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LABORATORY PLASMA WAVE EXPERIMENTS 

by 

F. W. Crawford 

I n s t i t u t e  f o r  Plasma Research 
S tanford  U n i v e r s i t y  
S tanford ,  C a l i f o r n i a  

ABSTRACT 

Small-s ignal  plasma wave propagat ion  i s  normally analyzed i n  one of 

t h r e e  l i m i t s .  I n  t h e  f i r s t ,  t h e  plasma is assumed t o  be  co ld .  I n  t h e  

nex t  h ighe r  approximation, thermal  motions a r e  taken  i n t o  account v i a  

t r a n s p o r t  equat ions .  I n  t h e  t h i r d ,  t h e  Boltzmann equat ion  i s  employed. 

Each approach has  i t s  p o s t u l a t e d  domain of v a l i d i t y  which can u l t i m a t e l y  

be  checked only  by experiment.  Th i s  paper  o u t l i n e s  b r i e f l y  t h e  v a r i o u s  

b a s i c  wave modes p r e d i c t e d  i n  t h e  three approximations,  and d e s c r i b e s  a 

few of t he  s i g n i f i c a n t  l a b o r a t o r y  plasma wave experiments t h a t  have t e s t e d  

t h e  a p p l i c a b i l i t y  of each model. I t  i s  concluded t h a t  t h e  major pred ic-  

t i o n s  of co ld  plasma theory,  macroscQpic theory ,  and t h e  f u l l  microscopic  

theory  have a l l  been supported by experiments on near-Maxwellian plasmas. 

The success  of  t h e  sma l l - s igna l  theory  provides  t h e  foundat ion  on which 

ex tens ions  to  non l inea r  plasma behavior  can be  b u i l t  w i t h  confidence.  

The next  phase of experimental  e f f o r t  should be d i r e c t e d  t o  d e t a i l e d  

v e r i f i c a t i o n  of such non l inea r  theory .  
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1. INTRODUCTION 

Plasma wave phenomena occupy a c e n t r a l  p l a c e  i n  almost a l l  a r e a s  of 

They o w e  t h e i r  importance t o  the  fact  t h a t  t he  response plasma physics .  

of a l i n e a r  phys i ca l  system t o  a s i g n a l  can o f t e n  be expressed i n  terms 

of elementary waves by use  of s u i t a b l e  t ransforms i n  t i m e  and space.  I t  

follows t h a t  a n  understanding of c h a r a c t e r i s t i c  wave p r o p e r t i e s ,  f o r  example, 

knowledge of whether t h e  v a r i o u s  modes a r e  growing or a t t e n u a t i n g ,  i s  funda- 

mental  t o  p r e d i c t i o n  of plasma behavior .  

such complicat ing f a c t o r s  a s  n o n l i n e a r i t y ,  plasma inhomogeneity, and t h e  

presence  of boundaries ,  h inde r  t h e  a p p l i c a t i o n  of  s imple wave theory.  Even 

where t h e s e  f a c t o r s  can b e  taken  i n t o  account,  t h e  complexity of t h e  mathe- 

ma t i ca l  r e s u l t s  o f t e n  d e f i e s  economical s o l u t i o n  by numerical  methods. I n  

such circumstances,  r ecour se  must always be made to comparison w i t h  experi- 

ment, t o  determine how s i m p l i f i e d  a phys i ca l  model may be used t o  p r e d i c t  

r e s u l t s  w i t h  what w e  a r b i t r a r i l y  dec ide  i s  s u f f i c i e n t  p rec i s ion .  

Na tu ra l ly ,  i n  a p r a c t i c a l  s i t u a t i o n ,  

A l o g i c a l  approach t o  t h e  l a y i n g  and t e s t i n g  of t h e  foundat ions of  

plasma wave theory  might be  to  p repa re  a series of experimental  plasmas 

s u i t a b l e  f o r  checking ana lyses  of models of p rogres s ive ly  inc reas ing  com- 

p l e x i t y .  For example, a n  e f f e c t i v e l y  i n f i n i t e  low temperature  plasma might 

b e  used f o r  checking t h e  modifying e f f e c t s  o f  cold plasma on f r e e  space 

e lec t romagnet ic  wave propagat ion.  A magnetic f i e l d  could then  be  added. 

New modes would b e  observed, and the  plasma temperature  could b e  r a i s e d  t o  

de te rmine  i t s  i n f l u e n c e  on t h e  propagat ion.  This  i s  not ,  of course,  t h e  

l i n e  a long  which r e sea rch  on plasma waves has  always proceeded, bu t  i s  the  

way i n  which t h i s  paper w i l l  b e  presented .  

at%empt t o  review ve ry  b r i e f l y  the numerous a r e a s  i n  which progress  i n  

r e c o n c i l i n g  theo ry  w i t h  experiment has  been made i n  t h e  l abora to ry .  

l i t e r a t u r e  is v a s t ,  and s e v e r a l  hundred r e fe rences  would have to be  c i t e d  

i n  any d e t a i l e d  d e s c r i p t i o n  of t h e  developments and r e s u l t s .  W e  s h a l l  

con f ine  ou r se lves  t o  a few specimen comparisons w i t h  theory,  chosen wi thout  

regard  to  p r i o r i t y ,  A f a i r  p ropor t ion  of these have been taken from Stan-  

f o r d  work because of i t s  ready a c c e s s i b i l i t y  t o  the  author .  

I n  what fo l lows ,  w e  s h a l l  

The 

To keep t h e  paper  to  a r easonab le  l eng th ,  on ly  s t a b l e  Maxwellian 

plasmas w i l l  be d i scussed ,  T h i s  i gnores  completely t h e  ex tens ive  
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l i t e r a t u r e  on i n s t a b i l i t i e s ,  much of  which has  l e d  t o  s u b s t a n t i a l  agreement 

between t h e o r e t i c a l  and experimental  r e s u l t s .  W e  s h a l l  f u r t h e r  conf ine  the  

d i s c u s s i o n  almost  e x c l u s i v e l y  t o  wave modes i n  which e l e c t r o n s  p l ay  t h e  

dominant role. 

n i f i c a n t  f r equenc ie s  f a l l  near  t h e  ion  cyc lo t ron ,  i o n  plasma, or lower 

hybr id  f r equenc ie s .  Again, t h i s  l e a v e s  out  many r e s u l t s  showing s t r o n g  

experimental  suppor t  f o r  theory.  

t o  t h e  common l a b o r a t o r y  c o n d i t i o n s  of n o n r e l a t i v i s t i c  plasmas. 

T h i s  excludes many low-frequency waves f o r  which t h e  s i g -  

F i n a l l y ,  o u r  d i scuss ion  w i l l  be l i m i t e d  

The p l a n  of t h e  paper  i s  a s  fo l lows .  Sec t ion  2 ske tches  t h e  b a s i c  

theo ry  of plasma waves, and d i s t i n g u i s h e s  between t h e  v a r i o u s  mathematical 

approaches taken,  on a b a s i s  of t h e i r  t rea tment  of thermal motions. The 

r e s u l t i n g  d e s c r i p t i o n s  of wave modes can then  be d iv ided  i n  a r a t h e r  d i f -  

f e r e n t  manner. They w i l l  be sepa ra t ed  according to  whether they a r e  t r a n s -  

v e r s e  ( e l ec t romagne t i c ) ,  or l o n g i t u d i n a l  ( e l e c t r o s t a t i c ) .  

w i t h  t r a n s v e r s e  waves, wh i l e  S e c t i o n s  4 and 5 t r e a t  l o n g i t u d i n a l  waves w i t h  

zero and nonzero app l i ed  magnetic f i e l d s ,  r e s p e c t i v e l y .  

t h e  paper  w i th  some comments on  t h e  work, and some sugges t ions  a s  t o  wheke 

f u t u r e  p rogres s  may l e a d .  

Sec t ion  3 d e a l s  

S e c t i o n  6 concludes 

- 3 -  



2 .  BASIC THEORY OF PROPAGATION I N  INFINITE PLASMAS 

The a n a l y s i s  of plasma wave propagat ion  is now h igh ly  r e f i n e d ,  and 

i t  w i l l  on ly  b e  necessary  t o  p o i n t  o u t  one or two of t h e  s a l i e n t  f e a t u r e s  

here. 

t o  the  e x t e n s i v e  l i t e r a t u r e  c u r r e n t l y  a v a i l a b l e .  The problem reduces 

t o  combining the  equat ions  of charged p a r t i c l e  motion wi th  Maxwell’s equa- 

t i o n s .  For  plasma, t h e  l a t t e r  may be s t a t e d  a s  

For  informat ion  on t h e  b a s i c  d e r i v a t i o n s ,  the  r e a d e r  should r e f e r  

where 2 i s  t h e  c u r r e n t  d e n s i t y  and i s  t h e  volume charge d e n s i t y .  I n  

a d d i t i o n ,  w e  have t h e  c o n s t i t u t i v e  r e l a t i o n s ,  

D = E E  - ou’ 
where E and po a r e  t h e  p e r m i t t i v i t y  and pe rmeab i l i t y  of f r e e  space.  

A l l  o t h e r  q u a n t i t i e s  a r e  f u n c t i o n s  of t h e  space  v a r i a b l e ,  z, and t i m e ,  t .  

Determinat ion of an e x p l i c i t  form f o r  or p r e q u i r e s  a d e s c r i p t i o n  of 

t h e  p a r t i c l e  motions i n  t e r m s  of t he  f i e l d  q u a n t i t i e s  33, I), 2, and H-. 

