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HIGH FREQUENCY PARAMETRIC WAVE PHENOMl3NA 
AND PLASMA HEATING: A REVIEW * 

M. Porkolab 

Princeton University Plasma Physics ~aboratok~- 
- I - 

Princeton, New Jersey 

ABSTRACT 

A survey of parametric instabilities in plasma, and 

associated particle heating, is presented. A brief summary 

of linear theory is given. The physical mechanism of decay 

instability, the purely growing mode (oscillating two-stream 

instability) and soliton and density cavity formation is 

presented. ~f f ects of density gradients are discussed. 

PossibLe~nonlinear saturation mechanisms are pointed out. 

Experimental evidence for the existence of parametric 

instabilities in both unmagnetized and magnetized plasmas is 

reviewed in some detail. Experimental.observation of plasma 

heating associated with the presence of parametric instabili- 

ties is demonstrated by a number of examples. Possible appli- 

cation 01 these phenomena to heating of pellets by lasers and 

/' 
heating of magnetically confined fusion plasmas by high power 

microwave sources is discussed. 

1. INTRODUCTION 

Under the influence of high frequency electromagnetic fields 

various modes of oscillation in the plasma may become coupled, and 

may grow exponent'ially in time or space before saturating at large 

amplitudes. For example, in the absence of a magnetic field electron 

plasma waves and ion acoustic waves may couple in such a manner 
- _ - I - - - - - - - - - - - - _ - - - - - - - - - - - - - - - -  

*Paper prese~.-d at Twelfth International Conference on Phenomena in 
Ionized Gases, Eindhoven, The Netherlands, August 18-22, 1975 



(~ubois et al, Silin, Jackson, Nishikaws ) .  (1) . . 

If the incident electromagnetic wave ("pump wave") has a rela- 

tively long wavelength as compared with the wavelengths of* the decay 

waves, then it is possible that energy is transferred to the particles 

via collective effects; nainely, the energy transferred to .;the short 

wavelength decay'waves from the pump wave is.absorbed by"partic1es 

more efficientiy than the energy transterred to particles directly 

from the weakly damped pump wave. Thus, the net effect of this 

process is an "anomalous" absorption of the incident electromagnetic 

wave. This process is somewhat similar to turbulent heating, and 
. .* 

it is expected to be of importance in hot plasmas where co~lisional 

absorption of electromagnetic energy is rather inefficient.(Kaw and 

2 
Dawson ) .  Nonlinear absorption should be distinguished from the 

process of linear mode conversion, in which etticient absorption of 

energy may occur only in a narrow critical layer (and only .if the 

incident wave is not at normal incidence to an inhomogeneous plasma 

5 
layer; Diliya ) .  Thus, parametric instabilities(which, however,have 

a finite threshold,of pump power) may form a channel for efficient 

transfer of electromagnetic energy into rather large size hot plasmas. 

Because of its practical importance, this phenomena has been the 

subject of extensive investigation both theoretically and experi- 
I .  

. . 
mentally. In this paper we shall outline the fundamental, aspects of 

this problem, and give a number of illustrations from the, published 

. . 
(or to be published) literature. 

. . 

We note that in a number of papers the coupling among different 

electrostatic waves of comparable wave-numbers have been studied in 

considerable detail. These processes, which form the foundations . . of 

weak turbulence theory, may be called more appropriately mode-mode 



(or wave-wave) coupling. Instabilities due to these processes, which 

have been called decay instabilities, are akin to parametric instabili- 

ties as long as one of the waves is coherent in phase and large in 

4 
amplitude as compared with other waves(Ga1eev and Sagdeev ) In fact, 

decay instabilities have been studied prior to the so-called "para- 

4 
metric" instabilities (Galeev and Sagdeev ) . Thus, the namiriy 

of these processes is somewhat arbitrary, and indeed they have been 

often used interchangeably in the literature. We remark, however, that 

there are some decay instabilities which exist only if the pump has a 

finite wave-number. In the present paper we shall use the term "para- 

metric instabilities" mainly to describe wave coupling phenomena in 

which the pump wave-number can be ignored as compared with the wave- 

number of the decay waves (although we shall give a few experimental 

references where this is not true ) .  Thus, the pump can be either an 

electromagnetic wave or a long wavelength electrostatic wave. In the 

later case the thresholds and growth rates are nearly identical to 

those associated with an electromagnetic wave if the identification 

k @  = E  is made (where ko and go are the wave-number and 
m o o  -0 

electrostatic pump potential, respectively, and E 
-0 

is the pump 

electric field). An exception to this terminology are the various 
c> 

electromagnetic decay instabilities in which case at least two electro- 

1iiasjlleLic waves are involved In the decay process. We shall mention 

vrily briefly these in the theoretical section, and only one experimental 

example will be given. 

The content of this paper will be'organized as follows: In 

Section I1 a summary of linear parametric theory is given. Physically 

transparent concepts will be emphasized. In Section I11 a summary of 

nonlinear effects will be given, and the derivation of soliton 



formation is presented. In Section IV a number of experiments will 

be discussed whi.cH illustrate the predictions of theory. Experimental 

results showing .:,that. plasma heating is associated with the excitation 

of parametric instabilities will be presented. In section V the 

summary and conclusions are given. 
: L 

2'. LINEAR THEORY OF PARAMETRIC INSTABILITIES. 
. ... . . 
. . 

2.1. The Paramatric,Decay Instability 

In the presence of an rf electric field different species of 

particles (i.e., ions, electrons) are displaced relative to each 

other due to their different masses, thus causing monentary charge 

1 
separation (Kruer and ~awson, Nishikawa . ) For example, in the 

absence of a magnetic field in a singly charged electron-ion plasma 

for rf pump frequencies wo - w (where w is the electron plasma 
Pe Pe 

frequency) the electrons make relatively large excursion in the 

electric field Eo, coswot, i.e., 

whereas the ions remain nearly stationary due to their large mass. 

If there are low frequency ion fluctuations in the background with 

frequency wl < 0:. (where o 
pi 

is the ion,pl.asma frequency) 
pi 

these may beat with the oscillating electrons to form adqitional 

oscillations in the charge at the frequency ( w  + wl), i;e., 
0 

The spectrum of this process is'shown schematically in Fig; 1. 



