~ + -  4n ] = div (ql § S~), 

P l  = - ~  ( i  § z) (poT1 § piTo), 

- -  ico B1 ---- rot (v • B0)-- 

c ~  3 / T1 rot ~ rot ~ ~-~-o Bo)}, 4:t 

5 5 B ~ 2 1 5 2 1 5 1 7 6  r qt = ~ vPo + ~ { B 1  • roL Ba § 

3 T I  + B~o• B1-- ~ ~ Bo:x:rot Bo},, 

i6 o 
$1 = - -  T o  To3lo • 

/01n/o a. __Dlnlo . ~ VTo}. 
•  + ~ o--g2-o ~ -c -N;-o  vU (3.1) 

It  i s  v e r y  d i f f i c u l t  to p e r f o r m  a g e n e r a l  a n a l y s i s  of  
(3.1), and we  u s e  f i r s t  t he  g e o m e t r i c a l - o p t i c s  a p p r o x -  
i m a t i o n  [4] to  i n v e s t i g a t e  how t h e  v a r i o u s  p r o c e s s e s  
a f f e c t  t he  o s c i l l a t i o n s ,  i . e . ,  f o r  o s c i l l a t i o n s  of  w a v e -  
l e n g t h  l e s s  t han  t h e  c h a r a c t e r i s t i c  l e n g t h  f o r  p l a s m a  
i n h o m o g e n e i t y :  

~ p  
a~x~---~->~l (3.2) 

H e r e  X x ~ h x  1 i s  the  w a v e l e n g t h  of t he  o s c i l l a t i o n s  
in  t h e  d i r e c t i o n  of  t he  i n h o m o g e n e i t y .  We m u s t  a l s o  
h a v e  kx >> l0 f o r  t h e  r a d i a t i v e - t r a n s f e r  a p p r o x i m a t i o n  

*Note  tha t  z i s  on ly  s i l i g h t l y  d e p e n d e n t  on T, as  z = 

= Tfl, w i th  fl - 0.5, w h i l e  z ~ 2. H o w e v e r ,  t h i s  T d e -  
p e n d e n c e  of  z i s  n e g l e c t e d  b e l o w .  
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to apply .  We get  the  fo l lowing d i s p e r s i o n  equat ions  
(e ikonal  equat ions  [4]) f r o m  (3.1) in the  z e r o t h  a p p r o x -  
i m a t i on  of g e o m e t r i c a l  op t i c s :  

02~ 2 

e~k "-(0 Bo~. 
~176 = 0 '  va2 = 4--n~o ' 

32 ik  ~" { k" (Va ~ + vs ~") , k~va2Vs ~ costa  
9 ~ z~176176 I ~ n- (0~ + 

i c ~ k ' -  p 0 ~ { l - - k : [ v ~  5 

+ 5 ~%%-'~os,~ i ~  (I s ~%~-~ 
3 (0~ -}- 4 ~0ro \ 3 ~ ']j = O, 

x (t + z) To (3.3) 
Vs2 ~ M 

H e r e  a is  the  angle  be tween  the m a g n e t i c  f i e ld  and 
the  d i r e c t i o n  of wave  p ropaga t ion ,  v s is  the  speed  of 
i s o t h e r m a l  sound in the  p l a s m a ,  and Va is  the Alfv~n 
ve loc i ty .  Note tha t  (3.3) e s s e n t i a l l y  d e s c r i b e s  the  
o s c i l I a t i o n  s p e c t r u m  of a homogeneous  m a g n e t i c a l l y  
ac t ive  p l a s m a  with a l lowance  for  r a d i a t i v e  t r a n s f e r  
and f in i te  conduct iv i ty .  The f i r s t  equat ion d e s c r i b e s  
the  p e n e t r a t i o n  of a t r a n s v e r s e  (vor tex )  f i e ld  into the  
p l a s m a ,  whi le  the  second  i s  the  d i s p e r s i o n  equat ion 
fo r  the  Alfv6n wave s, and the  t h i rd  equat ion c o r r e s p o n d s  
to f a s t  and slow magne to son i c  waves .  It is  r e a d i l y  
shown that  the  o s c i l l a t i o n s  d e s c r i b e d  by t h e s e  equa -  
t ions  a r e  damped  with t ime  (T = Imw < 0), and for  
weak  r a d i a t i v e  t r a n s f e r  (k2f0a~ << P0~0) they  a r e  of 
ad i aba t i c  type ,  with the damping  f a c t o r  T ~10, w h e r e -  
a s  in the o t h e r  l imi t  of  s t r o n g  r a d i a t i v e  conduct ion 
they  a r e  i s o t h e r m a l ,  and  the damping  f ac to r  is 7 ~ l~ ~. 