0 

A t  t h i s  p o i n t ,  t h e  f i r s t  major approximation i s  u s u a l l y  made. The 

equat ions  of motion, which a r e  g e n e r a l l y  nonl inear ,  a r e  l i n e a r i z e d ,  and 

from t h e r e  on t h e  a n a l y s i s  proceeds i n  p e r t u r b a t i o n  form. 

t h a t  any p r e d i c t i o n s  r e s u l t i n g  from it  w i l l  be  v a l i d  on ly  for  s m a l l  s i g n a l s ,  

where t h e  l i m i t i n g  ampli tudes which can be regarded a s  s m a l l  can be e s t a b -  

l i s h e d  from higher-order  theory ,  or by experiment.  

p o i n t  aga in  i n  S e c t i o n  6. 
opens t h e  way t o  i n t r o d u c t i o n  of t h e  powerful methods of t ransform a n a l y s i s .  

I f  w e  d e f i n e  t h e  t ime-Fourier  t ransforms,  

I t  fo l lows  

W e  s h a l l  r e t u r n  t o  t h i s  

The use  of t h e  smal l - s igna l  l i n e a r  approximation 

then  the  q u a n t i t i e s  i n  Eq. (1) become f u n c t i o n s  of 

may d e f i n e  t h e  space-Fourier  t ransforms,  

(2,m). S i m i l a r l y ,  w e  

- 4 -  



-m 

( 4) 
so t h a t  t h e  q u a n t i t i e s  become func t ions  of (k,co). - 

Appl ica t ion  of Eqs. (3) and (4)  imp l i e s  t h a t  t he  va r ious  q u a n t i t i e s  

can be considered a s  a s u p e r p o s i t i o n  of elementary p lane  waves propagat ing 

a s  Th i s  r e q u i r e s  plasma homogeneity i n  any coord ina te  

d i r e c t i o n s  a long  which s p a t i a l  t ransforms a r e  taken.  I t  impl ies  t h a t  t he  

plasma must be  i n f i n i t e ,  or a t  l e a s t  very  l a r g e  compared w i t h  a wavelength, 

though some problems can  be handled w i t h  f i n i t e  t ransforms.  I m p l i c i t  i n  

t h i s ,  is  t h a t  s o l u t i o n  of bounded plasma problems i s  e f f e c t i v e l y  l i m i t e d  t o  

those  whose geometry permi ts  s e p a r a t i o n  of t h e  wave equat ion .  

exp j(at - 5 9 .  

The appa ren t ly  s t r a igh t fo rward  s t e p s  of Eqs. (3) and (4 )  conceal  many 

p i t f a l l s  and s u b t l e t i e s .  They u l t i m a t e l y  l ead  t o  d i s p e r s i o n  r e l a t i o n s  of 

t he  form D(5,LU) = 0, 

waves. 

p r e d i c t  t he  plasma behavior  c o r r e c t l y  i f  a supe rpos i t i on  of waves i s  con- 

s i d e r e d ,  and the phenomenon of i n t e r e s t  is  t r e a t e d  a s  an  i n i t i a l  va lue  

problem. 

asymptot ic  t i m e  response,14 and the  de termina t ion  of l i m i t i n g  cond i t ions  on 

cyc lo t ron  harmonic wave propagat ion  perpendicular  t o  a s t a t i c  magnetic 

f ie ld .15  

ou r se lves  t o  t h e  d e r i v a t i o n  and v e r i f i c a t i o n  of d i s p e r s i o n  r e l a t i o n s .  

which d e s c r i b e  t h e  c h a r a c t e r i s t i c s  of e t e r n a l  p lane  

I n  many phys ica l  problems, i t  i s  on ly  p o s s i b l e  t o  understand and 

I n  such a s i t u a t i o n ,  Laplace a n a l y s i s  i n  t i m e  i s  requi red .  
Examples a r e  t h e  p r e c i s e  t rea tment  of Landau dampingY3 s t a b i l i t y  a n a l y s i s ,  13 

These q u e s t i o n s  w i l l  no t  be  d e a l t  w i t h  here .  W e  s h a l l  res t r ic t  

One of the major b e n e f i t s  confer red  by t ransform methods i s  t h a t  t h e y  

a l low t h e  plasma t o  be cha rac t e r i zed  by an equ iva len t  r e l a t i v e  p e r m i t t i v i t y ,  

h(k, tu), Equation (1) then reduces 

t o  

t, which i s  i n  gene ra l  a t e n s o r  q u a n t i t y .  

( 5 )  
from which the  wave equa t ion  can  be der ived  i n  e i t h e r  of t h e  two equiva len t  

forms, 

- 5  - 



2 
(6) 

2 2 m u  

C 
k X (ZXZ) + - E  E = 0 = N N  k(k  * N E) - k - E + - 2% * E .  - 

C 
2 9  - - 

Equat ion (6) y i e l d s  three s imultaneous equat ions  for  t h e  three or thogonal  

components of E-. For a n o n t r i v i a l  s o l u t i o n ,  t h e  de te rminant  of  t h e  coef- 

f i c i e n t s  must vanish .  Th i s  de t e rminan ta l  express ion  i s  t h e  wave d i spe r s ion  

r e l a t i o n ,  D(&, a). 
I t  i s  to  be  expected t h a t  j u d i c i o u s  choice of coord ina te  axes ,  and 

wave propagat ion  angles ,  w i l l  l e a d  t o  s imple  forms of Eq. (6 ) .  Th i s  i s  

so, and i s  t h e  b a s i s  o f  our  c l a s s i f i c a t i o n  and d e s c r i p t i o n  of  t h e  modes 

i n  S e c t i o n s  3 3 .  A most impor tan t  a d d i t i o n a l  d i s t i n c t i o n  to  be made i s  

between l o n g i t u d i n a l  waves, fo r  which w e  have i n  Eq. (6) 
(& 11 E), and t r a n s v e r s e  waves, for which & E % 0 (& I E). The con- 

d i t i o n s  under which t h e s e  approximations may be  v a l i d  can  be  understood 

x E- 0 

on ly  f r o m  s t u d y  of E . The form of t h i s  q u a n t i t y  depends on the  par-  

t i c u l a r  a n a l y t i c a l  t rea tment  used for  the p a r t i c l e  motions.  Discuss ion  

of  t h i s  t o p i c  w i l l  t a k e  up t h e  remainder of t h e  s e c t i o n .  

“p 

2.1 Cold Plasma Theory. 

The equa t ion  of motion chosen for charged p a r t i c l e s  of charge q ,  
and mass m, i s  commonly of t h e  form, 

I t  c o n t a i n s  a Loren tz  f o r c e  t e r m  account ing  for t h e  effects of e l ec t r i c  

and magnetic f i e l d s ,  and a Langevin c o l l i s i o n  t e r m  t o  account  f o r  momentum 

t r a n s f e r .  The c o l l i s i o n  frequency,  V,  is  assumed t o  be independent of 

speed. For v = 0, the  e q u i v a l e n t  p e r m i t t i v i t y  r e s u l t i n g  from use of 

Eq. (7) i s  
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where i o n  motions have been ignored .  Here, and 0) a r e  t h e  

electron plasma and c y c l o t r o n  f r equenc ie s ,  r e s p e c t i v e l y ,  de f ined  by 
P C 

and B i s  t h e  s t a t i c  magnetic f i e l d .  C o l l i s i o n s  can be  t aken  i n t o  

account by r e p l a c i n g  m by m( l - j v / W ) ,  wherever i t  occurs .  
0 

A u s e f u l  t r ans fo rma t ion  i s  t o  work i n  r o t a t i n g  coord ina te s .  The 

expres s ions  of Eq. (8) then  become, 

2 w 

0 0 

0 0 E. 

0 0 E 

R € 

L 

II  

2 w 

' 

2 
P 

u, 

where s u b s c r i p t s  R and L denote  r i g h t -  and le f t -hand  po la r i zed  modes. 

The f i e l d  q u a n t i t i e s  a r e  de f ined  by r e l a t i o n s  of t h e  f o r m ,  

- X Y E X - j E Y  E + j E  
1 , E =  

2F 
1 L 

2F 
ER - 

and ,El+, 

p r i a  te  to  e l e c t r o n s .  

i s  o r i e n t e d  a long  t h e  z -ax is .  The form of Eq. (10) i s  appro- 

From t h e  e x p e r i m e n t a l i s t ' s  viewpoint ,  t h e  m o s t  convenient  modes to  

s tudy  a r e  t h e  so -ca l l ed  "p r inc ipa l "  waves, which propagate  pu re ly  p a r a l l e l  

t o ,  or e x a c t l y  pe rpend icu la r  to ,  

he re ,  and i n  S e c t i o n s  3-5. 
These w i l l  be cons idered  f u r t h e r  %* 

- 7 -  



2.1.1 

s o l u t i o n s  given by, 

P r i n c i p a l  waves a long  F&(k 11 E&): There a r e  three poss ib l e  

The f i rs t  t w o  a r e  r i g h t -  and le f t -hand  polar ized  t r a n s v e r s e  waves, 

r e s p e c t i v e l y .  The t h i r d  i s  a l o n g i t u d i n a l  wave of a r b i t r a r y  k . I t  

may be thought  of a s  l o n g i t u d i n a l  o s c i l l a t i o n  a t  the e l e c t r o n  plasma 

frequency,  cu . 
2.1.2 P r i n c i p a l  waves ac ross  B ( k  I ,E&): There a r e  two s o l u t i o n s  

4-  

11 

P 

g iven  by, 

2 2  
u) k c  

2 

2 2  k c  
P - -  - 1  - -  I 
2 ,  2 

u) 

I 

u) 

- =  1 - 
2 '  U2(W2 - u2 - u) ) cu 

P C' 

The f i r s t  i s  l i n e a r l y  po la r i zed ,  and has  

minology ( b u t  no t  always elsewhere!) i t  i s  known a s  t h e  "ordinary" mode. 