The selection rules associated with this process are 

which is the usual resonant mode-mode coupling process, demonstrating 

6 
energy and momentum conservation (Davidson ) .  For parametric insta- 

bilities we take - 0, and thus -1 k - -k -2 . (So that 

k I E k). Combining Eq. (2).with a simple harmonic oscillator 
1 I= ]_*  
equation which describes electron plasma waves, we obtain 

where w = w 
2 ek 

is the resonance f.requency of electron plasma.waves 

in the absence of the pump fieldland 'e = ve/2 is their linear 

damping rate. In the absence of a magnetic field 

I 

2 1/2 is is the Bohm-Gross dispersion relation (where w = (41~ne /m) 
Pe. 

the electron plasma frequency,' v te = (Te/me) is the electron 

thermal speed, and Ti? is measured in units of energy). We also 

assumed that the displacement given by Eq. (1). is small.as compared 

-1 
with a typical wavelength (i.e., ki ) .  This, plus the fact that 

only w2 is near a resonant frequency justifies ignoring coupling 

to other harmor'es (the case of strong coupling has been discussed 



I 

. . 

1 Consider now the reverse of this process, namely the beating 

of the electron plasma wave with the rf pump field. This beat 

produces a ponderomotive force which exerts additional pressure 

on: .electrons at .16w frequencies: 

where we made use'of Poisson's equation. Note that the popdero- 

motive force is equivalent ., . to the v0V v term, since 
m X m  

2 2 2 
and using wo = w = 4mne /me we obtain 

Pe 

0 

Thus, considering that ion acoustic waves are drinen.by electron 

pressure, namely wl = w where 
S 

the simple harmon:; oscillator equation for ions becomes . ' : .  

.where we included Eq. (5) for 6p,  and where vs/2 = ys is the 

linear damping rate of ion acoustic waves. Thus, we see that 



. t 

~ q s .  (4) and (7) represent the coupled oscillator equations for 

short wavelength ion and electron waves in the presence of the 

long wavelength rf pump wave. Solving Eqs. (4) and (7) by Fourier 

transformation, we find that if the selection rules Eq. (3) are 

obeyed then both electron and ion waves grow exponentially in 

time above the threshold field 

and that well above threshold the growth rate y is obtained from 

Eq. (8) by replacing yeys = $. We note the following: 

a). A minimum threshold exists since there are linear losses present 

initially which the pump wave has to overcome; b) In order to 

obtain Eq. (8) we assumed o > ye so we could ignore the upper 
S ' 

sideband (do + us) (or anti-Stokes line). 

2.2. The Purely Growing Mode. 

~ishikawa~ showed that in the limit wl -+ 0, at k # 0 

another instability may also occur, which is called the "purely 

growing mode" or the "oscillating. two stream" instability. In 

particular,by Fourier analyzing Eqs. (4) and (7), and retaining 

h n t h  sidebands w - ( w  * ol), TUL Re wl = O we obtain the 
ek o 

following threshold: 

0 



.. .,. 

i For weakly damped modes (Te >> T i ) ,  ys/ws << 1, and t h e  
. . 

. . 
t h r e s h o l d  f o r  t h e  pure ly  growing mode i s  higher  than t h a t  of t h e  

dedcay i n s t a b i l i t y . ,  W e  n o t e  t h a t  i f  we inc lude  a  f i n i t e  ko, t h e  

pyre ly  growing mode assumes f i n i t e  r e a l  f requencies .  An a l t e r n a t e  

way t o  d e r i v e  t h e  pure ly  growing mode w i l l  be indica ted  i n  t h e  

n e x t  s e c t i o n ,  where we show t h a t  it i s ' t h e  l i n e a r i z e d  l i m i t  of 

t h e  so-ca l led  . n6n l i r r ea~-Schrud i11~er  eqiiation whiuh ~ ~ u d i ~ l ; ~  solitnnn. 
... 
... . 

I n  t h e  presence of a m a g n e t i c . f i e l d  t h e  s i t u a t i o n  becomes much 

more complicated than  . . t h a t  shown a.bove. For example., i f  w e  assume a 
h 

dc magnetic f i e l d  i n  t h e  z d i r e c t i o n ,  and an e x t e r n a l  e l e c t r i c  

f i e l d  of t h e  form 

e l e c t r o n s  a r e  d isp laced  r e l a t i v e l y  t o  ions  according t h e  r e l a t i o n s :  

where fi = eB/mc i s  t h e  e l e c t r o n  cyclo t ron  frequency. Since t h e  

o s c i l l a t i n g  p a r t i c l e s  couple with. waves wave vec to r s  

( s o  t h a t  t h e  d r i v i n g  term of t h e  i n s t a b i l i t y  i s  k Ax ) we s e e  
NYI mwr 

t h a t  waves which propagate p a r a l l e l - t o  t h e  magneti'c f i e l d  a r e  dr iven  



by the k,, A z term, whereas waves propagating. mainly perpendicularly 

to the magnetic field are driven by the term A unified 

treatment of the problem of parametric coupling of waves in a magnetic 

field has been considered by Aliev et a1, Amano and Okamoto, 
8 

Porkolab, ' lo etc. These authors used the Vlaso* equation, which 

can be solved easily after transformation to the oscillating frame 

of reference. The resulting dispersion relation in the limit of 

weak coupling can be written in the following form: 

where we assumed E (u-uO) <<I. Here 

, 

is the lineardielectric function, j = 0, f 1, and xi(xe) is 

the linear ion (electron) susceptibility. These susceptibilities 

can be written quite generally in terms of the complete hot plasma 

dielectric tensor in a magnetic field, including collisions. The 

coupling coefficient p is given by the expression 

, 

which shows the effects of parallel drift, perpendicular polarization 

drift, and E x B drift. 
Mn M4 

In the limit of weakly damped waves Eq. (12) can be expanded 

about the low r - d  high frequency normal modes wl and w2, respect- 

ively, and we obtain for the growth rate y ,  



where we neglected the upper sideband. Here y1 , y2 are the 

linear damping rates, and 

define the normal modes . I .  , j = 1, 2. We r i u k e  Lhat these 
7 I 

normal modes satisfy the selection rules Eq.(3). The threshold is 

obtained from Eq. (14) by setting. y = 0. Similarly, by letting 

Rewl = 0, and keeping . . both lower and upper sidebands E(W + wo), 
9 

we can obtain the .purely growing mode (Porkolab ) . Using .Eq. (14) , 

the thresholds for a number.of different modes in a magnetized 

plasma have been obtained (Porkolab 
911~111) 

In Fig. 2 we show schematically different modes in a magnetized 

plasma which may be used as pump waves and/or decay waves., In Table 1 

we present various combinations of these modes which may fprm triplets 

of decay waves which have been considered and/or observed in recent 

experiments. 

There are also more complicated processes than the simple 

cases discussed in the foregoing paragraphs. For example, the decay 

of a whistler wave into another whistler wave and an ion.acoustic 

wave is an example of the so-called Brillouin scattering,, in which 
. . 

an incident electromagnetic wave deeays into another ele,ctromagnetic . . . . 

wave and an ion acoustic wave (Forslund et a1.12 , Porkolab et all3) . 



