Schwob, and G. A. Doschek, Astrophys. J. 201, 225 (1975).

33, L. Schwob, and B. S. Frankel, Phys. Lett. A40, 81, 83
(1972). M. Klapisch, J. L. Schwob, B. S. Frankel, and
J. Oreg, J. Opt. Soc. Am. 67, 148 (1977).

%M. Druyvestein, Physica 10, 69 (1930),

1B, N. Davydov, Zh. Eksp. Teor. Fiz. 6, 463, 472 (1936); 7,
1069 (1937).

38y, L. Ginzburg, Rasprostranenie elektromagnitnykh voln v
plazma (Propagation of Electromagnetic Waves in a Plasma),
Nauka, 1967 [Pergamonl.

$y. L. Ginzburg and A. V. Gurevich, Usp. Fiz. Nauk 70, 201,
393 (1960) [Sov. Phys. Usp. 3, 115, 175 (1960)].

44, V. Gurevich and A. B. Shvartsburg, Nelineinaya teoriya
rasprostraneniya radiovoln v ionosfere (Nonlinear Theory of
Radio Wave Propagation in the Ionosphere), Nauka, 1973.

41, D. Landau and E. M. Lifshitz, Elektrodinamika sploshnykh
sred (Electrodynamics of Continuous Media), Gostekhizdat,
1957 [Pergamon 1959].

421, D. Landau and E. M. Lifshitz, Mekhanika sploshnykh sred
[Fluid Dynamics], Gostekhizdat 1954 [Pergamon].

31, D. Landau and E. M. Lifshitz, Statisticheskaya fizika
(Statistical Physics), Part I, Nauka, 1976 [Pergamon].

4y p, Silin, Zh. Eksp. Teor. Fiz. 44, 1271 (1963) [Sov. Phys.
JETP 17, 857 (1963)].

Yw. L. Harries, Ja H. Lee, and D. R. McFarland, Plasma
Physics 20, 95 (1978).

46p, Gratreau, Phys. Fluids 21, 1302 (1978).

41y, G. Makhan’kov and A. A. Rukhadze, Nuclear Fusion 2, 4
(1963).

434, A. Ivanov and L. L. Rudakov, Zh. Eksp. Teor. Fiz. 58,
1332 (1970) [Sov. Phys. JETP 31, 715 (1970)].

M. V. Babykin, A. V. Bartov, Yu. V. Koba, Zh. N. Lin, V. L
Mizhiritskii, V. S. Pan’kina, L. I. Rudakov, A. D. Sukhov,
and E. Z. Tarumov, Pis’'ma v Zh. Tekh. Fiz. 4, 1094 (1978)
[Sov. Tech. Phys. Lett. 4, 441 (1978)].

s. P. Bugaev, E. A. Litvinov, G. A. Mesyats, and D. L Pros-
kurovskii, Usp. Fiz. Nauk 115, 101 (1975) [Sov. Phs. Usp.
18, 51 (1975)].

5, M. Lifshitz and B. £. Meierovich, Dokl. Akad. Nauk SSSR
249, 847 (1979) [Sov. Phys. Dokl. 24, 988 (1979)].

52B. E. Meierovich, Zh, Eksp. Teor. Fiz. 79, 150 (1980) [Sov.
Phys. JETP 52, 75 (1980)].

Translated by J. G. Adashko

Self-limiting of a wave field following supersonic dispersal
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It is shown that in a collisionless dispersing plasma moving at supersonic speed, striction monlinearity
imposes an upper limit on the field intensity of the electromagnetic wave propagating in the plasma. This limit
is due to the fact that in the supersonic stream the plasma is swept into the region of the strong electric field,
and this decreases the refractive index and hinders the wave propagation. The field of s- and p-polarized
radiation in a plasma with cubic nonlinearity is considered, where the plasma inhomogeneity is determined
entirely by the influence of the ponderomotive forces. Self-confinement of the field is demonstrated in the case

of s-polarization also for a plane-inhomogeneous linear plasma layer.