I t  is  c l e a r l y  i n s e n s i t i v e  to t h e  presence of t he  s t a t i c  magnetic f i e l d .  

The second has  E- .L%, 
pend i cu 1 a r t o  

mode a 

E- 11 %. I n  ionospher ic  ter- 

and i s  e l l i p t i c a l l y  po la r i zed  i n  the  p lane  per- 

I n  ionosphe r i c  terminology i t  i s  t h e  " ext raord inary"  %* 

2.2 Macroscopic Theory. 

The next  two approaches t o  be d iscussed  t ake  account  of plasma 

t h e r m a l  motions. 

commonly w r i t t e n  f o r  each charged p a r t i c l e  s p e c i e s  a s  

Both invo lve  use of  the  Boltzmann equat ion ,  which i s  

i s  i t s  
f O  where f(z,v, t) is  t h e  p a r t i c l e  v e l o c i t y  d i s t r i b u t i o n ;  

unperturbed va lue ,  and w e  have 
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I n  t h e  microscopic  approach, t o  be d e a l t  w i t h  i n  

The p e r t u r b a t i o n  s o l u t i o n  f o r  (14) i s  used d i r e c t l y .  

S e c t i o n  2.3, Eq. 

f ,  ob ta ined  a f t e r  

t ransforming  t h e  equat ion ,  is  s u b s t i t u t e d  i n  Eq. (15). 
approach, success ive  moments of t h e  Boltzmann equat ion  a r e  taken w i t h  

r e s p e c t  t o  v e l o c i t y  t o  o b t a i n  t h e  fo l lowing  t r a n s p o r t  equat ions :  

I n  t h e  macroscopic 

r e p r e s e n t s  t h e  
'i 

The f i r s t  equa t ion  s t a t e s  p a r t i c l e  c o n t i n u i t y ,  and 

i o n i z i n g  c o l l i s i o n  frequency.  Th i s  equa t ion  g ives  n (or p) i n  terms 

of n z  (or 2). The second i s  s i m i l a r  t o  t h e  equat ion  of motion of 

Eq. (7) except  t h a t  i t  c o n t a i n s  a s c a l a r  p r e s s u r e  t e r m ,  p, which i s  

u s u a l l y  rep laced  by ymT. I n  t h i s  l a s t  express ion ,  y i s  t h e  com- 

p res s ion  c o n s t a n t  for t h e  s p e c i e s ;  K is Boltzmann's cons t an t ,  and T 

i s  t h e  s p e c i e s  temperature ,  which i s  i n v a r i a b l y  def ined  f o r  a M a x w e l l i a n  

v e l o c i t y  d i s t r i b u t i o n  i n  t h e  cases  of  i n t e r e s t  he re .  The c o n t i n u i t y  

equat ion  i s  exac t .  The equa t ion  of motion is approximate, however, 

s i n c e  i t  h a s  been obta ined  by t r u n c a t i n g  t h e  moment expansion, and 

i g n o r i n g  of f -d iagonal  terms i n  t h e  more gene ra l  p re s su re  t enso r .  

W e  now have t o  determine what mod i f i ca t ions  a r e  imposed on t h e  

modes d i scussed  i n  S e c t i o n s  2.1.1 and 2.1.2, and what new modes a r e  

p red ic ted ,  due to  nonzero plasma e l e c t r o n  temperature:  

2.2.1 P r i n c i p a l  waves a long  B (5 E&): I t  i s  found t h a t ,  t o  f i r s t  

o r d e r ,  t h e  r i g h t -  and l e f t -hand  po la r i zed  waves a r e  unaf fec ted ,  but  

t h a t  t h e  plasma o s c i l l a t i o n s  descr ibed  by Eq. (10) now become d i s p e r s i v e .  

Ignor ing  c o l l i s i o n s ,  w e  have f o r  t h i s  mode 

--o 

4 

I f  t h e  nex t  moment equa t ion  i s  der ived ,  a c o r r e c t i o n  t o  t h e  c i r c u l a r l y  

po la r i zed  modes can be  obta ined ,  s a t i s f a c t o r y  f o r  l o w  e l e c t r o n  temper- 

a t u r e s  and magnetic f i e l d s ,  
8 
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1 
The q u a n t i t y  62  

phase v e l o c i t y  of t h e  wave, and must be smal l  f o r  t h e  a n a l y s i s  t o  be 

v a l i d .  The t w o  d i s p e r s i o n  r e l a t i o n s  of Eq. (18) can a l s o  be w r i t t e n  

approximately a s ,  

r e p r e s e n t s  the r a t i o  of  e l e c t r o n  thermal v e l o c i t y  t o  

2.2.2 P r i n c i p a l  waves a c r o s s  I3 ( k  J. B ) :  The c o r r e c t t  
4 -  4 

8 (13) a r e  

(19) 

forms of Eq . 

-=l--[.-$(s)] u) 2 u2 KT , 
k c  2 2  

2 2 
u) u) 

- =  J. 
1 -  - 2 2  ] [ 1 - 2 (31 . (20)  

k2c2 

P 
a, 2 u)2(w2 - 0) - Uc) 

The c o r r e c t i o n  t e r m  is  t h e  s a m e  a s  i n  Eq. ( l g ) ,  and w i l l  be s m a l l .  

2.2.3 New modes f o r  Te f 0 :  

a d d i t i o n a l  l o n g i t u d i n a l  mode i s  obta ined ,  propagat ing perpendicular  t o  

t h e  magnetic f i e l d  w i t h  t h e  d i s p e r s i o n  r e l a t i o n  

I n  t h e  a n a l y s i s  l ead ing  t o  Eq. (20) an 

0 ) -  ' - U 2 + U 2 + k 2  (%). 
P C  J. 

2 
T h i s  express ion  i s  v a l i d  w i t h i n  t h e  approximation < < m 2  I n  t h e  

C P '  
l i m i t  u) + 0, i t  i s  c l e a r l y  equ iva len t  t o  Eq. (1-7). 

f o r  nonzero e l e c t r o n  t e m p e r a t ~ r e . ~  

C 
I t  can  b e  shown from macroscopic theory  t h a t  o t h e r  new modes appear 

Longi tudina l  i o n  a c o u s t i c  and ion  
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c y c l o t r o n  waves a r e  p red ic t ed ,  i n  which i o n  motions a r e  e f f e c t i v e l y  

d r i v e n  by the  e l e c t r o n  p res su re  t e r m  i n  Eq. (16). 
r e l a t i o n s  a r e ,  r e s p e c t i v e l y ,  

The d i s p e r s i o n  

where u) u) and m a r e  t he  ion  c y c l o t r o n  frequency, plasma 

frequency,  and mass. For k smal l ,  Eq. (22)  reduces t o  
II 

c i J  p i ”  i 

2 
u) 

- =  k2 (:) J 

II  

which i s  a l s o  t h e  l i m i t i n g  form of t he  i o n  cyc lo t ron  wave a s  -. 0. 

I t  i n d i c a t e s  a cons t an t  phase v e l o c i t y ,  independent of t h e  e l e c t r o n  

dens i  t y  . 
c i  

2.3 Microscopic Theory. 

I t  i s  probably i n t u i t i v e l y  obvious t h a t  a s  long  a s  a wave i s  propa- 

g a t i n g  a t  a v e l o c i t y  s u b s t a n t i a l l y  above t h e  charged p a r t i c l e  thermal  

v e l o c i t i e s ,  macroscopic theo ry  w i l l  g i v e  a good approximation t o  i t s  

d i s p e r s i o n  c h a r a c t e r i s t i c s .  When t h e  phase v e l o c i t y  of the  wave i s  i n  

t h e  thermal  v e l o c i t y  range  w e  might expect  r a t h e r  more s u b s t a n t i a l  modi- 

f i c a t i o n s ,  and perhaps new phenomena. The c o r r e c t n e s s  of  these suppo- 

s i t i o n s  i s  borne o u t  by d e t a i l e d  microscopic  theory.  S ince  w e  a r e  

concerned w i t h  plasmas which have n o n r e l a t i v i s t i c  e l e c t r o n  temperatures ,  

i t  i s  s u f f i c i e n t  t o  reexamine o n l y  those waves a l r eady  d iscussed  which 

can have phase v e l o c i t i e s  smal l  compared w i t h  t h e  speed of l i g h t .  

2.3.1 

c l a s s  is t h e  e l e c t r o a c o u s t i c  wave descr ibed  by Eq. (17’). 
d i s p e r s i o n  r e l a t i o n  given by microscopic  theory  for t h i s  wave i s ,  

Propagat ion  a long  E& (5 11 %): The f i r s t  candida te  i n  t h i s  

The modified 
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where Z i s  t h e  plasma d i s p e r s i o n  func t ion , l6  de f ined  by 

exp( -t2) d t  

-W 

-W 

1 2 2 d t  - 2inT exp(-s ) (S i  > 0) , (25) 
-03 

and t h e  s u b s c r i p t  i deno tes  t h e  imaginary p a r t  of  5 .  I n  E q .  (24) t h e  

prime denotes  d i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  t h e  argument, and w e  have 

t h e  u s e f u l  i d e n t i t y  

The form of t h i s  d i s p e r s i o n  r e l a t i o n  has  been t r e a t e d  i n  d e t a i l  by 

Der f l e r ,17  and w i l l  be d i scussed  i n  S e c t i o n  4.2. 
The second mode of i n t e r e s t  i s  t h e  r ight-hand po la r i zed  mode. For 

((u/cU ) < 1, 

mode i n  ionosphe r i c  terminology. 

d i s p e r s i o n  r e l a t i o n  i s  

t h i s  wave always h a s  (m/k ) < e .  I t  i s  t h e  "whis t le r"  

The appropr i a t e  microscopic  theory  
e -  II  

Both E q s .  (24) and (27) show c o l l i s i o n l e s s  damping. I n  t h e  f i r s t  ca se ,  

i t  is termed Landau" damping, and is due t o  t h e  e l ec t ro l l s  t r a v e l i n g  

s l i g h t l y  slower than  t h e  wave phase v e l o c i t y  

energy from t h e  wave so a s  t o  i n c r e a s e  t h e i r  a x i a l  ~ e l o c i t y . ~  

11 

(a, > k v ) .  These e x t r a c t  - II  
I n  t h e  
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I f  second case ,  i t  i s  termed 

i n c r e a s i n g  t h e i r  t r a n s v e r s e  energy a t  t h e  expense of the  wave. Those 

w i t h  v e l o c i t y  such t h a t  u) - k v NN u) cause t h e  damping. 