In this case the coupling mechanism is'the j x B force, i.e., 
. . Nn m 

particles oscillating in the electric field of one of the wave 

produce a current j, which then couples with the magnetic field 
N*LI 

component B of the second EM wave. The j x B force then gives 
NYI N*LI m 

a contribution to electron pressure which may drive electrostatic 

ion waves unstable. This process is of the back-scatter-type, 

namely, 

where k is the wave vector of the ion wave. This type of 
-2 

instability may also occur in the absence of a magnetic field, 

and in laser fusion schemes it could be dangerous and undesirable. 

In particular, if a large fraction of the incident power were reflected 

from the outer layers of the expanding plasma, it would reduce 

efficiency and/or damage optics (Forslund et all4, Eiclnan and sige115). 

There are other types of decay processes which may be of 

importance in laser fusion. A schematic of some processes of 

interest is shown in Fig. 3 )  In particular, noteworthy processes 

include the Raman-scatter (EM+EM + E.P.),decay into two electron 

plasma waves (EM + E. P. + E . P . ), Compton (induced) scatter 
(EM+EM -I- Particles), and filamentational and modulational instabili- 

ties (whcre EM designates the electromagnetic wave, and E.P. designates 

longitudinal electron plasma waves).Thresholds and growth rates for 

these processes have been given inthe literature (see, for example, 

~u~ois'~, Drake et all7, ~anheimer and 0tt18). Since to present date 

experimental evidence for the existence of these instabilities are 

rather lacking, and since the subject of laser-fusion related phenomena 



is very extensive, .. . we'shall refer the reader to the excellent review 

! One final case of interest in Table 1 is the decay of the slow 

(Power-hybrid) wave and/or whistler wave into short wavelength lower- 

.hybrid waves and ion quasi-modes. This process is akin to induced 

Cbmpton scatter (or nonlinear Landau damping) and is 'exp&ted to be 

of importance in rf hearing vf curl111ied thermonuclcclr. Iusiors p lamnn 

(~orkolab'') . In this process the: beat of two weakly damped lower - 
hybrid waves may resonate with electrons and/or ions, thus heating 

I .  
the bulk of particles. The selection rules for this process are 

. . 

Although according to the Manley-Row relations (~ouiselll~) 

(where P is the power density carried by each wave) most of the 
j . .. 

power flow is into the high frequency wave, due to the long confine- 

ment times of present and future tokamaks, and to the relatively 

large growth rates, considerable ion heating may be expec.ted. 

This nonresonant process is sometime also called "resistive quasi- 

Z 
modew- A t  large'pump powers (E /4nnT = 1) two other nonresonant 

processes may occur, namely decay "reactive" (or fluid) 



5 
quasi modes (Nishikawa , ~orkolab", IIrakel7 et al) ,and the 

"kineticY instability (silinZ0) . 

2.3. Convective Effects due to Inhomogeneities. 

In recent years cons.iderable effort has been spent on taking 

into account the effects of inhomogeneities of density, temperature, 

21 . 
finite interaction region, and nonunifom pump effects. (Kroll , 

25 Porko'lab et a122, Harker et a123, Perkins et a124, Rosenbl.uth et a1 , 

Pesme et a126, Liu et a127, DuBois et a12*, Forslund et a12'). All 

of these processes may introduce new, possibly higher than uniform 

plasma thresholds for instability-. The essential feature of these 

effects is that often the instabilities become convective (forward 

scatter) and the matching of the selection rules .(Eq. 3) is destroyed 

in a distance short compared with effective growth Lengths. Alter- 

natively, finite lengths or nonuniform pumps limit the region of' 

spatial growth. However, for backward scatter (v *v < 0) absolute 
-1 -2 

instability may occur if 

where vl, v2 are the group velocities of the two decay waves , yl , y2 

are their damping rates, and y is the homogeneous,. uniform plasma 

g r o w u ~  rdte (Bee for example, Pesme et alZ6) . 
v The effects of density gradients can be obtained following the 

procedure outlined by ~osenbluth~~. Assuming a WKB type phase 

w 

variation and defining 



! ' ; 1 

(&here w e  assumedra one-dimensional propagation s o  t h a t  a l l  k ' s  

depend on x only)  t h e  e q u a t i o n s d e s c r i b i n g t h e  s p a t i a l  v a r i a t i o n  

.OF t h e  two coupled modes can be w r i t t e n  i n  t h e  following form 
e- 

(posenbluth25) : ., : f 

i * 
dEl 5.. 1 ? - + -  El - - r. . YE2 

dx e x  i KIx)dx) 1.8 ( a )  
v l x  l x  

where Elf  E2 a r e  t h e  e l e c t r i c . f i e l d  amplitudes of t h e  decay waves, . . 

and t he  o t h e r  q u a n t i t i e s  have been defined e a r l i e r .  

Assuming a  l inear  v a r i a t i o n  of the,mismatch with d i s t a n c e ,  
. . 

namely K(x) - K'x, Eqs. 1 8 ( a )  and 18(b)  can be combined i n  t h e  
- .  

fo l lowing form: 

where 5 = , ~ ~ / v ~ ~  - yl/vlx - i K  ( X I  and $ a El. I n t e g r a t i n g  

Eq. (18) by WKB techniques,  t h e  . t o t a l  s p a t i a l  ampl i f i ca t ion  of wave 
. . 

i n t e n s i t y  ob ta ined  between t h e  tu rn ing  po in t s  xt = 2 Y ~ / K ! ( V  v ) 
1 / 2  

..: l x  2x 

is given by . . . . 

(where l i n e a r  damping has been ignored) .  Thus, t h e  e f f e c t i v e  . thres- 

hold  def ined  a s  t& pump power f o r  which a f a c t o r  of 2n e-folding 

of t h e  i n i t i a l  background noise '  r e s u l t s  is  



For example, f o r  decay i n t o  ion  a c o u s t i c  waves and e l e c t r o n  plasma 

waves 

s o  t h a t  t h e  inhomogeneous threshold  becoines 

where H is t h e  dens i ty  g r a d i e n t  s c a l e  length ,  vt = ( ~ , / m ~ ) ,  . 

v = eEo/(muo) i s  t h e  r f d r i f t  v e l o c i t y  of e l e c t r o n s ,  and where 
0 

2 2 
w e  used y 2  = h w v /(16vt) w i t h  us = kcs (See Eq. 8 ) .  I n  t h e  

S P O  

case  of weakly damped .waves 
kx 

assumes a  minimum value  when t h e  

WKB condi t ions  break down, kx -- x )  s o  from t h e  d i spe r s ion  

r e l a t i o n  of e l e c t r o n  plasma waves 

3 w e  o b t a i n  kmin -- (HAD) (where A D  = v /u i s  t h e  Debye 
t e  pe 

l e n g t h ) .  Hence t h e  threshold  becomes 

The minimum value is  obtained f o r  t h e  l a r g e s t  value of k  j u s t  

before  s t rong  L ~ . ~ d a u  damping. sets i n  a t  the sideband, namely kAD -- 1 / 4 .  