PACS numbers: 52.35.Hr, 52.35.Mw, 52.40.Db

One of the pressing problems of nonlinear theory of
plasma is that of the behavior of a strong electromag-
netic field in a moving dispersing plasma. A certain
group of questions raised in this problem can be ex-
plained by numerically solving the equations of non-
linear electrodynamic and hydrodynamics (see, e.g.,
Ref. 1). At the same time, the numerous restrictions
on the use of numerical methods leave many aspects
of this problem uninvestigated. The present communi-
cation reports an attempt to investigate the electro-
magnetic field in a stationary inhomogeneous plasma
stream. Recognizing that the case of subsonic flow
is similar in many respects to the situation considered
in a paper by one of us,? and striving to obtain qualita-
tive results of interest for modern experiments, we
focus our attention in this article on the case of super-
sonic plasma flow. With an aim also to make the
results as conclusive as possible, we consider in de-
tail the picture corresponding to a maximum deviation
of the plasma density from the critical value, when
the “striction” increment to the dielectric constant of
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the plasma can be accounted for by a cubic nonlinearity

" only.

Both a qualitative investigation of the equations of
the nonlinear electrodynamics, and the analytic solu-
tions obtained by us for the field, show that the super-
sonic flow in a classically transparent (in accord with
the linear theory) plasma the striction nonlinearity im-
poses an upper limit on the electric field intensity.
The reason is that in supersonic flow, in contrast to
subsonic flow, the plasma is not expelled from the
strong-field region but, on the contrary, becomes
denser there. In the relatively weak field region the
plasma becomes more tenuous. The increased density
of the plasma in the strong-field region hinders the wave
propagation. This effect takes place for both standing
and for traveling waves, and for both s- and p-polar-
ized radiation. What changes qualitatively in the super-
sonic flow is the structure of the electromagnetic soli-
ton, in which the decrease of the plasma density is
accompanied by a weakening of the electric field.
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1. The stationary one-dimensional flow of a non-
isothermal plasma acted on by a ponderomotive force
due to a high frequency field is described by the hydro-
dynamic equations (cf. Ref. 1)

a (nv) v v, on Ze*  I|E,|*
-0, Vo S8 ey e e e, e | 1 1)
oz oz n dx 4Mm.,0 0z ( .

Here n is the density of the number of ions, v is their
hydrodynamic velocity, v, is the speed of sound, Z|e|
and M, are the charge and mass of the ion, e and m, are
the charge and mass of the electrons, w, is the fre-
quency, and E,(x) is the coordinate-dependent electric-
field intensity

E(z, z, t) =Re {E, (z) exp[ —iwst+iz(@,/c) sin 8]}, (1.2)

where 6 is the incidence angle. In (1.1) we assume the
temperature, and hence the speed of sound, to be inde-
pendent of the coordinates, as is approximately the
case in experiment.

Equations (1.1) have the obvious integrals

n(z)v(z) =NV=const,

(1.3)
Y (z)+v.? In n(z)+[Ze* | Eo () | */4Mim,0,* ] ="/,V*+v,? In N=const.

Eliminating v(x), we can write down the following equa-
tion that connects n(x) with the electric field intensity:

YoN*V¥/n? (z) +v.* In n(z) +[2e*|Eo(2) | Y4Mim,0]="/:V*+v, 1o N. (1.4)

When the hydrodynamic equations (1.1) are valid, the
electroneutrality condition holds, meaning that the
characteristic distance over which the field changes is
large compared with the Debye radius. Under these
conditions we can use the following expression for the
high-frequency dielectric constant:

e=1—(n/n,), (1.5)

where n,=m w%/4ne*Z is the critical density of the
ions. In our analysis we disregard small dissipative
effects, all the more since the general scheme for
taking these processes into account in nonlinear elec-
trodynamics was developed earlier by one of us.?