The d i s c h a r g e  is  t h e r e f o r e  s t ab le  in the  ze ro th  
a p p r o x i m a t i o n  of g e o m e t r i c a l  op t i c s ,  which  m e a n s  
that  the d i s c h a r g e  is  s t ab Ie  aga ins t  p e r t u r b a t i o n s  whose  
wave length  is  s u b s t a n t i a l l y  l e s s  than the s c a l e  of the  
p l a s m a  inhomogenei ty ;  however ,  i n s t a b i l i t y  may  o c -  
cu r  fo r  wave leng ths  Xx ) Xp, and the  g e o m e t r i c a l -  
op t i c s  a p p r o x i m a t i o n  i s  no t  app l i cab l e  to these .  The 
f r e q u e n c i e s  (and hence  the  growth  fac to r s )  for  t h e s e  
m u s t  s a t i s fy  r ~ (v s + Va)/X p ~ Vs/X p (s ince  v a 

v s fo r  equ i l i b r ium) .  A b a s i c  r e q u i r e m e n t  i s  e f -  
f i c ien t  r a d i a t i o n  f r o m  the d i s c h a r g e ,  which,  if XT 2 >> 
>> x 2, o c c u r s  when r a d i a t i v e  t r a n s f e r  i s  r ap id .  This  
ineqPal i ty  a l lows  us  to neg lec t  inhomogeneity in T o 
r e l a t i v e  to the  inhomogene i ty  in dens i ty ,  p r e s s u r e ,  
and m a g n e t i c  f i e ld  in (3.1). If, in addi t ion ,  we have 

a~ xr~ c~ %>1, (3.4) 
a)p~x ~ ~ x Z ~oVsXp'~ 

the  t e m p e r a t u r e  wi l l  r e l a x  dur ing  the o s c i l l a t i o n s  
b e c a u s e  the  r a d i a t i v e  t r a n s f e r  is  r a p i d ,  so we can put  
Tt  = 0 in (3.1), and the s y s t e m  r e d u c e s  to a s ing le  
f o u r t h - o r d e r  d i f f e r e n t i a l  equat ion for  

Bo - B1 

though th i s  i s  s t i l l  qui te  complex .  The equa t ion  can 
be  ana lyzed  in two opposed  l im i t i ng  cases :  

a) c2AB 1 >> 4v%wB 1 ( i . e . ,  % ~ 0), when i t  b e c o m e s  

(o) ~ + v2A)v = 0; (3.5) 

b) c~ABI << 4rrcrwB t (i. e . ,  % ~ co), when i t  b e c o m e s  

[m + + (v~ ~ + vJ) co~A - -  kv2v+~vJA] v + 

[Bo 2 o .1 ) 

2ky ~u~ ~ Bo OBo ] O~ 
+ = o .  

