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Electromagnetic instabilities in unmagnetized plasmas
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PINSTECH (NPD), P.O. Nilore, Islamabad, Pakistan

K. Watanabe and T. Sato
National Institute for Fusion Science 322-6 Oroshi-cho, Toki City, Japan

~Received 28 May 1999!

It is shown that local perturbations in nonuniform unmagnetized plasmas can give rise to linearly growing
electromagnetic fields on both electron and ion time scales. The plasma vorticity and compressibility couple
due to density inhomogeneity, giving rise to instabilities with partially transverse and partially longitudinal
characteristics in electron plasmas forvpe<v and in electron-ion plasmas forvpe<v as well asv!vpe

~wherevpe is the electron plasma oscillation frequency!. It is reconfirmed that the pure transverse modes due
to the thermoelectric term do not appear in nonuniform unmagnetized electron plasmas. Furthermore, it has
been found that the thermal fluctuations in a collisionless inhomogeneous electron plasma happen on a slower
time scale of the order of 1/csk ~wherecs is the ion sound speed!. It seems that in the presence of a steep
density gradient the ion acoustic wave becomes electromagnetic. Since the curl of electric field becomes
nonvanishing in the presence of a density gradient, any nonuniform plasma can have magnetic field fluctua-
tions in the limitv!vpe as well. It is suggested that in the limitv!vpe the ion dynamics becomes important
and a pure electron plasma model to study magnetic field instability is not useful. The estimate for the
magnitude of slowly and rapidly growing magnetic fields using the electron-ion plasma model in a special
range of parameters turns out to be of the order of megagauss, in good agreement with the experimental
observations.

PACS number~s!: 52.25.Gj, 52.35.Fp, 52.50.Jm
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I. INTRODUCTION

Large magnetic fields~of the order of megagauss! have
been observed in laser produced plasmas for some
@1–5#. Several mechanisms have been proposed to un
stand the cause of generation of these magnetic fi
@6–20#. Most of the theoretical investigations in this dire
tion consider electron temperature perturbations to be im
tant for the unstable pure transverse waves in an inhom
neous plasma, assuming the ions to be stationary. I
generally believed that this mechanism of magnetic fi
generation is fast enough and even in the low-frequency l
ion dynamics is not important. At the same time in the lo
frequency limit the electron displacement current is ignor
which gives zero electron density perturbation. Much
search on magnetic field generation is based on the the
electric term“n03“T1 ~where“n0 is the equilibrium den-
sity gradient andT1 is the linear electron temperatur
perturbation!. In a collisionless electron plasma the low
frequency purely transverse perturbations are generally s
ied in the rangevpi!v!vpe @wherevpe (vpi) is the elec-
tron ~ion! plasma oscillation frequency#. The oscillatory
magnetic instability in the high-frequency limitvpe<v due
to electron temperature perturbations has also been co
ered@15#. These low- and high-frequency perturbation mo
els have been applied to the plasmas of low-Z materials like
hydrogen and its isotopes, assuming the ions to be station

Recently it has been shown that in a collisionless plas
the thermoelectric term does not become a source for m
netic fluctuations in the linear limit@19#. Furthermore, the
assumptions of divergence-free electron current and sta
ary ions do not present a realistic situation at least in a lo
PRE 621063-651X/2000/62~1!/1155~7!/$15.00
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Z material plasma within the framework of local theor
which requireskn!k ~wherekn is the inverse of the density
gradient scale lengthLn). Similar assumptions are used
electron magnetohydrodynamics which also presents con
dictions @21#. It has also been pointed out that temperatu
perturbations cannot give rise to pure transverse instabil
@19#. The assumptions used to describe an incompress
thermal wave withvpi!v!vpe , “•v1Þ0 and “• j150
~wherev1 and j1 are the linear velocity and current pertu
bations, respectively! do not seem to be self-consistent.

