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The spec t rum  of the cha rac t e r i s t i c  surface  osci l lat ions and s tabi l i ty  of a p l a s m a  in a s t rong 
h igh- f requency  (hf) e lec t r i c  field are  studied. It is shown that inhomogeneity of the p l a sma  
leads to spat ia l  d i spers ion  and to specif ic  damping of s table osci l la t ions of a p l a s m a  in an 
ex te rna l  hf field, the f requency of which g rea t ly  exceeds  the p l a s m a  f requency.  A s y s t e m -  
atic theory  of p a r a m e t r i c  resonance  at the f requency of the e lec t ronic  sur face  osci l la t ions 
is developed taking account of the inhomogeneity of the p l a sma .  

i .  The dispersion theory of surface waves of a plasma in a strong high-frequency (hf) field [1] has 
been developed for the case of a homogeneous plasma with a sharp boundary. In actual experiments, the 
approximation of a homogeneous plasma with a sharp boundary is not always justified. It is known [2, 3] 
that inhomogeneity of the plasma has a significant influence on the spectrum of hf surface oscillations. 
Thus, in the case where the characteristic dimension of an inhomogeneity near the plasma boundary great- 
ly exceeds the Debye radius, the spatial dispersion and damping coefficient for hf surface waves is com- 
pletely defined by plasma inhomogeneity effects. From the theory of parametric resonance in an unbounded 
homogeneous plasma [4], it is known that for strong hf fields the occurrence of spatial dispersion of plasma 
waves substantially changes the picture of plasma instabilities. Below, it is shown that analogous effects 
also occur for parametric resonance at the frequency of hf surface waves in a bounded inhomogeneous 
plasma. It is established that an aperiodic instability arises not only at a frequency of the external field 
w0, lower  than the frequency of the sur face  waves  Wp/(1 + r 1/2, but also for  w 0 > r + r . In addi- 
tion, si tuations are poss ib le  in which the p a r a m e t r i c  instabil i ty is d iss ipa t ive .  

Besides  studying the pecu l ia r i t i es  of the p a r a m e t r i c  resonance ,  the p re sen t  work also invest igates  
the influence of p lasma. inhomogenei t ies  on the s p e c t r u m  of unstable sur face  osci l la t ions in an ex te rna l  hf 
field.  

2. We cons ider  a p l a s m a  with density n(z) rapidly  r is ing in a t rans i t ion layer  0 <- z -< a and chang-  
ing re la t ive ly  slowly for z > a ,  so that  the cha rac t e r i s t i c  dimension of the inhomogeneity 

L = (0 In n (z) / Oz Iz=,~) -1 >~. a . 

For  such conditions, in the p l a s m a  there  ex is t  weakly damped sur face  waves  with wave vec tor  kll ,  
d i rec ted  along the p l a s m a  boundary and sat is fying [2, 3] 

a -I ~ kll [} ~ L-'. (2.1) 

We assume that the external electric field vector is oriented along the plasma boundary. For suffi- 
ciently large k]l, when the region of field localization of the surface wave (equal to 1/k]]) is much less than 
the penetration depth of the external field c/(Wp 2 - r , the latter may be considered homogeneous: 
l~ = E 0 sinw0t. 

The dispersion relations for the If (with frequency r << w0) and the hf (with frequency w + nw0) sur- 
face waves in a strong hf field have the form 
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/~c~) = [t + eo + 6e~ '~ (a)l i akll O. ~o)(~) z=~ - -  

- - - -  - -  dz • 

x t + ~) t~}  ~ + ~ ( ~ )  1 + (z) = -  i + ~)(~1 + 

+ 2-~,, -~7 [t + 5s/~) (z)]~=~ + kII% 3 dz + + ~")(,) H 0 
a 

(t + So) (~o + n~oo)~ + kll I d z [ l  + 6s~(~)(z)] + 
2kll Zc -~ 

6s(~ ~ (z) = - -  ~o~ (z) / (o) + n%) ~, r~ ~- eEo / rn~0~0~ 

H e r e  r is  the d i e l e c t r i c  p e r m e a b i l i t y  of the m e d i u m  s u r r o u n d i n g  the p l a s m a :  6e(n)(z)  i s  the c o n -  
t r i b u t i o n  of p a r t i c l e s  of t y p e  a in the l i n e a r  d i e l e c t r i c  p e r m e a b i l i t y  of a co ld  p l a s m a ;  Jn  i s  the B e s s e l  f u n c -  
t ion of a r g u m e n t  k[I r E ;  and r E i s  the  ampl i tude  of e l e c t r o n  o s c i l l a t i o n s  in the hf  f i e l d .  

