behind the plasma layer.

The increased self-focusing in the case of induced
transparency, as compared with the case of transparent
plasma (N, < N,,), is probably connected with the ap-
pearance in the post-critical plasma illuminated by the
incident radiation of a transparency channel of width
d<a which, in effect, compresses the beam propagating
through it.

The authors are indebted to B. G. Eremin, A. G.
Litvak, and M. A. Miller for very useful discussions.
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S. M. Fainshtein

Gorkii Polytechnic Institute
(Submitted February 20, 1976)
Zh. Eksp. Teor. Fiz. 71, 1021-1024 (September 1976)

The tearing instability is considered for nonisothermal plasma penetrated by a low-velocity charged-

particle beam. Possible stabilization of this instability due to the transformation of the high-frequency wave
energy into the energy of a nonlinear ion-acoustic wave is discussed. This phenomenon is equivalent to the
nonlinear absorption of the high-frequency waves. The efficiency of heating of heavy particles (ions) by a

charged-particle beam is estimated.

PACS numbers: 52.40.Mj, 52.50.Gj, 52.35.En, 52.35.Gq

Tearing (explosive) instability, characterized by a
sharp increase in the amplitudes of interacting waves,
is known to be possible in nonequilibrium media (see,
for example, %)), This instability has been investi-
gated for plasma systems in the case of longitudinalt!*?
and transverse™® waves; efficient generation of micro-
wave radiation in laboratory plasma, previously found
under experimental conditions for plasmas®? and trans-
mission lines, ®®) was demonstrated. The main mecha-
nism proposed for limiting the “explosion” was the non-
linear departure from synchronism due to cubic non-
linearity. % !%%1 In the present paper, we investigate a
fundamentally new mechanism for limiting tearing in-
stability. This is connected with the multiwave inter-
action between hf and 1f waves in which the 1f waves have
positive energy and are attenuated in a linear fashion so
that, owing to the presence of a large number of 1f
branches (or one branch with weak dispersion), non-
linear 1If oscillations are generated. The latter situation
is equivalent to the nonlinear attenuation of 1f waves and
leads to the stabilization of the “explosion” in a medium
with quadratic nonlinearity. We shall illustrate the
analysis by the example of the interaction between a
frequency-modulated multivelocity electron beam and
the ion-acoustic waves in the main plasma when the
modulation frequency is much greater than the Langmuir
frequency of the plasma electrons. The higher frequency
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of the beam wave will then be associated with negative
energy, whereas the other beam and ion waves will have
positive energies. Linear viscosity-type absorption will
be taken into account for the ion sound. It is found that
a nonlinear ion-acoustic wave is generated in this sys-
tem, and this may lead to effective heating of plasma
ions as a result of dissipation. The growth of the hf
waves is not observed under these conditions, i.e., the
tearing instability becomes stabilized by the nonlinear
generation of a large number of 1f waves, whichis equiv-
alent to the nonlinear attenuation of hf waves. The
stabilization mechanism for tearing instability is phys-
ically interesting in itself, but it can also be used for
the effective heating of plasma ions.

1. The basis set of quasihydrodynamic equations is?

oE
E=4ﬂe(p.—p«+p.),
OV, 4 +o., v _ e E— T 0,i0p.,4/ 0% '
at oz Mg, me (N + Pc.l)
0o, vy 0p.,4_ (1)
-Tt--‘-N.‘W-‘-U"‘ 3 =0,
ov, . 0dv, e v,
—_'E=_ L] ’
ot Ve T m TS
dp. v, 9p.
Nty =,
ot N dz Vo oz
where p, ;,, and v, ; , are the deviations of the concen-
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trations of the plasma electrons and ions, the beam
electrons, and the corresponding velocities from the
equilibrium values (N,=N;; N,; 0,0, V), and E is the
electric field of the wave. In the linear approximation,
the above set of equations leads to the following disper-
sion relation®