In the present paper we discuss two plasma slab mod
We show that a linear perturbation can give rise to elec
magnetic instabilities having partially longitudinal and pa
tially transverse characteristics in inhomogeneous unmag
tized pure electron plasmas as well as electron-ion plasm
Numerical values ofv in the coupled dispersion relation in
pure electron plasma show that the electron temperature
turbation~with v,vpe) corresponds to an instability on th
ion time scale withv;csk ~where cs is the ion sound
speed!. Therefore, we must consider ion dynamics as wel
this limit.

On the other hand, in inhomogeneous electron-ion p
mas a linear perturbation presents a coupling of hi
frequency plasma waves, ordinary transverse waves,
low-frequency electromagnetic waves near the ion acou
frequency @19#. Numerically calculatedv values of the
coupled dispersion relation show that a rapidly fluctuat
magnetic field~with vpe<v) and a slowly oscillating field
~with v;csk) can grow simultaneously in an electron-io
inhomogeneous plasma.

In both the above inhomogeneous unmagnetized pla
models the steady state is assumed to be maintained by
1155 ©2000 The American Physical Society
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ternal forces like laser beams. Apart from this assumpt
these models are general and just show that a linear pe
bation in a nonuniform plasma slab can give rise to grow
magnetic fluctuations on both ion and electron time sca
with real frequencies mainly nearcsk andvpe .

In the next section we study the linear perturbations in
electron plasma including temperature fluctuations. In S
III the coupling of transverse and longitudinal modes is
vestigated in an electron-ion plasma. Section IV gives so
rough estimates of the order of magnitude of the genera
magnetic fields. Finally, in Sec. V we discuss these plas
models and the numerical results in some detail.

II. PERTURBED ELECTRON PLASMA

We consider a pure electron plasma with stationary i
having density and temperature gradients along thex axis.
There are no external electric or magnetic fields and the
perturbed current is zero in the static plasma. The set of b
equations used is as follows: the equation of motion

mn~] t1v•“ !v52enE2“p, ~1!

the continuity equation

] tn1“•~nv!50, ~2!

the Poisson equation

“•E524pen, ~3!

the adiabatic temperature equation

3
2 n~] t1v•“ !T1p“•v50. ~4!

The equation of state is assumed to be the ideal gas lap
5nT. In addition to these we need electromagnetic eq
tions, Faraday’s law

“3E52
1

c
] tB, ~5!

and Ampère’s law

“3B5
4p

c
j1

1

c
] tE. ~6!

All of the variables used here have their standard mean
The curls of the equation of motion and Ampe`re’s law give,
respectively,

] t“3~n0v1!5
2e

m
“3~n0E1! ~7!

and

~] t
22c2

“

2!B1524pec“3~n0v1!, ~8!

where the subscripts 0 and 1 denote the background
perturbed quantities, respectively. It is important to note t
the pressure term disappears and does not contribute to
n
ur-
g
s

n
c.
-
e
d
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s
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-
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ticity directly. Assuming the perturbations to be proportion
to expi(k•r2vt), Eqs.~7! and ~8! give

~] t
22c2¹2!B15

ivpe
2

v
c~ ik1kn!3E1 , ~9!

wherekn5knx andkn5(1/n0)(dn0 /dx).
If a pure transverse perturbation is considered withk

5kx, E152@(1/c)] tA1y#y satisfying “•E150, then Eq.
~9! becomes

@v22c2k22vpe
2 ~12 iqn!#A1y50, ~10!

whereqn5kxkn /k2. However, we expect that the transver
and longitudinal modes can couple due to inhomogeneity
Eq. ~9! suggests. Therefore, we take into account the elec
static potential perturbationf1 as well by defining

E152“f12
1

c
] tA1 , ~11!

and for the sake of generality we considerk5(kx ,ky ,0) and
A15(A1x ,A1y ,0) with Coulomb gauge“•A150. In this
case Eq.~9! becomes

@v22c2k22vpe
2 ~12 iqn!#A1y5 i

vpe
2

v
ckyqnf1 , ~12!