3. Us ing  the d i s p e r s i o n  r e l a t i o n  (2 .2) ,we f i r s t  e x a m i n e  the s p e c t r a  of the w e a k l y  d a m p e d  s u r f a c e  
o s c i l l a t i o n s  in the c a s e  of e x t e r n a l  f i e lds  wi th  f r e q u e n c i e s  much  g r e a t e r  than the p l a s m a  f r e que nc y ,  Wp = 
[WLe 2 (a) + O~Li ~(a)]l/~ . In th is  c a s e  t h e r e  m a y  e x i s t  both  hf  and If s u r f a c e  waves  of f r e q u e n c y  f~ and d a m p -  
ing c o e f f i c i e n t  y '  g iven  by:  

c~ 

o, 2 kll [8o~ 8~(oj,,z)]_~ 2kli Qe = (0,2 I 4k I1 ~c'~ ~- ~ Oz [z=.~J 
0 

7' - a8~176 i dz~ [s(~o,, z)l �9 2 (t + co) , 
O 

(3.1) 

(3 .?) 

F o r  If o s c i l l a t i o n s ,  the f r e q u e n c y  of which  is s i g n i f i c a n t l y  l e s s  than the p l a s m a  f r e que nc y ,  the fo l l ow-  
ing m u s t  be u s e d  fo r  w ,  and e (w, z):  

~ (~ )  
(o. ~ = [ l  - J0 2 (k i [r~) ]  i + ~ 0  

~(~)  
s(r z) = ] - -  [1 - -  Y0~(kllrE)] ~o~. '3 .3)  

whi le  for  hf o s c i l l a t i o n s  t hey  have  the f o r m  

'~(~) e (o~, z) = ] - ~ (3, ~) t"O*2 = 1 + c o  ' r 

To an a c c u r a c y  of s e c o n d  o r d e r  in the m a s s  r a t i o  of  e l e c t r o n s  to ions ,  the hf f i e ld  does  not  change  
the s p e c t r u m  of the hf s u r f a c e  o s c i l l a t i o n s .  Hence ,  the  s e c o n d  and t h i r d  t e r m s  in the c u r l y  b r a c k e t s  of 
Eq .  (3.1) and the damp ing  f a c t o r  [Eq. (3 2) ]  m a y  be e v a l u a t e d  u s i n g  the d i s p e r s i o n  r e l a t i o n  ob ta ined  by 
S tepanov  [3], and the l a s t  t e r m  of Eq .  (3.1) c o r r e s p o n d s  to the c o r r e c t i o n  c o n s i d e r e d  by  R o m a n o v  [2] for  
p l a s m a  i n h o m o g e n e i t i e s  in the absence  of an hf f i e l d .  

We note tha t  the c h o i c e  of the po in t  a bounding the t r a n s i t i o n  l a y e r  is  b a s e d  only on condi t ion  (2.1).  
F o r  t h i s ,  the e x p r e s s i o n  fo r  the  f r e q u e n c y  is i ndependen t  of the cho i ce  of a in the r e g i o n  of s low d e n s i t y  
change  (a << L) s ince  e v e r y w h e r e  in th is  r e g i o n  e ( ~ . ,  z) ~ - e  0. 

4.  As the f r e q u e n c y  w 0 of the e x t e r n a l  f i e ld  is  d e c r e a s e d  and i t s  h a r m o n i c  nw 0 a p p r o a c h e s  w ,  [Eq. 
(3.4)] a p a r a m e t r i c  r e s o n a n c e  is e x c i t e d  which  l e a d s  to a g rowth  r a t e  y fo r  If (with f r e q u e n c y  w) and hf  
(with f r e q u e n c i e s  w • nw0) s u r f a c e  o s c i l l a t i o n s .  F r o m  Eq .  (2.2) for  th is  c a s e  we obta in  

~ i ( a )  nr ~ O* (4 . l )  (~~ + i7)2 l + e ~  gn2 (k li r g )  A2 --(r + ~V + ~ ' )  2 

Here A = n~ o- Q, where • is defined by Eqs. (3.1) and (3.4). 



The d i s p e r s i o n  r e l a t i o n s  4.1 d i f f e r  f r o m  those  of [1] due to i nc lus ion  of s m a l l  c o r r e c t i o n s  to 0~.,  
wh ich  d e t e r m i n e  the s p a t i a l  d i s p e r s i o n  of the hf s u r f a c e  waves ,  and a l so  due to i nc lu s ion  of d a m p i n g  of s u r -  
face  o s c i l l a t i o n s .  Such a d i f f e r e n c e  m a y  be  i m p o r t a n t ,  a s  i s  shown in [4] for  the c a s e  of a p a r a m e t r i c  r e s -  
onance  in an unbounded p l a s m a .  

