
C O N T R A C T I O N  OF A H I G H L Y  N O N E Q U I L I B R I U M  

C U R R E N T - B E A R I N G  P L A S M A  

V .  M.  A t r a z h e v  a n d  I .  T .  Y a k u b o v  

"Contracted" is the term applied to that inhomogeneous state of a plasma in which it with- 
draws from the enclosing walls and concentrates in a more or less thin layer through which 
a current passes. Contraction is the result of instability developed in the original homoge- 
neous state mad may be related to the existence of a volt-ampere characteristic segment 
with negative differential conductivity. This phenomenon is known in semiconductor physics, 
and various instability mechanisms leading to contraction have been studied [i]. Well known 
in a low-temperature plasma i s thermal contraction connected with superheating instability 
of the electron gas [2-4]. In the present study we will consider a highly nonequilibrium 
plasma in which contraction may develop as a result of disproportion in the number of elec- 
trons, i.e., contraction of a recombination-ionization character. We consider below the 
homogeneous state of a nonequilibrium weakly ionized plasma with charged-particle con- 
centration ne~ 1011-1013 cm -3 (electron temperature T of the order of thousands of degrees, 
with gas cold). Disequilibrium is produced by the departure of radiation beyond the limits 
of the plasma volume. Such a state will be considered with respect to the instability noted, 
but not studied, in [5]. As a consequence of this instability the plasma may transform to an 
inhomogeneous (contracted) state, which is considered under conditions such that Joulean 
electron heating is compensated by losses due to elastic collisions with atoms of the gas. 
Charge diffusion plays the basic role in establishing the boundaries dividing the current- 
bearing region from that without current. More complex is the situation where radiation 
losses of energy are also significant and superheating, as well as ionization instability, is 
possible. This case is evaluated briefly at the close of the study. 

i. The Homogeneous State of a Strongly Nonequilibrittm Plasma. We will consider a weakly ionized 

homogeneous plasma in an electric field ~ , in which the electron temperature T significantly exceeds 
the atom and ion temperature Ta. The electrons are heated by a current and lose energy by elastic col- 
lisions with atoms, as well as radiation. The electron energy balance will be 

where  cr = nee2/mv is the coeff icient  of e l ec t r i ca l  conductivity, We/= (2m/M)ne~T a re  the lo s ses  in e las t ic  
coll is ions;  N e is  the e lec t ron  concentrat ion;  m and M a re  the m a s s e s  of the e lec t ron  and a tom,  respec t ive ly ;  
v is  the e las t ic  e l e c t r o n - a t o m  coll is ion frequency;  W R is  the energy  loss  by radiat ion,  main ly  on a tomic  
spec t r a l  l ines.  We will a s s u m e  that  col l is ions with ions a r e  insignificant .  

F o r  suff icient ly high ne, i ts  value will be de te rmined  by the Saha equation with t e m p e r a t u r e  T. Such 
a p l a s m a  is  r e f e r r e d  to as n two- t empera tu re . "  However,  due to intense scint i l lat ion the population of 
a tomic  leve ls  m a y  become signif icantly l e s s  than the Boltzmann level ,  and n e, less  than the value given by 
the Saha equation. The re  then develops a non - two- t empe ra tu r e ,  highly nonequi l ibr ium p l a s m a  [6]. We will 
cons ider  i t s  s ta te .  

To de t e rmine  n e and the populations of a tomic  levels  n k we wr i te  the par t ic le  balance equations for  
these  levels .  Rela t ive  scint i l la t ion in tens i ty  drops  rapidly  with growth in level number  k. It is  usual ly  
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sufficient to cons ider  scint i l la t ions of only the f i r s t  exci ted s t a t e s  k = 2, 3 
(k = 1 being the ground state).  Thus, having t r a v e r s e d  the in te rva l s  1 - -  2, 
2--*3 a bound e lec t ron  moves  (diffuses) in ene rgy  space  only as  a r e su l t  
of col l is ions.  We wri te  the balance equation in the f o r m  of an express ion  
for  e lec t ron  cu r ren t  ja in a tomic  level space  [7], 

On e 
]~ = nlneOJl~. - -  n2neo~2x - -  n.2A..1; ' ~  = ]~, (1.1) 

