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In the present work the transition of decay instability into stochastic regime in a nonlinear media is analyzed for a
magnetoactive plasma and for the ferrite magnetized to the saturation level. It was shown that parameter of
nonlinear interaction can be anomalously strong near the resonance frequencies: electron and ion cyclotron
frequencies in the magnetoactive plasma and ferromagnetic frequency in ferrite. It was shown that the threshold
value of decaying wave amplitude, when transition into stochastic regime takes place, is reducing when frequency of

the wave with the lowest frequency is decreasing.
PACS: 52.35.Mw

INTRODUCTION

A weakly nonlinear approach was proposed quite
long time ago for investigation of electromagnetic
phenomena in plasma. With the use of this approach
some important physical results were obtained (e.g.,
[1-3]). The simplest examples of weakly nonlinear
interaction are three-wave processes. Among these are
the decay and explosive instabilities. A well known
regime of decay instability is characterized by
periodical energy transition between three natural
modes of electrodynamic system with frequency and
wave number satisfying the synchronism conditions.
Such regime is regular. However, our investigations
showed that conditions can be realized when the decay
process is chaotic [4]. This is possible in the case of
modified decay. The presence of additional fourth wave
is needed in similar case, with its characteristics close to
the characteristics of one of the waves taking part in the
decay. In such a set of waves there is a possibility to
distinguish two triples of waves interacting between
themselves. Every such triple is described by equation
of mathematical pendulum which corresponds to the
nonlinear resonance. If the resonances corresponding to
different triples are overlapping, the transition to
stochastic regime takes place. The overlapping is
possible if the increment of decay instability exceeds the
frequency shift between third and forth waves. The
mathematical criterion of transition to chaos will be
presented in the second part.

Theses regimes allow to transform the regular
oscillations into chaotic oscillations. The theoretical
conclusions are confirmed by results of numerical and
experimental studies [5, 6]. In previous investigations
presented, in particular, in [4-7], decays of
electromagnetic wave into electromagnetic and plasma
ones were considered. Meanwhile, it is interesting to
investigate also the decay process of electromagnetic
wave into new electromagnetic wave and plasma wave
where plasma ions are taking part. Excitation of such
oscillations can be an effective way to heat plasma ions.

In this work the analysis of results of decay process
of high frequency waves into new high frequency waves
and the low frequency ones with the frequency close to
the ion cyclotron wave in magnetoactive plasma is
presented.
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The possibility of decay processes in other nonlinear
matter, namely, in a ferrite magnetized to saturation was
also investigated. It was found out that decay processes
in ferrites are analogous to those inherent in plasma,
when the interaction of electromagnetic and
magnetostatic waves are considered.

1. IN MAGNETOACTIVE PLASMA

In the above mentioned works [4-7] mostly simple
case of stochastic decay was theoretically considered,
namely processes that are realized in isotropic plasma.
The analysis shows that their realization in a
nonisotropic (namely in giyrotropic) medium may be
more complicated. The examples of such media are
magnetoactive plasma and ferrites. The feature of
electromagnetic system filled with similar media is the
coupling of E- and H-waves. As a result, the linear
transfer between these components may cause the decay
process disrupted. In particular just such case was
considered in [8]. In the gyrotropic medium the
equations for slowly varying amplitudes are essentially
complicated. They include lot of nonlinear terms and
accounting of each of them requires an individual
separated analysis. In this work we will not cite
completely these equations but limit ourselves by their
characteristic features. Namely, we will take interest in
the region of low frequency range, of the order of an ion
cyclotron frequency.

To investigate decay processes in magnetoactive
plasma the Maxwell equations for electromagnetic field
components are used and hydrodynamics equations are
used for electrons and ions of plasma. It is supposed that
electrodynamic system is placed into an external
stationary uniform magnetic field directed along z axis.
The consideration will be limited by a simple case,
when magnetoactive plasma is spatially unlimited. All
components of the electromagnetic field are presenting
as propagating harmonic waves, which amplitudes are
slowly varying along z direction:

E,H :Ei,Hi(f)exp(ia),t—iIZiF), (1)

IZi — wave vector. We suppose that interacting waves

propagate under arbitrary angle to the external magnetic
field.
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By the use of Maxwell equations the following
equations for longitudinal components of electric and
magnetic fields E,,H, can be obtained:
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where &£, ,¢&,,&, are the components of permittivity

tensor of magnetoactive plasma depending on frequency
which has the structure:

g g O
—-ig, & 01, ©)
0 0 ¢

Here j is the perturbation of current density, k;, —vy

component of wave vector, ¢ — velocity of light.