2.3.2 Propagat ion  across B ( k  I B ) :  I n  t h i s  case, Eq. (21)  i s  

cyclotron" damping, and is  due t o  p a r t i c l e s  

C II 

4- -0 
rep laced  by, 3 

which d e s c r i b e s  l o n g i t u d i n a l  c y c l o t r o n  harmonic waves. The comparison 

between Eq. (28) and Eqs. (24)  and (27) i s  extremely i n t e r e s t i n g .  

t h e  l a t t e r ,  the  c o r r e c t i o n  due t o  t ak ing  account of thermal e f f e c t s  

microscopica l ly  is  t o  in t roduce  a damping component i n t o  an o therwise  

pu re ly  r e a l  mode of propagat ion.  I n  t he  case of Eq. (28) , t h e  micro- 

s c o p i c  t rea tment  p r e d i c t s  new undamped modes of propagat ion i n  add i t ion  

t o  t h a t  of Eq. (21 ) .  

w i t h  i n  S e c t i o n  5.2.  

In 

The c h a r a c t e r i s t i c s  of these modes w i l l  be d e a l t  

Although temperature  e f f e c t s  on t h e  t r a n s v e r s e  e lec t romagnet ic  

waves propagat ing  a c r o s s  t h e  magnetic f i e l d  a r e  s m a l l .  One r e s u l t  w i l l  

b e  quoted h e r e  t h a t  has  been i n v e s t i g a t e d  exper imenta l ly .  Th i s  is  f o r  

t h e  ex t r ao rd ina ry  mode of Eq. (13) i n  the  v i c i n i t y  of t h e  second 

cyc lo t ron  harmonic. W e  have, 18 

This  r e s u l t  w i l l  be d iscussed  f u r t h e r  i n  S e c t i o n  3.1. 
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3. TRANSVERSE WAVES 

The theo ry  d i scussed  i n  S e c t i o n  2 was f o r  the  c a s e  of an i n f i n i t e  

plasma. T h i s  imp l i e s  t h a t  success fu l  experimental  v e r i f i c a t i o n  w i l l  

depend on producing a plasma having a homogeneous volume of dimensions 

l a r g e  compared w i t h  t h e  wavelength of  t h e  plasma mode of i n t e r e s t .  

Th i s  may or  may no t  be longer  than t h e  free space wavelength a t  the  

s i g n a l  frequency, depending on t h e  plasma mode concerned. There 

a r e ,  of course ,  checks on t h e  theory,  p a r t i c u l a r l y  i n  the  cold plasma 

approximation, which a r e  i n  t h e  oppos i t e  sense.  For example, i n  

c a v i t y  p e r t u r b a t i o n  and s c a t t e r i n g  experiments,  t he  plasma i s  o f t e n  

small  compared w i t h  a free space  wavelength a t  t h e  s i g n a l  frequency. 

We s h a l l  n o t  be concerned w i t h  such s t u d i e s  i n  t h i s  s e c t i o n .  Some 

c a s e s  w i l l  be d e a l t  w i t h  i n  Sec t ion  4. H e r e ,  w e  w i l l  conf ine  our -  

s e l v e s  to  s i t u a t i o n s  i n  which i n f i n i t e  p lane  wave propagat ion i s  ap- 

proximated c l o s e l y .  

experiments accord ing  t o  whether the  t r ansmi t t ed  s i g n a l  from the source  

is  l i n e a r l y -  or c i r cu la r ly -po la r i zed .  

For purposes of d i scuss ion ,  w e  s h a l l  c l a s s i f y  t h e  

3.1 Linear ly-Polar ized.  

The f irst  wave of t h i s  t ype  to  be considered i s  t h e  o rd ina ry  mode 

descr ibed  by Eq. ( l 3 ) ,  f o r  propagat ion  w i t h  EllB kk. -4- 
abundant v e r i f i c a t i o n ,  and forms t h e  b a s i s  of the commonly-used micro- 

wave i n t e r f e r o m e t r i c  d i a g n o s t i c  technique f o r  measuring e l e c t r o n  den- 

s i t y .  Numerous s a t i s f a c t o r y  comparisons have been made w i t h  e l e c t r o n  

d e n s i t y  measurements obtained by o t h e r  techniques.  S ince  microwave 

sources  a r e  r e a d i l y  a v a i l a b l e  down t o  cent imeter  or even m i l l i m e t e r  

wavelengths,  the e s s e n t i a l  requirement  of s h o r t  wavelength compared 

w i t h  appara tus  s ize  can be  m e t  e a s i l y .  The mode i s  only  very weak ly  

s e n s i t i v e  t o  combined e l e c t r o n  temperature  and magnetic f i e l d  effects,  

and no d e t a i l e d  v e r i f i c a t i o n  of the  microscopic theory  appears  t o  have 

been made. 

I t  h a s  rece ived  

8 

The second mode propagat ing perpendicular  t o  t h e  magnetic f i e l d ,  

t h a t  h a s  been e x c i t e d  by a l i nea r ly -po la r i zed  source ,  i s  t h e  ex t r a -  

o rd ina ry  mode, whose d i s p e r s i o n  r e l a t i o n  was given i n  Eq. (13). 
Meservey and Schlesinger" have t r ansmi t t ed  70 GHz s i g n a l s  ac ross  t h e  

plasma i n  t h e  Model C S t e l l a r a t o r ,  between two microwave horns,  w i t h  
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r e s u l t s  such a s  those  of Fig.  1. The magnetic f i e l d  w a s  va r i ed ,  and 

was 2 5 k G a t  03 = a  . I t  was uniform t o  0.05%. The e l e c t r o n  d e n s i t y  

was measured independent ly  by an  in t e r f e romete r  working i n  t h e  ord inary  

mode. 

plasma theo ry  of Eq. ( 13 ) . 
p r e d i c t s  a resonant  abso rp t ion  of power a t  

by e i t h e r  t h e  cold plasma theory,  or t h e  macroscopic theory of Eq. (20 ) .  

A good check on t h i s  theory  i s  provided by Fig .  1( b) , which shows the  

d i s p e r s i o n  c h a r a c t e r i s t i c s  i n  t h e  v i c i n i t y  of the resonance a t  

C 

A s  F ig .  l ( a )  shows, t he  r e s u l t s  ag ree  c l o s e l y  w i t h  t he  cold 

The microscopic  plasma theory of Eq. ( 29 ) 
Wc which i s  not  suggested 

(wo),) 2.  

F i n a l l y ,  w e  cons ider  t h e  c a s e  of  a l i n e a r l y - p o l a r i z e d  wave propa- 

g a t i n g  a long  t h e  magnetic f i e l d .  Th i s  is e f f e c t i v e l y  equiva len t  t o  

t h e  propagat ion  of t w o  c i r c u l a r l y - p o l a r i z e d  waves s a t i s f y i n g  Eq. ( 1 2  ) .  
Faraday r o t a t i o n  of t h e  r e s u l t a n t  f i e l d  v e c t o r s  w i l l  occur .  This  has  

been suggested a s  a technique for l a b o r a t o r y  measurements of  e l e c t r o n  

d e n s i t y  8919 and i t  has  been wide ly  used i n  space  plasma d iagnos t i c s .  

I t  h a s  been pointed o u t  by Bachynski and Gibbs?' however, t h a t  s i n c e  

most l a b o r a t o r y  plasmas i n  which such experiments can be c a r r i e d  o u t  

a r e  r a t h e r  l o s s y ,  t h e  s i g n a l  tends  t o  emerge e l l i p t i c a l l y - p o l a r i z e d ,  

and d a t a  r educ t ion  i s  thereby  complicated.  These au tho r s  have c a r r i e d  

o u t  an  e x t e n s i v e  series of measurements of r o t a t i o n  i n  a helium a f t e r -  

glow plasma. The r e s u l t s  were used t o  o b t a i n  e l e c t r o n  d e n s i t y  measure- 

ments for comparison w i t h  o t h e r  measurements made on t h e  same plasma, 

us ing  the  r igh t -and  le f t -hand  po la r i zed  modes s e p a r a t e l y .  The r e s u l t s  

showed i n t e r n a l  cons is tency ,  bu t  were no t  compared wi th  an independent 

measure of dens i ty .  

