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ABSTRACT

A survey of parémetric instabilities in plasma, and
associated particle heating, is presented. A brief summary
of linear theory is given. The physical meéhanism of decay
instability, the purely growing mode (oscillating two-stream
instability) and soliton and density cavity formation is
presented. Effects‘of denéity gradients afe discussed.
Possible nonlinear saturation mechanisms are pointed out.
Experimental evidence for the existence of parametric
instabilities in both unmagnetized and magnetizéd 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 apﬁli-
cation of these phénomena 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 exponentially 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

*Paper preser.’ .d at Twelfth International Conference on Phenomena in
Ionized Gases, Eindhoven, The Netherlands, August 18-22, 1975
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(Dubois et al, Si}in, Jackson, Nishikawa ).

If the incideﬁt electromagnetic wave ("pump wave") has a rela-
tively long waveleﬁgth as compared with the wavelengths ofjthe decay
waves, then it is.possible that energy is transferred to the particles
vié collective effecﬁs; namely, the energy transferred to the short
wavelength decay waves from the pump wave is absorbed by:particles
more efficiently 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 eiectromagnetic
wave. This process is somewhat similar to turbulent heating, and
it is expected to ge of importance in hot plasmas where collisional
absorption of electromagnetic energy is rather inefficient . (Kaw and
Dawsonz). 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 1is ﬁot at normal incidence to an inhomogeneoqs plasma
layer; Piliya3), Thus, parametric instabilities(which, however, have
a finite threshold of pump power) may form a channel for efficient
transfer of eléctromagnetic energy into rather large size hot plasmas.
Because of its pra¢tical importance, this phenomena has been the
subject of extensive investiéation both theoretically and experi-
mentally. 1In thisapaper we shall outline the fundamental éspects of
this problem, and give a number of illustrations from the published
(or to be publishe35 literature,

We note that ih a number of papers the coupling among'different
electrostatic wave; of comparable wave-numbers have been séudied in
considerable detail. These processes, which form the founéations of

weak turbulence theory, may be called more appropriately mode-mode
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(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
amplitude as compared with other waves (Galeev and Sagdeev4). In fact,
decay instabilities have been studied priof to the so-called "para-
metric" instabilities (Galeev and Sagdeev4).. Thus, the naming
of these processes is somewhat arbitrary, and indeed they have been
often used interchangeably>in the literature. We remark, however, that
there are somé decay instabilities which exist only if fhe 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 tﬁe decay wa&es (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
ko, =E_ is made (where k, and ¢_ are the wave-number énd
electrostatic pump potential, respectively, and j&o is the pump
electric field). An exception to this terminology are the various
electromagnetié decay instabilities in which case at least two electro-
maguelic waves are involved in the decay process. We shall mention
vnly 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 II a summary of linear parametric theory is given. Physically

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

nonlinear effects will be given, and the derivation of soliton



formation is preséntéd. 1In Section IV a number of experiments will

be discussed which illustrate the predictions of theory. Experimental
results showing -that: plasma heating is associated with the excitation
of parametric instabilities willlbe presented. 1In Section V the

summary and conclusions are given.
25. LINEAR THEORY OF PARAMETRIC INSTABILITIES.

2.1. The Paramatric Decay Instability

In the presence of an rf eleétric field different sbécies of
particles (i.e., ions, electrons) are displaced relative;to each
other due to their different masses, thus causing monentary charge

separation (Kruer and Dawson,5 Nishikawal

.) For example,{in the
absence of a magnetic field in a singly charged electron-ion plasma
for rf pump frequencies wy = wpe (where ‘wpe is the electron plasma
frequency) the electrons make relatively large excursion in the

electric field Eb_cosmot, i.e.,

ek,

Ax = cosw_t (1)

2
m
e’

whereas the ions femain nearly stationéry due to their large mass.
If there are low frequency ion fluctuations in the background with
frequency wy Q wbi (where wpi is the ion plasma frequency)

these may beat with the oscillating electrons to form.aintional

oscillations in the charge at the frequency (wo + wl), i.e.,

coswot . (2)

The spectrum of this process is shown schematically in Fig:. 1.
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The selection rules associated with this process are

wolko) =wylky) +wylk,) (3)