]E = n2ne(o23 i n3ne0)32 -- n3A32, 

]e  = n3~fl)3e - -  //e3(0e3~ 

where  nl, n2, n 3 a r e  a tomic  concentra t ions;  newk,k• 1 a r e  f requencies  of 
ine las t ic  coll is ions with e lec t rons  with t rans i t ion  k ~ k •  1. We consider  
only t rans i t ions  between neighboring leve ls ,  as  they a r e  the s t ronges t  
Ak,k_ 1 is  the probabi l i ty  of scint i l lat ion,  consider ing poss ib le  r e so rp t ion  [6]. 

In rea l i ty ,  O~k,k+ 1 and Ak,k_ 1 a r e  somewhat  m o r e  comple  x quanti t ies,  
defined in [7]. In that  study the kinet ics  of shock radia t ion recombinat ion  
and ionization a r e  analyzed in g r e a t e r  detail ,  and some  of the assumpt ions  
ut i l ized herein  a r e  a r r i v e d  at.  I t  i s  shown that  

4 V-2"ffe' A~ e x p ( E a ~ T E 2 ) ,  (1.2) 
~  ---- ] ; ~  (El - -  E2) 

4 V'L-;'~.~ Xe'E,  exp(  E , - -  E~ ) 
0 ) 2 3  = ]::~C1' (E 1 - -  E3) ( E ~ - -  E3) T ' 

where E k is the ene rgy  of a level  m e a s u r e d  f r o m  the continuum (such that  E 1 is  the ene rgy  of ionization); 
A 1 and A a r e  constants ,  Wk+i,k and Wk,k+ l, as  well  as r and r a r e  re la ted  by the equations 

Kh+t 
(0k+i,tt ~ Oh,tt+t K"-'~-; (03e ~ r176 

221 (2~mT) 3/2 
Kk = gkh 3 exp (--  Ek) T, 

Zi  is  the s ta t i s t i ca l  ion sum, and gk i s  the s ta t i s t ica l  weight of level K. 

In the s table  s ta te  scint i l la t ion is  compensa ted  by excitat ion and ionization and the value of j e = 0. 
F r o m  Eq. (1.1) we have 

�9 , 9 

p3 ~; . n j  
n t = ~ % ] 

#l 3 . ~  l le 2 K 3 ,  

where P2 =A21/~ P3=A32/~ are quantities characterizing scintillation, If P2, P3>> ne, the stable plasma 
is  in a s ta te  of s t rong  disequi l ibr ium.  Such, for  example ,  i s  the case  with A r + C s  p l a s m a  at  T=2000~ 
ne = 1012 cm-3; nCs = 1015 cm-3; nAr = 1018 cm-3. 

It  is  s ignificant  that  i f  n e is smal l ,  i n t e re l ec t ron  coll is ions cannot mainta in  a Maxwell  distr ibution 
at  high energ ies .  Thus,  for  w12 we int roduce the coefficient  F 1 [7], 

t nlcol~ 2hi  T A 1 
F l ~ i _ ~ c ,  c =  ne(Oee n E1 - - -  E2 )~ ' 

where k is  the "Coulomb" logar i thm.  Devia t ions  f rom the Maxwell dis t r ibut ion g rea t ly  at tenuate the di -  
r ec t  ionization path, and we thus neglect  it. 

The total  num be r  of heavy pa r t i c l e s  n = n l + n e  i s  fixed. If ne<< n, then n ~  nl, and for  ne we have f r o m  
Eq. (1.3) 

no 3 + neZ(P~. + P3) + n , ( P 2 P 3  + o~l~ _ _ n K 1  ] + o~,_...~2 O. (1.4) P2 r n ] P2P3 % l  n 
k 

* r is close in value to the recombination coefficient in the diffusion approximation of [8]: 

co3 ~ 4 |F2-~e'~ ~ (9 V m ) - l T  -9/2. 
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I f  nKi>p2pa+p2(wl~./Wee)n, then Eq. (1.4) has two posi t ive roots ,  ne + and n e -  (Fig. 1). Consequently,  for  a 
given T, the ex i s tence  of two homogeneous s t a t ionary  s ta tes  is  poss ible :  ne + co r r e sponds  to a p l a s m a  r e l -  
a t ive ly  c lose  to equi l ibr ium and at h igher  values  changes to the Saha fo rmula  n e + -  nv~,; n~ co r r e sponds  
to a s t rong  nonequi l ibr ium p la sma .  When ng  is  smal l ,  radia t ion output on both l ines is  significant,  and 
the deviat ion f r o m  Maxwell ian dis t r ibut ion will be 

-- ~ (012 ( 1 . 5 )  

At T< T c (Fig. 1) the homogeneous s tate  cannot be rea l ized.  