@' @os @,
o' —vr 2kt o (0—kVy)E @
. 4nN.e* ,  4nNge’ 4nN,e? T,
W =— 3 W = ——— W)t = —; Ure = H
m. m; me me

where w and k are the frequency and wave vector, re-
spectively. It is readily seen that, when

o/k<vr, VoPvr, Vo>C,, Cl=xT/m, @)
the above dispersion relation describes high-frequency
beam waves and ion-acoustic waves in nonisothermal

plasma:

m—kVoz:‘.:o)o., (4)
Q=¢C,(1+¢*C.*/ o) ~". (5)

For waves for which the dispersion relations given by
(4) and (5) are valid, we have the synchronism condition
0:=0,+tQ, k.=k,+q, (6)

so that, if we use this in conjunction with (4) and (5), we
can readily show that

Qx20,C. V"t - (7

(we recall that Vy>C,, so that the usual ion-acoustic
instability need not be taken into account) and

ky~ka~wy 2/ V. (8)

Beats produced by the high-frequency beam waves will
generate the ion-acoustic wave which, because of weak
dispersion (Q < wg,), will excite a number of ion-sound
harmonics (for simplicity, we shall confine our atten-
tion to three harmonics because, as will be shown be-
low, this is sufficient for the correct description of the
above interaction). Using standard procedures (see,
for example, ©*!21) we obtain the following equation for
the complex amplitudes of the interacting waves:

da. da da da
’Er+ Vo"'?;z__—az(hbn 7?‘-}_ Vn-g;‘=o,a,b,,
ab, _ ob, )
W+C'7;= 0a2a,"+6 (2b,"bs+3b2b,") —n by, ©)
b, | 0b, 2 , .
i g = 6(=8bI+2b,b.) b,
b, dbs 9
-aT + . —a; = - —2 szb‘—g'qb,,
where
e
Oy~0a~ — 4m_.Vo-N.N¢_l (Q(I)) 2 (maﬁ)ni)_zy
1 e @o \*/ Woaloi\?
e (2 )
° 8 mdC, [} 0Q

6~e/3C,m,; n is the viscosity, and a, ; and b, , 3 are
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the complex amplitudes of electric fields in the hf beam
and 1f ion-acoustic waves.

For simplicity, we shall now confine our attention to
the propagation of waves for x> 0 in the time-independent
approximation (3/8¢=0). It is readily shown that, for
reasonable parameters of the beam-plasma system,
0> 0, 3 and, moreover, for Vo> C,, the ion sound will
grow rapidly and will subsequently “follow” the changes
in @;,,. Under these conditions, the expression given
by (9) yields the following equilibrium distribution for
the generated ion-sound field in the system:

b=02:a, o (15°17),  b0=—30b2(6n+]b,°]%62) ~*
by0=3b,%" (61>+ | b,°|26%) -2, (10)

3
Neg=n[ 1+ 5 O1b01 (B8t b,o17) + 2 gper en+boren-],

where the function 7,,, (1 5{12) characterizes the nonlinear
attenuation of ion sound due to the transfer of energy to
higher harmonics. Qualitatively speaking, 7,,, increases
with n for small Ibgl and reaches the saturation value
~4n for large Ibcl'l. To determine the nature of the func-
tion a,,,(x), we must substitute for Y from (10) in (9)
with the time derivative equal to zero. However, this
does not yield any useful expressions for the variation

in the amplitude of the hf waves, and further analysis
was therefore carried out numerically on a computer.

It was found that al'z(x) did not undergo substantial
variation, i.e., the ion sound grew in nearly the same
way as in a given field of hf beam waves and reached the
values given by (10). Further dissipation of the non-
linear ion-acoustic wave results in the transformation
of the ion-sound energy into heat, i.e., the heavy plas-
ma particles (ions) become heated. Unlimited growth of
the 1f and hf waves, i.e., the tearing instability de-
scribed by the first three terms in (9), without including
be,3, does not occur. Effective nonlinear attenuation of
the ion-sound harmonics may therefore result in the
dynamic stabilization of the “explosion.”

