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CONTROL OF WAVE INTERACTION PROCESSES IN PLASMA
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The results of processes investigation of nonlinear interaction of wave in plasma were expounded. First of all the
mechanisms of the processes control of three frequencies wave interaction were considered. It was shown that using
of the whirligig principle allows to point out to conditions of existence of decay processes and to conditions of sup-
pression of decay processes. It was discovered that separated waves with circle polarization do not decay in plasma.
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INTRODUCTION

Processes in plasma are separated into two funda-
mental directions: processes of interaction wave-particle
type and one of wave-wave type. In the last case pro-
cesses of wave interaction can be divided on parametric
processes and nonlinear ones. Processes of three wave
interaction in plasma should be highlighted from non-
linear ones. These processes are mostly studied and
most often appear in experiment. Such feature of these
interactions is connected that they are conditioned by
the quadratic nonlinearity. The nonlinearities of more
higher order do not observe in experiment (they are
small and proportional to third and more higher power
of small parameters). Essential meaning among three
wave interaction in plasma have decays. They allow to
transform energy of high frequency waves into energy
of low frequency ones that effectively heat plasma. This
is positive function of decays. On other hand they can
prevent to propagation and accumulation wave energy
in the plasma waveguides and cavities. Such to effec-
tively to control the characteristics of interacting waves
it is necessary to know conditions that will support de-
cays and that will support these processes. In this work
the answers for some of these questions will be present-
ed. The principle of whirligig was putted into base of
finding of effective mechanism for control of wave in-
teraction processes in plasma [1, 2].

1. STABILIZATION OF THREE WAVE
DECAY PROCESS IN PLASMA

As example of using of whirligig principle let us
consider stabilization of well studied (see, for example,
[3,4]) three wave process in plasma. The set of equa-
tions that describes investigating processes will look
like this

A=0,AR A= AN A =0,AN +uA; A=-uh . (1)

Here A, —amplitude of wave that decays, with max-
ima frequency @,; A - amplitude of high frequency
wave, on that take place decay. The frequency of this
wave equals @, ; A,— amplitude of low frequency wave
that take part in the process of three wave deacay. The
frequency of this wave equals € . There is synchronism
between waves (@, = @, +Q). A,— amplitude of fourth
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wave that as we suppose must suppress decay process.
This wave have frequency that equals to one of low fre-
quency wave and is synchronous with them and interac-
tion with them with coefficient that equals x .

We will to study the initial study of decay. In this
case amplitude of decaying wave can be considered as
constant ( A, =const ). Then equation for amplitude A,

is obtained from set of equation (1):
B, +| i ~ o0, | AL |4, =0. 2)

From equation (2) it is seen that decay process will
be suppressed if following condition will be satisfied:

H > 0,0, |'Ab|2 ' ©))

Taking into account, that first addend in square

brackets is conditioned by the linear process and second

is conditioned by nonlinear process then inequality is
satisfied easily.

Inequality (3) was obtained by using additional sta-

bilizing perturbance ( A,). The whirligig principle may

be us full to find out conditions of conditions decay ex-
istence and to find out conditions of suppression. As
example of such analysis we will consider processes of
nonlinear three wave interaction in the Magnetoactive
plasma.

1.1. FORMULATION OF PROBLEM.
MAIN EQUATION

Common initial equations are Maxwell ones for
field, continuity equation for plasma density and equa-
tion of motion for plasma particles:

rotl3|:£§+4—”], rotE=-1H j=env,
cot ¢ c ot ()
Rrv(m)=0, D(wv)v-SE+Z[wi],

To avoid of unwieldy formulae, physical content of
which is difficultly to understand, we in this section
limit our consideration by one dimensional case, i.e. the
derivatives that do not equals zero are temporal one and

one of the space derivative: /az;to and ét;to.

Components of field we select in the form:
(E..H,);: (E,.H,)- high frequency (HF) field,
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E, - longitudinal low frequency (LF) field, (5)

and also H, =H, =const — constant external magnetic

field in which plasma is placed
In the magnetoactive plasma natural modes are
waves with circular polarization. Keep in mind this we
introduce new dependent variables:
E,=E xiE; H,=H,*iH; v,=v, iv,. (6)
Set of equations (4) for this new dependent variables
is transformed into next one:

E. 10 . 10
—=--——(H,FiH)=+i=—H,,
co My FiH) =+ 2 H,

lo/4
oH i 0 . 4ren

S ] vy 7
o Tcat « ¥ C Ve )
%(vi)+vz%(vi):%(Ei)Trin(Vi)ii%vz(Hi).

where @, =eH,/mc — electron cyclotron frequency.