2. Ins tabi l i ty  and Contract ion of a Highly Nonequil ibrium P l a s m a  with Current .  E las t ic  Losses .  
The t h e r m a l  contract ion of a c u r r e n t - c a r r y i n g  p l a s m a  normal ly  studied occurs  in the case  of an inhom0- 
geneous dependence of T on heating f ield $ developing in the energy  balance [4]. To a fixed value of ~ ,  
t he re  co r r e spond  two homogeneous s ta tes  with di f fer ing t e m p e r a t u r e s  T. One of these is  usual ly  unstable 
due to d i sp ropor t ion  between Joulean heating and e lec t ron  energy  los ses .  In an a t t empt  to rea l ize  this  s tate  
the p l a s m a  cont rac t s  [1, 4]. This  m e c h a n i s m  will not be cons idered  in this  section. The energy  balance 
equation with e las t ic  l o s ses  We/, into which en te r s  the constant coll ision f requency v, i s  stable with r e -  
spec t  to superheat ing.  I t  g ives  a s ing le -va lued  re la t ionship  between T and 

Me 2 g=, 
T ----- ~ (2.1) 

However:, i t  was  shown above that  the function he(T) is not single valued, and so to a field value 
the re  c o r r e s p e n d  two homogeneous s t a t e s  with differ ing n e. To de te rmine  the rea l izab le  homogeneous 
s ta te  i t  is  n e c e s s a r y  to study the solut ions n +, n e with r e s p e c t  to s tabi l i ty  re la t ive  to smal l  fluctuations in 

e l ec t ron  densi ty  5e(t) = 6 e eYt fo r  a fixed field ~ .  Linear iz ing  s y s t e m  (1.1), we obtain 

E1 ne (~e E 1 ne i (2.2) 
6 ] e -  T 2 ne ~ ' Y~  T 2 r~ e T ' 

where  n e = dne(T) /dT is  the t e m p e r a t u r e  der iva t ive  of the homogeneous background densi ty (Fig. 1), and r 
i s  the c h a r a c t e r i s t i c  recombina t ion  t ime,  while 

K 1 K= K 3 

, ~ = ~  (t + ; : /~ )  (l + ;J.~)  ~,::, (i + pJ,~) ,-' ~0a~ 2 

R follows f r o m  Eq. (2.1) that  the s t rongly  nonequil ibr ium state at ne<nec ;  ~e <0 (Fig. 1) is  unstable.  
In a s t rongly  noneqni l ibr ium p l a s m a  ~e - =  - n e - E 1 / T  2 [Eq. (2.2)], and thus , the  ins tabi l i ty  development  t ime  
is  close to 7. ']?he p l a s m a  e i the r  en t e r s  the s ta te  with i nc rea sed  ne, i .e . ,  ne+ , o r  decays .  As was indicated 
above,  the p r e s e n c e  of unstable homogeneous s ta tes  leads to the appearance  of a fail ing segment  in the 

___> ---> 

v o l t - a m p e r e  c h a r a c t e r i s t i c - ~  ~ . In fact ,  the f o r m  of the function j=e2n~(T)• ~ / m v  , where  T cor responds  
to Eq. (2.1), i s  close to that  of ne(T) (Fig. 1), i .e . ,  has  an S-shaped cha rac t e r .  

