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Introductory Survey to Session III No. 4

George Schmidt

Stevens Institute of Technology, Hoboken, New Jersey, U.S.A.

Sl mary

Parametric instabilities produced by electromagnetic waves propagating

in a magnetic field free plasma are reviewed.  The discussion is based on

the use of the ponderametive force as the basic physical mechanism respons-

ible for these instabilities.  Decay of the electramagnetic wave into an

electron and ion wave, the oscillating two stream instabilitv, filamentation

instability, stimulated Raman and Brillouin scattering, resistive and react-

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

If the plasna is bounded the threshold power is non-zero even in the

absence of damping, and may be the daminant 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 Raman

-             backscattering becomes verv strong in the neighborhood of the point where

the pump frequency is twice the local plasma frequency.



Discussion

                                   In   this   review   I will attempt   to   give a description, in terms of simple

physical processes, of a class of parametric instabilities that occur in a

plasma under the influence  of an electromagnetic  wave.      Tb  do   so the, first

part  of   this   talk  will be devoted   to ·the simplest of cases;    that   of a plane

electromagnetic wave interacting with a uniform, magnetic field free pla.gma

in the presence of snall perturbations.  The physical ihsight gained by

studying this simple case can then be used to study more camplex (and more

realistic) situations where the plasma   has a finite   size,    densitv   and

temperature 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

came fram the charges and currents being nonlinearly related to the fields.

-        In the case of plasmas this nonlinearity can be ultimately reduced to the

nonlinearity in the particle motion.  To the lowest order one obtains a

(1)
nonlinear force acting on the particle, the ponderamotive force.

One writes the expanded equation of motion in a wave field as
. . - - -

E  +  5   =mf   [E (E).+    (E   0    V) E  +  E   x   B
+ higher order terms] where     E  =   -  -SY  

In i)

is the oscillating part of the particle coordinate and  r  is the

slowly varying part.  By averaging this equation over an oscillation period

one finds

E  =   -   - 2-   [< CE..    v) E>   +   <  x  8> 1    =   -   -- 22   9   :iE22,m w mw

so the average nonlinear force on the particle may be written ·as

<E> = mE.= - qv*

2



where     4  =  -92•  <E2>.  is   the ponderamotive potential. This formula  can
2m

easily be generalized for two or more waves.  The net effect of this force

is to push particles away from regions of high field intensity, toward

minima of the field intensity. Note that the acceleration is inversely

proportional to the mass square, so the nonlinearity in the ion motion can

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

and ions transnits the ponderamotive force from electrons   to   ions.

We will now use the ponderamotive force concept to discuss parametric

plasma processes.

Consider for example an electramagnetic wave propagating   in a plasma,

and let there be a small perturbation on the wave intensity perpendicular

to the direction of propagation.  This results in a force nushing electrons

into the weaker field regions, dragging ions behind them, du  to electro-
W

static coupling. The plasma dielectric function      E   =   1   -   - - will there-
lo

fore be increased (w decreased) in regions   of high field intensity.
P

According to the wave equation, however, the intensity increases further

where the index of refraction is higher, forcing out even more particles

(2)
from this region until the wave has broken up into filaments   .  These

are like wave guides or light pipes generated by the nonlinearity of the

medium.

Let us look now at a periodic density perturbation, like an electron

or ion wave propagating (say) parallel with the electromagnetic wave.  This

density perturbation acts as an optical grating and scatters some of the

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

3



plasma perturbation, or in general if k = 2k  cose , where  e  is the0
angle between the wave vector of incoming radiation  k   and that of the
plasma wave  k .  Now the interference of the incaming and scattered wave

gives rise to a spatially varying intensity (a standing wave) and hence a

sinusoidal ponderamotive force with wave number  k .  The phase of this

pondercmotive 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 wave. These waves obev

3

the  frequency  and wave nuniber matching conditions,     wo  =  w  +  wl    ,   ki=k  +  kl
and the process may be thought of as the decay of a photon into another

photon plus a plasmon or phonon.