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

energy and momentum conservation (DavidsOnG). For parametric insta-

bilities we take ko =0, and thus k].z -k2 . (So that
lk]_|=L§2| z k). Combining Eq. (2).with a simple harmonic oscillator

equation which describes electron plasma waves, we obtain

a2 : 2 .
9 3" (¢§ ikn.eE
ane+v ey w2 = - (~ne)= > cosw_t
2 e dt ek’'e 2 m o
ot ot
(4)
where Wy = W is the resonance frequency of electron plasma waves

in the absence of the pump field,and '%'= ve/2 is their linear

damping rate. In the absence of a magnétic.field

2 _ 2 2 2
Woye = wpe + 3k Vie
. . . , . S 2 1/2 .
is the Bohm~-Gross dispersion relation (where wpe<_ (4mne”/m) is
1/2

the electron plasma frequency, V is the electron

te (Te/me)
thermal speed, and Té is measured in units of energy). We also
assumed that the displacement given by Eq. (1) is small-as compared
with a typical wavelength (i.e., kil). This, plus the fact that

only w is near a resonant frequency justifies ignoring coupling

2
to other harmor‘cs (the case of strong coupling has been discussed

by Silint.)
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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 low frequencies:

td

ey :
_ o+E - _0 °E - _ ‘
' Vép = V (_81r) a1 5% ©°S mot = eEOGne cos mot (5)

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

motive force is equivalent to the V-va term, since
AV

Ao

v Vx 132 12 e’
- ’
X 90X 2 9x X 2 9x m2w2
o O
2 . 2 _ 2 .
and using w_ = w = 4mne”/m we obtain
o pe e s
H a v 2
= R'x _ E .
Ny Vx Tox nvx(8nn) )

Thus, considering that ion acoustic waves are driven by electron

pressure, namely wl'z ws where

k2tn. k2 (p+ép)
2 . _ 171
wn., = =
S 1 m. m.
- 1 1

' (6)

the simple harmonic oscillator equation for ions becomes . ..

3 n, an. 2 iken EJ
- | i i

4

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

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



Egs. (4) and (7) represent the coupled oscillatof equations for
short wavelength ion and electfon waves in the presence of the
long wavelength rf pump wave. .Solving Egs, (4) and (7) by Fourier
transformation, we find that if the selection rules Eqg. (3) are
obeyed then both electron and ion waves grow exponentially in

‘time above the threshold field

2
YéYs Eo '
W, W < 64mn T ’ (8)
ek's o e

and that well above threshold the growth rate Y is obtained from
Eq. (8) by replacing Ye¥s =Vy2. 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 wsA> Yo 50 we could ignore tﬁe upper
sideband (wo + ws) (or anti-Stokes line).

2.2. The Purely Growing Mode.

Nishikawa5 showed that in the limit wy > 6, 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 Egs. (4) and (7), and retaining
hoth sidebhands Wo " (wo + wl), fur Re Wy = 0 we obtain the

following threshold:

<

Y E2
_Q < o . (9)
w 327n T

o o e



For weakly damped modes (T, >> Ty), 7Y/w, << 1, and the
threshold for thefﬁureiy growing mode is higher than that of the
decay instability. We note that if we include a finite k;, the
purely growing mode assumes finite reai frequencieé. An qlternate
way - to derive the purely growing mode will be indicated in the
next section, where we show that it is'ﬁhe linearized limit of
the so—called.nonlinear-Schrudiuggr equation which prudicts solitonn.

In the preseﬁée of a magnetic field the situation becomes much
more complicated than that shown above. For example, if we assume a

A

dc magnetic field in the =z direction, and an external electric

field of the form - i

"~ A

5&0 Qi!t) = (E0¥x + Eozz) coswot ’ (10)

electrons are displaced relatively to ions according the rélations:

E osw
o cos ot

R X :
Ax = = 11(a)
m w2-92 '
o
E sinw _t '
Ay = %L % 0xz 2o 11 (b)
: o) ws - '
: e Eoz coswot )
AZ_.= o 3 :!-J-O(C)
w B
o

!
where Q = eB/mc is the electron cyclotron frequency. Since the
oscillating particles may couple with waves with wave vectprs k

(so that the driving term of the instability is k * Ax ) we see

that waves which propagate parallel to the magnetic field are driven
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by the k,Az term, whereas wa&es-propagating~mainly perpendicularly
to the magnetic field are driven by the term k,*Ax,. A unified
treatment of the problem of parametric coupling of waves in a magnetic

field has been considered by Aliev et al,7 Amano and Okamoto,s

Porkolab,g'10

etc. These authors used the Vlasov 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:

2
' 1 1 -
e (w) + 3 xi(w)[l+xe(w)][€(w_wo) + €(m,rwo)] 0
, (12).
where we assumed e(w-wo)<<l. Here
elw * Juy) =1 +xg @ Jul) +x (@ % Jul)
is the linear dielectric function;'j =0, £+ 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 u is given by the expression

. D .k E _Kk+E _k \2 (E _k =E k Yuh -
L= & o"'"z . “ox"x oyy\" |, “ox'y “oy'x (13)
m [\ 2 T o22 02-02)2,2 ‘.
o (] O o)

’

which shows the effects of parallel drift, perpendicular polorization
drift, and E\xe\ drift.