(3.6) 

To (3.5) and (3.6) we have to add boundary  condi t ions ,  

which can be d e r i v e d  f r o m  the  c o n s e r v a t i o n  of the to ta l  
c u r r e n t  and f r o m  the r e s t r i c t i o n  on the  a c c e l e r a t i o n  of 
the  p l a s m a  bounda ry  in p e r t u r b a t i o n s .  If ky = 0 but  
k z ~ 0 ( i n s t ab i l i t i e s  of c o n s t r i c t i o n  type) ,  t he se  bound-  
a r y  condi t ions  follow d i r e c t l y  f r o m  (3.1) as  

0v v - - ~ = 0  fo r  x = x , ,  

(3.7) 

Now (3.5) has only a positive spectrum of eigen- 
values ~2 for any nondissipative boundary conditions, 
and this corresponds to stable oscillations (sound waves). 
The situation is different for oscillations described by 
(3.6) whose fundamental modes can be unstable under 
certain conditions, as we shall see. 

The substitutions 

g j ~ ( x )  

Bo (0~ - -  ku2 V a2 
(x) = 4~ (0-~(~.~'-+ ,~-) -  k ~%-'~,,~ x 

po (0~ %~" ~2 § (0~- ky~o~ po o~ | (3.8) 

conve r t  (3.6) to the 

d'Zy _• { 
dx 2 i 

i oq~ 
2 ox 

f o r m  of the  Schr~d inger  equat ion;  

(04 

o~ "- (v ~ ~" + %'-) -*- ky"- vs2 %2 

4 (3.9) 

Eigenva lues  of w 2 having Im w > 0 c o r r e s p o n d  to 
uns t ab l e  o s c i l l a t i o n s .  F o r  m o d e s  wi th  ky --- 0 ( c o n s t r i c -  
t ions) ,  (3.7) amounts  to y(x = �9 Xp) = 0, and so we find 
that  such o s c i l l a t i o n s  can be uns t ab le  only if 

t o[ Bo o B~o ] U (x) -- kz 2 + -2 ~2  4~(~, ~ ~a") a~ + 

, [ Bo E ~ 1 % ' 0  
+ 4- 4a,(%~-t-Va") a~ poJ " - "  (3.10) 

We a lways  have U(x) > 0 for  an equ i l i b r i um d i s -  
c h a r g e  d e s c r i b e d  by (2.2) and (2.3), i . e . ,  such a d i s -  
c h a r g e  i s  s t ab le  [5]; only a nonequ i l ib r ium d i s c h a r g e  
can be uns t ab le ,  when s o m e  one of the  condi t ions  of 
(2.1) i s  not  met .  F o r  in s t ance ,  E 0 p e n e t r a t e s  only 
f a i r l y  s lowly  into the p l a s m a  if % - -  ~ ( r e l a t i ve  to the  
c o m p r e s s i o n  r a t e ,  that  i s ) ,  and a p ronounced  skin  
effect  can occu r  for  the  c u r r e n t  ja(x), w he re a s  P0 has  
t i m e  to e q u i l i b r a t e  wi th  the  m a g n e t i c  p r e s s u r e .  Then 
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the boundary  condi t ions  of (3.7) do not apply, in gen-  
e ra l ;  a local  ana lys i s  of the s tabi l i ty  via  (3.10) shows 

that the d i scharge  can be uns tab le  if 3P~ 2 < 2P0P ~' , 
and the growth fac tor  can be y ~ Vs/X p. 

It is  m o r e  tedious  to analyze  the s tabi l i ty  of the 

solut ions  to (3.6) for  modes  with ky ~ 0, but the m a i n  
conc lus ion  for modes  with ky = 0 applies  [5] to them 
also,  name ly  that  a p l a n a r  equ i l ib r ium d ischarge  is 
s tab le  agains t  such p e r t u r b a t i o n s ,  whereas  a non-  
equ i l i b r ium d i scha rge  may  be uns tab le ,  the m a x i m u m  
growth r a t e  be ing 7max ~ Vs/Xp. We the re fo re  see  that 
a r ea l  d i scha rge  i s  s tab le  if the t ime  for the ins tab i l i ty  
to grow is  g r e a t e r  than the equ i l ib ra t ion  t ime  (t ime 
for  E 0 to penetra te) :  

c~" > x~. (3.11) 

This  inequa l i ty  is me t  if N~ 10 28 AE:~To 2, in which 
A is  the a tomic  number  of the ions .  