Equations (1.4) and (1.5) constitute the material equa-
tions of the nonlinear electrodynamics of a stationary
plasma stream. The qualitative deviation from the
nonlinear electrodynamics of supersonic flow can be
seen from the following relation that follows from
(1.11):

- ton 1 0|E.(z)[*
*""noz 16mn M, Oz

(1.6)

We see therefore that whereas in subsonic flow the
maximum of |E,|? corresponds to a minimum of the
density, in supersonic plasma flow this corresponds to
maximum density. In other words, in the subsonic
flow the strong field expels the plasma and by the same
token decreases the nonlinear reaction of the plasma
on the field, thus precluding limitations on the field
strength in a tenuous plasma. On the contrary, ina
supersonic flow the pondermotive force sweeps the
plasma into the region of the strong field, thus increas-
ing the nonlinear reaction of the plasma on the electro-
magnetic field. Inasmuch as in a dense plasma the
electromagnetic field is subject to the skin effect, it
should be clear that an upper bound on the electromag-
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netic field intensity should exist in supersonic flow.

We note that nonlinear electrodynamics of a dispers-
ing plasma deals only with a unique regime in which
the stream velocity oscillates in space between the
sonic and supersonic values.® In this regime, the
plasma converged on the critical-density region at
supersonic velocity. In our analysis that follows we
shall deal with supersonic flow in the vicinity of the
critical density and with a relatively weak electromag-
netic field, when the regime dealt with in Ref. 3 is not
realized.

In the case of interest to us, that of fields whose
pressure is low compared with the thermal pressure,
it is possible to demonstrate distinctly the concrete
peculiarity of the nonlinear electrodynamic properties
of a supersonic plasma stream. We can assume in

this case
n(z) =N+dn(z), v(z) =V+6v(z) (1.7)

and regard 6n and v as small compared with N and V
respectively. We then have from (1.3) and (1.4)

=y E@! (1.8)
Vi—v,? 16nnM;
V  |E(2)I*
—_— 1.9
bv V*—v,? 16nnM; (1.9
Equations (1.5) and (1.8) allow us to write down the
following material equation
(N_N IE, () I?
T h 1Ban M (Vo) (1.10)

which we shall use below to investigate the behavior of
the magnetic field in a dispersing plasma. Bearing in
mind a discussion of the consequences of (1.6), we
restrict ourselves to the region of classical (linear)
transparency of the plasma, when N <n..

2. We consider firstthe case of s-polarization, when
E, is oriented along the y axis. Assuming
E,,(z)=iE (z) exp[—i@(2) ],
we can write expression (1.2) in the form

E,(z,2,t)=E (z)sin[@i¢—(0/c)z sin 0+¢(z) ]. (2.1)

Accordingly, the material equation (1.10) takes on the
form

e=e,—[E(z)/Ev]?, (2.2)
where
N , M .
eo=1——, Ey -—iiﬁnn,M((V‘—v.)- (2.3)

Formula (2.1) makes it possible, .in analogy with the
procedure in Ref. 2, to write down the following two
integrals of the field equations:

—E*(z) ¢’ (z) =M, =const, (2.4)
(E")*+(M./E*)+U(E*) =& ,=const, (2.5)
U(E*) =ad*c~*{(eo—sin® 8) E*— (E*/2E+?) ). (2.6)

The left-hand side of (2.5) can be regarded as the sum
of the effective kinetic, centrifugal, and potential ener-
gies, and the corresponding problem of finding the
intensity of the electric field becomes analogous to the
problem of particle motion in a central field. Figure 1
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shows the dependence of the sum of the centrifugal and
potential energy at g,>sin’4. It is seen from this figure
that finite motion in this effective potential field is
possible at certain values of &,. The electric field
intensity has then an upper bound. In the particular
case when there is no energy flux (standing wave), and
M,=0, the maximum field value

Ec, mas=Ev (ao—sin’ 9)"' (2.7)
occurs at
&='fr0,°c™*(e,—sin’ 8) ’Ev*. (2.8)

In accordance with Fig. 1, at M,=0 we have from (2.5)
(cf. Ref. 2)

E (z) =Ev (e,—sin’ 6—¢,)

X sn (-;—%[e.—sin‘ 0+e,]™, k),’ 2.9)
2¢&, 1"

e,= [(a,—sin’ 0)*— T ] ,
o (2.10)

g,—sin’ 0—e,

g,—sin®0+e,
We note that when (2.8) is satisfied the oscillatory de-
pendence (2.9) turns into

E(z) =Ey (e,—sin® 6) " th (knz),

[o])
km = ——(go—sin?0,) .
Ve o
This solution corresponds to
e=g,— (g,—sin’® 0) th* (kmz),

dn=n.(e,—sin*0)th*(knz),

(2.11)

50=—V%—(eu——sin' 8) th* (kn2).

