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Parametric _inétabilii:ies producéd by electromagnetic waves propagating
in a magnetic field free ‘plasma are reviewed . The discussion is based on
the use of the ponderomotive foree as the basic physical mechanism respons—
ible for these instabilities. Deééy of the-electranaqnetié wave into an
electron and ion wave, the oséillating two stream ir.xstabiAlity, filamentation
instability, stimulated Reman and Brillouin scattering, resistive and react-

ive quasi modes can- all be treated in a unified fashion, in a uniform medium.

If the plasma.is bounded the threshold power ié non-zero even in the
absence of damping, and may be the dominant factor in determining threshold
and growth rate values. The threshold for stimulated Raman scattering in-
creases in the presence of plasma density gradients, while temperature
gradients have a similar effect on simulated Brillouin scattering. "The
finite cross section of the pump wave determines the undamped threshold for
the filamentation instability. In a nonuniform plasma stimulated Rama.n
béckscattering becomes very strong in the neighborhood of the poinf»w‘here

the pump frequency is twice the local plasma frequencv.




Discussion

In this review I will a'tte.mpt.to' give a descriptidn( in temms of simple
physical processes, of a class of parametric instabilities that occur in ‘a
plasma under the inflqenoe of an electromagnetic wave. To do so the,fii:st"
part of this talk will be devoted to -the simple_st of cases; that of a plane

electromagnetic wave ‘interaéting with a uniform, magnetic field free plasma

“in the presence of small i)erturbati,ons.  The physical insight gained by

'stuayin'g this simple case can then be used to study more camplex (and more

reaiis'tic) _sitliations where the plasma has a finite size, density and
temperatlire gradients, etc. The effects of a background magnetic field will

not be considered here.

. since in Maxwell's equations the fields are linear functions of the

'charges and currents, all nonlinearities in electromagnetic wave propagation

come fram the charges and c‘urrents being nonlinearly .related to the fields.
In the case of plasmas this nonllnearlty can be ultimately reduced to the
nonlinearity in the partJ.cle motion. 'Ib the lowest oxder one obtalns a

nonlinear force acting on the éar’ticle, the pqndermotlve force. (]T)
4One writes «the expanded equation of mtion J_n a wave field as

£+£ g[E(x:)-i-(r-V)E+pr +hlgherorderterms] where £=——32—E

‘lS the osc:.llatlng part of the partlcle coordmate and r is the '

slowly va.ry:Lng part By averagmg this. equatlon over an osc:Lllat:Lon perlod
one finds

Y . )
r = AI?-F[ (E V)E>+<ExB>] —‘g—-v

so the .awfage nonlinear force on the particlemay. be written as ’
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,where' v = q2 <E%> . is the ponderamotive potential. .This formule can
":easily be ggweralized for two or more waves. The net effect of this force
is to push pér£icles away from regiox‘;s of high field intensity, toward
minima of the field intensitAy.. Note' that tﬁe accelerei:ion is inversely
proportional to the mass square, so the nonlinearity in the ion motion can

be ignored. .In a plasma, however, electrostatic dou_pling between electrons

and ions transmits the ponderomotive force: from electrons to ions.

We Will now use the ponderomotive force concept to discuss parametric

 plasma processes.

Coneider for example an electramagnetic wave propagating in a plasma,
" and let there be a small perturbation on the wave ihtensity perpendicular
to the direction of propagation. This results in a force pushing electrone
into the weaker field regions, dragging ions behind them, dug to electro-

w

static coupling. The plasma dielectric function e =1 - —g— will there-
w

fore be increased (wp decreased) in regions of high field intensity.-
According to the wave equation, however, the intensity increases further
where the lnde.x of refractlon is higher, forcing out even more partlcles

@

Afrom thlS reglon until the wave has broken up into filaments These
are like wave guldes or llght pipes generated by the nonlinearity of the °

"~ medium.

Let us lock now at a periodic density perturbation, like an electron
. or ion wave propagating (say) parallel with the electromagnetic wave. This
. density pérttirbation acts as an opticai grating and scatters some of the

light backwards if the light wavelength is twice the wavelength of the .




- plasma 'perﬁdrbétion, or in general if k = 2ko cost , where 6 1is the

angle between the{ wave ‘vector of incoming radiation ko and that of the
plasma wave k . Now the interference of the incoming and scattered wave
gives rise to'a spatially varying intensity (a standing wave) and hence a
sinusoidal pondercxnoti?e force with wave nutber k . The ph;:lse of this
ponderamotive force is such as to drive the density perturbation in the
plasma even higher, producing more scattering and so on. This process is
called stimulated Raman scattering if the plasma wave is an electron mode,
and stimulated Brillouin scattering for an ion wave3. These waves cbey

the frequency and wave number matching conditions, Wy =w tw o, ko =k + kl
and ‘the process may be thought of as the decay of a photon into another

photon plus a plasmon or phonon.