where B15“3A1 has been used. Equation~12! suggests
that the vorticity and compressibility can couple in nonu
form plasmas. Actually the longitudinal plasma waves a
transverse ordinary waves can couple because“n0Þ0 in Eq.
~12!. Both are high-frequency modes withvpe<v. Electron
temperature perturbations can also take place because
compressibility“•v1Þ0. Later we shall notice that electro
thermal waves have a frequency near ion acoustic modev
;csk and do not contribute to magnetic fluctuations on t
electron time scale. Therefore, in electron plasmas a tra
verse mode withvpi!v!vpe cannot exist becauseT1Þ0.

To further eleborate this point we retainT1 and solve the
coupled dispersion relation analytically. Equation~1! gives

v152
i

v S e

m
E11v te

2 g0

n1

n0
1

1

m
g2T1D ~13!

and

“•v152
i

v S e

m
“•E11v te

2 ~kT1g1!•g0

n1

n0

1v te
2 ~ ik•g2!

T1

T0
D , ~14!

where g05 ik1kT , kT5kTx̂, kT5(1/dT0)(dT0 /dx), g1
5 ik2kn , andg25 ik1kn . The continuity equation gives

n1

n0
52

1

a S e

m
g2•E11v te

2 g2
2 T1

T0
D , ~15!
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wherea5v21v te
2 g0

2 . Using Eq.~15! in the Poisson equa
tion, we can obtain the relation between temperature
electric field as

T1

T0
5

1

4pn0ev te
2 g2

2 @a“•E12vpe
2 g2•E1#. ~16!

Equation~4! can be simplified as

~ 3
2 v21v te

2 g2•g3!
T1

T0
52S e

m
g3•E11v te

2 g0•g4

n1

n0
D ,

~17!
d
whereg35 ik1 3

2 kT . Substitutingn1 from Eq. ~15! into Eq.
~17!, we obtain another relation betweenT1 andE1 , viz.,

S 3

2
v21v te

2 g2•g32
v te

2 g0•g4

a
v te

2 g2
2D T1

T0

52
e

m Fg3•E12
v te

2 g0•g4

a
g2•E1G , ~18!

whereg45g11 5
2 kT . Then Eqs.~16! and~18! give an equa-

tion in E1 as follows:
,

3
2 ~a¹•E12vpe

2 g2•E1!v22vpe
2 @v te

2 ~g2•g3!g2•E12v te
2 g2

2g3•E1#2@v te
4 g2

2~g0•g4!2av te
2 ~g2•g3!#~¹•E1!50. ~19!

InsertingE1 from Eq. ~11! into Eq. ~19! we obtain a relation between electrostatic and magnetic vector potentials, viz.

$ 3
2 v42@ 3

2 vpe
2 ~12 iqn!1 5

2 v te
2 k22~T2r1 iT2i !#v

22~T0r1 iT0i !%f152
ky

kx
@ 3

2 vpe
2 mnv21~Sr1 iSi !#

iv

ck
A1y , ~20!
her-

ith

-

di-
ient
hs.
n is

the
qs.
where

T2r5
3

2
v te

2 k2mT~mT1mn!,

T2i5v te
2 k2S 4qn1

3

2
qTD ,

T0r5vpe
2 v te

2 ky
2mnS 3

2
mT2mnD1v te

4 k4Gr ,

T0i5v te
4 k4Gi ,

Sr5vpe
2 v te

2 k2S 3

2
mT2mnD ,

Si52vpe
2 v te

2 k2S 3

2
mT2mnDqn ,

Gr52
3

2
mT

21mTmnS 5

2
1

5

2
mTmn2mn

22
3

2
mT

2D
14qn~qn2qT!2mn

2 ,

Gi52~qn2qT!25mTmnqn1mT
2S 4qn2

3

2
qTD

2mn
2S qn2

7

2
qTD ,

mn5
kn

k
, mT5

kT

k
, and qT5

kx

k
mT .
The terms with coefficientsT and S in Eq. ~20!, having
corresponding subscripts, represent the contributions of t
mal fluctuations. If these terms are dropped then Eq.~20!
represents linear coupling of electrostatic plasma waves w
electromagnetic ordinary waves throughA1yÞ0 andmnÞ0.
In this case Eqs.~12! and ~20! give