4The plasma wave need not alwavs be an eigenmode .  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'teactive 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 electramagnetic 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 from them.  This                    · 

absorption of energy (and momentum) is accampanied by scattering leading to                  '  
instability.       Here a photon decays   into a scattered photon with laer   fre-
quency and wavenumber, while the difference in energy and momentum is absorbed
by plasma particles. This "resistive quasi nude" scattering is reminiscent

         of
nonlinear Landau damping.      Both the resistive and reactive quasi  mode J

exists in Raman and Brillouin scattering as well.

4
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If the electromagnetic wave frequencv  wo is close to the plasma

56
frequency w a new situation arises that has been extensively investigated ' .

-     P

The wavelength of the electromagnetic wave becomes very large, so that this

case mav be treated as an interaction of a uniform oscillating electric field

interacting with the plasma.  Consider a plasma density fluctuation under the

influence of this field E , when w  < w the electron oscillation fre-
-                                                                                                             0                            0           e

quency (Bohm-Gross frequency).  The electrons oscillation in this field as

driven at the frequency  wo produce their own oscillating electric field  E 
due to space charge as shawn.  The ponderamotive force produced by the super-

position  of     Eo     and Ek drives more plasma into regions of higher density,

7increasing it further . This   is the oscillating  two stream instability,   a

purely growing mode, like the filamentation instability.

When w > lt.) the phase of electron oscillations changes by  m , and
o e

the ponderamotive force changes sign, driving the oscillation of the density

perturbation.  This is equivalent to the driving of an ion wave, and the

process may be thought of as the decay of a photon into a phonon and a

6
plasmon .  The frequency and wave number matching conditions are again sat

is-

5

field. If E is sufficientlv large a reactive quasi mode again arises .
0

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

/li dispersion relation3,4.  In the presence of damping mechanisms all these

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

hold.  One may characterize the driver by the ratio of oscillatorv electronV               4 0
velocity  in  the wave field  to the speed of light    -9  =  _EL 2  1,   6.1 0     -

C       1£0  C                           (.0
0 0

2

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

5
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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 quasi mode scatteri.nq,

one  obtains the lowest thresholds and highest gror.ith rates,  when  the

scattered light has the same plane of polarization as t12e j.ncomina light

«               and the directions of propagation are opposite, that is for the case of

backscattering. The directional dependence of resistive quasi   modes   is

more complicated, depending on the parameters 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 the driving

wave. The threshold power necessary to excite Brillouin backscattering

exceeds that for Raman backscattering by the factor

P\ r. -

Pt} '   11  "Dt

where r.  and r are the damping rates of the ion and electron wave
1 e

respectively and  AD  is the Debye length.  This is usually a large number.

The growth rates much above threshold are related by

/Y\2

R 1    , k,„   

Comparing now the filamentation instability with Brillouin backscattering

one finds

Pfj p  (Dpi  -_..  B. 1 ... Cfy e

p  1    - 2r k 1
B/t i o D

6                                                 -.
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where  c   is the ion sound velocity.S

It  wculd seem therefore that unless     koAD     is very small, Raman  back-

scattering dominates over Brillouin scattering and the latter over filament-

ation in the under dense region.  Camputer simulation experiments support

8this   contentioii . Considering more realistic configurations however, where

.. the plaxma size is limited and temperature and density gradients are present,

one is led to different conclusions.

9
Consider first the effect of finite plasma size: along the direction of

propagation extending from x=o  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, have zero amplitude at

x=o  and are absorbed in the boundary layer at  x= f.  The loss of             1

backscattered and plasma wave energy represent losses not verv different from

damping.      One may estimate the equivalent damping  rate   for  each  wave   as     V/£,

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  yo > /rl r2

where  yo  is the growth rate in the absence of damping and rl''rr22 are the

T7

damping rates  of the decay modes. Replacing     r  +  i-    one  is  led  to  the

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

Yo £ >1

41 V2

Indeed the detailed threshold calculation, solving the coupled mode equations

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

7
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\

on the right hand side is to be replaced bv   - . 'Ihis yields essentially

identical conditions for Brillouin and Paman stimulated backscattering

VO 2
- - > ·n
C ·A

D

If the actual damping of a wave becames camparable or larger than the

equivalent loss damping, it should also be included raisina the threshold

further.