3.2 C i rcu la r ly -Po la r i zed  . 
I n  view of t h e  foregoing  comments, i t  might be expected t h a t  

c l e a r e r  r e s u l t s  could be obta ined  by e x c i t i n g  the  two c i r c u l a r l y -  

po la r i zed  waves of Eq. ( 12  ) s e p a r a t e l y .  

numerous authors,  and a comprehensive b ib l iography h a s  been given by 

Bachynski and Gibbs2Om2I i n  connect ion w i t h  t h e i r  own work. 

of the experiments ,  t h e  plasma dens i ty  and/or the magnetic f i e l d  were 

pulsed,  and obse rva t ions  were made of the  va r ious  cu t -o f f s  and reso-  

nances o f  t h e  two po la r i zed  modes t r ansmi t t ed  through the  plasma along 

Th i s  h a s  been attempted by 

I n  some 
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t h e  magnetic f i e l d .  Another popular  technique has  been t o  use  wave 

theory  to d e r i v e  t h e  e l e c t r o n  d e n s i t y  from t ransmiss ion  measurements 

through a plasma of f i x e d  l eng th ,  and then t o  compare i t  w i t h  measure- 

ments made us ing  an independent mode, f o r  example, by o rd ina ry  mode 

in t e r f e romet ry  ac ross  the d ischarge .  

An a l t e r n a t i v e  technique is  i l l u s t r a t e d  i n  Fig.  2 (a )  by which in -  

terferometric measurements of right-hand po la r i zed  ( w h i s t l e r )  propa- 

g a t i o n  have been obta ined .  The experiments were c a r r i e d  ou t  a t  a f e w  

GHz i n  the af te rg low of a pu lsed  r e f l e x  d i scha rge  i n  argon, and the 

e l e c t r o n  d e n s i t y  was c a l i b r a t e d  us ing  an i n t e r f e r o m e t e r  ope ra t ing  i n  

the o rd ina ry  mode t r a n s v e r s e  t o  t h e  column. Typical  r e s u l t s  a r e  i l l u s -  

t r a t e d  by Fig.  2 (b ) .  

combining a r e f e r e n c e  s i g n a l  w i t h  t h a t  t r ansmi t t ed  between t h e  antennas,  

f o r  d i f f e r e n t  antenna spac ings  up t o  about 10 cm. 

They were obta ined  from i n t e r f e r o m e t r i c  records  

I t  i s  a f e a t u r e  of  most of t h e  l abora to ry  w h i s t l e r  measurements 

r epor t ed  i n  t he  l i t e r a t u r e  so f a r  t h a t  ei ther e l e c t r o n / n e u t r a l  or 

Coulomb c o l l i s i o n s  had a s t r o n g  damping effect  on the  propagat ion.  

These have t h e i r  s t r o n g e s t  i n f l u e n c e  f o r  

t h e  r eg ion  where Eq. ( 2 7 )  p r e d i c t s  c o l l i s i o n l e s s  cyc lo t ron  damping 

t o  be important .  The e f f e c t  seems to have been noted previous ly  only  

i n  t h e  work of Mahaffeyf2 and no d e t a i l e d  check on t h e  theory  h a s  

appeared. Recent ly ,  the author  and h i s  co l l eagues  have been t r y i n g  

t o  measure such damping. Some pre l iminary  r e s u l t s  obtained i n  t h e  

se t -up  of Fig.  2 ( a )  a r e  shown i n  F ig .  2(c),  wi th  t h e o r e t i c a l  curves  

computed from Eq. ( 2 7 )  f o r  comparison. 

is only  f a i r .  The major d i f f i c u l t y  encountered i n  comparing theory 

w i t h  such experiments is  t h a t  t he  a t t e n u a t i o n  i s  extremely s e n s i t i v e  

t o  e l e c t r o n  temperature .  Th i s  is a q u a n t i t y  which i s  very d i f f i c u l t  

t o  measure p r e c i s e l y  i n  a s t r o n g  magnetic f i e l d .  

(u/uc) I; 1, which i s  a l s o  

A t  the  moment, t h e  agreement 

- 16 - 



4. LONGITUDINAL WAVES: ZERO MAGNETIC FIELD 

The theory  of l o n g i t u d i n a l  plasma waves normally invokes an addi-  

t i o n a l  s i m p l i f y i n g  assumption t o  those  mentioned i n  Sec t ion  2. Th i s  
is  the 11 q u a s i s t a t i c ,  I 1  or 11 slow-wave, 11 assumption, and i s  v a l i d  f o r  3 

where E i s  t h e  i , j t h  component of the equ iva len t  plasma per -  

m i t t i v i t y  t enso r .  The assumption impl i e s  t h a t  t h e  wave can  only  be 

s t r i c t l y  l o n g i t u d i n a l  i f  i ts  phase v e l o c i t y  i s  small  compared w i t h  

t h e  speed of l i g h t .  

be de r ived  from a s c a l a r  p o t e n t i a l ,  

be w r i t t e n  f o r  t h e  plasma a s  

p i  j 

Under these cond i t ions ,  t h e  e lectr ic  f i e l d  can 

#,, and Po i s son ' s  equat ion  can 

r, 
k . E  . k = O ,  

- - P -  - 

where t h e  second express ion  has  been Fourier- t ransformed i n  space.  

Equat ion (31) does no t  l e a d  t o  d i s p e r s i v e  propagat ion i n  an unbounded 

plasma, though i t  does,  of  course,  p r e d i c t  such phenomena a s  t h e  plasma 

frequency o s c i l l a t i o n s  of Eq. (12 ) .  If the plasma i s  bounded, however, 

new modes a r e  i nd ica t ed ,  un re l a t ed  to  t h e  wave types  d iscussed  so f a r  

and which w e  s h a l l  c l a s s  a s  t r ansmiss ion  l i n e "  modes. Elsewhere, 

they a r e  o f t e n  descr ibed  a s  "space charge' '  waves.8 

be d iscussed  i n  S e c t i o n  4.1. 
r e s u l t s  on warm plasma propagat ion.  

1 1  

These modes w i l l  

I n  Sec t ion  4.2, w e  s h a l l  then  d i s c u s s  

4.1 Cold Plasma Waves. 

Before  proceeding t o  a d i s c u s s i o n  of t ransmiss ion  l i n e  modes, w e  

may comment on t h e  s imple  case  of  d i s p e r s i o n l e s s  cold plasma o s c i l -  

l a t i o n s  descr ibed  by Eq. ( 1 2 ) .  

s cop ic  theo ry  c o r r e c t i o n s  t o  t h i s  mode, expressed i n  Eqs. ( 17) and (24), 
w i l l  become important  f o r  plasma wavelengths less than  about t e n  

e l e c t r o n i c  Debye l e n g t h s .  I t  i s  i r o n i c  t h a t  a l a b o r a t o r y  demonstrat ion 

I n  p r a c t i c e ,  t h e  macroscopic and micro- 
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of  t h i s  most s imple and fundamental c a s e  of o s c i l l a t i o n  a t  t he  plasma 

frequency, which was one of t he  f i r s t  t o  be analyzed, i s  one of  t h e  

most r e c e n t  t o  be made. 

l a t i o n s  can be s t imu la t ed  i s  by shock-exci t ing t h e  plasma w i t h  a 

s h o r t  (n sec )  pu l se .  

an inhomogeneous a f te rg low plasma, h a s  been r epor t ed  r e c e n t l y  by 

Baldwin e t  a l .  

An i n t e r e s t i n g  means by which such o s c i l -  

An e l e g a n t  experiment of t h i s  type,  performed i n  

23 

The propagat ion  of t r ansmiss ion  l i n e  modes has  rece ived  very i n -  

t e n s i v e  s tudy  over  the l a s t  t e n  years ,  mainly i n  experiments us ing  

c y l i n d r i c a l  low-pressure p o s i t i v e  columns. The mechanism by which 

t h e s e  propagate  can b e  ve ry  e a s i l y  understood from Fig .  3, i n  terms 

of the  plasma equ iva len t  p e r m i t t i v i t y  concept.  Consider  t h e  c a s e  of 

F ig .  3 ( a )  w i t h  no s t a t i c  magnetic f i e l d  p re sen t .  The plasma per-  
2 2  2 2  m i t t i v i t y  [E 1 - (up/u ) ] i s  negat ive  f o r  u < up, S O  t h a t  the 

plasma behaves induc t ive ly .  Capaci tance t o  a 

v i d e s  the  second d i s t r i b u t e d  element r equ i r ed  

propaga t ion.  
11 

For the m o s t  s imple c a s e  of a c y l i n d r i c a l  

by f r e e  space,  t h e  t h e o r e t i c a l  upper l i m i t i n g  
_. In 

surrounding s h i e l d  pro- 

f o r  t ransmiss ion  l i n e  

plasma column surrounded 

frequency f o r  propagat ion 

i s  (u /2”d). 
P 

an  o u t e r  conductor surrounding t h e  column, and by plasma inhomogeneity. 

Analyses t ak ing  these i n t o  account g i v e  good agreement w i t h  theory.  

Some t y p i c a l  r e s u l t s  a r e  shown i n  F ig .  k-(a) , in  which a pa rabo l i c  d e n s i t y  

p r o f i l e ,  n = n [l - Ci(r2/a2)], has  been taken i n t o  account i n  com- 

pu t ing  t h e  t h e o r e t i c a l  d i s p e r s i o n  curves .  The measurements were made 

on a mercury-vapor p o s i t i v e  column, a t  about l m  Torr pressure ,  i n  

appa ra tus  g e n e r a l l y  s i m i l a r  t o  t h a t  sketched i n  F ig .  4(b) .  