? For strongly damped ion waves (Te 2 Ti) we have 
. , 

kmin - (~~y~)~'~/c s (Perkins and   lick,^^) so that ~q.:,.21 

becomes --.- 
' : '  . 

. . . . 

where we used wl - csk. Again the minimum threshold obtains at 
. . 

If the group velocities of the decay waves are in the opposite 
I * 

direction, and if K' = 0, but K" # 0, then absolute instability 

may result (~osenbluth~~). On the other hand, if finite!.size effects 

are included, for, ,v~-,v~ < 0, the convective instability may become 

an absolute instability at the threshold given by Eq. 21 even if 

Kt # 0. (DuBois e t  a12*) . According to ~icholson and Kaufman, 
30 

and Spatchek et a1 31, if background turbulence is present absolute 

instability may result even in an inhomogeneous plasma. .Finally, 

we note that the effect of a broad rf-pump may reduce the,..growth 
. .. . 

rates considerably (Valeo and  berma an^^,   horns on^^) . 

3. NONLINEAR EFFECTS AND SOLITON FORMATION 
. . 

3.1. Nonlinear Effects 
. . 1 :  

. . . .. 

So far we have only considered linearized perturbation type 

solutions. An important questi0n.i~ the nonlinear limit of these 
. . 

instabilities.   here have been several. attempts to describe the 

nonlinear saturated state as being due to induced scattering and 

cascading of the sideband into further lower frequency waves 

37 
(Pustovalov et alj4, Dubois et a135., Valeo et a136, ~ejer'&t a1 , 

39 
DuBois et a13*, ) , 'resonance broadening (Bezzerides et a1 ) Other 

. . 

possible mechanisms include pump depletion and quasi-linear effects 

. . 
(i.e., heating) . 



, ..,, . . 
Associated with the decay instabilities one may define a 

nonlinear conductivity as follows (Du130is16) : 

where the left hand side is the effective pump energy.depletion rate, 

and the right hand side is the rate of growth of the energy of the 

excited electrostatic,wave (where the negative contribution due to 

damping is subtracted). Note that by .the above equation one could 

also define.an effective "nonlinear resistivity," " veff." In order 

to calculate the nonlinear conducti-vity, one has to have a theory. 

for the saturated spectrum. This has been done only in a few 

special cas'es.as mentioned above. For example, in the case of 

- 
Te 

- T i  the nonlinear conductivity just above threshold was 

38 
calculated by DuBois et ab. ) 

where r) is a numerical coefficient ot the order of unity. However, 

2 4 
for large values of Eo the total energy goes as Eo (instead Eo) 

so that o NL . approaches a constant .value, independent of 
Eo. 

While the linear theory of parametric instabilities is now well 

understood (except in strongly inhomogeneous plasmas), with a few 

possible exceptions the nonlinear. state is still not well understood. 

In addition, there are very few experimental results to verify these 

theories. Here computer simulation'has been of considerable help 

42 
and guidance (Xruer et a140, Degroot et a141, Thomson et a1 , 

79 
Forslund et a?. 1 .  However, how realistic these computer "experimentsw* 

are .is stili not. known. 



312. Soliton Formation and Density cavities 

I Let us now consider another type of nonlinear solution, namely 

soliton formation:. This may be relevant to the nonlinear state of 

45 the purely growing, mode ( ~ a k h a r o ~ ~ ~ ,  ~ a r ~ m a n ~ ~ ,  Morales et a1 , 
47  

Vale0 et a146t Kaufmqn et a1 , ~ a s e ~ a w a ~ ~ )  . In particular, due to 
, :  , 

the ponderomotive force, strong local electric fields may.,deplete 

the density, hence trapping the electric field. As the field grows 

more density is removed and a cavity is produced which then traps 

the fields further, etc., until poesibly a collapse of the field 

occurs (at least in one dimension). Since locally strong.fields 

may be produced, we may expect strong partlcle acceleratfbn and 

energetic tail formation. 

As shown by the above authors, the equation describing this 

nonlinear state is the nonlinear Schrodinger equation. It can be 

obtained as follows: Ignoring the magnetic field, and assuming 

W = w  
0 pe ' the low frequency ( w  2 0) time-averaged response of 

electrons in the presence of the external electric field is described 
" 

by Eq. (51, namely we balance the pressure by the ponderomotive 

force : 

where electron inertia is ignored, and where we included ,an ambipolar 

potential 4 .  ~ l t h o u ~ h  only electrons respond to the pond~romotive 

force,ions respond'to the ampipolar potential (trying to zichieve charge . 
neutrality) : 



where we ignored ion inertia. Requiring quasi-neutrality,hamely 

- n = nit and since pe - n,T,, Pi - - we may eliminate 4 
e 

from Eqs. (27) and (28) and obtain 

where the bar represents time average, and < > represents spatial 

average. Equation (29! describes mo,difications in the equilibrium 

density due to the high frequency field. 

Let us now consider the high frequency response at the electron 

plasma frequency, (wo=w ) which is described by the simple harmonic 
Pe 

oscillator motion: 

where we used the left hand side of Eq. ( 4 ) ,  and used ~oisson's equation, 

namely E ne at high frequencies. Then recognizing that 

2 2 
u2 d 2  + 3k AD, and that w2 n(x), we may perform a WKB type 
ek Pe Pe 

expansion of E, namely assume E = EH (t,x) exp (-hot) (where EH is ' 

a slowly varying function of x and t) .From Eqs . (29 , (30 , and 
2 2 

from the resonance condition wo = w (x = 0) we obtain 
ek 

2 
where vte = ~,/m,, and where the last t e n  of Eq. 31 contains the 

cubic nonlinearity. This is the so-called nonlinear Schrodinger 

equation. It is easy'to show that in the linearized limit ~q.'(3l) 

predicts L l ~ e  purely growing mode. The computer solution of this 



eqhation in the nonlinear limit has been discussed recently in some 

dekail (~orales~');. If we include ion inertia, a similar .equation is 

obtained in the moGing frame of reference, except the nonlinear term 

2 2 (the last term in ~ q .  31) is divided by the term (1 - vg/cS), where 

c is the speed of sound, and v is the group velocity of the 
S. g 

high frequency wave (this is valid only as long as v # cS) . The 
g 

solution of this equation in.higher dimensions is still under present 

investigation. In 'particular, this equation may be unstable to 

transverse perturbations (schrnidt4') . 
. .. 

