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The excitation of sound pulses in the stimulated Mandel’shtam-Brillouin scattering (SMBS) of Alfven
waves in a plasma with three-dimensional random inhomogeneities is considered. Equations are derived for
the amplitudes of interacting waves moving along a stationary magnetic field. It is shown that random
inhomogeneities result in damping of the average field and in strong phase shifts. It is found that resonance
generation of sound harmonics should be made possible by the “turbulent” phase shift. The shape of the
stationary nonlinear sound waves in a given field of a quasistanding Alfven wave is determined.

It is known that generation of pulses of the low-fre-
quency waves is possible in the interaction of two high-
frequency waves with low-frequency waves having a
linear dispersion (see, for example,l'™]), As applied to
plasma, stimulated Mandel’shtam-Brillouin scattering
(SMBS) has been considered for the isotropic case inl*],
where the interaction of electromagnetic and sound
waves was studied. Analysis of SMBS for propagation
transverse to the external magnetic field of a high-
frequency electromagnetic or magnetosonic wave in a
plasma is given inl®/, It must be noted that in these ex-
periments, the study of the interaction of the waves was
carried out only for the case of homogeneous media. A
series of -researches have recently been reported, de-
voted both to nonlinear waves!®®l and to nonlinear inter-
action of signals!'®**!in a medium with randomly chang-
ing parameters. It has been shown that the random in-
homogeneities of the medium lead to the appearance of
an effective damping of the average field, which can
change considerably the picture of the nonlinear wave
processes.

In the present work, the problem is considered of the
generation of a nonlinear sound wave in the SMBS of
Alfven waves propagating along a constant magnetic
field Ho in a nonabsorbing plasma with random inhomo-
geneities in the electron concentration. Contracted
equations are obtained for the amplitudes of the waves,
in which terms appear that correspond to damping as a
result of the scattering of the average field from the
fluctuations of the plasma density. The shape of the non-
linear sound wave in the given field of two opposing
Alfven waves is determined. It is shown that the random
inhomogeneities in a heated magnetoactive plasma lead
to a strong phase shift in the interaction of the waves;
because of this, resonance generation of nonsinusoidal
sound wave is observed under certain conditions. The
results can be useful for diagnostics of both cosmic
plasma (for example, the corona or the chromosphere
of the sun) and laboratory plasma, since the statistical
parameters of the turbulent plasma can be determined
from the character of the interaction.

1. DERIVATION OF THE FUNDAMENTAL
EQUATIONS '

The initial set of equations for a collision-free
plasma in the approximation of magnetic hydrodynamics
is of the form!(*
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where p = kNT is the pressure, N is the ion concentra-
tion (we assume the system to be quasineutral), « is
Boltzmann’s constant, T is the temperature, v is the
velocity of the ions, H = Hy + h is the magnetic field
and is equal to the sum of the external magnetic field
Ho and the wave perturbation h, while p the plasma
density and is determined mainly by the ions. The
latter can be divided into two parts: p = po + p, where
po is the value of the density unperturbed by the wave
process,  the wave perturbation, Gext in (1) is the
external field, which creates the stationary distribution
of the plasma inhomogeneity. We shall assume that the
inhomogeneities of the plasma are due to the density
fluctuations 8p(r), which are random functions of the
coordinates, and" po(r) = (po) +8p(x), | 6p |/ po)

~ u <« 1, u is a small parameter. Here and below, the
angle brackets denote statistical averaging over the
ensemble of inhomogeneities gp(r).