@v22vpe
2 ~12 iqn!2 5

3 v te
2 k2#@v22c2k22vpe

2 ~12 iqn!#

5S kykn

k2 D 2

vpe
4 . ~21!

Let Les
2 5vpe

2 (12 iqn)1gev te
2 k2, Lem

2 5vpe
2 (12 iqn)1c2k2,

andqy5kykn /k25(ky /kx)qn so that Eq.~21! can be written
as

S v22Les
2

vpe
2 D S v22Lem

2

vpe
2 D 5qy

2 . ~22!

The coupling presented in Eq.~22! is possible ifm/M
!qy

2 so that the neglect of ion dynamics is justified. Com
bined with the local approximation this becomes

S m

M D 1/2

!qy!1. ~23!

Such a coupling of high-frequency transverse and longitu
nal waves seems to take place in a steep density grad
electron plasma within a very narrow range of wavelengt
When ion dynamics is also considered then this restrictio
relaxed. In that case the coupling predicted by Eq.~21! can
take place in a larger range of wavelengths in principle. If
thermal fluctuations are also taken into account, then E
~12! and ~20! yield a sixth order polynomial inv, viz.,



1158 PRE 62H. SALEEM, K. WATANABE, AND T. SATO
3
2 v61@~b2 3

2 a!1 i ~d1 3
2 qn!#vpe

2 v42F S ab1qnd1Yr1
3

2

ky
2

kxk
qnmnD 1 i ~ad2qnb1Yi !Gvpe

4 v21@~aYr1qnYi2h!

1 i ~aYi2qnYr1qnh!#vpe
6 50, ~24!
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a511l2k2,

b5H 2
3

2
1lDe

2 k2F2
5

2
1

3

2
mT~mT1mn!G J ,

d5
3

2
qn1lDe

2 k2S 4qn1
3

2
qTD ,

h5
ky

2

kxk
lDe

2 k2qnS 3

2
mT2mnD ,

Yr5lDe
2 k2Gr1lDe

2 ky
2mnS 3

2
mT2mnD ,

Yi5lDe
4 k4Gi .

As an illustration we solve Eq.~24! numerically for two
examples of laser-produced D-D plasmas. Let example 1
n0;1020 cm23, T0;100 eV @17#, and example 2 ben0
;1022 cm23, T0; 1 keV @16#. There are six complex con
jugate roots of this dispersion relation. Three of them tu
out to be growing in numerical solutions. This necessitate
few comments.

First, one of the complex roots corresponds to the lon
tudinal plasma wave that looks artificially unstable in th
hydrodynamic model. It is well known that this wave suffe
from Landau damping due to wave-particle interaction
both the long and short wavelength limts,lDek!1 or 1
!lDek @22#. We are using fluid theory and hence wo
within the limit lDek!1. If the kinetic model is used the
plasma wave will be damped even in an inhomogene
plasma due to wave-particle interaction. Some interes
limits on the plasma and perturbation parameters may
appear for the instability of high-frequency transver
modes. However, this aspect is beyond the scope of
present investigation.

Second, the real frequency of the electron thermal wav
nonuniform plasmas turns out to be near the ion acou
frequency. Therefore we discard these solutions in the c
text of the electron plasma.