10A   density or temperature gradient           in the plasma   has    an effect similar
to that of finite size.  Consider for instance Raman backscattering in a

plasma with a density gradient.  At some point (say at x = o) resonant back-

scatter occurs with the local frequencv and wavenumber matching condition

satisfied.  Further upstream the driver and backscattered wave produce a

ponderamotive force to drive electron plasma oscillations.  However, since

the plasma density there is different, the local eigenfrequency or wave

number does not match that of the driver and only small amplitude oscilla-

tions will be driven.  This mismatch leads to an effective interaction length

E    Ak-1 where  Ak  is the wavenumber shift for the plasma wave of given

frequency in the density gradient.  If the inccming and backscattered wave

also suffer wavenumber shifts, this must also be included.  In a linear

density gradient  Ak  is a linear function of  x , and  2'  is easily calcu-

lated.  In a finite plasma with a densitv gradient the smaller of  Z  or  £'

will determine the threshold.  Clearly a temperature gradient has a similar

effect on stimulated Brillouin scattering, while a density gradient has no

effect on this instability.

8



The quasi modes and the filamentation instability do not depend on

resonances hence they are not sensitive to density and temperature gradients.

An interesting threshold exists for the filamentation instability, due to

the finite size of the beam (or plasma) in the direction perpendicular to

2
beam  propagation   .      As the incident power decreases, the filament cross

section proportionally increases.  Once the filament cross section exceeds

that of the beam, filamentation can no longer occur.  This results in the

threshold for filamentation

2
(.0

Pt   %   104     (T       +   T. )    .(EE  )e 1 WO       , »   Wp
P

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

electron volts.

A special case is presented by Raman scattering in a nonuniform plasma

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

11
frequency  .  It follows fram the frequency matching oondition 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 very small, (its wavelength very large), lead-

ing to an accumulation of wave energy.  Hence, one may expect a strong

enhancement of the instability in this region.  This has indeed been seen in

12
canputer simulation . 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 finite region.  In such a case

the  threshold and growth rates   are  near the homogeneous plasma values.

-

9
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illuminating discussions on the subject. of parametric instabilities.  This
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Table I

Depende,ice of growth rate on pump strength for electron wave scattering.

v           eL00
growth ratec    mw c

0

1                                                                  2
1/2

Cwpwol        owp         l c  r
p  1,2  "  >  „liz: j 1 IO ' wowp

1 P

1/2

I 1 1        ''        r>->  P
wl J      c 1/2 1  I2  1(w   w   ) 1/2(W W ) (c J POP O

< VO
. c.w ,1/2 .. 2/3-1> 11

Ii'}    C.,2.,)1/3

C
J WO j

Reactive quasi mode

vo   f r- 11/2                                  .2

r ' l ZO j   90                          f  01 w-Im -1C j U   Xe

Resistive quasi mode

(Fran J. Drake et. al. U.C.L.A. Report PPG-158, 1973)
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                                                                                Table   I I
Growth ratesof the ion wave scattering

V
0

c                                          growth rate

r                 v     l 2r r 2.1/2                                                            7 4
s                        a

 7 1 : 1      '1 ('.  4.. - k,,„
111  1 vo   1 1 ;21 1pl  Opi 2   lcCsa

1/2

2cs   k x       ,   -2   ,    ra        f  li   1                                                                 0
V                                      V

CDC W   ic J 1/2 Wpi
pi                        (2ccs)

v    r w: 11/2
2/3

3/2                     11, 1      2    1/3
->

L -fi 1 (kAD) (w  w )C,
WO  3

c        pi 0

Reactive quasi mode

v   v , 2w r ,1/2· _ .-1/2 2   2

_2   >   _e           0   -.                 Im                1                                                                 1     (vo    l    w                                1C C 2) 22   -1-i _IL Im
2 l ve J w 

2   2. W 6  1+k AX-' 1+k A
P Di D Xi

Resistive quasi mode

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

D
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Table III

Filamentation instability

V                  1.7

0      OTThreshold Growth rate for  - >>-
C C

V2 r T.     W
OT 22     0
2    =  f  (1  +  F) ko    AD Y = a  wpi

c                o                   e

Table TV

Inbomogeneous thresholds

Stimulated Raman backscatter Stimulated Brillouin backscatter

2
  1 2 V 2 A kD  o

(co)       „   R  1                                                                                  (-2)       „c           rton

L  is the density scale length LT is the temperature scale length
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