In the limit of weakly damped waves Eq. (12) can be expanded
about the low ~—4 high frequency normal modes Wy and Wy respect-

ively, and we obtain for the growth rate vy,



_lo_

_ 2 ’
' X, (wy) (14 (w.)
(YY) (y+yy) = - 24 .38‘; = (14)

w Jw )w

2

where we neglected the upper sideband. Here Ypr Y, are the
linear damping rates, and

Ree . (W.,Rk.) = 0
UJ( JI J)

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

define the normal modes w.(kj), ~j =1, 2. We note Lhat these

obtained from Eq. (14)by setting. y= 0. Similarly, by letting
Rewl = 0( and kegping both lower and upper sidebands € (w * wo),
we can obtain the purely growing mode (Porkolabg). Using ‘Eq. (14),
the thresholds for a number .of different modes in a magnetized
plasma have been obtained (Porkolabg'lo'll).

In Fig. 2 we show schematically different modes in a magnetized
plasma which may be used as pump waves and/or decay waveét In Table 1
we present various combinations of these modes which may form 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 iﬁ the foregoing paragraphs. For example, the decay
of a whistler wave into another whistler wave and an ion. acoustic
wa&e is an eXample‘of the so-called Brillouin scattering, in which
an incident elect;pmagnetic wave decays into another elepfromagnetic

12 13)

wave and an ion acoustic wave (Forslund et al™®, Porkolab et al

he
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In this case the coupling mechanism is the j x B force, i.e.,

particles oscillating in the electric field of one of the wave
produce a current Jj, which then couples with the magnetic field
component B of the second EM wave. The j x B force then gives

a contribution to electron pressure which may drive electrostatic

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

namely,
Yo = " ki v X2 = 2%k (153
where k2 is the wave vector of the ion wave. This type of

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

14 15

efficiency and/or damage optics (Forslund et al™ ", Eidman and Sigel 7).
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-+AE.P.),decay into éwo electron
plasma waves (EM>E.P. + E.P.), Compton (induced) scatter
(EM-*EM + Particles), and filamentational and modulational instabili-
ties (where EM designates the electromagnetic wave, aﬁa E.P. designates
longitudinal electron plasma waves) .Thresholds and growth rates for
these processes have been given inthe literature (see, for example,
DuBoislG, Drake et a117, Manheimer and Ottls). Since to present date

experimental evidence for the existence of these instabilities are

rather lacking, and since the subject of laser-fusion related phenomena
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is very extensivei we ‘shall refer the reader to the excellent review
article of DuBois%.:"le-'3 ' | - -
i One final casé of interest in Table 1 is the decay of the slow
(lower-hybrid) wave and/or whistler wave into short wavelength lower-
-hybrid waves and ion qUasi—modes. This process is akin to induced

Compton scatter (or nonlinear Landau damping) and is'expééted to be

of importance in rf heating of counlined thermonuclcur fusion rlasman

10

(Porkolab™"). In this process the 'beat of two weakly damped lower -

hybrid waves may resonate with electrons and/or ions, thus heating
the bulk of particles. The selection rules for this process are

(wo - we)/k" * Vie 216(a)

or

(w—w,) .
T & nQi/kurzvti . 16 (b)

19,

Although according to the Manley-Row relations (Louisell

e
el

s __€
w w

s ‘e
(where Pj is the power density carried by each wave) most of the
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 expected.
This nonresonant process is sometime also called "resistive quasi-

mode" . At large pump powers (E2/4ﬂnT ~ 1) two other nonresonant

processes may occur, namely decay into "reactive" (or fluid)
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N
quasi modes (Nishikawas, Porkolablo,_Drake17 et al),and the

"kinetic® instability (Silin??).

2.3. Convective Effects due to Inhomogeneities.
In recent years considerable effort has been spent on taking

into account the effects of inhomogeneities of density, temperature,

finite interaction region, and nonuniform pump effects. (Krollzl,

Porkolab et alzz, Harker et a123, Perkins et a124, Rosenbluth et a125,

Pesme et a126, Liu et a127, DuBois et a128; Forslund et a129). 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 £he 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 (vl-v2 < 0) absolute

IV

instability may occur if

2

fvivol v v, 2
172 1 2
Yo > 3 G

- 2" | (17)

v

i

where vysv, are the group velocities of the two décay waves, Yy s Y,

are their damping rates, and <y 1is the homogeneous, uniform plasma

6

growlls rate (See for example, Pesme et alz ).