We f i r s t  c o n s i d e r  the c a s e  of d i s t u r b a n c e s  nw 0 - w , ,  for  which,  in the r e g i o n  of m a x i m u m  d a m p i n g  
c o e f f i c i e n t ,  the condi t ion  7 >> Y'  h o l d s .  In th i s  c a s e  we obta in  f r o m  Eq .  (4.1) the fo l lowing  e x p r e s s i o n  for  
the s p e c t r u m  of p e r i o d i c  i n s t a b i l i t i e s  

mo A ~ ] "[ (4.2) 0)~ = + { A ,  + 2 [d ,(kllrE ) 2 ,/, 
~ i--4Wo J f 

T =  - - A  ~ + 2  ar~ 2(kllr~:)n%A Li~ / [ (4.3)  

~ > o  

and for  the a p e r i o d i c  (w - 0) i n s t a b i l i t i e s  

T = - -  z + - -  J"~ (k !1 rE) ntooA i---~-~-0 ] ) (4.4) 

h < 0  �9 

F r o m  Eq .  (4.3) i t  fo l lows  tha t  the m a x i m u m  va lue  of the da mp ing  c o e f f i c i e n t  for  the p e r i o d i c  i n s t a -  
b i l i t y  found in [ i ] ,  

" (max  = {(maxd,~)K~n~176 ' / ' - 3 ~  "i-~E (4.5) 

i s  a t t a i n e d  n e a r  A = 27max/.J'~. C o n s i d e r i n g  tha t  the s u r f a c e  o s c i l l a t i o n s  in th i s  c a s e  of a co ld  p l a s m a  
have  s p a t i a l  d i s p e r s i o n ,  we conc lude  tha t  the m a x i m u m  in E q .  (4.5), as  found in [1], is  va l id  o v e r  a r e l a t i v e -  
ly  wide  r a n g e  of f r e q u e n c i e s  of the e x t e r n a l  f i e ld  c o n s i s t e n t  wi th  7 >> 7 '  F o r  the c a s e  of an a p e r i o d i c  i n -  
s t a b i l i t y  the m a x i m u m  va lue  of the d a m p i n g  c oe f f i c i e n t ,  

[ no~oo)~i(a) ]'/~ 
Tmax = [(max J,') 2 ( ~ 0 )  J (4.6) 

is obtained for A = -Ymax. 

We note that the fnaximum value of the damping coefficient for an aperiodic instability [Eq. (4.6)] ex- 
ceeds that for a periodic one [Eq. (4.5)]. Consequently, an aperiodic instability may completely define the 
nonlinear parametric interaction even for frequencies of the external field w 0 > • . / n .  

For given density profiles in the transition region (e.g., a linear distribution) damping of surface 
waves 7 '  ~" wpkIla and simultaneous satisfaction of the conditions Y >> 7 '  and kll r E .~ I is possible only 
for sufficiently large external fields, i.e., (r E / a )  << (%/Y max). 

For values of nw 0 - co, such that oJ,7 << 7 ' ,  the solution of the dispersion relation (4.1) for a periodic 
instability has the form 

r nooA ~ n0)oa~' (4.7) 
t~  i+~o  A~+(U) 2' 7=dn2(k l i rE)  ] ~ E  [a2+(~')'] ~ 

A > o  �9 

The c o r r e s p o n d i n g  d a m p i n g  c o e f f i c i e n t  for  an a p e r i o d i c  i n s t a b i l i t y  i s  

T = [  - d"2 (k Il rE) ir176 go a ~nt~176 (~J]'/' (4.8)  

I t  should  be no ted  t ha t  t h e r m a l  m o t i o n  has  an i n s i g n i f i c a n t  e f f ec t  on the s p e c t r u m  of the above  o s c i l l a -  
t ions  when the c h a r a c t e r i s t i c  s i z e  of the i n h o m o g e n e i t y  An the t r a n s i t i o n  l a y e r  is  l a r g e  c o m p a r e d  to the 
Debye length .  The oppos i t e  l i m i t i n g  c a s e  of an inhomogeneous  p l a s m a  with  a s h a r p  b o u n d a r y  is  d i s c u s s e d  

in [5]. 

We note tha t  the p r e c e d i n g  d i s c u s s i o n  d e a l t  wi th  the c a s e  of s u r f a c e  waves  of w a ve l e ng th  (1/kl])  much  
l e s s  than  the t h i c k n e s s  of the d i e l e c t r i c  l a y e r s  d, bounding the p l a s m a .  F o r  an a r b i t r a r y  r a t i o  of t h e s e  
l eng ths ,  i t  is  n e c e s s a r y  to subs t i t u t e  in the above  equa t ions  the fo l lowing:  
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(i + ~o) exp (k ]] d) -]- (t - -  eo) exp (--k ]1 d) 
eo "--> ~o (1 Q- 80) exp (k II d) - -  (1 - -  eo) exp (--k ]] d) 

T h e  a u t h o r s  t h a n k  V .  P .  S i l i n  f o r  i n t e r e s t  i n  t h i s  w o r k  a n d  f o r  v a l u a b l e  o b s e r v a t i o n s .  
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