Third, in the stationary ion case only the high-frequen
transverse wave becomes unstable due to density inhom
neity. The linear growth rate is very large and therefore
nonlinearities can come into play very quickly. Nonline
study of such a perturbation may give an increasing magn
field on a slow time scale as well. However, within the line
limits we do not find a growing magnetic perturbation wi
v!vpe in a stationary ion plasma. The numerical solutio
of the coupled dispersion relation Eq.~24! show that the
thermal wave has a real frequency of the order ofv r;csk
and therefore ion dynamics cannot be ignored if we take
be

n
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account electron thermal fluctuations. Furthermore,
growth rates do not depend much on the temperature gr
ent. We notice that such a magnetic instability cannot
suppressed even with a uniform compression (“p050) of
the plasma.

Figures 1~a! and 1~b! show the dependence of real fre
quencyv r and imaginary frequencyv i upon the wave num-
berk for both the examples 1 and 2. The growth rates of
high-frequency electromagnetic waves are very large
hence nonlinearities appear to be very important.

III. PERTURBED ELECTRON-ION PLASMA

Here we study linear perturbations in an unmagnetiz
nonuniform electron-ion plasma without ignoring the ele
tron inertia. For simplicity we assume electrons to be ad
batic (“pe1;gTe0“ne1) with the local approximation, and
ions to be cold. In Ref.@19# only the low-frequency electro
magnetic instability was investigated. In the limitv!vpe
the electrons were assumed to be isothermal. In the pre
study we solve the coupled sixth order dispersion relat

FIG. 1. The realv r ~solid curve! and imaginaryv i ~dashed
curve! frequencies of fast electromagnetic waves in pure elect
plasmas are plotted~a! for example 1 withkn;53103 cm21 and
kx;43104 cm21, ~b! for example 2 withkn;23104 cm21 and
kx;43105 cm21.
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and find that electromagnetic instabilities can occur on b
electron and ion time scales. Since the electrons are con
ered to be adiabatic,v te

2 'geT0 /me and g5 5
3 for the ideal

gas.
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Assuming the same perturbation geometry as that use
the case of an electron plasma with the electric field of E
~11!, the coupling of compressibilities and vorticities of ele
tron and ion fluids yields
$@v22~12 iqn!vpi
2 #~v22v te

2 k2!2~12 iqn!vpe
2 v2%@v22c2k22~12 iqn!vei

2 #2S knky

k2 D 2

vei
2 ~v2vei

2 2vpi
2 v te

2 k2!50,

~25!
ion
wherevei
2 5vpe

2 1vpi
2 . Equation~25! is the same as Eq.~19!

of Ref. @19# which gives a stable low-frequency electroma
netic mode in the limitv!vpe with v r;csk and kx50.
This mode can become unstable ifkxÞ0. Since it is not a
purely electrostatic mode we avoid calling it a modified i
acoustic mode. If the ion contribution is dropped usingvpi
!vpe , then Eq.~25! reduces to Eq.~21!.

We note that if we study the linear perturbations in
inhomogeneous electron-ion plasma in a more natural
with m/MÞ0, there appears an electromagnetic wave n
v;csk. Furthermore, in the presence of a density gradi
the high-frequency ordinary waves can couple with th
low-frequency extraordinary modes. The free energy sto
in the form of the density gradient can enhance the elec
magnetic fields due to plasma convection. Both the high-
low-frequency electromagnetic waves can become unsta
We note also that for the same plasma parameters as
been used in the two examples of electron plasmas and
similar perturbation wavelengths the high-frequency a
low-frequency electromagnetic waves can couple ifm/M
Þ0 is used in electron-ion plasmas.