T h e r e  a r e ,  however ,  poss ib le  conditions under  which homogeneous f luctuations cannot develop. If 
because  of high external  c i rcu i t  r e s i s t a n c e  a constant  total  cu r ren t  I i s  maintained,  then only inhomoge-  

neous f luctuat ions can develop [1]. In studying inhomogeneous fluctuations 8 (~)  = 50 exp (i-k - r+T t )  in s y s -  
t e m  (1.1) we mus t  cons ider  amb ipo la r  diffusion and supplement  the s y s t e m  with the equations 

~n e 
Ot -- ]~ (n~T) q- DaX7~ne, (2.3) 

(~(ne)~2--Wez(ne, T)-~Elj~(n~T)--V().e v T ) ,  (2.4) 

j=o(ne ) ~ ,  div j=0 ,  rot ~ =0.  (2.5) 

Here  he = n e T / m y  is  the coeff icient  of e lec t rode  t h e r m a l  conductivity. L inear iz ing  Eqs. (1.1), (2.3)-(2.5) 

for  smal l  inhomogeneous pe r tu rba t ions  6e, 6T, 6~ ,  6j~ and consider ing only exponential dependence on T, 
we obtain 

E1 ne ~e E 1 n .  

; 6 j ,  = 6, (7 -k Dak~), 

(2.6) 
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The condition for  nontr iv ia l i ty  of s y s t e m  (2.6) gives a d i spe r s ion  equation, which we wri te ,  d i rect ing the 

y axis  along the f i e ld  

[ 2 ]t l E1 '~e i 2 T~e  ky  n e El 2 n,> n e 
"? -= - -  T~ n8 "~ %-T ~ -4- --T~ 4- i%k ~ ~ -7- 4- - -  "4- ),~k ~ - -  Dak2' (2.7) Tel 

where  T e l =  [2my/M]  -1 is  the re laxat ion t ime  T fo r  e las t ic  coll is ions.  The m a x i m u m  i n c r e m e n t  occurs  fo r  
per tu rba t ions  with ky = 0, leading to a l ayer ing  of the p l a s m a  a c r o s s  the cur ren t .  Only such per tu rba t ions  
will be cons idered  fur ther .  F luctuat ions  with d imensions  s m a l l e r  than 

---~ :~ ('rDa) 1/2 (2.8) 
L D = Y~ "~1 n e ] 

damp out even if ~e < 0. They a re  r e a b s o r b e d  by diffusion in a t ime  sho r t e r  than the i o n i z a t i o n - r e c o m b i -  
nation t ime  ~'. F o r  n e - - -  nec, I~e-I ~ ~o and the dimension L D i n c r e a s e s  without l imit .  F o r  n e -  > nee f luc-  
tuat ions of any dimension damp out. 

If the s y s t e m  dimensions  a r e  g r e a t e r  than L D and ne<nec ,  then as  a r e su l t  of the development  of in -  
stabil i ty,  the p l a s m a  m a y  t r a n s f o r m  to a s t a t ionary  inhomogeneous state.  We will cons ider  the s imple  ge-  
ome te ry  p roposed  in [4], where  the volume V has  the f o r m  of a long thin plane l aye r  (Fig. 2) with d imen-  
sions l< L D, L> L D. The resu l t ing  s ta t ionary  inhomogeneous dis t r ibut ions  of n e and T will be desc r ibed  
by the sy s t em of equations* (2.3), (2.4) with (0ne/at)  = 0. The solutions of i n t e r e s t  to us have the f o r m  of 
a s table  cu r r en t  pinch, s epa ra t ed  f rom the c u r r e n t l e s s  zone by a na r row  front  within which n e and T a r e  
constant.  F r o m  Eq. (2.7) i t  follows that  t he rma l  conductivity cannot f o r m  a s table  front ,  since the in s t a -  
bili ty produced by d i spropor t ion  in par t i c le  balance i s  not s tabil ized.  However ,  s imul taneous  solution of 
Eqs.  (2.3), (2.4) i s  difficult,  and so we will cons ider  the l imit ing cases  of v e r y  high and v e r y  low the rma l  
conductivity below. 

The d imensions  of the f ront  L f  a r e  close to the cr i t ica l  f luctuation wavelength,  whose wave vec to r  
k c is  given by the equation ~/= 0 [9] 

' I 1 
73 ,l e T ~ + ~kc2 [El2 ne % [ ~ - 7 -  + - -  + ~d~/ + Dak 2 = O. 