All the wave perturbations in (1) can be represented
in the form of a sum of their average values and the
fluctuating departures from these averages:

h=<h>+h, p=<p>+p’, v={WI+V. 2)

Substituting (2) in (1) and carfying out the statistical
averaging, we obtain the following set of equations for
the average quantities:
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cs = (kT/M)¥? is the sound velocity, M the mass of the
ion. In Egs. (3) and (4), we have neglected terms of the
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type ((v'- v)v'), v{(p’)?), and so on, which, in the
case of weak inhomogeneities (|8p|/po)~ p <« 1 and
small nonlinearity (expressions of the type ((v) V)
(v)/cZ, {p Y{(v)/(po)cg~ r*« 1)) are small in com-
parison with the remaining terms. This is easy to see
if we write down the set of equations for the fluctuating
quantities:

v Ve
—_— 2 h’ =
e 1m< Tncpy eroth]=a(n),
o (5)
e + {po>div v'=ﬂ(r, t),
where the functions a(r, t) and g(r, t) are equal to
_ [ 6p(r)
a(r,t) —-(po)’ V(dp(r)<p>)+ Tntp [H, rot<h>],

(6)

B (r, £) =—div(dp(r)<v)).

Only the terms v’, p’, h’ ~ uy have been taken into ac-
count in Egs. (5), (6). Components of the type
V(8pp’), 8pHo X curl h’ and so on, which were not con-
sidered in (6), are of the order of smaliness of p% and
are small in comparison with the other terms. True,
we have also neglected the terms v(p'(p)), p'Ho
X curl(h) and so on in (7), which are also small,
~u®y . Thus, the reduced set of equations (3) for the
averaged quantities contains linear components ~u?y
due to fluctuations of the medium and small nonlinear
terms ~72. It is evident that a commensurate effect of
the random inhomogeneities and of the nonlinearity on
the wave propagation in the plasma should be expected
in the case in which p®~ y (in this connection, see
alsol®]). We note that in this same approximation, the
set of equations (5) for the fluctuating quantities is
linear. Therefore, for its solution, we can use the
method of Fourier transformation. Carrying out the in-
verse Fourier transformation, we can calculate from
the expressions p’(w, k), v'(w, k), h’(w, k), obtained
from (5), the components { sp(r)p’(r, t))) =J1, (Ho
X curl h'gp(r)) =J2 and  6p(r)v'(r, t)) = Js that enter
into the system (3). In the general case, they have a
rather cumbersome form; therefore, we write down the
expressions for the quantities J,,2,s in the special case,
and at the same time, the one of practical interest, in
which the interacting Alfven waves and the slow mag-
netoacoustic wave are propagated along Ho(H, il 0x).
Here the functions of the coordinate x and time t that
differ from zero will be (vx(x, t)) and {p(x, t)) in the
sound wave and ( vy(x, t)) and (h (x, t)) in the Alfven
wave. The expressions Ji,z,s(X, t) have the form
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ke(w'—ca’k?)
D(w, k)

where I'(p) ={ 80(r)6p(r +p)) as the correlation func-
tion of the fluctuations of the plasma density, 2
2 2
2= {5,271, §}, D(w’ k) = w‘ - kz"-’ (CZ + cS) + k}zikzcgcA)
cA = Ho/4m(po).

As is seen from (3)—(7), a set of integro-differential
equations is obtained for the averaged quantities, the
solution of which in the general case is very difficult.
Therefore we consider its approximate solution below
in Sec. 2 with the help of an asymptotic method as an
example of the nonlinear interaction of two quasimono-
chromatic opposing Alfven waves with sound waves
under conditions in which the characteristic spatial and
temporal scales of the complex amplitudes of these
waves are large in comparison with the scale of the in-
homogeneities of the medium, as well as in comparison
with its periods Tj = 27/wi (wj are the frequencies of
the interacting signals).