The foregoing formulas allow us to call the solution
(2.11) a supersonic soliton. In contrast to the caviton,*
in which the density well is filled with an intense high-
frequency electric field, in our case of (2.11) the
bottom of the density well corresponds to a zero elec-
tric-field intensity. On the contrary, for the magnetic
field we have

B.(z, z,t)=—sin 0E,(z, z, ),
Ev(&,—sin?0) cos[ w.t— (@o/c) 2 sin 0]
V2 ch? (kmz) '

In particular, at 6 =0 the magnetic field inside the super-
sonic soliton is a maximum and decreases with increas-
ing distance from the density well. We must point out

in this connection the possibility of propagation in the
plasma of peculiar magnetoacoustic nonlinear waves
constituting traveling density wells filled with high-

(2.12)

B,(z,z,t)=

FIG. 1.

“[1
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frequency magnetic field, similar in some respect to
electroacoustic nonlinear waves.*

At €, larger than in (2.8) or less than zero, there
are no oscillating solutions, i.e., there are no solutions
corresponding to a wave dependence of the field. It can
therefore be stated that in a dispersing plasma the
electric field intensity of s-polarized standing waves is
bounded by the condition

E.}4n<4nZxT {V¥/v,*~1} {cos* 8—N/n.} (n/N). (2.13)

It follows from this, in particular, that the maximum
possible field amplitude decreases both when V ap-
proaches the speed of sound and when N approaches the
value 7, cos?8.

We note that for a traveling wave, when M, #0, the
maximum electric field intensity turns out to be less
than given by formula (2.13) and decreases somewhat
with increasing energy flux density in the traveling
wave. When the energy flux density reaches a value
close to that determined by the right-hand side of (2.13),
wave propagation becomes impossible. This can be
directly seen from the following solution obtained for
Eq. (2.5) at M, #0 (cf. Ref. 2):

E*(z) =E,*+ (E*—E ?)sn*{[ 0o (z—20) /V2¢Ey | (Es—E *)",

[(E2—E>)/(E+—E ) )"}, (2.14)
where E} < E%=FE?%,<E? are the three real roots of the
equation

M of v BN
—Ez~+?{ (eo—sin? 0) E* — SE }—8’.. (2.15)

We note that at E, =E, formula (2.14) describes a
nonlinear plane wave with constant E(x). A solution
in the form of a plane wave E(x) = E,,, €xists also at
E,= E;=E,,,, when formula (2.14) describes a soliton

E*(2) =E*+ (Emoc—E ) th* [200¢ ™! (Emes—E ) "/V2 Ey ],
that goes over as M ~ 0 (E, - 0) into the soliton (2.11).

According to (2.15), propagation of the traveling
waves becomes impossible at

C::[n' >%ZxT,%i[cos’6—Z]*(§—1)~ (2.16)

At the corresponding maximum value of the energy
flux density, the maximum electric field intensity is
given by

Ernae(M,) = (*/5) “Ey (e,—sin® 0) . (2.17)

To conclude this section, we emphasize that the
analytic formulas obtained in this section for the field
are valid under conditions of weak nonlinearity, which
call for smallness of g, - sin?6.