The last terms in the right parts of equations (2)
describe nonlinear interaction of natural modes of
electrodynamics system. Performing the replacement

E,.H,; = E,;(2),H, (2)exp(—ik,2), (4)
and taking into account synchronism conditions
@, =, + oy, K, =K, K5, K, =k, +k;+k,, (5)
(supposing that wave vectors of interacting waves lie in
one plane) one obtains the equations for slowly varying
amplitudes of interacting waves E,(z), H,(z) . In view
of complexity of these equations they will not be
presented here in fully, instead we present below their
general structure and provide its analysis.

dH,
0z L= 04E, +855H H s 05 EH g +
ch23H22Ez3 + dh23 EZZEZ3'
dE,
? = ﬂlel +an3H22Hz3 +beZ3E22Hz3 +
ceZ3HZZ Ez3 + de23 EZZEZBY
dH, . .
a4z 2= a,E,, +aysH, Hos +by B H  +

ch13H zlEz3 + dh13 EzlEZB ’

d':_zzz =pB,H,, +a,H, H +bE H. +
CmHHE:3 + deuE;,
dg—zﬁ =a,E,, +a,,H,H,, +b,,E, H., +
szHuE:z +dp, EZIEZ*Z,
dE

3 * *
d_Z = ﬁ3Hz3 +ae12Hle22 +be12Ele22 +

CelZHzlEZZ + de12 EzlE:Z . (6)
Here the coefficients «,f,a,b,c,d with different
indexes depend on parameters of the problem.
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In the present work only qualitative analysis will be
done of these coefficients which describe process of
nonlinear interaction of different waves. For that the
expression for perturbation current density is used:

Jy =e(n, + A )v, —e(n, +A,)v,, @)
where e — charge of electron, n, — equilibrium density
A — perturbations of ion density and

of plasma, A, v,
velocity, correspondingly, f,, v, — perturbations of
electron density and velocity. For slowly varying
amplitudes of the j-th wave the nonlinear interaction is
described by terms (fv;); and (f,v,); in the right parts

of equations. From the linear parts of the hydrodynamic
equations the expressions for perturbations of electron
and ion density and velocity can be obtained:

~ 1 _ 1
Mo Ve * =53 Mg Ve ®—5— 5 )
o — @ O — @,
where @, is the frequency of k-th wave taking part in
nonlinear interaction, @, @, are ion and electron
cyclotron frequencies correspondingly. As follows from
expressions (8) the dependence of coefficients in the
right parts of equations (5) on the characteristic
frequency has the form:
1 1

a]kz - allz,e a)lz - a)lz.e 7 (9)

where @,, o, are frequencies of interacting waves,

satisfying synchronism condition (5). It is following
from expression (9) that in the case when frequency of
any of interacting wave is close to the one of the
cyclotron waves, the coefficients of nonlinear
interaction are anomalously large. It should be noted
that condition of slowness of amplitudes change is not
right when frequency of one of the interacting waves is
near some of cyclotron frequencies.

The criterion for transition of decay instability into a
stochastic regime was obtained in [4]:

VE

_l>1’
Wy

a,b,c,d~

(10)

where V is the matrix element of nonlinear interaction
(in this case it corresponds to nonlinear interaction
coefficients in the set of equations (5)), E, — initial

amplitude of decaying wave, @, — lowest frequency of

one of waves taking part in nonlinear interaction. Thus,
in magnetoactive plasma there are favorable conditions
for stochastic decays to be realized with participation of
high frequency wave and low frequency ion wave which
is of the order of the ion cyclotron frequency. This
criterion is qualitative. The estimation of threshold
value of the decaying wave amplitude can be found
from this criterion for conditions when transition to
stochastic regime is possible.

2. DECAYS IN AFERROMAGNETIC
MATTER

The ferrites are an example of another matter where
nonlinear interaction of natural oscillations is possible.
The ferrites as well as magnetoactive plasma are

157



gyrotropic. The gyrotropic property of ferrites becomes
apparent when they are placed in a statical magnetic
field. The gyrotropic properties of magnetoactive
plasma are described by permittivity tensor while
gyrotropy of ferrites is described by permeability tensor.
However, the general regularities of nonlinear processes
in plasma and in ferrites are similar. The physical
processes in ferrites were minutely described, for
example, in [9-11].

To obtain components of permittivity tensor for the
magnetoactive plasma the hydrodynamic equations
describing perturbations of electron and ion velocity and
density are used. For ferromagnetic matter the Landau-
Lifshitz equation describing dynamics of magnetic
moment induced by external constant magnetic field is
used to obtain components of magnetic permeability
tensor. The high frequency tensor of magnetic
permeability for the ferrite magnetized to the saturation
level has the structure

H _i/ua 0
i, wu O (11)
0 0 1

The nonlinear plasma properties are conditioned by
the current terms in the equations (2). The nonlinear
wave interaction in ferrites is conditioned by the term
that takes into account ferrite magnetization arising
when ferrite is placed into external magnetic field.