2. In conclusion, let us estimate the efficiency of
heating of the plasma ions. We note that the inclusion
of only three harmonics of the 1f wave is entirely suf-
ficient, since dispersion and the attenuation of sound
(~¢® is such that departure from synchronism is im-
portant for the higher harmonics and, therefore, their
excitation is of minor importance in this system. Let
us now suppose that the parameters of the beam-plas-
masystemare as follows: N, N;1~102, wy~2x10'" sec™,
Q~8x10" sec™! (wavelength of ion-acoustic wave ~0.5
mm), C,~10% cm -sec™, V,=10° cm-sec™, beam cur-
rent ~20 mA/cm?, power ~10 mW/cm? beam modula-
tion frequency ~5x 10'° sec™, and pump amplitude lal/
(mV3EN, /2)!/¥~10"(lay,,| ~2 V/cm). A nonlinear ion-
acoustic wave with the following amplitudes of harmonics
is generated under these conditions in the beam-plasma
system: ) /Epey~0.2; Epge= (mVEN,/2)'/% 5)/Ene
~0.08; bY/Ep.~0.05; in the case of dissipation, this
corresponds to heating at a rate of 50 deg/sec in a layer
with a cross section of the order of 10 cm? and length
~50 cm.

DIt is assumed that the ion temperature T; < T, (T, is the elec-
tron temperature). We put henceforth for simplicity T;~ 0.
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DWe are assuming that the waves propagate in the direction of
the particle beam.
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The problem is considered of the decay of the initial density and velocity discontinuity in a plasma with
cold ions and hot electrons. It is shown that the equations of two-stream hydrodynamics should be used to
describe the evolution of such a discontinuity. The region of initial values of the plasma parameters,
u_-u, and N_/N, is found in which the self-similar solutions obtained are applicable. The stability of

the resultant solutions is investigated.

PACS numbers: 52.25.Fi

1. INTRODUCTION

In recent years, great attention has been paid in plas-
ma physics to the description of collisionless shock
waves—nonlinear waves that arise in a collisionless
plasma and transform the plasma from one stationary
state to another. The analog of such a problem in gas
dynamics is the Riemann problem™’—the determination
of the asymptotic (as ¢~ ) motion of the gas, in which
the gas on the right halfspace (x >0) is maintained (up to
the initial moment) at a pressure p,, and has a velocity
u,; in the left half space (x < 0) these quantities have the
values p_ and u., respectively.

The solution of the Riemann problem for a plasma in
the case in which T,~ T, is given in the work of Gure-
vich et al. " with the use of the kinetic equation, with a
self-consistentfield for the ion distribution function. In
the case in which the ions are cold (T, « T,) their ve-
locity distribution function degenerates into a § function,
and in the description of the motion of the ions, atransi-
tion from the kinetic equation to equations of the hydro-
dynamic type becomes possible, These equations in the
dimensionless variables u, = v (T,/M)YV?, ¢=ey/T,,
£=x(M/T,)"/2, have the form

g dua. 3¢ (1a)
ot R

—tu,
at
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N, @
T + 'a—g(Nuuu) =0, (lb)
N=N+N; oa—=1,2 (1c)

Here N, N, v,, v, are the concentrations and veloci-
ties of the two ion fluxes, i is the electric field poten-
tial, M is the mass of the ion, T, is the temperature of
the electrons. The system (1) is written under the as-
sumption that all the variables depend only on the single
coordinate and the time ¢,

The introduction of the index a corresponds to the fact
that, in the absence of collisions, ions can be found at
each point in space, arriving both from the right and
fromthe left; “two-layer hydrodynamics” is required
for the solution of such a system of particles. Equa-
tions (1a) express the conservation of momentum of each
of the components of the ionic part of the plasma, and
Egs. (1b) express the conservation of the number of
particles of these components.

The system (1) should be satisfied by the Poisson re-
lation

2

.__.d_:\p.=4,ne(N‘—N,), (2)
dz

where ¢, N, N, are functions of the coordinate and the
time,
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