Th i s  is modified by t h e  presence of d i e l e c t r i c s  and 

11,24,25 

0 

A po in t  t o  be  noted is  t h a t  accu ra t e  experimental  d a t a  cannot be  

obta ined  i n  t h e  r eg ion  where the  d i s p e r s i o n  wave t u r n s  over  and ap- 

proaches i t s  l i m i t i n g  value.  Three f a c t o r s  account for t h i s :  

c o l l i s i o n s ,  which become important  due t o  the low group v e l o c i t y  of 

t h e  waves; c o l l i s i o n l e s s  damping, due t o  rf effects  i n  the w a l l  

sheath,25 and Landau damping a t  low phase v e l o c i t i e s .  
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4.2 Warm Plasma - E l e c t r o n  Waves. 

One  of t h e  most s i g n i f i c a n t  c o n t r i b u t i o n s  i n  t h e  a rea  of plasma 

waves i s  t h e  ve ry  s t r o n g  suppor t  t h a t  has  been g iven  by a number 

o f  r e c e n t  experiments 17J26-31 t o  the microscopic  plasma theory from 

which Eq. (24)  i s  der ived .  The most s imple  c a s e  conceptua l ly  is t h a t  

of p l ane  wave propagat ion,  and an e x c e l l e n t  approximation t o  t h i s  has  

been obta ined  i n  t h e  appara tus  shown i n  Fig.  5 ( a ) .  The waves a r e  ex- 

c i t e d  i n  a thermal  sodium plasma, produced by con tac t  i o n i z a t i o n  a t  

the s u r f a c e s  of two heated  tantalum p l a t e s ,  by an e l e c t r o s t a t i c a l l y  

screened antenna.  I n t e r f e r o m e t r i c  measurements a r e  made us ing  t h e  

c a p a c i t i v e l y  coupled s i g n a l  a s  a r e f e rence .  The e l e c t r o n i c  Debye 

l eng th ,  1 (=(KT /m)li2/U ) i s  of the  o r d e r  of 1 mm. Typical  

r e s u l t s  a r e  shown i n  Fig.  5 (b )  f o r  both t h e  r e a l  p a r t  of t h e  wave- 

number, and t h e  imaginary p a r t  due t o  c o l l i s i o n l e s s  Landau damping. 

The f u l l  l i n e s  r e p r e s e n t  computer s o l u t i o n s  of Eq. (24)  and t h e  cha in  

l i n e  r e p r e s e n t s  the macroscopic theo ry  r e s u l t  of Eq. (17). 
be noted t h a t  t h i s  i s  r a t h e r  a poor approximation t o  t he  microscopic  

theory  r e s u l t ,  which agrees w e l l  w i t h  experiment.  

D e P ’  

I t  w i l l  

The next  mod i f i ca t ion  of i n t e r e s t , a f t e r  p l ane  wave propagat ion 

has  been measured, is  t h a t  of propagat ion  i n  a bounded plasma column. 

Again, t h e  f u l l  microscopic  theo ry  ex tens ion  t o  t h e  co ld  plasma theory 

has  been v e r i f i e d  s a t i s f a c t o r i l y  exper imenta l ly .  The appara tus  used  

by Malmberg and Wharton 26-28 t o  accomplish t h i s  i s  shown i n  Fig.  6 ( a ) ,  

and some t y p i c a l  r e s u l t s  a r e  shown i n  F ig .  6 ( b )  f o r  t h e  r e a l  com- 

ponent of t h e  wave-number. The f u l l  l i n e  r e p r e s e n t s  a microscopic  

theory  d i s p e r s i o n  curve  computed t ak ing  account of the  r a d i a l  d e n s i t y  

prof  ile.17’26-28 There i s  e x c e l l e n t  agreement. 

i s  i n d i c a t e d  i n  Fig.  6(c) f o r  t he  a t t e n u a t i o n  of t h e  waves due t o  

c o l l i s i o n l e s s  Landau damping. The f u l l  l i n e  aga in  r e p r e s e n t s  t h e  

t h e o r e t i c a l  p r e d i c t i o n s .  

Equal ly  good agreement 

An i n t e r e s t i n g  s i t u a t i o n  i n  which Landau damping might be reduced, 

and macroscopic theo ry  might be app l i cab le ,  i s  t h a t  of propagat ion 

a c r o s s  an inhomogeneous plasma. The usua l  form taken by experiments 

on such e f f e c t s  is a r a d i a l l y  nonuniform c y l i n d r i c a l  plasma column, 

t o  which an electric f i e l d  is  app l i ed  t r a n s v e r s e  t o  the  a x i s .  A t  
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c e r t a i n  f requencies ,  s t and ing  waves a r e  excited which usua l ly  mani fes t  

themselves by increased  absorp t ion .  A set of such resonances i s  

i l l u s t r a t e d  i n  Fig.  7( a ) .  32y33 
a neon af te rg low plasma a t  0.3 Torr .  

250 MHz, and t h e  resonances were produced dur ing  decay of t h e  plasma 

d e n s i t y  ( t i m e  i n c r e a s e s  t o  t h e  r i g h t  i n  F ig .  7 ( a )  ). 
A d e t a i l e d  theory  of Tonks-Dattner resonances has  been c a r r i e d  

o u t  by Parker  e t  al ,34 us ing  macroscopic theory  and a s e l f - c o n s i s t e n t  

dc  p r o f i l e  f o r  the  l o w  p r e s s u r e  mercury-vapor d i scha rge  column em-  

ployed i n  their  experiments.  The r e s u l t s  a r e  shown i n  Fig.  7 (b) ,  for 
e x c i t a t i o n  i n  t h e  d i p o l e  mode, and show e x c e l l e n t  agreement w i t h  t h e  

experimental  l o c a t i o n s  o f  t h e  resonances.  There is, however, an ex- 

per imenta l  obse rva t ion  which i s  no t  p red ic t ed  by t h i s  theory.  T h a t  

is ,  t h a t  the resonances tend t o  wash o u t  t o  an e f f e c t i v e  series l i m i t  

when t h e  resonance frequency,  CU approaches CU t he  plasma fre- 

quency a t  t h e  tube  ax i s .  34y35 Th i s  can only  be p red ic t ed  from f u l l  

microscopic  theory,  i nc lud ing  c o l l i s i o n l e s s  damping. This  has  been 

c a r r i e d  o u t  r e c e n t l y  by Harke r76  and demonstrates  an extremely r ap id  

rise i n  t h e  damping a s  0 t ends  to, or exceeds 

4.3 Warm Plasma - I o n  Waves. 

They were obta ined  i n  r e f l e c t i o n  from 

The s i g n a l  frequency w a s  f i xed  a t  

r’ PO , 

r PO * 

I t  was mentioned i n  S e c t i o n  2.2 t h a t  macroscopic theory  p r e d i c t s  

wave propagat ion phenomena invo lv ing  ions,which do not  appear i n  t h e  

cold plasma a n a l y s i s .  We s h a l l  d i s c u s s  only  one c a s e  here, f o r  which 

macroscopic theory  may g i v e  a good approximation under s u i t a b l e  ex- 

per imenta l  cond i t ions .  This  i s  t h e  i o n  a c o u s t i c  wave descr ibed  by 

Eq. (22) .  

i o n  a c o u s t i c  speed (ieTe/mi)1’2. 

menta l ly  by Jones and A l e ~ e f f , ~ ~  us ing  t h e  appara tus  shown i n  F ig .  8 ( a )  

t o  o b t a i n  t h e  r e s u l t s  shown i n  Fig.  8 ( b )  . 
group d e l a y  measurement, i n  which the t i m e  of f l i g h t  of a pu l se  

t r a v e l l i n g  between moveable probe antennas,  i n  a 2Ocm diameter  s p h e r i c a l  

discharge,  i s  measured, 

gases .  The e l e c t r o n  temperatures  were ieTe lev f o r  N e ,  A, Kr, X e ,  

and 9 e V  for  H e .  The measured v e l o c i t i e s  v e r i f y  t h e  p lane  wave theory 

over  a mass range of 30 t o  1, and i n d i c a t e  i so thermal  compression of 

Its main p red ic t ed  f e a t u r e  i s  p lane  wave propagat ion  a t  t h e  

Th i s  h a s  been demonstrated exper i -  

The method involved is  a 

The r e s u l t s  of F ig .  8 (b)  a r e  f o r  t h e  r a r e  
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t h e  e l e c t r o n  gas .  

I f  t h e  e l e c t r o n  and i o n  temperatures ,  T and T a r e  approxi- e i’ 
mately equal ,  r a t h e r  t han  widely d i f f e r i n g ,  a s  i n  t he  d i scha rge  ex- 

per iments  of Jones  and Alexeff f o r  which T 

s c o p i c  a n a l y s i s  of i o n  wave propagat ion  i s  requi red .  This  p r e d i c t s  

c o l l i s i o n l e s s  Landau damping.38 Ion waves propagat ing under these 

cond i t ions  were s t u d i e d  by Wong e t  a13’ i n  t he  experimental  set-up 

shown i n  F ig .  9( a ) .  

columns were produced by c o n t a c t  i o n i z a t i o n  a t  the  tungs ten  end-plates .  

The d i s p e r s i o n  c h a r a c t e r i s t i c s  w e r e  measured f o r  i on  waves exc i t ed  

by moveable probes l o c a t e d  i n  t h e  column. Some obse rva t ions  of 

c o l l i s i o n l e s s  Landau damping a r e  shown i n  F ig .  9( b) f o r  C s  and K 

plasmas. The theory  w i l l  no t  be  g iven  here. I t  i s  e s s e n t i a l l y  t h a t  

of F r i e d  and G ~ u l d ’ ~  w i t h  modi f ica t ions  t o  account f o r  a x i a l  d r i f t .  

The r e s u l t i n g  p red ic t ed  va lues  of the  imaginary component of t h e  wave- 

number ag ree  t o  w i t h i n  a f e w  p e r  c e n t  w i t h  t h e  experimental  d a t a .  