The effects of density gradients can be obtained following the

‘procedure outlined by Rosenbluthzs. Assuming a WKB type phase

variation and defining

K(X) = AK:=k_ -k, - k

(o} 1 2
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5 AN

(Where we‘assumedfa ohe~-dimensional propagation so that all k's
d?pend on X only) the equations-describing.the spatial variation

‘of the two coupled modes can be written in the following form

(Rosenbluth®®): .
'T' “a ) & .
| T, 222 expi [ ROG0AR) 180
! == + —= E, = -exp (i J K(x)dx . 18 (a
dx Vix 1 Vix o 1
* "
aE, T Y Ey (X '
a= + Yo E2 =7 exp(-i [ "K(x)dx) , 18 (b)
2x 2x (o]

where El’ E2 are the electric. field amplitudes of the decay waves,
and the other quaﬁtities have been defined earlier.
Assuming a linear variation of the 'mismatch with distance,

namely K(x) = K'x, Egs. 18(a) and 18(b) can be combined in the

following form:

<
oNn

2 2
dy _ -,
2 4

dx

DO ==

Q-IQ:

oy
+

1p = 0 Ci8(0)

<
=

where ¢ =~Y2/v2x - Yi/le - iK(x), and ¢ <« E;. Integrating

Eq. (18) by WKB techniques, the total spatial amplification of wave

intensity obtained between the turning points X, = Zyb/KP(leVZX)l/z

is given by

2
(o)
I =1 exp IK'llevzx (19)

(where linear damping has been ignored). Thus, the effective thres-
hold defined as thé pump power for which a factor of 27 e-folding

-~ of the initial background noise results is



Yo
e [X'] 1x7V2x ) (200

For example, for decay into ion acoustic waves and electron plasma

waves

2w kK 2
s B

' X
KviVax T 3% Ssli) v

so that the inhomogeneous threshold becomes

l6k_ )

2
A
=2’ ' (21)
Ve Hk
where H 1is the density gradient scale length, v, = (Te/me),
Vo eEO/(mmo) is the rf drift velocity of electrons, and where
2 _ 2 2 . _ )
we used Yy = wswpvo/(IGVt) w1th‘ W, = kcs (See Eq. 8) . In‘the

case of weakly damped waves kx assumes a minimum value when the
WKB conditions break down, kx = (n/x). so from the dispersion

relation of electron plasma waves

2 _ 2 1.2 2, 2 '
Wep = mpe(l + x/H) + 3(kx + kz)vte (22)
‘we obtain k3_. = (H>\2)-l (where A =v,_ /o is the Debye
Xmin D D te’ pe

length). Hence the threshold becomes

, .
Vo, 16 *p 43 o
- ——5;5—(7r) . (23)
Vi (k D) ‘

The minimum value is obtained for the largest valﬁe of k Jjust

before strong Le.dau damping.sets in at the sideband, namely kAD =

1/4.
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! For strongly damped ion waves (T = T.) we have
- 1/2
kxmin = (@lyl /c ‘(Perklns and Fllck, ) so that Eq.:21
" becomes ,:q —
2 1/2 .
Vo _ 16leyv) T 15 Y1 1/
' 27 T2 = x5, (24)
A Hc_k “1
t s
where we used wy csk. Again the minimum threshold obtains at
If the group velocities of the decay waves are in the opposite
. oo b
direction, and if K' = 0, but K" # 0, then absolute instability

25

may result (Rosenbluth®”). On the other hand, if finite?size effects

are included, for wv,*v, < 0, the convective instability may become

~l w2
an absolute instability at the threshold given by Eq. 21 even if
K' # 0. ({DuBois .et a128). According to Nicholson and Kaufman,30
and Spatchek et al 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

33).

rates considerably (Valeo and Oberman32, Thomson

3. NONLINEAR EFFECTS AND SOLITON FORMATION

3.1. Nonlinear Effects

So far wéuhave only considered linearized'perturﬁétion type
solutions. An imﬁortant question. is the nonlinea; limit.qf these
instabilities. There.have been several attempts to deSCfibe the
nonlinear saturated state as being due to induced scatterlng and

cascading of the 31deband into further lower frequency waves

(Pustovalov et a134, Dubois et a135, Valeo et a136, Fejer’ et a137,

38 39). Other

DuBois et al~",), resonance broadening (Bezzerides et al
possiblelmechanismé include pump depletion and quasi-linear effects

(i.e., heating).
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~ L

Associated with the decay instabilities.one may define a

nonlinear conductivity as follows'(DuBois;G):
2
2 _ Veff 2 _ (ak <|E 7>

(2m)

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}tﬁe
excited electrostaticAwave (where the negative contribution due to
damping is subtracted). Note that by-tﬁe above equation one could
also define an effectivg "nonlinear fesistivity," “veff‘” In order
to calculate the nonlinear conductivity,IOne has to have a theory
for the saturated spectrum. This has been done only in a few
special cases as mentioned above. For example, in.the case of

T = Ti' the nonlineaf conductivity just above threshgld was

e .
calculated by DuBois et a138)

2 )
w_E
6. (E) =n-E=2 " (26)

where 1 is a numerical coefficient ot the order of unity. However,
for large values of Eo the total energy goes as Eg (instead Eg)
so that O ML - approaches a constanﬁ.valué, independent of Eb'

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 experimentai results to verify these
theories. Here computer simulation has been of considerable help