If dependent variables from coordinate z is as
(~e™), equations (7) are ones for two nonlinear, con-
nected oscillators for two HF waves:

2 2 2
0 IEZi _iza EZi _Arme 2n0 E :(;i)4”fn°
oz c” ot mc -

8
4ren | e - _. 4ren, ov, _. ®
+——| —E, Fio,V, |-———|V,| —FiH,
c m c oz

oV,

0 0

(), E(Vi):%(Ei):Lia)H (vi)ii%vZ(Hi) (9)

Here o, =J47re2nO /m is plasma frequency which is

frequency of excited LF-wave.

Dispersion curves for electromagnetic and plasma
waves is presented on Figs. 1, 2. Arrows point out pos-
sible resonantly interacting triplets of wave.
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Fig. 2. Dispersion diagram
diagram of wave that of wave that propagate
propagate in one direction different directions

Latter we will neglect by dependence from space
coordinate (resonator case). In this case all dependence
versus coordinate can be rewrited as 0G/ oz =—ikG for
high frequence variables, and 6G/oz =—ixG for low
frequency ones. In this case set of equations for low
frequency variables has the form:

on

Fig. 1. Dispersion

=i (g + ). (10)
% = _(@)E A+ i;(\/z2 +(LJ(EJ[V_E+ +V+E_] .(11)
ot ix Jm 2mc )\ @

In the nonlinear addend of set (10), (11) it may sub-
stitute expressions that obtained from linear equations.

Solution of equations (8), (9) we will find in the
form:

E; =[ A®explip)+kc], j={123}. (12)
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Here ¢, =(wt—k;z); @, and k; frequency and

wave vector of interacting wave. These wave character-
istic satisfy to linear dispersion equation. Amplitudes
A, (t) slowly vary as a result of nonlinear wave interac-

tion. Frequencies and wave vectors of interacting waves
must satisfy to famous synchronism conditions:

W =0, + 0y, IZ1=|22+|23.
1.2. DECAY OF TYPE t ->t+1 TRANSVERCE

WAVE WITHOUT EXTERNAL MAGNETIC
FIELD o, =0

(13)

First of all we will consider most simple and well
studied decay of transverse wave into transverse one
and plasma one when external magnetic field is absent
,, =0. Dispersion diagrams waves are presented on

Figs. 1, 2. This is decay of t >t +1 type. In this case it
may be limited by studying of dynamics of linear polar-

ization wave with components E,, H, (E, =H, =0).
Then E, =E,; v, =V,; H, =iH, .

For analysis of slow nonlinear dynamics of ampli-
tudes of interacting waves from equations (8 - 11) by
usual method [3 - 5] the following set of shorted equa-

tions to defining of these amplitudes is obtained:

a_A__wpK %:a}pk‘ B

ot 2w2A2 ot 2o, Ags (14
da, (Y (kitky) o
&_(mj 20,0, Ak

In this set for slow function of longitudinal velocity
the new designation was introduced:
A=
The results of this section, in particular integrals,
practically do not differ from results, presented in [3].

1.3. DECAY OF WAVES WITH CIRCULAR
POLARIZATION

Using whirligig principle we expect that in this case
one wave with circular polarization will not decay. De-
cay process will be suppressed.

In this case it is necessary to take into account all
components of electromagnetic waves field. Using set
of equations (8) - (10) it may obtain following set of

shorted equations to define amplitudes Aji that slowly

varying and describe dynamics wave amplitudes with
right and left circular polarization:

aAii__a)pK . aAZi_a)pK .

ot 2a)2A2a3’ ot _2a)1pia3’ (19)
aas_ € 2(k1+k2) + -\" - +\*
ot _(Ej 4o, w, [Ai (AZ) +A1(AZ)}

The most essential results that is seen at analysis of
third equation of set (15) is fact that amplitude of third
wave (low frequency, Langmuir) does not change with
time (a, =const ) if field of high frequency wave con-
tains only wave with circular polarization. Really from
third equation of set (15) it is seen that multiplier in
square brackets of right part of this equation contains
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only products of amplitudes of different polarization. If
wave field that decaying contains only one polarization,
then factor in square brackets is zero. Thus wave with
circular polarization will not take part in three wave
interaction (in decay of t >t +1 type).