Tel 

I ts  solution can be wri t ten.  However ,  i t  i s  evident that if  the inequali ty 

ne ~e De [ 2 (2.10) >>t 

i s  fulfilled, where  D e i s  the e lec t ron  diffusion coefficient,  then the f ront  width L f  is  equal to L D [Eq. (2.8)], 
and Eq. (2.10) takes  on the fo rm kekc2>> (Et2/T2)(ne/T). Equation (2.8) fo r  L f  may  also  be obtained while 
neglect ing t e m p e r a t u r e  f luctuations f rom the ve ry  onset .  Thus, inequali ty (2.10) co r r e sponds  to a p l a s m a  
with e las t ic  l o s ses  in the volume and high the rma l  conductivity which leve l s  the t e m p e r a t u r e .  Inhomoge-  
neity in T can develop in the f ront  only because of the appearance  in Eq. (2.4) of a loss  Elj r I ts  develop-  
men t  t ime  is  (T2/EI2)% and i t  i s  level led by t h e r m a l  conductivity over  a la rge  dis tance of the o rde r  of 

v j - - - t ' " ' v )  >Lo. 
Consequently,  the t e m p e r a t u r e  T O in pinch and f ront  a r e  homogeneous,  and f rom Eq. (2.1) 

T o ~ 2m2v----- ~ 

We will cons ider  a solution cont rac ted  about the x axis  (Fig. 2). It  i s  desc r ibed  by the equation 

d'-'n, (2 .11)  
De ~ + is (n~, To) = 0 

* As in [4], we wil l  neglect  l o s s e s  at the wal ls ,  consider ing only volume p r o c e s s e s .  
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for  y = • L / 2  (e lec t ron  flow through the boundary i s  equal to zero) .  The 
fun cti on 

% [ /Q,z --l] (2.12) 
]e = - 7  n~ ~ (1 -[- p...lne.F 0 (1 -7 pa/ne) 

follows f rom Eq. (1.1) and i s  shown in Fig.  3. The c h a r a c t e r i s t i c  fo rm 
of the solution studied (Fig. 4) is  a homogeneous l aye r  with he> nec s u r -  
rounded by a region where  n e is  close to zero .  Using the phase t r a j e c -  
to ry  method [9], i t  can be shown that  such a solution ex i s t s  for  a t e m -  

pe r a t u r e  value sat isfying the condition* [ 1~ i n~ i, Tol dn.. t = O. 
"0 

Through reduction in current ,  for  example ,  by inc reas ing  external  
c i rcui t  r e s i s t ance ,  one may  a t tempt  to r ea l i ze  the homogeneous s tate  
with cu r r en t  densi ty  J<Jc  (Fig. 5). Then at a cu r r en t  I=Jc"  S, where  S 
is  the a r e a  of the e lec t rode  su r faces ,  the p l a s m a  t r a n s f o r m s  to the con- 
tracted state  with a cu r r en t  densi ty  in the cu r r en t  pinch ]p = o !n+ ( ~ ) ] .  ~0 

�9 . i - ~ , _ _  5- and a field intensity $0 =]: 2Tom-v-(M ) . The size of the pinch Lp is 
determined by the current [ = jp- S. Lp/L and decreases with decrease 
in I. The width of the transition region is of the order of L D. The re- 
manning solutions of this type (for example, alternating layers) are un- 

stable [9]. 

Calculations were performed for an Ar plasma with conditions n = 
1018 cm -3, T a = 300~ Z = 0.2 cm. The effect of disequilibrium begins to 
appear at n e f i014 em-~; the value of T c (Fig. i) is close to 7000~ Un- 
der these conditions contraction corresponds to a field of ~0~---0.5 V/ore. 