The plasma wave need not always be an eigemnode4. If the electromagnetic

“wave is sufficiently strong, such that the ponderomotive force daminates

over the electrostatic restoring force, the wave is driven off resonance and
a'reactive quasi mode" results. Such a plasma wave does not satisfy the
linear dispersion relation. Another interesting case arises when the plasma
wave interacting with the electromagnetic wave is a strongly damped one.

Such a wave has no sharp resonance, but driven by the beat wave of the in-
coming and scattered e.m. wave, it will absorb energy fram them. This
absorption of energy (and momentum) is accompanied by scatteriﬁg leading to
instability. Here a photon decays into a scattered photon with lower fre-
quency and wavenumber, while the'difference in energy and momentum is absorbed
by plasma particles. This "resistive quasi mode" écattering is reminiscent
of nonlinear Landau damping. Both the resistive and reactive quasi mode

exists in Raman and Brillouin scattering as well.



If the electromagnetic wave frequency u_ 1is close to the nlasma
ffequency vy a new situation arises that has been egtensively investigateds's.
The wavelength of the electromagnetic wave becomes very large, so that this
case may be treated as an interaction of é uniform.oscillating electric field
interacting with the plasma. Consider a-plasma density fluctuation under the
influence of this field Eo , when Wy ; W the electron oscillation fre-
quency_(Bohm—Gross frequency). ~The electrons oscillation in this field as
driven at the frequency Wy produce their own oscillating electric field Ek ~
due to space charge as shown. The ponderamotive force produced by the super-
position of EO and Ek drives more plasma into regions of higher density,

increasing it further7. This is the oscillating two stream instability, a

purely growing mode, like the filamentation instability.

When“ Wy > Wy the phase of electron oscillations changes by w , and
the ponderamotive force changes sign, driving the oscillation of the density
perturbation. This is equivalent to the driving of an ion wave, and the
, procesé may be thought of as the decay of a photon into a phonon and a
plasmon6. The frequency and wave number matching conditions are again satis-

field. If E_ is sufficiently large a reactive quasi mode again arisess.

All the modes discussed can be derived as special cases of a general

4

dispersion relation In the presence of damping mechanisms all these

processes occur only when the driving wave intensity exceeds a certain thres-

hold. One may characterize the driver by the ratio of oscillatorv electron

Y/
velocity in the wave field to the speed of light —%—= miEc N1, 6.104 EE
o) o

where P is the power density in Watts/mz. The parameter regimes for




different instabilities are tabulated at the end of the paper.

The results can be brieflv summarized as follows:

For Raman and Brillouin scattering and reactive uasi mode scattering,
one obtains the lowest thresholds and highest growth rates, when the
scattereq light has‘the same plane of volarization as the incoming light
and the directions of propagation ére opposite, that is for the case of
backscattering. The directional dependence of resistive cuasi modes is
more complicated, depending on the paraﬁeters of the problem. Filamentation,
the oscillating two stream instability, and decay into electron and ion modes
grow fastest when the plasma waves propagate at right angles to thé driving
wave. The threshold power necessary to excite Brillouin backscattering

exceeds that for Raman béckscattering by the factor

"R

EE. N Ei.ﬂﬁ k
P v lm Fo
t e

where Fi and Fe are the damping rates of the ion and electron wave

respectively and ). is the Debye length. This is usually a large numher.

D
The growth rates much above threshold are related bv

2

"y
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Comparing now the filamentation instability with Brillouin backscattering

one finds




. where cg is the ion' sound velocity.

Tt wculd seem therefore that unless k) is very small, Raman back-
scattering dominates over Brillouin scattering and the latter over filament-
,aﬁon in the under dense regipn.‘ Camputer simulation experiments support
this oontentions. 4Consider'ing more realistic configurations however, where
the plasma size is limited and temperature and densiﬁy aradients are present,

one is led to different conclusions.

Consider first the effect of finite plasma size9 along the direction of
propagation extendiné from x=0.to x=2 . At x = ¢ there can be no
backscattered radiation present, it has to build up within the slab. It
escapes at x = o and is no longer accessible to drive plasma waves. The
' plasma waves on the other hand propagate forward, héve zero amplitude at
x = o and are absorbed in the boundary layer at x = ¢ . The loss of
backscattered and plasma wave energy represent losses not very different from
darmping. One may estimate the equivalent damping rate for each wave as /%,
where V is the absolute_ value of the group velocity of the wave. "In an
infinite plasma the threshold condition may be written simply as v > /l‘—_lz
where Yo is the growth rate in the absence of damping and 1"1,.1‘2 are the
damping rates of the decay modes. Replacing T - 4 one is led to the

L
threshold estimate for a finite plasma slab in the absence of damping as

Indeed the detailed threshold calculation, solving the coupled mode equations

with the proper boundary conditions, yields the same answer, except that one




2

. - on'the right hand side is ?‘to be replaced bv _ I . This vields essentiallvy
" identical conditions for Brillouin and Paman stimulated backscattering

<

_O _2 > <"|A
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If the actual damping of a wave becomes comparable or larger than the
equivalent loss damping, it should also be included raising the threshold

further.