3. We proceed now to consider p-polarized radiation.
Bearing in mind the application of the results to a plas-
ma with infrequent collisions and with a density higher
than critical in the interior of the plasma, we confine
ourselves here to the case of standing waves. The
principles of nonlinear electrodynamics of p-polarized
waves are treated in a paper by Eleonskii and one of
us.® Assuming in accordance with that reference Ex
=E,(x) and E,, =iE(x), we have
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E.(z, 2, t)=E.(z)cos[wid—z(wd/c)sin 6],

E.(z, 2, t)=E, (z)sin[ ost—z(0o/c)sin 0]. 3.1
Equation (1.10) then takes the form
e=eo—[E2(z) +E.} () 1Ev (3.2)
The system of field equations reduces to
—E,"+E/ (0/c)sin 6=0w,¢E./c",
—sin 0E,+E.(w./c) sin* 0=w.eE./c, (3 3)

(eE.)'=E.e (w/c) sin 6.

The last of these three equations is the consequence of
the first two. It will be useful, however, for the analy-
sis that follows. In accordance with Ref. 5, we have
from the field equations (3.3)

(E/)*+ai'c*{—sin’ 0, +eo (ES+E,?)

—[(E2+E?)*/2E*]} =& y=const. (3.4)

With the aid of (3.4) and the first-order equations of
the system (3.3) we can both investigate the solutions
qualitatively and solve the field equations. To make the
exposition more compact, we introduce the notation

g=::—)3_, 8’=1—£%:7, §=:-(;2(eo)"". (3.5)
Then, changing to the dimensionless variables

E.(z)=Ev(e:)"g(t), E:(z) =Ev (&) "R (L), (3.6)
we write down, in accord with (3.3) and (3.4), the
following system of equations:

(h')*—§g " :[1—g'— W ]'=—"/.&", (3.7

—gh'=g[1-§'—¢g'-h], (3.8)

¢ (1—-3g'—h?) —2ghh'=Eh (1—g*—h?). (3.9)

Equations (3.7) and (3.8) enable us to express #? in terms
of g2:

R=f.(g")=(2g"-%") ' {-2¢'+2¢"-F'— &'}’

84858 28'-E) 1"). (3.10)
Next, with the aid of this formula and (3.7) we ulti-
mately find
'
20~ (e0)" = [ dg(26°~8") 1" (&) (1 (8) 1"
° (3.11)

X{BF[4g'y -8 (28 1"}

Formula (3.11) determines the dependence of E,(x) on
the coordinates, and in accord with formula (3.10) also
the dependence of E (x). In the particular case #2=0
we have
E+(z) =Ev (g,)" cos (zwoc~* sin 8), E.(x) =Ev (e,)" sin(zw.,c™* sin 6).
(3.12)
The solution (3.12) corresponds, according to (3.2), to
a zero nonlinear dielectric constant. This means that
in this state the plasma density has become equal to
critical. The peculiarity of the solution (3.12) can be
understood by recalling the singular behavior of the
solutions of linear electrodynamics near £=0. It is im-
portant that the limiting state (3.12) is realized at a

finite electric field intensity, when
E el =40 ZxT{(V*/v.}) =1} {1— (N/nc) } (ne/N). (3.13)

Just asinthe case of (2.12), the left-hand side decreases.
here when V approaches the speed of sound, and also
when N approaches the critical density. It should be
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noted that the solution (3.12) can take place both in the
classical region of the linear transparency, when
N<n,cos®8, and in the region of linear opacity
n,cos’0<N<n,.

The general discussion of the question of the maximum
field of a p-polarized wave in a plasma with a dielectric
constant (3.2) is best carried out on the basis of equa-
tions (3.7), (3.8), and (3.9). We note first that accord-
ing to (3.8) the extremum of the field E, can be realized
at points of two types. At the extremal points ¢, of the
first type E, vanishes:

g(t)=0, R () =1%|&|. (3.14)
At the extremal points of the second type we have
g (L) +r* (L) =1-§* (3.15)

and
g G) ="t (&), k(L) ="1E{[1—(1-§")*]-&*}. (3.16)

The largest extremal point, corresponding to E% is
given by Eq. (3.14) with the plus sign. This point
corresponds to the minimum value of 4% on the segment
(+=,1+|#|), which does not correspond to spatially
oscillating solutions. The remaining two possible ex-
tremal points, as seen from (3.14) and (3.15), are
such that in them

22 (5 +h (L) <1. (3.17)

This means that the intensity of the electric field at
these points cannot exceed the value determined by
(3.13).