4. Stabi l i ty  of a cy l ind r i ca l  d i scharge .  The above 
ana lys i s  is  r ead i ly  extended to a p l a s m a  cy l inder  
c a r r y i n g  a c u r r e n t ,  with the p e r t u r b e d  quant i t ies  r e p -  
r e s e n t e d  as  funct ions  of t i m e  and coord ina tes  by f (r) • 
(exp(- iwt  + imq~ + ikzz), in which m is az imuthal  wave 
number .  In the g e o m e t r i c a l - o p t i c s  approximat ion ,  the 
spec t rum of the osc i l l a t ions  is the s ame  (apart  f rom 
the t r i v i a l  subs t i tu t ion  ky - -  m / r )  so we cons ide r  only 
the fundamenta l  modes ,  %o which that  approximat ion  
is  not appl icable .  We again a s s u m e  (3.4) to be met  
(with Xp and x T rep laced  by rp  and r T ,  respec t ive ly)  
and put T 1 = 0; then (3.1) becomes  a s ingle  four th -  
o rde r  d i f fe ren t ia l  equat ion for  

Bo'Ba . 0 ( P t - t -  B 0 " B ~  
~' = ~-~--ar + ~ ~ / "  

If a 0 is  high, that is  e2AB 1 << 4v(r0w B 1 ( i . e . ,  ~r 0 ~ o~), 
the equat ion for v becomes  of second order :  

kz~r2Va2 ) N 

r~" ( ~r~" - -  '~"~2)  
x • k2.eZ"r%)~" + (ra~v s~-- o)~r ~) (t~-r "~ _ m~V aU --  k z~r~V a'. ) 

comBo 0 r~Bo 
X [ 4.~ Or po(tO~ -- m2~aa ) 

m~"Vs ~ Bo 0 r 
- -  ~ 4n Or po (r162 ~" -- rn~%9 + 

~ "  r Or O)ur'-'--m.2Oa2 

- -  - ~  Or ~o ffoO'r" - -  mO'v ~') ~- v = O, ( 4 . 1 )  

The boundedness  of the pe r t u rba t i ons  for r -< rp  is  
suff ic ient  to define uniquely  the s p e c t r u m  of e igenvalues  
of w 2. This  r e q u i r e m e n t  is  equivalent  to the c o n s e r -  
vat ion of total  c u r r e n t  and the bounded a c c e l e r a t i o n u s e d  
above. Equat ion (4.1) has been  examined  in deta i l  [6] 
for  modes  with m = 0 and kz ~ 0 (cons t r ic t ions) ,  where  

it was shown that  an equ i l i b r ium ey l ind r i ca i  d i scharge  
has i n s t ab i l i t i e s  whose growth r a t e s  in the long-wave 

l imi t  (kzrp < 1) a re  

4kj-vi" v~ 
~(~ ~ __(O2 = "(an -~- 0.75~) ~" ~ r p  2 ' 

~'~ = - -  (o 2 = 2 V3 -Ik~ [ v~ ~_~ r~'- (4.2) 

r e spec t ive ly ,  for the higher  (n _> 1) and fundamenta l  
(n = 0) modes .  Analogous f o r m u l a s  d e s c r i b e  the i n -  
s tkbi l i ty  at sho r t e r  wavelengths  (kzr p > 1), for which 
y ~ v s / r  p. It can be shown that the growth r a t e s  a re  
of the s a m e  o r d e r  for  modes  with m ~ 0 (kinks) in an 
idea l ly  conduct ing p l a s m a .  