A density or temperature gradient10 in the plasma has an effect similar
to that of finite size. Considér‘for instance Raman backscattefing in a
plasma with a denéity gradient. At some point (say at X = 0) resonant back-
scafter occurs with the local frequencv and wavenumber matching condition
satisfied. ,furthe;'upstream the driver and backscattered wave produce a
pondercmotive force to drive electron plasma oscillations. However, since
‘the plasma density there is different, the local eigenfrequency or wave
nurber does not match that of the driver and onl§ small amplitude oscilla—
tions will be driven. This mismatch leads to.an effective interaction length
'~ Ak—l where Ak 'is‘the wavenurber shift for the plasma wave of given
frequency in the dénsity gradient. If the incoming and hackscattered wave
also suffer wavenumber shifts, thislmust also bhe includéd. In a linear
density gfadient bk is a linéar fﬁﬁction of x , and 2' 1is easily calcu-
lated. In a finite plasma with a densitv gradient the smailer of ¢ or &'
will determine the threshold. Clearly a temperature gradient has a.similar
effect on stimulated Brillouin SCattering, while a aensity gfadient has no.

effect on this instability.




‘The quasi-'modes and the filaméntatiou instébility dof‘not depend on

resonances: hence they are not sen51t1ve to den51tv and temperature gradlents

An interesting threshold exists for the fllamentatlon 1nstab111tv due to

- the finite size of the beam (or plasma) in the dlrect_lon perpendlcular to

beam propagationz. As the incident power decreases , the filament cross

section pfoportionally increases. Once the filament cross section exceeds

that of the beam, filamentation can no longer occur. This results in the
threshold for filamentation .
. 5 |
% lO (T + T.) (—— ) w >> W

p
t e . "1 w o)
- - A D P

where P is given in Watts and the electron and ion temperatures in

electron volts. .

A special case is presented hy Raman scattering in a nonuniform plaSrna

near the point where the local plasma frequency is half the driving wave

frequencyll; it follows from the frequency matching condition that the fre-

quency of the backscattered wave is the local plasma frequency or in other

words, the backscattered wave is at its cutoff At cutoff however, the
group velocity of the wave is ver.y small, (its wavelength very large), lead-
ing to an accumulation of wave energy. Heénce, one may expect a strong
enhancenent of the instability"in thJ.s region. ..This has indeed been seen in

canputer simul’ationlz. When the effects of the plasma waves generated

by this process -are taken into account it is found that the backscattered

wave can be partially or totallv trapped in a flnlte reglon. " In such a case

" the threshold and growth rates a.re near the homoqeneous plasma values.




The author 1s mdebted to numerous colleagues, in partlcula.r,
: Drs F. Chen, B rled P Kaw, Y. C. Lee, K. Nishikawa and A Wong for
' 1llumlnat1ng dlscussmns on the subject of pa.rametrlc instabilities. ThlS

work was: supported in part by the U. S. Atomic Energy C‘omm.ssmn. '
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Table 1

Dependeince of growth rate on pump strength for electron wave scattering.

v, eL
2. 9 growth rate
c Mwq ¢

1/2 :

I ' rr 2
——2-—— >> -—(-)- >> __._2 Vo wow
() woup 2l Baae

po p -
w 172 vO T
£ > = > —PB Yo 11/2
W, 7 bw 2 A
po
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v w 2/3
['cﬁl[l} 20 kY3

“o c p o0

Reactive quasi mode '

Vg r 1/2 o L v 2 -1
CHE (2o

“0 < Xe
Resistive quasi mode

(Fram J. Drake et. al. U.C.L.A. Report PPG-158, 1973) .
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. ' o g 4 Table IAI.

" Growth ratesof the ion wave scattering

growth rate

0pi s
2c Voo T c 1/2 v
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c - ¢ 2 : _ 2, 2 ‘ 2 (v w
up | 1+k_)\D X5 e 0 1+k_>\D X
' Resistive quasi mode

(From J. Drake et. al. U.C.L.A. Report PPG-158, 1973)
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Table ITI

Filamentation instability-

Y . \Y% v
Threshold “Growth rate for 0—9— >> zT
. v
V2°T=P_-(1+T_l_)k2x2 =2,
2 T w_ T T 'p YT Ypi
c o e~ :

Table IV

Inhonp'geneous thresholds

Stimulated Raman bac;kscatter

Stimulated Brillouin backscatter

2

v 2 sy v 2 ATk
c on ¢ T

Ln is the density écale length

LT is the témperature scale length
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