40, Degroot et al4l, Thomson et a142,

and guidance (Kruer et al
29 ) . s .
Forslund et a’” ). However, how realistic these computer "experiments"

are ‘is still not. known.
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312, Soliton Formation and Density Cavities
| Let us now consider another type of nonlinear solution, namely
soliton formation:, This may be relevant to the nonlinear state of

the purely growing, mode (Zakharov43, Karpman44, Morales et al45,

46, Kaquqn et a147, Hasegawa48). In particular, due to

Véleo et al
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 possibly a collapse of the field
occurs (at least in one dimension). Since locally strong fields

may be produced, we may expect strong part;éle acceleration and
energetic £ail 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 assuminéL
W, = wpe’ the low frequency (w = 0) time-averaged response of
electrons in the presence of the externa%’electric field is described
by Eq. (5), namely we balance the pressure by the ponderomotive
force:

|£|2

ViPe T Vxlgm ) = PeVy0 L (27)

-
where electron inertia is ignored, and where we included gn ambipolar
potential ¢. Although only electrons respond to the pondéromotive
force, ions respond"to the ampipolar potential (trying to achieve charge

neutrality):

V. pP. —ner¢ T (28)

e



-19-

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

n_ = n,
e i’

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

i = T . = n,T, m imi
and since Pg n T, Py n;T., we may eliminate ¢

=12 _ =2
s = n oxpi- BB
e 1

(29)

where the bar répresents time average, and < > represents spatial
average. Equation (29)'describes modifications in the equilibrium
density due to the high frequency field.

Let us now consider the high frequency response at the electron '
plasma frequency, (worrmpe) which is described by the simple harmonic

oscillator motion:

dE _
—_F W E + v §E—0 (30)

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

namely E « n, at high frequencies. Then recognizing that

2 2 2,2 1
wek o mpe + 3k AD’ and that wpe

expansion of E, namely assume E = EH(t,x)exp(—iwot)(where EH is

« n(x), we may perform a WKB type

a slowly varying function of x. and t).From Egs. (29), (30), and
from the resonance condition wg = wik(x = 0) we obtain
2 2 =. 12
3 <
iazﬂ , 2vt a.}a:}E , Zpo |Eg | B, <o (31)
“2w ) : 2u
o ax2 Wy l_6nnTe
o]
where V;e = Te/me’ and where the last term 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 Eq. (31)

predicts Lhe purely growing mode. The computer solution of this
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equation in the nonlinear 1limit has been discussed recently in some

detail (Morales45)l If we include ion inertia, a similar equation is

obtained in the moving frame of reference, except the noniinear term
(the last term in Eq. 31) is divided by the term (1 - vé/cg), where
g is the speed Of sognd: and vg is the group'velocity of thg
hi?h frequency wave (this is valid only as long as vg # csi. The

so}ution of this equation in higher dimensions is still under present

investigation. 1In particular, this equation may be unstable to
49).

transverse perturbations (Schmidt

4. EXPERIMENTAL OBSERVATIONS
4.1. Early Experiﬁents
The early experimental work concerning parametric instabilities

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

and Ikegami?o Chang and Porkolab51’52, Stenzel and WongS3,.and
Franklin et a154. "In these experiments the decay spectrum-as well
51'52) were measured

as wave number selection rules (Chang and Porkolab
and compared with the theoretically predicted threshold fields. 1In

52

Fig. 4 we show the experimental results of Chang et al which

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

time, Gekker and Sizukhinss, and Batanov et al56

’ attempted to
demonstrate anomaléﬁs absorption due £o parametric instab&iities by
injecting plasma in a waveguide from one end, and measurihéfthe
transmission (or réflection) coefficient of microwave powefisent

from the other end.F In Fig. 5(a) we show a sketch of the eiperimental
setup and the resul%s of such measurements, indicating strdﬁg reduction
in the reflection ¢8efficient above some threshold. Although.energetic

particles were also detected in some of these experiments,Lho

measurements were made to detect the presence of parametric instabili-

-
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ties.Eubank57 attempted to imprové on this situation by shining
microwave power onto a plasma column in both the ordinary and the
extraordinary modes of propagétion. 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. However,the 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 series of experiments performed in Q-machines

58, and Chu and Hende159. The geometry used in these

by Dreicer et al
experiments is shown in Fig. 5(b). 1In these experiments the plasma
was placea.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. 1In Fig. 6 we exhibit

59

the results of Chu and Hendel 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 Pabs « E4, and
hence it was concluded that Vogg & Eé,. in agreement with the

36 38

nonlinear theories of Valeo et al and DuBois et al~” . However,

in the more recent experiments of Flick60 the input power was

extended to higher levels, and the Pabs x E4 law was not observed.