14.DECAY OF t »>t+I| TYPE
WITH EXTERNAL MAGNETIC FIELD o, #0

Let us consider most common case when there are
all components of fields of electromagnetic wave and
plasma is placed in external magnetic field. The shorted
set of equations that describes dynamics of high fre-
guencies transverse wave may be obtained from set (4).
Solution for high frequency wave may find in form:

E, = ZZ:AJ. (tyexp(ip;) +k.c.; E, = i B; (t)exp(ip;) +k.c. (16)

Then to find dynamics of low frequency waves the
following shorted equation is obtained:

@ (2] (gﬁj{ﬁa))(’*%ﬂ]

{soJtal2v)
w, (a)zz—a),i) o,

It is lightly to show that in this case if in the interac-
tion process takes part only one transverse natural wave
with circular polarization, then such waves do not decay
into transverse and longitudinal ones, i.e. process
t —>t+1 can not realize.

To prove this fact enough in formula (17) substitute
expression:

E,=(E.+E)/2, E,=(E,-E )/2i. (18)

Then it is lightly to see when there is only one wave
with circular polarization (E, or E_) the right part of

equation (15) (and equation (17) too) is zero. This
means that such transverse wave which rotates on circle
does not excite longitudinal plasma wave and does not
decay.

1.5. INFLUENCE OF FARADEY EFFECT
ON DECFY PROCESS

Above we seen, if in magnetoactive plasma excited
only one natural wave, then process of decay will be
suppressed. Such process of decay is realized only in
that case when in plasma excited two waves with right
and left circular polarization. But from whirligig princi-
ple it follow, if waves rotate enough fast, this may rip
off instability in the magnetoactive plasma wave rotate
because of Faraday effect. This is linear process. This
rotation can suppress process of decay. It may find con-
dition of such suppression. For this it may find follow-
ing shorted equations from equations (7) that describe
dynamics of waves component at Faraday effect

(17

E,=aE,; E, =—aFE,; (19)
where E=0E/ot; a=w,0]/2(0" - o)) <<o.
When formulae were obtained we supposed
o~ 0, =0, O>>a0y,0,
E, =Fia-E,. (20)
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Formula (20) point out on fact that natural modes
take additional phase dynamics that conditioned by Far-
aday effect. This additional dynamics will appear as
detuning of synchronism, for example, in equation (17),
not allowing to excite Langmuir wave. But if amplitude
of decaying will be enough large, this detuning will not
essentially change dynamics of wave interaction. To
define value of this amplitude from equations, for ex-
ample (15), it is possible to find value of increment of
decay instability:

Fz(/cc),fa)p/a)-e; e=(eE/mcw). (21)

If value of this increment will be larger than detun-
ing, conditioned by Faraday effect then decay process
will be realized. The condition of realization of such
decay is inequalities.

F'>a; ¢> (a)H /KC)(a)p /a))3/2 . (22)

2. RESULTS OF NUMERICAL ANALYSIS

The results described above were obtained by ana-
lyzing the shortened equations. Such equations are
much simpler than the original equations. However,
when they were obtained, many terms and many deriva-
tives were discarded. The question arises: to what extent
do the results obtained correctly describe the dynamics
of the system under study? To answer this question, it is
necessary to find a solution to the original equations.
Such a solution can only be obtained by numerical
methods. This section presents the results of a numerical
analysis of the original equations. Immediately note that
the results obtained by numerical methods are in good
agreement with the analytical results obtained above.

For comparison the numerical solutions of the origi-
nal system of equations with the solutions of the short-
ened system of equations, we will set the initial values
of the interacting fields based on the equations of the
linear approximation of the original system.

To carry out a numerical analysis of the decay proc-
ess, it is convenient to introduce dimensionless variables
eE; . a)i 7 i
3, =e, =1 on, g =

Cox

a; =
mca,

T=aft, kzﬁ; ¢ =kz;
c
j=1,2,3-j=1,2 for HF waves, j =3 for LF wave.
For numerical study of the decay dynamics of the
linearly polarized wave (Section 1.2), we rewrite the
system of equations (14) in the form:

%:_Vaa %:Vaa* %:Vaa"
T or T

(23)

1=2=3» 27173 3=1=2

Here matrix elements V, = o,xC/ 2w,
V, =a,xc/2a} , Vs =(K +k,)c/20, .