We will now consider the opposite case of weak thermal conduc- 
tivity, where 

n e ~,e 
~, I;.---] ~o'~ < I. (2.1a) 

Then f r o m  Eq. (2.9) we a r r i v e  a t  the express ion  

L = I" DT/7  .~S)~ I + --~ - 7 - ]  (2.14) 

The condition of Eq. (2.13) i t se l f  t akes  on the f o r m  kekc2 << (ElZ/TZ)(ne/r)[Z+ (ElZ/T2)('rel/r)] -l ,  where 
(T2/Ela)r  [1 + (EI2 /T  2) (Tel/T)] i s the development  t ime  of t e m p e r a t u r e  inhomogeneity.  T e m p e r a t u r e  f luc-  
tuations will be level led by t h e r m a l  conductivity if  the i r  d imensions  do not exceed  the smal l  value 

L~. = a  ~ - h 7  I +-~-2 , 

Consequently,  t h e r m a l  conductivity does not affect  t e m p e r a t u r e  inhomogenei t ies  of d imensions  L c and 
g r e a t e r .  The t e r m  (d/dx)[Xe(dT/dx)] in Eq. (2.4) will be neglected.  The dis tr ibut ion of T ove r  the f ront  
depends on the ra t io  of two types  of l o s s e s  - e las t ic  and inelast ic :  

T = T 0 ( t  E~To '%'%z]~ (n~,T)). (2.15) 

Consider ing  the coa r se  e s t ima te  [je[-- n e / r  , f r o m  Eqs. (2.14), (2.15) i t  m a y  be concluded that  i f  the ion iza-  
tion t ime  i s g r e a t ,  Elre/<< T0r, we then r e tu rn  to the p rev ious ly  cons idered  i so the rma l  case .  Elas t ic  en-  

* The condition follows f r o m  Eq. (2.1) and accompanying  boundary condition 

, ,+(To) t . / dne~2  +LI2 

S ,i :,:o I 
0 " - -L/2  

= 0 .  
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e rgy  losses  equalize weak in homogeneit ies  produced by ion iza t ion- recombina t ion .  
On the other  hand, i f  El~'e/>> T0% then the T distr ibution in the front  may  be quite 
inhomogeneous.  In the la t te r  case i t  is n e c e s s a r y  to solve the sys tem (2.3), (2.15), 
since the effect  of t empera tu re  change on je (ne, T) cannot be neglected.  The field 
~o at which contract ion occurs  is  de termined by the condition that 

%+(~0) 
i" ]~ (he ~, T (he 1, ~o)) dne' = 0, (2.16) 

where  the function T(n~, $ )  is  found f rom Eq. (2.15). F o r  a coarse  es t imate  of $o  
we will p roceed  as follows. The inequali ty E1Te/>> T0~ permi t s  us to neglect  e las t ic  
energy losses .  Then for  jr we have the approximate  express ion  jg (ne, T) "~ 

(To/E1)(ne/Tel) .  This es t imate  i s ,however ,  invalid in the vicini ty of the ze roes  of the function jg. T h e  
position of the la t te r  is  given by the express ion  in brackets  in Eq. (2.12) a t  a t empera tu re  equal to T 0. 
Thus, over  the ent i re  p a r a m e t e r  range jg is  desc r ibed  fa i r ly  well by the express ion  

�9 To ne 1~ ---~ ~-~-~a / (ne, To), (2.17) 

where f(ne, T 0) is  a function which goes to zero  at the points ne+ (T0) and n e -  (T 0) and is  equal to - 1  at  
ne < ne-(To) and + 1 at  ne- (T  0) < n e < ne+(T0). Using Eq. (2.17) in Eq. (2.16) grea t ly  s implif ies  the problem. 
The condition of Eq. (2.16) then takes on the fo rm 

~+(~o) 
Y ne'i (n/,  0)d"o = 0, 
0 

whence follows the equation for  es t imat ion of ~0:ne+(~0) = V2ne- (~o) -  The " renormal iza t ion"  of jg [Eq. 
(2.17)], obtained by considerat ion of t empera tu re  change, leads to a change in the t ime of development of 
ionization fluctuations T--* (ElZ/TI)Tel. This affects  the f ront  dimensions 

�9 ".~' [.'="l \ 1 / 2  / E  2 '~,/2 

Le = ~ t ' ~ T e I D a  l = t  ~ Tel 'Da i "~, 
\ , / ) 

which cor responds  to Eq. (2.14) at (ElZ/T2)('rel/'r)>> i .  

3. Contract ion of a P lasma  with Current .  Elas t ic  and Radiation Losses .  It i s  known that radiat ion 
energy losses  W e lead to superheat ing instabil i ty [4]. Thus, a nonequil ibrium plasma with cur ren t  with 
considerat ion of e las t ic  and radiat ion losses  will be subjected to two types of instabi l i ty  - ionization and 
superheating.  