In particular even near threshold Flick finds a faster variation

of Pa with E than the fourth powér, and a slower variation well

bs
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above threshold. ‘In addition, the'cascading process assumed in the

theories of DeBois et‘al38, and Valeo et al36

, was not obéerved in the
experiment. Flick:proposed that pump depletion and random phase
effects may be the relevant procésses to explain his expe;iments.

: We should also mention here the results of Demirkhanov et a1%1
who observed parametric instability and heating due to a modulated

‘

current in the plasma and,the work of Vdovin62, who observed anomalous B
.heating of a tokamak plasma.

We must also include here the results of high-power, radar modi-
fication experiments in the ionosphere (Utlaut and Cohen??y Wong and
Taylorsd, Carlson_ét al.ﬁq). T'hese experiments alsu showed that
parametric instabilities are operative and are responsible for some
of the obéerved plasma heating in the ionosphere.

In Tables 3 and 4 we list some of the more recent experiments
in which parametrlc instabilities and the resultlng 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 Porkolab®® ), Porkolab et 21%7

68

, and toroidal devices (Okabayashi

et al 7). These experlments include both the regime Ao << d and

Ao >> d (where Ao is the free-space wavelength of the electromagnetic

wave, and d is tpe characteristic plasma size). Waveléngth measure-
ments of the decay waves showed decay into upper hybrid wabes
‘(Bernstein waves) and lower hybrid and/or ion acoustic waves.
Measurements of thresholds, growth rates, pump depletion, and

66)

anomalous resistivity have been performed (Grek and Porkolab

L3
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It was shown that significant electron heating was associated with the
- .presence of the decay instability. An effective anomalous resistivity
of a factor of ten to twenty times larger than classical re51st1v1ty

66

has been measured (Grek ).' In Figs. 8 and 9 we show some of these

experimental results on plasma heating. Significant heatingtwasb

x' observed only above threshold for decay instability. Similar

67)

: phenomena has been observed in the Princeton L-3 dev1ce(Porkolab et al

and the Pr1nceton FM-1 toroidal dévice ‘(Okabayashi et a168) The

results from the latter are shown in Figs. 10 and 11, again demonstrat-
ing that significant ion and eleotron heating occurs only above
threshold for parametric instabilities.’ In this toroidal experiment

in the presence of parametric instabilities no significant deteriora-
tion of confinement was observed. In particular, because of the short
wavelengths excited (klrce =~ 1) and decay well within the body of

the plasma column, 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
Dreicer et a169, Mizuno and DeGroot70, and Porkolab et a167. Dreicer's
experiments were performed in a cavity geometry as discussed

previously. Mizuno and DeGroot70

made their measurements in a waveguide
and an'extefnally made plasma. In both of these experiments the
resulting hot electron tail (suprathermal electrons) was measured.

It was found that 1 to 10% of-duaparticles 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
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of’' magnitude abovetthermal energy were detected for input powers
up’ to three orders’ of ‘magnitude above threshold.

In the experiments of Porkolab et a1®’

a 51m11ar geometry was
employed as that'of Eubank (See Fig. 13), but the pulse rise time

was decreased to 50 nano-second, and the pulse duration was reduced
to' at most 10 usecond so that ionization problems could 5é avoided.
An attempt was made to verify the inhomogeneous thresholdétheory
discussed earlierE However, it was found that while for some

density profiles‘the spectrum behaved roughiy in agreementlwith Eg. 23
(or 24) in many cases no such agreement was observed. .Inéaddition,
the incident electric field was. strongly nonuniform [(vn/ﬁo‘1~ (VE/ETl
so that the validity of the previous theories is in question. Also, strong
refraction of the pump field around the plasma column wasfobserved.

In spite of the large gradients, strong parametric instabiiities were
observed near the critical layer (wofzwpe) and plasma heating of the
main body was observed above threshold. Although the incident power at
threshold was higher than uniform theory predicted, because of the radially
decreasing electric fields (similar to that shown in Fig.‘12) the
local electric field was estimated to be near the uniform threshold
theory (within anhexperimental error of factor ~3). 1In 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 temperatureéare shown.
The heating resuits of Fig. 15 indicate an anomarous heating of a
factor of twenty faster than classical collisional absorption. The
production of energetic tails was also observed, with a fe% 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
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distribution function for input powers two ogders of magnitude above

threshold. 1In 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

Qe’ (Porkolab et al71, Hendel and

74

-;egime, i.e., wpe << W, < wpe’
72 60

Flick'®, Flick 73 75

, Chu et al’”, Bernabei et al’' ~, and Edgley et al ).