>> Ti, e then  a micro- 

I n  t h i s ,  highly- ionized a l k a l i  metal  plasma 

I n  a d d i t i o n  t o  t h e  experiments i n  which e f f e c t i v e l y  p lane  wave 

propagat ion  of i o n  waves has  been observed, t h e r e  have been s e v e r a l  

s t u d i e s  of  propagat ion  along the  p o s i t i v e  column, i n  which boundaries  

p l a y  an important  r o l e .  These g i v e  f a i r  agreement w i t h  macroscopic 

theory  , 40J41 bu t  there a r e  many complicat ing f a c t o r s  due t o  d r i f t s  and 

c o l l i s i o n s ,  and the a n a l y s i s  becomes extremely involved. New modes 

appear ,  42J40 the o r i g i n s  of which have only  r e c e n t l y  been e luc ida ted .  

The f i e l d  r e q u i r e s  f u r t h e r  s tudy ,  and a microscopic  theory would 

probably be r equ i r ed  t o  e x p l a i n  a l l  of t he  propagat ion  c h a r a c t e r i s t i c s  

observed. 

43 
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5 .  LONGITUDINAL WAVES: NONZERO MAGNETIC FIELD 

W e  s h a l l  f i r s t  cons ider  t h e  e f f e c t  of a s t a t i c  magnetic f i e l d  on t h e  

bounded plasma t r ansmiss ion  l i n e  modes p red ic t ed  by co ld  plasma theory,  

and d iscussed  i n  S e c t i o n  4.1. 
propagat ing i n  t h e  cyc lo t ron  harmonic wave mode perpendicular  t o  t he  

magnetic f i e l d .  

W e  s h a l l  t hen  d i scuss  warm plasma waves 

5.1 Cold Plasma. 

The t r ansmiss ion  l i n e  modes d iscussed  i n  S e c t i o n  4.1 a r e  o f t e n  

termed "surface" waves, s i n c e  there i s  no p e r t u r b a t i o n  charge dens i ty  

w i t h i n  t h e  plasma, i f  t h e  unperturbed column d e n s i t y  i s  uniform. 

e lectr ic  f i e l d  l i n e s  i n s i d e  and o u t s i d e  t h e  plasma te rmina te  on s u r f a c e  

charges.  If a n  a x i a l  magnetic f i e l d  i s  app l i ed ,  and i s  inc reased  pro- 

g r e s s i v e l y  from ze ro ,  t h e  s u r f a c e  wave is  modified and two new t r ans -  

mission l i n e  modes appear .  These a r i s e  due t o  t he  f a c t  t h a t  t h e  r a d i a l  

and a x i a l  p e r m i t t i v i t y  components, B and B , given by Eq. ( 8 )  can 

d i f f e r  i n  s i g n  over  c e r t a i n  ranges of (u/wp) and (wp/uc). T h e  two 

b a s i c  c a s e s  a r e  i l l u s t r a t e d  i n  F ig .  3 (b ) .  

group v e l o c i t i e s  a r e  i n  t h e  same sense .  For  the second, t h e y  a r e  opposed. 

The new modes a r e  "body" waves, and show s t r o n g  p e r t u r b a t i o n  charge 

d e n s i t i e s  w i t h i n  t h e  column. They can e x i s t  w i th  the same cut-off  and 

resonance f requencies ,even  i f  t h e  plasma i s  i n  d i r e c t  con tac t  w i t h  a con- 

t a i n i n g  m e t a l l i c  s h i e l d ,  whereas f o r  s u r f a c e  waves a d ie lec t r ic  shea th  

is  e s s e n t i a l  t o  t h e  propagat ion .  If wc > w t h e  s u r f a c e  wave mode 

d isappears ,  and only  the two body wave modes remain. 

The 

I II  

For  t h e  f i r s t ,  t h e  phase and 

P' 

Numerous measurements have been made on body wave modes. F i g u r e s  

t h e  set-up used, and some experimental  r e s u l t s  from 

The s t u d i e s  were c a r r i e d  out  on an 

4(b) and (c)  show 

t h e  p ioneer  work of  Trivelpiece."  

8 mm diameter ,  low p r e s s u r e  mercury-vapor d ischarge  column. 

t h e  experimental  r e s u l t s  f o r  (w /u ) = 1.9 agree  w e l l  wi th  t h e  theory 

f o r  i n  t h e  case o f  t h e  forward wave mode, but  not  so  w e l l  

for t h e  backward wave mode. The l a t te r  i s  more d i f f i c u l t  t o  measure, 

and i s  p a r t i c u l a r l y  s u s c e p t i b l e  t o  r a d i a l  inhomogeneity of t h e  plasma 

column. T h i s  i s  d i f f i c u l t  to  ana lyze  w i t h i n  t h e  co ld  plasma model, due  

t o  an awkward p o l e  i n  t h e  p o t e n t i a l  which occurs  i f  t h e  s i g n a l  frequency 

I n  F ig .  4 (c) ,  

P C  
(up/wc) = 2 
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e q u a l s  the l o c a l  upper hybr id  frequency,  (w2 + CD:)~’~, anywhere i n  t h e  

column. The d i f f i c u l t y  could be r e l i e v e d  by use  of  macroscopic plasma 

theory ,  bu t  no p r e c i s e  comparison seems t o  have been made y e t  between 

such theory  and experiment.  

P 

5.2 Warm Plasma. 

I t  was po in ted  o u t  i n  S e c t i o n  2.3 t h a t  t h e  t h r e e  major p r e d i c t i o n s  

p e c u l i a r  t o  microscopic  theo ry  are Landau and cyc lo t ron  damping, and 

the propagat ion  of undamped, l o n g i t u d i n a l ,  cyc lo t ron  harmonic waves, 

perpendicular  t o  t h e  magnetic f i e l d .  Observat ions of t h e  f i r s t  two 

effects have been desc r ibed  i n  Sec t ions  3.2 and 4.2. W e  now complete 

t h e  set by r e f e r e n c e  t o  some recen t  experiments on cyc lo t ron  harmonic 

waves. The f i rs t  s t e p  should be t o  e s t a b l i s h  t h e  v a l i d i t y  of t h e  dis-  

p e r s i o n  r e l a t i o n  expressed  by Eq. ( 2 8 ) .  
t w o  methods: wave i n t e r f e r e n c e ,  44’45 and group delay.  45-47 
i l l u s t r a t e s  t h e  f i r s t  of these .  The  t r a n s f e r  admit tance between p a r a l l e l  

w i r e  antennas i s  measured a s  a f u n c t i o n  of  magnetic f i e l d .  Apart  from 

the major peaks near  t h e  cyc lo t ron  harmonics shown i n  F ig .  1 0 ( b ) ,  t h e r e  

i s  a f i n e  s t r u c t u r e  of peaks which can be shown t o  be due t o  i n t e r f e r e n c e  

between t h e  s i g n a l  coupled c a p a c i t i v e l y  between t h e  antennas,and t h e  

propagat ing  cyc lo t ron  harmonic wave mode. Dispers ion  c h a r a c t e r i s t i c s  

such as those  of  F ig .  l O ( c )  can be der ived  from records  s i m i l a r  t o  t h a t  

of F ig .  10(b),  ob ta ined  w i t h  vary ing  plasma d e n s i t y  and probe spacing.  

The agreement i n d i c a t e d  i n  Fig.  1 O ( c )  between t h e  experimental  p o i n t s  

and t h e  t h e o r e t i c a l  curves  computed from Eq. ( 2 8 )  i s  very good over  t h e  

experimental  range of parameters  a c c e s s i b l e .  

This  has  been accomplished by 

F igure  PO 

I t  i s  i n t e r e s t i n g  t o  no te  tha t ,  i n  t h e  same way t h a t  the  Tonks- 

Da t tne r  resonances of  a n  inhomogeneous plasma column were observed and 

analyzed be fo re  t h e  more concep tua l ly  s imple  p l ane  e l e c t r o a c o u s t i c  wave 

measurements were c a r r i e d  ou t ,  so a l s o  was t h e  behavior  of cyc lo t ron  

harmonic waves i n  inhomogeneous plasmas analyzed and s t u d i e d  experiment- 

a l l y  p r i o r  t o  t h e  p l ane  wave s t u d i e s .  

were made by Buchsbaum and H a ~ e g a w a ~ ~ j ~ 9 ,  t o  e x p l a i n  some e a r l y  r e s u l t s  on 

f i n e  s t r u c t u r e  i n  t h e  n o i s e  r a d i a t i o n  and abso rp t ion  Spec t ra  of  warm 

magnetoplasmas. They c a r r i e d  ou t  abso rp t ion  measurements a t  a few GHz, 

on a plasma column conta ined  i n  a microwave c a v i t y .  

The  f i rs t  ana lyses  of such phenomena 

They i n t e r p r e t e d  
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t h e  f i n e  s t r u c t u r e  of abso rp t ion  peaks, such a s  a r e  shown i n  F i g ,  l l ( a ) ,  

i n  terms of s t and ing  cyc lo t ron  harmonic waves i n  t he  i n t e r i o r  of t he  

inhomogeneous column. T h e i r  t h e o r e t i c a l  s o l u t i o n s  for such a s i t u a t i o n  

are i l l u s t r a t e d  by the f u l l  l i n e s  i n  F ig .  l l ( b ) .  

there i s  remarkable  agreement w i t h  the experimental  d a t a .  