We note next that from the fact that the left-hand
side of (3.15) is positive it follows that the extremal
points of the second type are possible only under condi-
tions corresponding to the classical region of linear
transparency £2<1 or, equivalently, N<n, cos®d. In
addition, it follows from (3.16) that the following in-
equalities should hold:

1>1—(1-§)>&*>E (3.18)
Therefore we have according to (3.16) and (3.18)
R () <1-%, £()<"E7(1-§)- (3.19)

We see thus that the z component of the electric field
intensity cannot exceed the value determined by (3.13).
We note that the smaller extremal point (3.14) can be
realized, just as that of the points of the second type,
only under the condition #2< 1. The largest of all
possible values of the field #, corresponding to solu-
tions that oscillate in space, will take place at & =0,
when #%(£,) =1, i.e., in the case of the solution (3.12).

We turn now to a discussion of the limitation im-
posed on the longitudinal field E,. At the extremal
points ¢, corresponding to this field, when g'(&,) =0,
we have in accordance with (3.9)

—2g(C)R(T) R () =ER () [1—g*(E) —h? (%) 1. (3.20)

If we assume that 2(¢;)#0, it can be easily verified
that a simultaneous solution of Eqs. (3.8) and (3.20)
leads only to values g2(¢,;)< 1. It remains therefore
to consider k(g;)=0. It follows then from (3.7) and
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(3.8) that
£ (8 [1—g* (8) P=8[g* (&) +'/.(1-8") —*1g* (T ].

In order for the right-hand side of this equation to be
nonnegative, it is necessary to satisfy the inequality

g (L) <'s{1+[1+3(1—-&%) ]} <1. (3.22)

Account was taken here of the fact that 0 < #2<1. It
follows from (3.22) that the intensity of the longitudinal
field is also limited to the value (3.13), which is
realized only at #2=0,

(3.21)

Thus, when p-polarized radiation interacts with a
supersonic plasma stream, both electric-field com-
ponents are bounded, and the maximum possible field
values of both components. decrease when the unper-
turbed density approaches the critical value [see (3.13)].

4. The foregoing analysis allows us to state that when
radiation propagates in a supersonic stream of a non-
uniform plasma, the amplitude of the possible station-
ary solutions is also limited, at least in the case of
sufficiently gently sloping profiles of the unperturbed
density. To make this conclusion even more obvious,
we present here results pertaining to the case of a
linear layer, when g,=sin?8 — x/L, and neglect the
dependence of E, on the coordinate. This is permis-
sible near the critical density (reflection points), when
the parameter (Lw,/c)™*/® is small compared with
unity. For the case of s-polarization [see (2.1)], the
field equation takes the Painleve form®:

u” (z) =zu(z) +u’(z) sign(V*—v,?). (4.1)

We have used here the following dimensionless vari-
ables

z=z(wo/c) (Lwd/c)~™, u(z)=E(z) (Lodc)*/|Ev]. (4.2)

We consider for this equation solutions that decrease
as z - +o, corresponding to the same asymptotic form
of the solutions of the two possible values of

sign(V? - v?):

u(z) ="/, An~"z"" exp (—=*/3z*), z—++oo, (4.3)

For small values of the amplitude A« 1, Eq. (4.1) cor-
responds to the linear Airy equation and its solutions
using the asymptotic form (4.3) go over into the Airy
function regardless of the sign of V2 —¢2, as seen from
Fig. 2a, which shows the solution of Eq. (4.1) for A=0.1
with the asymptotic form (4.3).

In the case of subsonic flow V?< 2, the solution of
Eq. (4.1) retains the essential properties of the Airy
function with increasing amplitude A, although the de-
formation of the density profile does cause an obvious
shift of the reflection point and a shift of the maximum
of the field towards the denser layers of the plasma.
This is clearly demonstrated by comparison of Figs. 2a
and 2b, the latter showing the solution of Eq. (4.1) for
A=10 and sign(V? - +2). In this case, naturally, there
is no restriction on the amplitude of the field.