—k:Cve(z—E, t—1)> ] exp i(ot—kp)dp dv dw dk,

2. EQUATIONS FOR THE INTERACTING-WAVE
AMPLITUDES AND THEIR INVESTIGATION

Let us consider the generation of sound waves in
their interaction with two opposing Alfven waves. We
seek the solution for the system (3)—(7) in the form

s
{p(z,t)>)= Z‘ bm(z, t)exp i(Qut—gmz)+ C.C.
Mol

. (8.8)
<hy(z,t)>= 2 am (2, t)exp i(Omt—knz)+C.C.

where {p(x, t)) corresponds to sound and  hy(x, t)) to
Alfven waves, am(x, t) and by (x, t) correspond to
slowly changing complex amplitudes of the interacting
waveg), the synchronism conditions for which have the
form

(@n=AmexpiPm, bn=B,expi®n., @m, ®n —Wave phases)
0:—0,=Q,=Q, ktk.=q,=q, Q=gc., Q,=29Q, (9)
Qs=3Q, q2=2q, q;=3q, k1,2=m1,z/CA-

We shall assume that the inequality cA > cg is satis-
fied. Here, as is easily seen, the conditions (9) are
satisfied, where

01—0:=0<€0,~0, k~k=k q~2k=20/ca (10)

Taking (9) and (10) into account, and applying the
asymptotic method of(**], we get the contracted equa-
tions for am(x, t), Bm(x, t), and ém:
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(11)
B
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at 9z B, B,
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where
O=0—;— Dy, O=0,—20,, QPo=0,—0.—0,.
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W {qu((ap/po)’) for qi«d, (14)
M= VQ(6p/po)>/2q1 fOr i,

The coefficients v} and vg}; are equal to

2) [€)] ® ~(h )
Veft =4Veff) Vet =Mers Vermvo fOr gl€i,

(3) (2) )
Veff EVerr FVetf  fOr gli.

We note that the formulas for v 2 eff and vgk®»®

were obtained from (7) under the assumption that the
fluctuation density correlation function® I'(r)
= {(60)*) exp (-r3/1* - | x|/1).

Thus the presence of fluctuations in the plasma leads
to a certain effective damping of the average field of the
interacting Alfven and sound waves, and also to the ap-
pearance of an additional phase shift. As analysis shows,
for Alfven waves in the case of small-scale fluctuations
(kl <«< 1), their damping is determined by the transfer of
the energy of the average field into the fluctuation en-
ergy of the scattered Alfven (the first term in the square
brackets of Eq. (13)) and sound waves. Here the scat-
tering in the magnetic sound is not taken into account,
since the effectiveness of this process is smaller than
that shown by a factor of at least (ki)? as calculation
shows. At the same time, the damping of the Alfven
waves under the conditions of large scale fluctuations
ki >> 1 is determined basically by the Alfven wave and
magnetic sound. For sound waves the damping (see Eq.
(14)) is connected only with scattering in the same type
of wave. Moreover, as is seen from (14), the contribu-
tions to the phase turn out to be much greater in com-
parison with the terms corresponding to the damping,
for all waves in the case of small-scale fluctuations.

The study of the set of equations (14) in the general
form is rather difficult; therefore, we limit ourselves
below to the consideration of the special case of sound
generation in the prescribed field of quasi-standing
Alfven waves: | a,| ~ | az| =|a| and the phase shift of
these waves is 7. Inasmuch as the velocity of the har-
monics of the sound wave is the same, we transform to
moving coordinates £ =x — cgt and t, and investigate
the state of equilibrium of the resultant set of equations
for B,2s and @, ®,..

Inasmuch as the ‘‘turbulent’’ phase shift §, > v,, it
follows that ®o=~ 7 + 3vo/ 80, and
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For equilibrium amplitudes BY), ,, the appearance of
resonance is possible, when the denominator of the
fraction in (15) is much smaller than the numerator,
here

B 28,/6, B ~B{" 26,/10v. (16)

The phase of the wave of the fundamental &, ~ 7
-~ 1.3 vo/80 and the amplitude of the pump is connected
with B by the relation

B{" 28,/6= (100,|al*/6)"ql. 1)

Here, as is not difficult to determine from (16), (17),
the energy of the pump is much greater than the energy
of the sound waves.