Consider  now a poor ly  conduct ing p l a s m a  conta in ing 
a c u r r e n t ,  when c2AB1 ~> 4~ra0wB i ( i .e . ,  ~0 ~ 0); we 
show that  only the fundamenta l  mode (n = 0) can be 
uns t ab le  here .  We cons ider  only cons t r i c t i ons  with 
m = 0. Here it i s  convenient  to s t a r t  f rom (3.1) in  the 
fo rm 

( 0  ~- I 0  t _ k z ~  ) 
gi~. + r Or ~ % = 0 ,  

( 0" , i 0 , co -~ - 2 \  t re0 2 

BoBI~ BoBI~ 
-- ~ , u = p ~ - k ~ .  (4.3) 

Then  the boundary  condi t ions  take the following 
fo rm,  being equivalent  to c u r r e n t  conse rva t ion  and 
r e s t r i c t e d  boundary  acce le ra t ion :  

u = ( 0 ~ - k  ; ( ) = 0  for  r = r p  (4.4) 

System (4.3), (4.4) reduced  to the fol lowing d i s p e r s i o n  
2 2 equation in the r eg ion  w 2 < kzv s, which conta ins  also 

uns t ab le  so lu t ions  (w 2 < 0): 

[o ([~rv) [ l l  (ar ,)  + d@p q) ( r v ) l - -  [tIl ([~r,) r (%) = O, 

rp 
q~ .(r~)~ = - -  2~"~2o~0. Io (ar v) + -g- I t  (~rv), 

= ikzl, ~ = i g k z 2 _ ( o y v : ~ ,  (4.5) 

In the long-wave  l imi t ,  where  a r p  << 1 and flrp << 
<< 1, {4.5) p e r m i t s  uns t ab le  osc i l l a t ions  only for the 
fundamenta l  (n = 0), the growth r a t e  be ing as for  an 
ideal ly  conduct ing p l a sma ,  i . e . ,  be ing  defined by the 
second e x p r e s s i o n  in (4.2). Shor t -wave osc i l l a t ions  
a re  also uns tab le ,  but they p r e s e n t  no g rea t  hazard ,  
as they a re  damped out wi th in  the volume of the p l a s m a .  

5, Discussion and conclusions. The results are discussed as regards 
use of such a discharge as a light source for laser pumping. Primary 
requirements on a light source are a high temperature in the emitting 
surface and a reasonably prolonged stable period. This is why a dis- 
charge of the above type was chosen. Formulas (2.2) and (2.3) define 
the equilibrium state, with r T >> rp 7> l. These inequalities are put 
in the form of (2.5) for highIy ionized atoms and T O of 3-10 eV, and 
they are met by densities l017 < N < 1020 c m  "3 (for  E 0 o f  0 , 3 - 1  e l e c -  

t r o s t a t i c  cgs units). 
The stability anaysis shows the high radiative conductivity, so 

temperature perturbations reiax rapidly if (3.4) is met, and instabil- 
ities of hot-spot type are absent. Long- and short-wave oscillations 
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are unstable in a plasma of high conductivity, whereas one of low 
conductivity has only long-wave instabilities (kzr p << 1) when (3,11) 
is obeyed. A planar discharge is then completely stable, while a cy- 
lindrical discharge is unstable only for the fundamental mode. 

This means that it is best to use as a light source a discharge at the 
surface of a hollow cylinder of radius Rof 5-10 cm, where the maximum 
growth rate is for instabilities. In the relevant temperature range, a 
heavy gas (v s ~ 10 ~ cm/sec) has then 7max ~ (2-1). 104 sec "~ , which 
corresponds to a stable period of 50-100 psee. 

Formulas (2,2)-(2.4) become meaningless for x = Xp (or r ~ rp), 
because the Rosseland length increases rapidly as the plasma density 
decreases, and it is no longer correct to use the above radiative-con- 
duction approximation. The discharge in a dense opaque plasma is 
always surrounded by a layer of transparent plasma carrying a current. 
If Xp >> l, this layer makes no great contribution to the energy balance 
or to the character of the radiation, but it can play a considerable 
part in the stability. 

We are indebted to G. V. Mikhailov and V. 13. Rozanov for many 
discussions. 
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