Figures 2~a! and 2~b! show the instabilities of linear elec
tromagnetic perturbations on ion time scales in example
and 2 of laser-produced plasmas withv r;csk andv i!csk.
The high-frequency wave in electron-ion plasmas has a s
lar behavior to that found for the case of pure electron p
mas in Figs. 1~a! and 1~b!, but in the electron-ion plasm
both the high-frequency and low-frequency electromagn
modes are coupled and grow on electron and ion time sca

IV. ESTIMATE OF B FIELD MAGNITUDES

Direct estimation of the magnitudes of the magnetic fie
produced as a result of linear perturbations is difficult. Ho
ever, if we express the magnetic field in terms of the el
trostatic potential then we can make some estimate of
magnitudes by assuming some initial electrostatic ene
fluctuation relative to the plasma thermal energy, which
given byT0. Let v5v r1 iv i ~wherev r andv i are the real
and imaginary parts, respectively, of the perturbation f
quency! andv i!v r within the limits of linear theory. Then
in the case of high-frequency perturbations we can usev r

2

;vpe
2 (11l2k2) in Eq. ~12! to obtain

A1y;
cky

v r
Qf1 , ~26!
-
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whereQ5qnvpe
2 /(2gv r1qnvpe

2 ). In terms of the magnetic
field B1 we can write this as

uB1u;
ckT0

ev r

kyk

kx
uQuUef1

T0
U. ~27!

For the case of low frequency perturbationsv2!vpe
2 Eq.

~12! can be approximated as

A1y; i
ckyqn

S

T0

e

ef1

T0
. ~28!

Again we can write this in terms ofB1 as

uB1u;
ck

uSu S kyk

kx

T0

e D uqnuUef1

T0
U, ~29!

FIG. 2. The realv r ~solid curve! and imaginaryv i ~dashed
curve! frequencies of slow electromagnetic waves in electron-
plasmas are plotted~a! for example 1 withkn;23103 cm21 and
kx;1.63104 cm21, ~b! for example 2 withkn;23104 cm21 and
kx;43105 cm21.
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whereS5(v r1 iv i)(2a1 iqn).
Let us consider the case of example 1 to see the orde

magnitude ofB1 fields produced. The real and imagina
frequencies of the high-frequency unstable wave are foun
be v r;2.8vpe and v i;21023vpe , corresponding tokn
;53103 cm21 and kx;ky;43104 cm21. Then Eq.~27!
gives

uB1u;~1.83104!Uef1

T0
U. ~30!

Assuming the initial electrostatic perturbation to be ab
1% of the background thermal energy, we obtainuB1u;180
G. If the growth rate is taken into account,

uB1u;180 exp~v i t !. ~31!

In t51310211 s this initial perturbation can grow to th
magnitude of about 1 MG.

For a slowly growing B field we have v r;(3.2
31024)vpe andv i;(2.331026)vpe , corresponding tokn
;23103 cm21, kx;1.63104 cm21, and ky;4.33104

cm21 in example 1. Then Eq.~29! gives

uB1u;~5.43105!Uef1

T0
U. ~32!

It grows exponentially as

uB1u;~5.43105!Uef1

T0
Uexp~v i t !. ~33!

We notice that as in the previous case foruef1 /T0u50.01,
uB1u;13106 G in about a nanosecond. Similar results a
obtained if we use the parameters of example 2.

V. DISCUSSION

It has been shown that linearly fluctuating electroma
netic fields can grow on both ion and electron time scale
an inhomogeneous unmagnetized plasma slab. A density
dient is required for the coupling of transverse and long
dinal modes which has been assumed to be maintaine
external conditions. The electron temperature perturba
can generate a thermal wave having real frequency near
of the ion acoustic wave. Therefore, pure electron plas
models are not applicable for the study of such a slow p
turbation. Moreover, it is found that such a thermal wave
not a pure transverse mode. The electron compressib
contributes to the electron temperature perturbation
hence the role of the electrostatic potential and the den
fluctuation cannot be ignored. However, in a pure elect
plasma the high-frequency longitudinal and transverse wa
can couple in the presence of a density gradient as Eq.~21!
shows. The two slow thermal modes are artificially coup
with the high-frequency waves in Eq.~24!. The numerical
solutions for both the plasma examples~1! and~2! show that
the thermal wave is not a high-frequency electron wave w
vpi!v. Therefore we conclude that in a pure electr
plasma only the high-frequency transverse wave can bec
unstable ifkxÞ0.