Note that by renormalizing the amplitudes in system
(23), the matrix elements V,,V,,V, can always be
transformed to the form when they are equal:
V, =V, =V, =V (see [3]). For the numerical analysis of
the decay process, the following parameters of the sys-
tem were selected: f, =2.77-10°s™ is frequency of the

HF pump wave, n,=16-10cm™ is plasma density,
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o, =, —w, is frequency of the excited HF-wave,

w, = w, is frequency of the excited LF-wave.
The graphs of the amplitudes dynamics a?, a3, a3

versus time are shown in Fig. 3 for stable and unstable
(for the case of decay of a linearly polarized wave) for
the set values of the wave amplitudes a0; =a,(z =0)
l).lllﬁ}:; a; :1_:1:1‘:1
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Fig. 3. Dependences of amplitudes a?, a3, a2 of waves

with linear polarization on time z: a, b, e, f —short-
ened; ¢, d —the original system of equations.
Initial values: a0, =0.01, a0, =0.001 (a-d);

a0, =0.03 (a, c); a0, =0.0001 (b, d).
For V1=V2=V3=1: a0, =0.001, a0, =0.0025;
a0, =0.01(e); a0, =0.01, a0, =0.001, a0, =0.0001 (f)

As can be seen from the graphs in Fig. 3, the magni-
tudes of the wave amplitudes are practically the same
both in the case of the shortened and the original system
of equations. In this case, the small difference in the
oscillation period of the amplitudes in the description of
the decay by the original and the shortened system of
equations is due to the inclusion of cubic and higher
order terms in nonlinearity in the original system of
equations. At equal values of the matrix elements, the
dynamics of the amplitudes of excited waves (a3, a3)

practically coincides (see [3]).

The integrals of system (23) (known as the Manley-
Rowe relations) remain constant (with machine preci-
sion) over the entire computation time interval. It fol-
lows from these integrals that at the initial amplitudes
V,|a, ) >>V,|a, ) and Vy|a, O)f >>V,|a,0)f the

maximum values of the amplitudes of the decaying
waves, depending on the plasma density, are in the rela-

tion |a3max|2 =ﬂ(kl + kz)

2
32 max wP K

firmed by the results of numerical analysis.
The obtained results in their physical meaning fully
correspond to the results given in [3].

. This dependence is con-
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For a numerical analysis of wave decay with circular
polarization (Section 1.3), the system of equations (15)
is also convenient to rewrite in dimensionless variables

eA’ . .

a;, = A R - % with the same matrix elements
“ mca, c
\AVARYAS

Graphs of amplitude dynamics versus time are
shown in Fig. 4 for decay of waves with circular polari-
zation when describing this decay by the shortened (26)
and the original initial system of equations.
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Fig. 4. Dependences of amplitudes(af)z, (a5 )2, a2
of waves with circular polarization on time z: Initial
values of amplitudes a0; =a0; =0.01,
a0, =a0, =0.001, a0, =0.0001;
shortened (a); the original system of equations (b)

As can be seen from the graphs in Fig. 4, with circu-
lar polarization of waves, the dynamics of the ampli-
tudes of high-frequency waves practically did not
change in comparison with the case of waves with linear
polarization, but the maximum amplitude of the excited
low-frequency wave — the longitudinal velocity g, =a,
significantly decreased.

If only waves of one circular polarization participate
in the decay of the type t —>t+1, then such three-wave
interactions of the waves are suppressed.

The results of a numerical study confirm that in the
presence of waves of the one circular polarization:
a’ (0)#0anda (0)=0 or a (0)=0anda’ (0)=0 the
amplitude of the LF wave remains constant, frequency

HF waves is @, =|a,|\VV, (Fig. 5).
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Fig. 5. Dependence of the field amplitude a2 .

On time to time at: a0; =0.01, a0; =0.001,
a0, =0.0, a0, =0.0, a0, =0.005

The same result takes place in the presence of waves
a;,a,, & and in the absence of waves & ,a; .