4. EXPERIMENTAL OBSERVATIONS 

4.1. Early Experiments 

The early experimental work concerning parametric instabilities 

is summarized in Table 11. This includes the works of Stein, Hiroe 

and 1kegami?O Chang and Porkolab 51'52, Stenzel and  on^^^, and 

Franklin et a154. ..In these experiments the decay spectrum','as well 
. . .  

as wave number selection rules (Chang and Porkolab wdke measured 

and compared with the theoretically predicted threshold fields. In 
.... 

Fig. 4 we show the.experimenta1 results of Chang et a152 which . . . . 

demonstrates the selection rules, Eq. 3. Approximately the same 

time, Gekker and ~ i z u k h i n ~ ~ ,  and Batanov ct a156, attempted to 

demonstrate anomalous absorption due to parametric instabiiities by 
. .. 

injecting plasma in a waveguide from one end, and measuring.the 

transmission (or reflection) coefficient of microwave power,sent 
. . 

from the other end. In Fig. 5(a) we show a sketch of the experimental 
.. . . . 

setup and the results of such~measurements, indicating strong reduction 

in the reflection coefficient above some threshold. Although energetic 
- .  

particles were a1so'"detected in some of these experiments, no 

measurements were made to detect the presence of parametric 'instabili- 



ties.~ubank~~ attempted to improve on this situation by shining 

~nicrowave power onto a plasma column in both the ordinary and the 

extraordinary modes of propagation. He had a probe in the plasma 

which detected ion acoustic oscillations up to the ion plasma 

frequency, as well as grided probes (energy analyzer) which showed , 

plasma heating. Howevertthe threshold measurements and/or anomalous 

absorption measurements remained less clear since due to the low-rise 

time of the microwave pulses (milliseconds) strong ionization occured 

near the open ended waveguide. 

There were also a seiies of experiments performed in Q-machines 

by Dreicer et a158, and Chu and   end el^'. The geometry used in these 

experiments is shown in Fig. 5(b). In these experiments the plasma 

was placed in a high-Q rf cavity, and by measuring the Q of the 

cavity it was possible to observe an increase in the dissipation 

above some critical threshold input power level. In Fig. 6 we exhibit 

the results of Chu and   end el^' which show the increase of plasma rf 
resistivity (1/Q), increase of effective plasma heating (T/To deter- 

mined from conductivity measurements), and growth,of noise spectrum 

(picked up by a probe from within the cavity). Figure 7 indicates 

in the same experiments a break in.the absorption curve when the 

input power-is above threshold for parametric instability. In 

particular, it appears that in the unstable regime Pabo a E ~ ,  and 

* in agreement with the hence it was concluded that 
veff a En, 

nonlinear theories of Valeo et a136 and DuBois et a138. However, 

in the more recent oxperimcnts of E'lick60 the knp,ut power was 

extended to higher levels, and the 
Pabs a E~ 

law was not observed. 

In particular even near threshold Flick finds a faster variation 

Of 'abs 
with E than the fourth power, and a slower variation well 



above threshold. 'In addition, theFcascading process ass&ed in the 

tfieories of -DeBois et' a138, and Valeo et a136, ,as not obkerved in the 

experiment. F1ick:proposed that pump depletion and random phase 

ecfects may be the relevant processes to explain his experiments. 

61 . 
, We should also mention here the results of Demirkhanov et a1 - 

t 

who observed parametric instability and heating due to a modulated 

current in the plasma and,the work of vdovin6*, who obse~ved anomalous 
/ ' 

.heating of a tokamak plasma. 

We must also include here the.results of high-p~wer,.~adnr modi- 

63 
fication experiments in the ionosphere (Utlaut and Cohen, .,..., Wong and 

6 5 
~a~lor~', Carlson et al. j .  These experi~ller~ts crlso shoved that 

parametric instabilities are operative and are responsible for some 

of the observed heating in the ionosphere. 

In Tables 3 and 4 we list some of the more recent experiments 

in which instabilities and the resulting plasma heating 

were studied in more detail than previously. We shall now discuss 

these experiments'in order of decreasing frequencies. 

- 4.2. Upper-Hybrid Frequency . .. 

In the regime of the upper hybrid frequency recent measurements 

on parametric decay have been performed both in linear geometry (Grek 
. , 

and ~ o r k o l a b ~ ~ )  ,Porkolab et h6', and toroidal devices (~kabayashi 
. . 

et These experiments include both the regime Xo << d and 
.... 

A. 
>> d (where ho is the free-space wavelength of the electromagnetic 

wave, and d is the characteristic plasma size) . ~avelhngth measure- 
. . 

ments of the decay waves showed decay into upper hybrid waves - 
(Bernstein waves) and lower hybrid and/or ion acoustic waves. 

Measurements of thresholds, growth rates, pump depletion, and 

anomalous resistivity have been performed (Grek and ~ o r k o l a b ~ ~ )  . . . 



It was shown that significant electron heating was associated with the 

presence of the decay instability. An effective anomalous resistivity 

. 0f.a factor of ten to twenty times larger than classical resistivity 
. . . . . . . . 

has been me&;red ( ~ r e k ~ ~ ) .  ' In Figs.' 8 and 9 w e  show some of these 

experimental results on plasma heating. Significant heating.was 

observed only above threshold for decay instability. similar 

phenomena has been observed in the Princeton L-3 device(Porko1ab et a167) 

and the Princeton FM-1 toroidal device (Okabayashi et a16'). The 
\ 

results from the latter are shown in Figs. 10 and 11, again demonstrat- 

ing that significant ion and electron heating occurs only above 

threshold for parametric instabilities. ' In this toroidal experiment 

in the presence of parametric instabilities n.0 significant deteriora- 

tion of confinement was observed. In particular, because of the short 

wavelengths excited (k,rce - 1) and decay well within the body of 

the plasma co~umn, we do not expect.much enhanced loss due to this 

instability. The localization of heating to the instability layer 

is shown in Fig. 12 (after 

4.3. Electron Plasma Frequency. 

Experiments showing parametric instabilities and plasma heating 

just above the electron plasma frequency have been performed recently by 

67 Dreicer et a16', Mizuno and ~ e ~ r o o t ~ ~ ,  and Porkolab et a1 . Dreicer's 
experiments were performed in a cavity geometry as discussed 

previously. Mizuno and ~e~root?' made their measurements in a waveguide 
. . . . 

and an externally made plasma. In both of these experiments the 

resulting hot electron tail (suprathermal electrons) was measured. 