The situation is qualitatively different in the case
of supersonic plasma flow, when V®>2, Above all, in
this case the deformation of the density profile causes
the maximum of the field to shift towards the more tenu-
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ous plasma layers, as seen from Fig. 2c, which shows
the solution of Eq. (4.1) for (V2 -v2)=+1 and A

=1.4169 using the asymptotic form (4.3). The most
important property of the supersonic plasma flow in our
analysis, however, is the absence of solutions of the
Painleve equation (4.1) for a field with decreasing
asymptotic form (4.3) at an amplitude A>1.417; this
obviously means a limitation on the possible value of
the electric field intensity of the electromagnetic

wave propagating in an inhomogeneous supersonic
plasma stream. We emphasize that according to (4.2)
the maximum possible electric field intensity de-
creases like (Lwy/c)”!/® with increasing characteristic
dimension of the plasma inhomogeneity.

Summarizing all the foregoing, we can draw the
following conclusion. In a supersonic plasma stream,
the plasma striction nonlinearity that leads to an
increase of the particle density in the region with
stronger fields, a limitation is imposed on the possible
field intensity, inasmuch as the plasma transparency
decreases with increasing field. This conclusion allows
us to state that when radiation propagates in an inhomo-
geneous supersonic stream under condition when the
plasma is subject to cubic nonlinearity (i.e., when the
pressure of the field is insufficient to slow down the
supersonic flow), the stationary value of the electric
field in the vicinity of the reflection point turns out to
be limited and decreases with increasing characteris-
tic dimension of the inhomogeneity, in contrast to the
situation in linear electrodynamics. ‘This conclusion
distinguishes qualitatively the foregoing results from
those obtained earlier in the theory of a quiescent
plasma? and in the theory devoted to the case of sub-
sonic influx of plasma into the critical-density region.?
At the same time, our analysis is in qualitative agree-
ment with an experiment? that shows the field in the
plasma to decrease on going from subsonic to super-
sonic flow.
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APPENDIX |

We consider here the non-wave solution of Eq. (2.5),
corresponding to M,= #,=0. We then have from (2.5)

E(z) =Ev[2(sin® 6—g,) I"/sh[z(wo/c) (sin* 6—e,)"]. (A.1)

This solution is possible only in the opacity region,
when sin’6> g,. For a plasma with an abrupt boundary,
Eq. (A.1) can describe the nonlinear screening of a
high-frequency electromagnetic field. The field that de-
creases monotonically inside the plasma can in this
case exceed the value (2.7), inasmuch as at

2 wo/c)(sin6 - €,)*/2« 1 formula (A.1) yields

E(z)= }{2~cEv/ @oZ. (A.2)

Accordingly, the maximum field can be exceeded only

in the very unusual penetration region, when the inten-
sity of the electric field turns out to be inversely pro-

portional to the coordinate. In this region we have for

the dielectric constant

e=(—2c*@,*2%) +'/,e,+*/5sin? 0.

(A.3)

This expression, while not containing E,, corresponds
to an essentially nonlinear region. In our approxima-
tion (1.8) we must assume v2¢/(wyx)< 1, for which pur-
pose sin’0 — €, must be small.

APPENDIX I

The .naterial equation (1.10) corresponds to a station-
ary picture of the field. On the other hand, if we are
interested in the nonstationary problem, we can write

658 Sov. Phys. JETP 52(4), Oct. 1980

in the same approximation the following equation

3 4 , 9 on 1 5
Ziv i) i e e |Ei(z,1) I
{(3t+V0.z) O = el Ty )

1t is easily seen that the intensity of the nonstationary
field need not necessarily become self-limited. This
can be easily verified using as the example the func-

tions &n(x - vt), Ej(x — vt), for which

on 1 IE,|*

A (V—v)*—v,* 16znM,
1t is clear therefore that in such a case of a nonsta-
tionary dependence of the field on the time and on the
coordinate the self-limitation effect will take place

under the condition (V - v)*> 2.
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