To obtain nonlinear equations describing the
interaction of natural modes of the electrodynamics
system containing ferrite, the approach analogous to the
one used for magnetoactive plasma was employed. The
equations for slowly varying amplitudes E,(z),H, (z)
of nonlinearly interacting natural waves of
electrodynamic system structure obtained from Maxwell
equations have the structure similar to the equations set

(5). The functional frequency dependence of
coefficients of the nonlinear terms is
1
a!blcld zﬁl (12)
Wy — O]

where o; is one of frequencies of the wave taking part

. . . . eH .
in nonlinear interaction, @, =—> - ferromagnetic
c

e

resonance frequency, e,m, — charge and mass of
electron, H, is external magnetizing magnetic field. As

is seen, the ferromagnetic resonance frequency
coincides with electron cyclotron frequency, but it also
depends on the form of ferromagnetic pattern.

Thus in a ferrite placed into external constant
magnetic field there is the frequency range where
nonlinear interaction of parameters may be anomalously
strong. As follows from criterion for arising of
stochasticity (10), the most favorable conditions for
chaos rising in decay instability exist in the region of
small frequency values for lowest frequency wave that
takes part in nonlinear interaction. In ferrite it may be
magnetostatic waves.
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CONCLUSIONS

In the present work the possibility of realization of
stochastic regimes for decay instability in nonlinear
matter is analyzed: in magnetoactive plasma and in the
ferrite magnetized to saturation. It was shown that in
both cases there is frequency region where nonlinear
interaction coefficients are anomalously large. In the
magnetoactive plasma these are two frequency regions
close to electron and ion cyclotron resonances. In the
magnetized ferrite this is frequency region near
ferromagnetic resonance.

As follows from the criterion for the rise of
stochastic regime. the less the frequency of the lowest
frequency wave taking part in nonlinear interaction the
lower the threshold of transition decay instability in
stochastic regime.

From the above presented results it follows that the
mode with chaotic dynamics is easily excited when two
conditions are met;

i) the frequency of one of interacting waves is near one
of the resonance frequencies, i.e., electron or ion
cyclotron frequencies in plasma, and ferromagnetic
resonance frequency in the ferrite magnetized to
saturation;

ii) the less frequency of this resonance the lower the
threshold for stochasticity rise.

In the noted above cases it may expect of effective
transition of decaying wave energy into other modes
with simultaneous chaotization. This fact can be used
for effective heating of plasma ions.
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JAHAMHUKA TPEXBOJHOBBIX CTOXACTUUYECKHX PACIIA/IOB B HEJIMHEMHBIX CPEJAX
B.A. Byy, H.K. Kosanvuyk

AHanu3upyeTcs Mepexoj], paclnagHONd HEYCTOMYMBOCTH B CTOXAaCTUYECKUI PEXUM B HEIMHEHHBIX Cpenax:
MarHMTOAKTHBHOW TIa3Meé M HaMarHWYEHHOM 10 HachlmeHus ¢eppure. [lokazaHo, 4To mapaMeTp HEIMHEHHOTO
B3aUMOJCHCTBUSI MOXET OBITh AaHOMAIbHO OOJBIINM BOJIM3M PE30HAHCHBIX YAaCTOT. JJICKTPOHHOM M MOHHOMN
IUKJIOTPOHHON B MarHUTOAKTHBHOW IUIa3Me M 4acTOTHI ()eppUMAarHUTHOTO pe3oHaHca B ¢eppute. OTMEUEHO, 9TO C
YMEHBIICHHEM YacTOThl CaMOM HH3KOYAaCTOTHOW BOJIHBI, y4YacTBYIOIIEH B paclaje, yMEHBIIAETCS IMOPOroBOE
3HA4YEHHE aMIUIUTYAbl PACTIaatonIelics BOJIHBI, IPH KOTOPOM IPOUCXOANT NEPEX0]] B CTOXACTHIESCKUH PEXKUM.

JUHAMIKA TPUXBUJIEBUX CTOXACTUYHUX PO3MA/IIB Y HEJIHIMHUX CEPEJOBHUIIAX
B.O. byu, LK. Kosanvuyk

AHaizyeTbCcsl TepexiJy pO3MaJHOi HECTIMKOCTI B CTOXaCTHMYHUI pEXHM Yy HENIHIHHUX CepeloBHINAX:
MarHiTOaKTUBHIN IU1a3Mi i HaMarHiveHoMy a0 HacudyeHHs ¢epuri. [lokazaHo, Mo nMapaMeTp HeniHiiHOT B3aemomii
MOXe OyTH 3aHaITO BEJIMKMM IOOJIM3y PE30HAHCHHX 4YacTOT: EJNEKTPOHHOI Ta 10HHOI IMKIOTPOHHOI B
MAarHITOAKTUBHIN I1a3Mi Ta YacTOTH (hepoMarHiTHOTO pe3oHaHCy y ¢eputi. Bim3HaueHo, MO 31 3MCHIICHHAM
YaCTOTH caMoi HU3bKOYAaCTOTHOI XBHWII, II0 Oepe ydacTh y po3maji, 3MEHIIYEThCsl MOPOTrOBEe 3HAYCHHS aMIUTITyIH
XBHIII, IO PO3MAAAETHCS, IPH AKOMY BiJOYBA€THCS MEPEXiNl Y CTOXACTHYHUHA PEKHIM.
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