In this regime decay into other Trivelpiece-Gould modes (or short
wavelength electron plésma waves) and low frequency ion acoustic

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

13).

also include here experiments using whistler waves (Porkolab et al

In these experiments both energetic electron and ion tails have been

13')

observed at high input powers and short pulse times (Porkolab et al

as well as main-body ion heating at longer times (Hendel et al72),

Chu et a173, Bernabei et al74

) . Examples of electron and ion tails

(up to 10% of the particles) obtained in the regime woz(wce/Z)Z(wpe/IO)
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 parametrically héated 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 Wy = 3wpi << wpe’ even though initially Tao > Tio*
Simultaneoﬁsly strong parametric decay spectrum in the ion cyclotron
regime was observed as shown in Fig; 18. In Fig. 19 we show results

obtained in a Q-machine (Te = Ti) by Chu et al73. These authors

operated in the regime Woi << wg << mpe' and observed parametric

decay in the ion cyclotron regime and concomitant main body ion



heating. In 411 of these cases significant heating was ogserved only
above threshold f6r parametric excitation.

415, Lower Hybrid wWaves.

There are several experiments in this regime (1 < w /m < 3)

LH
whlch show parametrlc decay and strong heating (Farenik et al77 g

chang and Porkolab78; and Brusati, et a179). In I

this regime deéay into lower hybrid waves and ion acoustic’ waves,

ion cyclotron'waves, ion quasi modes, or dritt waves may occur (Porko-

lab9 10,11, 80, Kindel et algl, Berger et a182, Karney et a183

Rogister 84, Ott85). The purely growing mode has been demonstrated

recently by Doppler shifting the frequency by a radial dc electrlc

field, so as to produce a real part of the frequency (w kV ) in

78

the 1aboratory“frame of reference (Chang and Porkolab ).. In Fig. 20

we domonstrate verlflcation of the excitation of ion qua31 modes (after

78

Chang and Porkolab ). In this experlment both parallel and perpen-—

dicular waveleﬁgths of the decay waves were measured. In the same

experiment streng plasma heating was observed above threshold for
parametric instabilities (both ions and electrons). This is shown
in Fig. 21. NSte the increase of plasma heating as the lower hybrid
frequency is agproached (between 20 and 30 MHz). Brusati:et al79
observed similar effects. ' ‘ ;?

We also ﬂéte here the important high input power expe%iments

done in this regime (Glagolev et a186, Grigoreva et a187, ‘and

Kitsenko et al88

). In these experiments a few hundred kW's of rf
power were applied for times of the order of 100 pusec. Ion and
electron tempefatures of the order of several hundred eV were

observed. Aga&n, we believe parametric instabilities may have been

responsible for the plasma heating (although no experimental data
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were obtained to identify such ﬁhenoﬁena). ‘One important question
in applying these results to heating confined fusion plasmas will

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

89

enhanced plasma loss (Sundaram and Kaw ). 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 w4 < Wy < wpi. A number of theoretical papers

considered parametric decay instabilities in this regime (Ivanov

20 91, Kitsenko and Stepanovg?,

Harms et a193, and Martinov and Samain94)} In addition, a number’

and Parail”~, Sperling and Perkins

of experiments have been performed both in linear devices and in

95 96

toroidal devices (Voloshko et al”~, Ivanov et al””, Vdovin et al97

) .
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
ddubled from 50 to 100 eV. 1In addition, in some cases the plasma
confinement was actually doubled due to the application of the rf
power (Vdovin et a197j. The anémaious 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 Density Depletion.
In much of this paper we concentrated on parametric mode

coupling effects and ignored the nonlinear modification of the
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dénsity. Howeyer} as ‘discussed in the theoretical section, when
the incident fields are sufficiently strong, the equilibrium density
mdy be strongiy médified by the ponderomotive force and fhé electric
fields can beAirapped in the density cavities. Such effects are
particularly important in unmagnetized plasmas near the Wy = wpe s

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

98

et al™ 7). These nonuniform localized electric fields thehicould produce

energetic tails on the distraibution function by acceleratlng particles

to high energiés (Freidbert et algg,,Bezzerides et al99 100

, Wong et al ).
In addition, the modified density profiles could strongly alter the
thresholds fof@parametric instabilities. Some of these effects have

101 102

been observed in recent experiments by Kim et al and Ikezi et al '

and Wong and Sfénzelloo. In Fig. 22 we reproduced some of the results

from the work of Ikezi et al102 and Wong and Stenzelloo. ‘in particular,
this figure éh&ws that the density perturbations move awayvform the
critical layer;:and that trapped electric fields are locaiized in

the density cavities. Furthermore, in the experiments of Ikezi et al
it was observed:that the coupled monlinear electron-plasmaIWave and

the nonlinear ‘ion-acoustic wave propagate with approximétely the ion
acoustic velocipy in the form of periodic wave trains. ‘

Nishikawa et al}03

developed -a theory to deal with this special case.
These processesi may be of importance in situations where vg?y strong

rf fields are generated in the plasma.