To investigate the low-frequency magnetic perturbatio
of
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we have to consider ion dynamics as well. Linear pertur
tions of an electron-ion plasma yield a sixth order polyn
mial in v. There are two low-frequency and two high
frequency electromagnetic modes that remain stable if th
is no propagation along thex axis. One slow and one fas
electromagnetic modes can become unstable with a neg
component of phase velocity (vph)x,0 in the x direction.
The two conjugate modes with (vph)x.0 are damped. Since
kn.0 is assumed, only the solutions with (vph)x,0 can
become unstable, which corresponds to the situationkx,0.
That is, the modes propagating in the opposite direction
the density gradient forv.0 can grow due to plasma con
vection along the perturbation, giving rise to large magne
fields. If we take into account the entropy increase, the pr
lem becomes very interesting but complex. The density p
turbation due to compressibility and the plasma vorticity c
couple to generate these instabilities. In the presence of
sity inhomogeneity the electrons do not follow a Boltzma
distribution even on a slow time scale. In the presence o
density gradient the curl of the electric field is finite and t
magnetic perturbations do not allow electrons to mo
freely, as they can under the influence of an electrost
potential only. Therefore electron inertia becomes importa
In this situation a slow electromagnetic unstable wave
pears, which couples with the high-frequency transve
modes.

The solutions also show that one of the longitidin
plasma modes can grow. This unphysical result is due to
simplification of the fluid model which cannot take into a
count the effect of Landau damping. Landau damping c
have an important effect on the instability criteria of electr
magnetic modes as well, because electrostatic and mag
vector potentials are coupled. Therefore a kinetic treatm
would be very useful in the present investigation.

If the large growth rate of the high-frequency transve
wave predicted by fluid theory remains of the same orde
magnitude in the kinetic treatment, then nonlinear effe
should also be studied. A nonlinearly modulated electrom
netic wave may evolve slowly even in an electron plasm
Therefore we think that magnetic perturbations can grow
several temporal and spatial scales in an unmagnetized i
mogeneous plasma. Furthermore, in the linear limit the
genvalue problem along thex direction should be solved
with appropriate boundary conditions.

The present investigation also shows that any inhomo
neous plasma can support electromagnetic linear pertu
tions. Therefore, the seed of a magnetic field always exist
nonuniform plasmas. This may explain the initial magne
field generation in space plasmas like planets, stars, etc
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Éksp. Teor. Fiz.19, 291 ~1974! @JETP Lett.19, 170 ~1974!#.
@10# D. A. Tidman and R. A. Shanny, Phys. Fluids17, 1207~1974!.
E.

.

.

s

@11# D. G. Colombant and N. K. Winsor, Phys. Rev. Lett.38, 697
~1977!.

@12# M. G. Haines, Phys. Rev. Lett.47, 917 ~1981!.
@13# R. D. Jones, Phys. Rev. Lett.51, 1269~1983!.
@14# P. Amendt, H. U. Rahman, and M. Strauss, Phys. Rev. L

53, 1226~1984!.
@15# M. Y. Yu and L. Stenflo, Phys. Fluids28, 3447~1985!.
@16# M. Y. Yu and X. Chijin, Phys. Fluids30, 3631~1987!.
@17# M. Y. Yu, P. K. Shukla, and L. Stenflo, Phys. Fluids30, 3299

~1987!.
@18# V. I. Berezhiani, S. M. Mahajan, and N. L. Shatashvili, Phy

Rev. E55, 995 ~1997!.
@19# H. Saleem, Phys. Rev. E54, 4469~1996!.
@20# H. Saleem, Phys. Plasmas4, 1169~1997!.
@21# H. Saleem, Phys. Rev. E59, 6196~1999!.
@22# A. I. Akhiezer, I. A. Akhiezer, R. V. Polovin, A. G. Sitenko

and K. N. Stenpov,Plasma Electrodynamics~Pergamon Press
New York, 1975!, Vol. 1, Chap. 4.