According to the general  considerat ions of [9], instabil i ty of a homogeneous cu r ren t -bea r ing  plasma 
will appear  i f  there  exis ts  a segment  of the v o l t - a m p e r e  charac te r i s t i c  with negative different ial  conduc- 
t ivity.  Such a cha rac t e r i s t i c  is  shown in Fig. 6. Segment I cor responds  to strong ionization; the function 
ne(T) is given by the Saha formula;  e las t ic  losses  predominate  in the energy  balance equation. On seg-  
ment  II the e lec t ron  densi ty is  still  high, and the effect  of nonequil ibrium is insignificant.  Radiation losses  
predominate  in the energy  balance, which produces  radiation superheating [4]. On segment  HI radiation 
losses  a re  also significant but the p lasma state  he re  is  in great  disequil ibr ium, which leads to stabil ization. 
A plasma containing 1015 cm -3 atoms of Cs and 1018 cm -3 atoms of Ar at  T = 2000~ is  in such a state.  The 
e lec t ron  densi ty is approximate ly  1012 em -3. Final ly,  on segment  IV radiat ion losses  become small  (nk 
are  small),  i .e . ,  a s t rongly nonequil ibrium plasma with losses  We/ develops,  which is  ionization unstable.  

We now wri te  the damping dec rement  of small  per turbat ions  for  the case  where WR>> We/ and the 
ma jo r  contribution to W R comes f rom t ransi t ions  2"-* 1 W R = (E1-Ez)n2A ~ (which is  in t r ins ic  to alkaline 
meta l  plasmas):  

E1 ne t n ~ -  ~ +2---~---~e n~+k~,  e X 

[ E t 2  n e ( E I _ _ E e ) 2  ne ( t - -  K~ E 1 
X [ ~  ~- T 2. T2 R 6Oi~ne2T " E 1 - -  E~ >< 

t __ Dak2 
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where  T2R = ne/n2A21* is the t ime  cha rac te r i z ing  second- leve l  scinti l lat ion.  A c h a r a c t e r i s t i c  of superhea t -  
ing ins tabi l i ty  iLs the negative sign of the de r iva t ive  d/dT(W/~) [9]. Along the cur ren t  (ky =k) superheat ing 
ins tabi l i ty  will be s tabi l ized by the t e r m  2(~e/ne)Wl~ky2/k2); t he re fo re ,  we will consider  only t r a n s v e r s e  
f luctuations with ky = 0. 

On segment  II, where  we have a t w o - t e m p e r a t u r e  p l a sma ,  

[ ( ) ] _ [_~_ ~ n~ ( E ~ - -  E~)~ 1 - -  K~ E~ - i  E 1 ne t ne  (2E 2 - -  El) (E 1 E~)  _ _  ]r X [_ T2 "~ .-}- R T ~ - -  
3? = T~ ]~[ ~ Tz, 2T 2 ~z ~12~nj " Ez -- E2 + M-),~ --  D~k'-'.(3.1) 

The f ront  of the con t rac ted  s tate  developing at  2E 2 > E 1 in the case  of superheat ing [4] may  be fo rmed  by 
e Iec t ron  t h e r m a l  conductivity and has a value of the o rde r  of 

[ r.)R~.~ 2T e ] 1/2 " 
n e (2E2-- El) (El -- E2) . 

However,  f r o m  Eq. (3.1) it  i s  evident  that  i f  LX<< L D, the f ront  i s  f o r m e d  by diffusion. I ts  width is  equal 
to 

Lc : ~ ~ n e 2E~-- E 1 , (E I -- E2) ~ , 

and at T >> T2R~r is  c lose to L D. 

On segment  IXI, where  n e < 0 and d/dT(WR/ff) < 0, for  7 we obtain 

ne Et 2 I [ (EI_E2) E n ] [El2 ne (EI_E2)-z n, ]-1 
- " - ~ ' ~ - 2 r  T2 T2 R + k 2~  - -  D~M'. 