5. SUMMARY AND CONCLUSIONS.

In the prééence of sufficiently strong high frequehcyfelectric
fields the pla;ﬁa is subject to parametric instabilities.  in this
review we atteﬁbted to summarize the important developments‘in the

theory of parametric instabilities, and gave a considerablé
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amount of experimental evidence for their existence. Although the first
theoretical predictions of such instabilities 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 theoretical and experimental undersﬁanding 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, Eg close to threshold) are such
theories capable of predicting the séturated 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 experimehtal and/or fheoretical results can be extra-
polated to the highly complex deometries of laser pellet interaction
and/or hot, madnetically confined fuéion 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 reflec;ion, in cbntrast to the predictions based on backscattering

theories. In recent laser experiments it is found that



sﬁarp gradienfs and strong (several mega-gauss) magnetic fields may
bé generated. Thus, the present theories may have to be modified '
significantly’%b take ‘these effects into consideration.

: In the case of mégnetically‘confined plasmas to preééht date 4
there have beeh only a few experiments in fusion (toroidéi) plasmas.
In these experiments the crucial questions are the heating efficiency
and the effects of the'excitéd turbulence upon plasma coﬁfinement.
Clearly, if significant anomalous diffusion were producedirf heating
wouid not be a satisfactory type of supplementary heating.E Of course,
these may depend on the particular frequency regime used to 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
experimenfs in ‘the regime of the lower hybrid frequency.”“ﬁhis regime
of fréquencies 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.ﬁagnetically confined fusion plasmas whicﬂfwill test
the importance.of pafametric theories, and which may genefate further
development of these theories. This will lead to a better basic
understanding of collective and/or turbulent phenomena in'"
plasmas. -

*This work Qas supported by the'Energy Research and Dé?elopment

Administration (formally U.S. Atomic Energy Commission) under

contract E(11-1)-3073.
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TABLE 2. SUMMARY OF EARLY EXPER-MENTS

DECAY
GEOMETRY GROUP POL. |THRESH. | SPECTR. | PUMP WAVES | ANOM.ABS. { HEATING
Gekker
Sizukhin B =0 (2) NO “o*%e | NO , YES NO
WAVEGUIDE “{Batanov = |1 < - L ' ' o
Sergeichev |E | B | NO NO “5 * 2% | No NO YES
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E | B (?) YES o e | NO ; YES YES
Dreicer o ;
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Chu
E “ B w q W
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TABLE 3. SUMMARY OF EXPERIMENTS
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(0 %0y 02
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TABLE 4. SUMMARY OF EXPERIMENTS
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Fig. 2. A schematic of possible choices for pump waves and
decay waves in a magnetized plasSma.
propagation with the magnetic fi%eld.

® designates thé angle of
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Fig. 3. "Theoretician's model" of inhomogeneous plasma with linearly
varying density gracient. Also shown are locations of instabilities of

possible importance in laser fusion schemes, including some momentum
diagrams. OTSI designates the purely growing mode, (EE)designates the

w_=2w 2 instability, and (SBS), (SRS), and (SCS) designate stimulated
B2i11B8in, Raman, ard Compton scatter, respectively.

_gf._



(a)

5dB/ Div

(b)

10dB / Div

46

Yph—=
(d) P
| (e *«—Von
w
2
z
-
@
3
-
T 1 2
-
\\\\\ :
[ 4
=
w ¥Vop—*
ph
3 (t)
(-4
ad
[’
[ 4
ad
-
£
1 1 — ik
0 | 2 3
RADIAL POSITION
753583
Fig. 4. Decay spectrum showing energy (frequency) conservation
of: (a) low frequency ion acoustic waves, (b) high frequency
cyclotron harmonic (Bernstein) waves, when pumped by E_, B in
the shaded regions of the dispersion curves of cyclotrog harmonic
waves; (c) the momentum conservation is verified from the inter-

ferometer traces of the waves; (d) ion acoustic wave, (e) lower
sideband (Bernstein wave) (f) ugger sideband (Bernstein wave)
(After Chang, Porkolab and Grek™ 7).
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I.R. Gekker and O. V. Sizukhin, 1969;

B=20
(a) Circular Waveguide
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Fig. 5(a) Experimental setup of Gekker and Sizukhin55
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Fig. 10. (a)Heating rate of ion temperature versus input power.
(b)Heating rate of electron temperature versus input power. (c)

"Comparison =f time depengﬁnce.of T, with numerical calculations.
(After Okabayashi et al.”")
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Fig. 16. Energy analyzer measurements of the garallel
electron energies; O-mode. (After Porkolab et gi.s |
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Fig. 19. Low and high frequengy'decéy spectrum, amplitude of
the pump and the high frequency decay waves, and the ion temperature
as a function of input of power. (After Chu et al.73)
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Fig. 22(c). Space-time representation of ion kursts (shaded)
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as a result of ion expulsion. The polarization of icn trajectories
s represented by the cone with a half=width of 40” with respect
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