It was found that 1 to 10% oftheparticles ended up in the tail, 

depending on power and geometry (with Dreicer's experiments measuring 
. . .  ... 

the:. lower . . . percentage) , - . . - .- - . Maximum .electron energies ot up .to two orders 



. . , . 

ofYmagnitude above'thermal energy were detected for input powers 

u p  to three orders' of 'magnitude above threshold. 

' In the expe~iments of Porkolab et a16' a similar was 
. . 

employed as that.,o5 Eubank (See Fig. 13), but the pulse r,ise-time 

was decreased to 50 nano-second, and'the pulse duration was reduced 

to at most 10 usecond so that ionization problems could be avoided. 
. . . . 

An attempt was made to verify the inhomogeneous threshold."theory 

discussed earlier, However, it was found that while for some 
. . 

density profiles the spectrum behaved roughly in agreement. with Eq. 23 

(or 24) in many cases no such agreement was observed. .In.!addition, 

the incident electric field was- strongly nonuniform [ (Vn/d (VE/EY', 

so that the validity of the previous theories is in cpe~t,i;~n. Also, strong 

refraction of the . . pump field around. the plasma column was]"bbserved. 

Ln spite of the large gradients, strong parametric iristabi,lities were 

observed near the,critical layer (uO=u ) and plasma heating of the 
. .. Pe 

main body was observed above threshold. Although'the incident power at 

threshold was higher than uniform theory predicted, becaus:; of the radially 
. . .... .. ... . .. 

decreasing electric fields (similar to that shown in Fig.--l2) the 
.. . 

, . . .  

local electric field was estimated to be near the uniform threshold 
.. . 

theory (within an experimental error of factor -3). In Fig. 14 we 

show a typical low frequency'decay spectrum (which was identified 
. . ... 

by interferometry as ion acoustic waves) and in Fig. 15 measurements 
. .. . . . 

of the heating rates of the main body electron temperature:: are shown. 
,.. .. 

The heating results of Fig. 15 indicate an anomahus heating of a 
... . . . . 

factor of twenty faster than classica.1 collisional absorption. The 
c.. 

. . 
. .. .. ., 

production of energetic tails was also observed, with a few percent 
. . . .. 

of the particles occupying the tail, and with maximum energies up to 

a factor of fifty above the mean bulk energy. In Fig. 16 .we show a 



distribution function for input powers two orders of magnitude above 
Cc 

threshold. In ,addition, production of energetic ions was also 

observed (a few percent, with maximum energies up to 70 eV). 

4.4. Trivelpiece-Gould Modes. 

Because of possible applications to heat controlled fusion 

devices, a large number of experiments have been performed in this 

regime, i.e., w << wo < w 
pet 'e, 

(Po,rkolab et a171, Hendel and 
Pe 

 lick^^,  lick^^, Chu et a1731 ~ernabei et a174, and Edgley et a175) . 
In this regime decay into other Trivelpiece-Gould modes (or short 

wavelength electron plasma waves) and low frequency ion acoustic 

waves, or ion cyclotron waves, or ion quasi-modes occurs. We should 

also include here experiments using whistler waves (Porkolab e-t all3). 

In these ,experiments both energetic electron and ion tails have been 

observed at high input powers and short pulse times (Porkolab et all3,) 

as well as main-body ion heating at longer times (Hendel et a172), 

Chu et a173, ~ernabei et a174). Examples of electron and ion tails 

(up to 10% of the particles) obtained in the regime w o = (w ce /2) = (wpe/lO) 

are shown in Fig. 17, as well as the associated parametric decay 

spectrum. It is believed that the energetic ion tails are due to 

acceleration by the expanding parametr.ically heated energetic' electrons, 

as well.as due to the turbulent ion acoustic fields. In the work of 

Bernabei et a174, main body ion heating was observed for pump 

frequencies wo = 3w << w 
pi pe' 

even though initially 
Teo >> Tio. 

Simultaneously strong parametric decay spectrum in the ion, cyclot'ron 

regime was observed as shown in Fig. 18. In Fig. 19 we show results 

obtained in a Q-machine (Te = Ti) by Chu et a173. These authors 

operated in the regime w 
0 

I << << Ope1 
and observed parametric 

pi 

decay in the ion cyclotron regime and concomitant main body ion 



. . .. . 
heating. In all of these cases significant heating was observed only 

above thresholh for p.arametric excitation. 

. . . .. -. . 

4': 5. Lower Hybrid Waires. 
. . 

' 
There are several experiments in this regime (1 < wo/uLH < 3) 

, . 
77 which show parametric,decay and strong heating (Farenik et. a1 , J 

. .. . .. 
  hang and po?kolab7*; and Brusati, et a17'). In 

. . . .. 
this regime decay into lower' hybrid waves and ion acoustic~'waves, , . , 

ion cyclotron'waves, ion quasi modes, or drift waves may occur (korko- 
. .. 

lab lo' 80,"'~indel et a181, Berger et a182, Karney et ti1 .' 83 , 
. . 

Rogister 8 4 ,  ~ t t ~ ~ ) .  The purely growing mode has been demonstrated 

recently by ~ o p ~ l e r  shifting the frequency by a radial dcelectric 
. . 

field, so as to produce a real part of the frequency (wk = kVD) in 

the laboratory..frame of reference (Chang and ~ o r k o l a b ~ ~ )  . ' In Fig. 20 
. . 

. . . . 

we domonstrate verification of the excitation of ion quasi-modes (after 
... . .. . .. . 

Chang and ~orkblab'l*). In this experiment both parallel and perpen- 
.... ., , .  

dicular wavelengths of the decay waves were measured. In the same 
. a , . .  

experiment strong plasma heating was observed above threshold for 

parametric inskabilities . . (both ions and electrons). This is shown 
.. . 

in Fig. 21. Note the increase of plasma heating as the lower hybrid 
. . . . 

frequency is dpproached (between 20 and 30 MHz). Brusati'et a1 79 
. . .  . .... . . 

observed similar effects . . .. 
. . 

We also ;Ate here the important high input power expefiments 
. . . . .  

done in this rigime (Glagolev et a186 , Grigoreva et a187 , and 

Kitsenko et als8)'. In these experiments a few hundred kW,ls of rf 

power were app'lied for times of the order of 100 psec. Ion and 

electron tem~esatures of the order of several hundred eV were 

observed.  gain, we believe parametric instabilities may have been 

responsible for the plasma heating (although no experimental data 



were obtained to identify such phenomena) . One important question 

in applying these results to heating confined fusion plasmas will 

be possible excitation of drift waves, which may possibly lead to 

enhanced plagma loss (Sundaram and ~aw*'). To present date no 

detailed experimental information related to this question is 

available. 