Despi te  the p r e s e n c e  of a t t r ibu tes  of both ionization and superheat ing ins tabi l i t ies ,  f luctuations decay if  

Dane I;el E1 < "l -'I-" T--7. (2~ - -  ~2) + ~ , ~ -  2~ 2 (1 - -  ~) (2 - -  p) + r~ J~ 2~ (1 - -  ~), 

where  fl = 1 - E z / E  t. But if  this condition is not fulfilled there  exis t  two values  of wave n u m b e r  kcl <kc 2 a t  
which T = 0. Fluctuat ions  with kct < k < kc2 in the l inear  approximat ion  p rove  to be nondamping. In the l i m -  
i t ing case  of high t h e r m a l  conductivity,  where  ~.~[E~j~lDan~l--i>>l; L~.>>LD , the c h a r a c t e r i s t i c  d imensions  
cor responding  to kct  and kc2 have the f o r m  Lct~- Lk>> Lc2-~ LD. F i n e - s c a l e  pe r tu rba t ions  of d imensions  
l e s s  than L D a re  r e a b s o r b e d  by diffusion; e lec t rons  succeed in leaving the fluctuation volume.  P e r t u r b a -  
t ions of d imens ions  L D < L < L X will grow, s ince diffusion cannot level  the inhomogenei ty  in ne, and the 
change in T will be compensa ted  by e lec t ron  the rma l  conductivity, so that  the i nve r se  effect  of T on c u r -  
ren t  Je will not exis t .  This  f ac to r  comes  into play only when the d imensions  of the fluctuation (due to i t s  
spreading) exceed L)~. Within the fluctuation there  develops a change in T which leads  to damping of the 
per turba t ion .  

1. 

2. 

3. 

4. 

5. 

L I T E R A T U R E  C I T E D  

A. F.  Volkov and Sh. M. Kogan, "Phys ica l  phenomena in semiconductors  with negative different ia l  
conductivi ty,"  Usp. F iz .  Nauk, 9_~6, No. 4 (1968). 
A. V. Gurevich,  "Elec t ron  t e m p e r a t u r e  in a p l a sma  with varying e lec t r i c  f ield," Zh. ~ksp .  i Teor .  
F iz . ,  35, No. 8 (1958). 
V. Yu. Baranov  and K. K. Ul 'yanov,  "Contract ion of a posi t ive column," Zh. l~ksp, i Teor .  Fiz . ,  
P i s ' m a  Red. 6, No. 5 (1967). 
A. M. Dykhne, "Theory  of unidimensional  a r c  contract ion,  ~ in: Some Questions on the Study of Gas 
Discharge  P l a s m a  and Crea t ion  of Strong Magnetic Fie lds  [in Russian] ,  Nauka, Leningrad  (1970), 
p. 84. 
N. A. Kruzhil in and I. T. Yakubov, "Conditions for  development  of ionization s tabi l i ty  in a nonsta-  
t ionary  ]plasma in the absence  of the t w o - t e m p e r a t u r e  approximat ion ,"  Teplofiz.  Vys.  Temp. ,  8, No. 
4 (1970). 

T The condition of neglect ing radia t ion in the k inet ics  Kl/wt2n2e <<v R does not contradic t  the condition T>> ~.R 
if  the "na r row spot" is  located above the in te rva l  1-2 and v>> K1/wt2n~, which i s  valid fo r  alkaline me ta l s .  

41 



6. 

7. 

8. 

9. 

L. M. Biberman, "Radiation t ransfer  on spectral lines," in: Low-Temperature Plasma [Russian 
translation], Mir, Moscow (1967), p. 93. 
L. M. Biberman, V. S. Vorob'ev, and I. T. Yakubov, "Kinetics of shock-radiation ionization and r e -  
combination," Usp. Fiz. Nauk, 107, No. 3 (1972). 
L. P. Pitaevski'i and A. V. Gurevich, "The recombination coefficient in a dense low temperature 
plasma," Zh. t~ksp, i Teor. Fiz. ,  46, No. 4 (1964). 
A. F. Volkov and Sh. M. Keg'an, "Development of inhomogeneous current  distribution in semicon- 
ductors with negative differential conductivity," Zh. ~.ksp. i Teor.  Fiz. ,  52, No. 6 (1967}. 

42 