Outside the resonance region, i.e., when |1
- (8°B%/83| > vo/bo, the equilibrium amplitudes of
the harmonics of the sound field are expressed in terms
of the following formulas:

(03

6 6 olal*
Op STt gy O gopn po O
Bz 260 |1_ (szB(lun/aog) l Bs 69 1 Bz Bx ~ ——-n (B(:)!)
(18).
N8y = OB [0

T =, (FB o3 . (8 B8, |

The expression 1 (B®?) characterizes the transfer of
energy to the second and third harmonics of the sound
wave and changes from §;' for small B to 0.86;5"
for large B2, Here

vo 1—6B,'” /8,241/,8'B, " /8,

O e e B /5, S BOTS

since the values of the field B? at which the denomi-
nator vanishes lie outside the limits of applicability of
the given study—the energy of the sound field can in
this case be comparable to and greater than the energy
of the Alfven wave.

We estimate the amplitude of the generated sound
waves in a plasma with the following parameters: con-
centration ~10* cm™, T ~ 3000°K; H,~ 10° G;
((8p/po)?)= 10" [ ~ 0.1 cm; then, for a pump with
amplitude |a| ~ 2 x 10™ H, (power ~ 1 4 W/cm?) and
frequency w;2~ 3x10%cm™ (k~ 5x10%cm™, Az
~ 1 m) in the resonance case a nonlinear sound wave is
excited at a frequency 2 ~ 5x 10* sec™ (q~ 0.1 cm™,
Xac ~ 0.5 m) with harmonic amplitudes B®/{po)
~ 0.1%, BY’ = BY ~ 10 BY,

In conclusion, in order to establish the validity of the
considerations just given, we estimate the amplitude of
the fourth harmonic of the sound, which was not taken
into account. By analogy with the derivation of the sys-
tem (11), we can easily obtain the equations for the
higher harmonics. For example, for the complex am-
plitude by, we have ab,/at = —4idbsb, — v3}bs. Then,
in the prescribed field | b3z |, the amplitude | bg max|
~ (1/8)| b1 max |- Indeed, this quantity will be still
smaller, since the departure from synchronism is im-
portant for the fourth harmonic, in view of its damping
(u‘éh = 16v,). According to the same considerations, the
amplitudes of harmonics with n > 4 cannot be taken into
account in view of the fact that the departure from syn-
chronism increases ~n? while the amplitude decreases.

Thus, in a plasma with random inhomogeneities in
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the concentration, effective generation of nonlinear
sound waves in SMBS of Alfven waves is possible and
strong phase shifts are a feature of the SMBS scattering
in such a randomly inhomogeneous medium. These
shifts are connected with the random inhomogeneities,
i.e., actually with the contribution to the real part of the
effective dielectric permittivity of the medium.!!*! The
resonance growth of the amplitudes of the harmonics of
the sound wave is also due to these phase shifts.

The authors are grateful to V. Yu. Trakhtengerts for
discussion of the research.

*[vH] =v X H.

"YThe plasma inhomogeneities can be assumed to be stationary if the
wave frequencies are much greater than the characteristic frequencies
of the turbulence spectrum and the amplitude of the sound wave
lpmax| << |8p| (see the estimates below for the small parameters u
and v), which in the final analysis is equivalent to cT/cs << q/(cs, T are
the velocity of sound and of the pulsations, q is the wave number of
the sound, and / is the scale of the inhomogeneity). For example,
such a situation can be realized for a plasma the turbulence of which
in the low frequency region is determined by the drift instability, [ %]
where cT/cs ~ rg/L <<l (rj is the gyroradius of the ion, L the scale
of the concentration gradient.

D0nly three harmonics of the sound wave were considered in (8), inas-
much as the damping, as will be shown below, in the case of small-
scale inhomogeneities, is proportional to §22. For large-scale inhomo-
geneities g/ >> (I is the scale of the inhomogeneities) such a considera-
tion should be made with account of the viscosity, which also in-

. creases with increase in £2.

3The integrals obtained here have been investigated fully and the final
formulas are expressed in terms of the probability integral. However,
in view of their complexity, we do not write them down here.
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