4.6. Magnetosonic Waves. 

These waves represent a contribution of the whistler wave branch 

in the regime uci 
< uo < ("pi- 

A number of theoretical papers 

considered parametric decay instabilities in this regime (Ivanov 

92 
and ~ a r a i l ~ ~ ,  Sperling and perkinsgl, Kitsenko and Stepanov , 

Harms et alg3, and Martinov and samaing4) . In addition, a number- 

of experiments have been performed both in linear devices and in 

toroidal devices (V?loshko et alg5, Ivanov et alg6 , Vdovin et alg7) . 
In these interesting experiments evidence of strong anomalous ion 

heating was found. For input powers of the order of 100 kW, pulse 

duration of less than one millisecond, the ion temperature was 

doubled from 50 to 100 eV. In addition, in some cases the plasma. 

confinement was actually doubled due to the application of the rf 

power (Vdovin et alg7). The andmalous ion heating was attributed 

to parametric decay into ion cyclotron waves and short wavelength 

drift waves, and .the increased confinement time was attributed to 

stabilization of long wavelength drift waves. .As shown in the 

above mentioned theoretical papers, additional instabilities may be 

expected to.occur in multi-ion species plasmas. 

4.7. Soliton Formation and ~ensity Depletion. 

In much of this paper we concentrated on parametric mode 

coupling effects and ignored the nonlinear modification of the 



density. ~owever, as -discussed in the theoretical section, when 

the incident fields are sufficiently strong, the equilibrium density 

may be strongly modified by the ponderomotive force and the electric 

fields can be trapped in the density cavities. Such effects are 

particularly important in unmagnetized plasmas near the wo w 
Pe 

critical layer, where strong electric fields can build up (Freidberg 

e$ alg8). These nonuniform localized electric fields then could produce 

energetic tails on the distribution £tinction by acceleratlriy pd~ticles 

98 
to high energies (Freidbert et a1 , Bezzerides et alg9 , Wong et a1 100) 

In addition, the modified density profiles could strongly 'alter the 

thresholds for.:parametric instabilities. Some of these effects have 

been observed recent experiments by Kim et a1 and 1kLi et a1 102 , 

and Wong and ~tenzel'~~. In Fig. 22 we reproduced some of the results 

from the work of Ikezi et a1 lo2 and Wonq and stenzellOO. 'in particular, 
. . 

this figure sh.ows that the density perturbations move away form the 
.. . 

critical layer,. and that trapped electric fields are localized in 

the density cavities. Furthermore, in the experiments of .Ikezi et a1 

ft was observed.that the coupled nonlinear electron-plasma wave and . . 

the nonlinear :ion-acoustic wave propagate with approximately the ion 

acoustic velocity in the form of periodic wave trains. 

Nishikawa et a203 developed .a theory to. deal with this special case. 
, . 

These processeg:may be of importance in situations where ve,ry strong 
..-,:. 

rf fields are generated in the plasma. 

5. SUMMARY AND. C~NCLUSIONS . . , 
- .  

In the presence of sufficiently strong high frequency:.electric 
.... 

fields the plasma is subject to parametric instabilities. .In this 

review we attempted to summarize the important developments in the 

theory of parametric instabilities, and gave a considerable- 
- - 



amount of experimental evidence for their existence. Although the first 

theoretical predictions of such instabi.lities in plasmas were given 

ten years ago, much of our present day understanding of this phenomena 

was obtained in the past five years. The explosive growth of this 

field has,to do with possible applications to laser-pellet fusion 

and rf heating of magnetically confined fusion plasmas (and for a brief 

period ionospheric modification experiments). While there is now 

good theoreticalandexperimental understanding of linear theory in 

uniform or weakly inhomogeneous plasmas, our understanding of this 

phenomena in strongly inhomogeneous plasma is rather poor. Also, while 

there has been much progress in developing nonlinear theories, only 

in a narrow regime (Te = Ti, B = 0, Eo close to threshold) are such 

theories capable of predicting the saturated state and the associated 

anomalous absorption. Even in this case, detailed experimental 

verification is either lacking or agreement between theory and experi- 

ment is not satisfactory. The distribution of absorbed energy between 

main body and/or a suprathermal tail is not well known. To present 

date most of the experimental information available has been obtained 

in small scale microwave experiments, or in computer simulations. 

Whether such experimental and/or theoretical results can be extra- 

polated to the highly complex geometries of laser pellet interaction 

ahd/or hot, magnetically confined fusion plasmas, remains to be seen. 

For example, in the case of laser pellet interaction in the few 

experimental results available the large energetic 

suprathermal electron tails predicted by computer simulations are 

not found. In addition, there is rather good absorption and not 

much reflection, in contrast to the predictions.based on backscattering 

theories. In recent laser experiments it is found that 



sharp and strong (several mega-gauss) magnetic fields may 

be generated. Thus, the present theories may have to be modified ' 

significantly.-Eo take:these effects into consideration. 

: In the case of magnetically confined plasmas to present date 

there have beeh only a few experiments in fusion (toroidal) plasmas. 

Id these experiments the crucial questions are the heating efficiency 

and the effects of the excited turbulence upon plasma confinement. 

Clearly, if significant anomalous diffusion were produced r£ heating 

would not be a 'satisfactory type of supplementary heating.. Of course, 

these may depend on the particular frequency regime used.iio heat the 

plasma, and must be explored experimentally. For example,. at the 

present time we expect such results to come in from a number of 

. . . . 
experiments in ''the regime of the lower hybrid frequency.  his regime 

of frequencies is expected to be a favourable one for heating tokamaks. 

In conclusion, we see that in the next few years important new 

experimental results will be available both in the field of laser 

fusion and from.magnetically confined fusion plasmas which'.will test 

the importance-of parametric theories, and which may generate further 

development of these theories. This will lead to a better basic 

understanding of collective and/or turbulent phenomena in 
. .. 

plasmas. . - 
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LOWER HYBRID \ I 

(FAST MHD) I- 

Fig. 2. A schematic of pos'sible choices for pump waves and 
decay waves in a magnetized plasiia. 9 designates th.e angle of 
propagation with the magnetic f6eeld. ..., 



DISTANCE-X 
753572 

Fig. 3. "Theoretician's model" of inhomogeneous plasma with linearly 
varying Aensity graeient. Also shown are locations of instabilities of 
~ossible importance in laser fusion schemes, including some momentum 
diagrams. OTSI designates the purely growing mode, (EE)designates the 
w =2w instability, and (SBS) , (SRS) , and (SCS) designate stimulated 
~Billggin, Raman, and Compton scatter. respectively. 