I t  w i l l  be seen  t h a t  
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6. DISCUSSION 

The most s i g n i f i c a n t  f e a t u r e  of  the b r i e f  s e l e c t i o n  of r e s u l t s  re- 

viewed i n  Sec t ions  3 t o  5 i s  undoubtedly t h e  very c l o s e  agreement between 

experiment and microscopic  l o n g i t u d i n a l  plasma wave t h e o r y , f o r  propaga- 

t i o n  p a r a l l e l  and perpendicular  t o  a magnetic f i e l d .  Th i s  o f f e r s  a very 

s t r o n g  c a s e  f o r  t h e  v a l i d i t y  o f  t h e  Boltzmann equat ion  approach. If i t  

i s  accepted,  t hen  macroscopic and co ld  plasma theory  fol low au tomat i ca l ly  

a s  p rogres s ive ly  c o a r s e r  approximations.  

and the obse rva t ions  of Tonks-Dattner resonances demonstrate,  t h e r e  a r e  

c e r t a i n l y  experimental  s i t u a t i o n s  i n  which macroscopic theo ry  i s  capable  

of p r e d i c t i n g  e f f e c t s  reasonably  w e l l  which d isappear  when co ld  plasma 

theo ry  i s  employed. S i m i l a r l y ,  t h e r e  a r e  effects such a s  t r a n s v e r s e  

wave propagat ion  i n  t h e  ord inary ,  ex t raord inary ,and  le f t -hand  po la r i zed  

modes, and l o n g i t u d i n a l  wave propagat ion  i n  t ransmiss ion  l i n e  modes, f o r  

which c o l d  plasma theory  i s  g e n e r a l l y  adequate.  Within t h e  l i m i t s  of 

t h i s  paper,  t h e  microscopic  theory  i s  e s s e n t i a l  on ly  i n  the  cons ide ra t ion  

o f  Landau and c y c l o t r o n  damping, and cyc lo t ron  harmonic wave propagat ion.  

Although l o n g i t u d i n a l  wave theory  seems t o  be on very  f i r m  experimen- 

t a l  foundat ions ,  t he  s i t u a t i o n  i s  r a t h e r  less s a t i s f a c t o r y  f o r  t r a n s v e r s e  

waves. The success  of t h e  microscopic  l o n g i t u d i n a l  wave theory  suggests 

s t r o n g l y  t h a t  t h e  microscopic  t r a n s v e r s e  wave theory w i l l  be equa l ly  

v a l i d ,  bu t  i t  would be r e a s s u r i n g  t o  see more p r e c i s e  measurements on 

such e f f e c t s  a s  w h i s t l e r  propagat ion and a t t e n u a t i o n  due t o  cyc lo t ron  

damping, and to  see f u r t h e r  ex tens ions  t o  t h e  work on t r a n s v e r s e  wave 

propagat ion  perpendicular  t o  t he  magnetic f i e l d .  The  main o b s t a c l e s  

are experimental .  It  i s  d i f f i c u l t  t o  s a t i s f y  a l l  o f  t he  requirements 

of t h e  p l ane  wave theory  i n  the l abora to ry ,  and i n  any case ,  the tempera- 

t u r e  effects p r e d i c t e d  are o f t e n  sma l l ;  f o r  example, narrow windows i n  

which absorp t ion ,  or h i g h l y  d i s p e r s i v e  propagat ion,  might be observed. 

A s  t he  i o n  a c o u s t i c  wave r e s u l t s ,  

I n  t h i s  connect ion,  it i s  important  t o  remember t h a t  w e  have l i m i t e d  

our  d i scuss ion  t o  l a b o r a t o r y  experiments.  W e  should no t  f o r g e t  t he  

plasma l abora to ry"  o f f e r e d  by space.  

t o  s tudy  exper imenta l ly  i n  t h e  l abora to ry ,  e .g .  wh i s t l e r s ,  have long been 

observed, understood,  and even used f o r  r e f i n e d  d i agnos t i c s  i n  t h e  iono- 

sphere ,  the magnetosphere and beyond. It may w e l l  be t h a t  some of t h e  

i r  Many of  t h e  modes most d i f f i c u l t  
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more d i f f i c u l t  v e r i f i c a t i o n s  of  fundamental plasma wave d i s p e r s i o n  r e l a -  

t i o n s  can b e s t  be  c a r r i e d  o u t  i n  space.  

When t h e  b e s t  l a b o r a t o r y  plasma wave data a r e  assembled, and com- 

pared w i t h  theory ,  t hey  a l r eady  p r e s e n t  an  encouraging p i c t u r e .  I t  i s  

a p p r o p r i a t e  f o r  us t o  cons ide r  what f u t u r e  progress  remains t o  be made. 

The number of experimental  s i t u a t i o n s  and v a r i a b l e s  t h a t  might be taken 

i n t o  account i s  c l e a r l y  l imitless.  From t h e  p o i n t  o f  view of t h e  theo- 

r e t i c i a n ,  f u r t h e r  ex tens ions  a r e  only  u s e f u l  i f  they g i v e  deeper i n s i g h t  

i n t o  t h e  a p p l i c a t i o n  of t h e  t h r e e  s i m p l i f i e d  models of plasma behavior  

desc r ibed  i n  S e c t i o n  2. 

been e s t a b l i s h e d ,  and one bounded system has  been t r e a t e d  thoroughly,  

v a r i a t i o n s  on the  geometry may add very l i t t l e  t o  our  basic understanding.  

Even so, t h e r e  a r e  many fundamental p o i n t s  which s t i l l  remain t o  be 

c l e a r e d  up. For  example, t h e  boundary cond i t ions  appropr i a t e  t o  plasmas 

conf ined  by magnetic f i e l d s ,  d i e l e c t r i c s ,  and conduct ing wal ls ,  have s t i l l  

no t  a l l  been d iscussed  and measured p r e c i s e l y ,  and can g r e a t l y  in f luence  

wave e x c i t a t i o n  and propagat ion.  De ta i l ed  s tudy  of c o l l i s i o n a l  e f f e c t s  

and the Fokker-Planck equa t ion  would b e  va luable .  

For example, once t h e  p lane  wave theo ry  has  

A s i m i l a r  p o i n t  of  view might be taken concerning charged p a r t i c l e  

v e l o c i t y  d i s t r i b u t i o n s .  I t  might b e  argued t h a t  s i n c e  microscopic  theory 

seems t o  b e  a p p r o p r i a t e  f o r  Maxwellian plasmas, then  measurements on non- 

Maxwellian plasmas, where u n s t a b l e  waves can be p red ic t ed ,  a r e  unnecessary.  

I t  is, perhaps,  b e t t e r  t o  view t h i s  i n  t h e  o t h e r  sense:  

a r e  a l ready  wi th  us i n  common l a b o r a t o r y  plasmas, nuc lea r  f u s i o n  s tudy  

machines, and i n  space  plasmas. I n s t a b i l i t i e s  a r e  ubiqui tous .  The i r  

c l a s s i f i c a t i o n  and understanding can only  be promoted by f u r t h e r  s tudy  of 

the  r e l e v a n t  d i s p e r s i o n  r e l a t i o n s ,  and r e f i n e d  l a b o r a t o r y  experiments.  

the  "experiments" 

This  r e f e r e n c e  t o  u n s t a b l e  waves l e a d s  us  t o  t h e  ques t ion  of non- 

l i n e a r  plasma behavior .  I t  was emphasized i n  S e c t i o n  2 t h a t  plasma wave 

theory  i s  founded on t h e  smal l - s igna l  approximation. Although there a r e  

some s p e c i a l  t h e o r e t i c a l  s o l u t i o n s  for large-ampli tude waves, t h e i r  

s t a b i l i t y  has  been quest ioned,and there do not  seem t o  be experimental  

obse rva t ions  o f  them. If,  i n  a g iven  s i t u a t i o n ,  t h e r e  i s  wave growth, 

or a s t r o n g  s i g n a l  i s  a p p l i e d  t o  the  plasma, t hen  non l inea r  e f f e c t s  a r e  

t o  be expected.  These w i l l  couple  modes toge the r ,  and l e a d  t o  energy 
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t r a n s f e r  among them. I t  seems t o  t h e  au tho r  t h a t  i t  i s  i n  t h i s  a rea  t h a t  

t h e  next  major t h r u s t  w i l l  be made by plasma wave expe r imen ta l i s t s .  From 

the t h e o r e t i c a l  p o i n t  o f  view, the i n t e r a c t i o n  of  two waves t o  produce a 

t h i r d  i s  t h e  s imples t  c a s e  t o  s tudy,  before  going on t o  t h e  more compli- 

c a t e d  s i t u a t i o n s  of broad s p e c t r a  of modes i n t e r a c t i n g  i n  t u r b u l e n t  

plasmas. 

There i s  a l r e a d y  a rapidly-growing l i t e r a t u r e  on such wave/wave 

i n t e r a c t i o n .  A s  usua l ,  the theo ry  i s  running ahead of  experiment and 

i t  i s  impor tan t  t h a t  r e f i n e d  experiments should be c a r r i e d  o u t ,  pa r t i cu -  

l a r l y  w i t h  t h e  aim o f  checking l a rge - s igna l  microscopic  theory.  A s  a 

f a s c i n a t i n g  example of  what can  be done, w e  may mention some r e c e n t  work 

by Malmberg e t  a1.” These au tho r s  have shown t h a t  the nonl inear  mixing 

of two s i g n a l s  can  l e a d  t o  what i s  e f f e c t i v e l y  a r e v e r s a l  of Landau 

damping. This  i s  on ly  one of many s i g n i f i c a n t  experiments which can now 

b e  approached,and analyzed w i t h  confidence,as  a r e s u l t  of  t h e  success fu l  

l a b o r a t o r y  v e r i f i c a t i o n s  of smal l - s igna l  plasma wave theory.  
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