In the presence of an external magnetic field (Sec-
tion 1.4), the dynamics of the LF wave amplitude versus
time in the absence of one of the circularly polarized
waves completely coincides with the dynamics of the
LF wave amplitude in a system without a magnetic field
— this amplitude remains constant regardless of the
magnitude of the external magnetic field.
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The influence of the detuning caused by the Faraday
effect (Section 1.5) on the decay dynamics will be ana-
lyzed by numerically solving the original system of
equations. The initial values for the fields were chosen
to satisfy the linear equations of this system of equa-
tions. From the condition for the existence of decay
(22), we introduce the threshold value of the pump wave

amplitude .. (H,) ~ (@, / x¢)(w, /@,)" . at which
the detuning value due to the external magnetic field

becomes equal to the increment of the decay process. So
with values H, = 40G ¢, (40) =0.02.

o2 2
d.i a)

0.0015] I 0.0015
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Fig. 6. Dependences of amplitudes a2, a3, ,a5 on time
for various values of the magnetic field:
H,=0 (a); H,=10G (b); H, =25G (c);
H, =60G (d). Initial field amplitudes:
a0, =0.02, a0,, =0.001; a0, =0.001

As can be seen from Fig. 6 with an increase in the
detuning parameter at H, =10G &, (10) ~0.005, the

strict periodicity of the dynamics amplitudes of high-
frequency waves was violated, the dynamics of the am-
plitudes of low-frequency waves remained practically
the same as at H, =0 with slightly lower maximum

values. With an increase in the detuning parameter at
H,=25G ¢,,(25)~0.01, the dynamics of the LF

thres
wave amplitude also changes qualitatively, and at
H,=60G &, (60)~0.03 exceeds the initial pump

wave amplitude, which leads to the breakdown of the
wave decay process.
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CONCLUSIONS

The examples considered above show that the whirl-
igig principle can be used not only to stabilize various
instabilities, but also as a tool to predict both the condi-
tions for stable states and the conditions for the devel-
opment of instabilities. In this work, with his help, it
was possible to determine the conditions under which
the interactions of waves in a magnetoactive plasma will
be unstable, as well as the conditions for the suppression
of these instabilities. These results allow us to point out
the range of parameters that must be selected to imple-
ment the required modes of wave interaction. In particu-
lar, it is shown that circularly polarized waves will be
stable with respect to decays.
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YIPABJIEHUE ITPOIIECCAMU B3AMMOJIEMCTBHS BOJIH B ILJTIA3ME
B.A. byu, U.K. Kosanvuyk, A.Il. Toncmonyscckuii, A.I'. 3azopoonuii

N31n05xeHbl pe3yIbTaThl UCCIEI0BAHUS NPOIIECCOB HEMMHEIHOro B3aUMOIEHCTBUS BOJH B Ia3Me. [Ipexne Bce-
IO PacCMOTPEHBI MEXaHU3MBbI YIpPaBJICHHUs MPOIiecCaMi TPEXUaCTOTHOTO B3auMoaeHcTBUs. [lokazaHo, UTO UCTIONb-
30BaHHUe MPUHIIMIA FOJIBI TO3BOJISET YKa3aTh HA YCIOBUS CYIIECTBOBAHMS PAclaIHBIX MPOLIECCOB U HA YCIOBUS MO-
JlaBJIeHUs IpoleccoB pacnana. OOHapyxKeHO, YTO OTJeIbHbIE BOIHBI C KPyTrOBOU IOJIApU3alell He paclalaoTcs B
masMe.

KEPYBAHHS TPOIIECAMM B3AEMO/IIT XBWUJIb Y ILJIA3ZMI
B.O. byu, L.K. Kosanvuyk, O.I1. Toncmonysccoxuii, A.I'. 3a2opooniii

BukianeHi pe3ynbratu JOCIHiIKEHHS POLIECiB HEJHIWHOT B3aeMoii XBUIIb y Tu1a3mi. Hacammnepen po3risiHyTi
MEXaHi3MH KepyBaHHsS MpOLECaMH TpHUYACTOTHOI B3aemonii. [lokasaHo, IO BUKOPHUCTAaHHS IPUHLIMIY J3HUTH
JI03BOJISIE BKa3aTH HA yMOBM ICHYBaHHsS pO3MAIHUX IPOLECIB 1 Ha YMOBM IpPUAYLICHHS IPOLECIB po3nany.
BussneHo, mo okpemi XBUII i3 KPYTOBOIO MOJAPHU3AIIEI0 HE PO3MAJAIOTHCS B TUIA3MI.
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