I 2 3 

RADIAL POSITION 

753583 

Fig. 4. Decay spectrum showing energy (frequency) conservation 
of: (a) low f&'equency ion acoustic waves, (b) high frequency 
cyclotron harmonic (Bernstein) wavee, when pumped by E B in 
the shaded regions of the dispersioa curves of cyclotrog harmonic 
waves; (c) the""momentum conservatiolp. is verified from the inter- 
ferometer traces of the wad!!%; (d) * acoustic wave, (e) lower 
sideband (Bernstein wave) (f) ugger &deband (Bernstein wave) 
(After Chang, Porkolab and Grek 1.  



I.R. Gekker and 0. V. Sizukhin, 1969; 

Circu.lar Waveguide 

/ 
/'/I+ Plasma 

@-- Injected 

For 100V/cm, VE/Vth mu 

753581 

Fig. 5 ia )  Experimental setup of Gekker and Sizukhin 
55 



ATOMIC BEAM 

. ., 7 5 3 5 8 2  
fig. 5'ib) Typical arrangement of cavitg  measurement.^ of 

anomalous absorption (after Dreicer et al. } , -- 
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Fig. 6. Measurements of the cavity Q, temperature, and 

fluctuation amplitude in the experiments of Chu and   end el^^. 
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Fig. 8. (a) Amplitudes of Bernstein waves which couple with 
Lower hybrid waves; wee = w 

w (the pump frequency) is varied. 
pe; o 

(b) Amplitudes of Bernstein waves which couple with -ion-acoustic 
waves. (c) Fractional increase of the main electron body tempera- 
ture as obtc'ned from a swept Langmuir probe; P o ~ 3 0  W. (After Grek 
and ~orkolabbh). 



- 100 - 200 
U ( VOLTS 1 .): 

7 3 3 0 4 6  
Fig. 9. r(a)Electron energy distribution [Fo(p)l for different 

powers (P) 5 psec after the start 0% the heating pulse. w /w = 1 
w /wC ~1.5. (b) Energy distribution for different times (ee aPFer 
tRe sEart of the heating pulse; P*=&~w. (After Grek and ~ o r k o l a b ~ ~ ) .  



POWER (kW)  

w 

0 2 4 6 8 10. 
T I M E  (msec)  

7 3 3 3 5 0  
Fig. 10. (a)Heating rate of ion temperature versus input power. 

(b)~eating rate of electron temperature versus input power. (c) 
Comparison sf time depenggnce,of Ti with numerical 'calculations. 
(After Okabayashi -- et al. ) .  
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. . 
I' 

733306 
Fig. 1 1  (a)Frequency spectC%iin for different input rf powers. 

(b) Deca wav& amplitude versus in$~t power. (A£ ter Okabayashi, 5 :  et a1.6 ) .  ;. 
: .  -- r' 
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RADIAL POSITION (cm FROM PLASMA CENTER, 

PLASMA DENSITY - 

EXTRAORD l NARY 
MODE -3.8 kW 

. . 

- WAVE POWER 

- 

POSITIVE VALUES TOWARD X-  BAND HORN ) 

I 753533 
Fig. 12. Localization of decay wave spectrum, ion energy, and 

relativ FU? pump power. Pin=3800 watts. EO mode. (After Porkolab 
et a1.67) . -- 
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f ( M H Z )  753527 

Fig. 14. (a) Low frequency decay spectrum. 0-mode (b) Experi- 
mentally measured thresholds at'A=l (dots), uniform plasma theory 
(dashed linz), and nonuniform plasma theory (solid line); (the latter 
calibrated on absolute scale frori~ the incident power levels); 
0-mode. (After Porkolab et a1. 67) . -- 
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Fig. 15. (a)~em~erature obt,alned from a Langmuir,probe as a 
function of time and input power?. 0-mode.. (b)Initial heating rates 
in the first few micro-seconds a function of power :, 0-mode . 
(After ~ork6lab et al. 67) . . .. .. .,. -- 
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Fig. 16. Energy analyzer measurements of the arallel 
electron energies; 0-mode. (After Porkolab -- et a1.6ql. 
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Fig. 17. Decay spectrum (a) , @ parallel cornponent.;,~f the 
electron distribution function: (b) ,&ows electrons, and ( c )  shows 
ions. r=10 usec ulse width. W ~ / W ~ ~ ) ? O ,  w /Q =2 (After 
Porkolab et a1. 7P) . Pe e -- 
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Fig. 18. Low frequency component of the decay spectrum, 
ion temper~ture in different gases as a function of time. 
P ,  21.5 kW. w /fie-0.3, 

pe Wo/wpi 
=3(~e), iO(~r). 15iXe). (After 

eP"a1.74) . -- 

and 

Bernabei 
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Fig. 19. Low and high frequen,dyS decay spectrum, aniplitude of 
the pump and the high frequency decay waves, and the ion temperature 
as a function of input of power. (~$ter Chu -- et a1.73) . 

. . .. . . . .  . ... 
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Fig. 20. (a)Interferometer traces of ion quasi-modes propagated 
at different frequencies. (b)Dispersion curve of the ion quasi-mode 
(circles and dots) and the on acoustic mode (triangles); solid 

lb curves, theory of Porkolab . (c) Typical ion quasi-mode oscillation 
amplitudes after switching on the rf pump field. (d)Growth rates 
as a function of the ExB drift velocity VD, versus the acoustic 
speed VA. : olid curve, theory. (After Chang and ~orkolab~'). 
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Fig. 22. Profile of the density perturbation (a) and the 
high-frequency field intensity (b) A ste wi'se pump starts at t=O. 
Purrp power = 2ClW.  (After Ikezi et al. -- 

103,. 



753571  

Fig .  2 2  ( c )  . Space-time r e p r e s e n t a t i o n  of i o n  b u r s t s  (shaded) 
d r i v e n  by t h e  ponderomotive f o r c e .  D e n s l ~ y  c a v i t i e s  a r e  c r e a t e d  
a s  a  r e s u l t  of i on  expuls ion .  The p o l a r i z a t i o n  of i a n  t r a j e c t o r i e s  
i s  represente.d by t h e  cone w i t h  a  half.-.width o f  A 0 "  .yi.th r e s p e c t  - 
t o  t h e  z a x i s .  (Af te r  Wang and ~ t e n z e l l O ~ )  . 


