EXPLOSIVE INSTABILITY IN THE PLASMA-BEAM SYSTEMS
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The results of investigation of explosive instability in the plasma-beam systems are presented. It has been shown
that in the general case, the dynamics of this instability can be essentially changed, right up to its full suppression, if
one takes into account a fast beam wave (wave with positive energy). The parameters when explosive instability is
realized and when it is suppressed are defined. It was shown that in the case of such four wave interaction there are

regimes with attributes of irregularity.
PACS: 52.35.Mw

INTRODUCTION

Processes of nonlinear wave interaction belong to
the key processes of the plasma theory and are well
investigated. It is possible to mark out two subsections
of the theory of wave interaction: (i) coherent nonlinear
wave interaction, and (ii) interaction of waves in the
random phase approximation. Here we will consider the
coherent interaction only. The process of three wave
interaction is the main element of such interactions.
Similar interaction can be useful, for example, at the
wave excitation in the scheme of acceleration in beat-
wave. This interaction may essentially restrict the level
of exciting oscillations in the plasma-beam generators
(e.g., [1-5)).

Among three wave interaction the decay processes
are essentially interest. Especially, when decaying wave
has negative energy. The explosive instability arises in
this case. Usually stabilization of this instability occurs
due to cubic nonlinearities, and therefore the level of
exciting oscillations can be high enough. Often, when
considering such processes, the authors do restrict
themselves by a three wave interaction.

However in many cases besides decaying wave with
negative energy there are waves with positive energy. If
the characteristic of such waves is near the
characteristics of wave with negative energy, such
waves can take part in the nonlinear interaction and
significantly change the character of such interaction.
Especially this concerns the beam systems. In reality,
both the fast and slow waves exist in such systems. The
slow wave has a negative energy and fast one has a
positive energy. The wave characteristics of these waves
are always close. So, in the general case it is naturally
and necessary to take into account both these waves in
the nonlinear dynamics.

This article is devoted just to this problem. We show
that decay processes of the beam waves, when taking
into account the fast and slow waves, can significantly
differ from the processes when only one of these waves
takes part in the process.

1. BASIC EQUATIONS

Let us consider electrodynamic system through
which electron beam moves. There are two beam waves
in this system, the dispersion of which may be presented
as follows:

@, =kV tom, (1)
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where @), ,,— are frequencies of beam waves; k; —

projection of wave vector on the direction of beam
propagation; V — its velocity, 6o ~ @, w, — is the
plasma frequency of beam. The second of these two
waves is the wave with negative energy. Besides, it is
supposed that in this electrodynamics system there are

two natural waves with frequencies less than @, ,, . We
will consider interaction of two beam modes and natural
waves of system which is effectively realized when

synchronism conditions are satisfied (conservation
laws), Fig 1:

W, =0, + w;, la:l_c.2+l€3, 2)
where @, ;— frequencies of third and fourth waves

(system of eigen waves) taking part in interaction, k3 —
are their wave numbers.
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Fig. 1. The possible scheme of wave interaction

Such nonlinear interaction, in which slow beam
wave (wave with negative energy) takes part, ordinarily
results in rising an explosive instability. If in
expressions (2) to change index 12 to 11, this scheme
will correspond to a decay process. Thus in the beam
system there are two close waves participating in the
fully different processes with two other modes of
electrodynamics system.

Usually in theoretical investigations only explosive
instability is considered in which slow beam wave takes
part but the influence of the fast one is not taken in
account. It is interesting to define how accounting of
fast wave influences the explosive instability.

The set of shortened equations for dimensionless
slowly varying amplitudes of all four interacting modes
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was obtained in the standard way from Maxwell

equations for electromagnetic fields and the
hydrodynamical equation for particles. This set is as
following:
E
9, _ —UE,E, exp(i(A+6w)7);
dr 3)
dE,, :
= UE,E; exp(i(A—bw)T);
dE, . . .
i [E“ exp (—i(A+6w)r)+ E,, exp(—i(A - 5(0)1')} E;;
d

% = E, exp(=i(A+ 5w)r )+ E,, exp(~i(A - dw)r) | E;,
T

where E;; and E;; — (E—eE/(mcw), m — is electron
mass; ¢ — the velocity of light) — are dimensionless
slowly varying complex amplitudes of HF and LF beam
waves; E, and E; — dimensionless slowly varying
complex amplitudes of any other natural waves of the
electrodynamic system, which can take part in the
investigated process; x4 — dimensionless coefficient
which is proportional to cube of beam density.
Dimensionless time is measured in the periods of k,V.
Dimensionless frequencies are normalized to k;V.
A — characterizes synchronism conditions 2 and 3 waves
with beam modes and is defined by means correlation:
o, +o, =1-A. 4)
When there is synchronism with slow beam wave the
condition A = Jw is satisfied. If there is synchronism
with fast beam wave the condition A = — dw is satisfied.

2. RESULTS OF INVESTIGATION

The set of equations (3) has integral:
|E2|2 —|E3|2 = const . 5)
The equations describing three wave explosive
processes have similar integral. It follows from (5) that
amplitudes of second and third waves can grow
infinitely.

The set of equations (3) was investigated
numerically for two cases: A = dw when second and
third waves are in synchronism with slow beam mode
(wave with negative energy), and A = — dw when these
waves are in synchronism with fast beam mode.

When condition A=0w— 0 is satisfied the set of
equations has the integral:

E,+E,=C,, (6)
and for non beam modes the next expressions can be
found:

E, =C, exp(|C0|r)+ C, exp(—|C0|z'),
E, =C; exp(|C0|z')+ C, exp(—|C0|r),

what corresponds to infinite exponential growth. For
amplitudes of beam modes similar expressions can be
obtained but in an exponent the constant Cy has to be
changed to 2|Cy|. This exponential growth is not
connected with linear stage of beam instability, but is
the result of nonlinear four wave interaction.

When there is synchronism of second and third
waves with fast and slow beam waves, the following
values of parameter dw were selected: dw = 1.0x107,
0.001, 0.01, 0.1, 0.2. Besides, two regimes
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corresponding to different initial conditions were
investigated. In the first case the initial dimensionless
values of beam mode amplitudes were taken equal to
0.1 in dimensionless units, and initial values of two
other modes of the investigated electrodynamic system
were much less. In the second regime the initial value of
slow beam mode having negative energy was chosen
equal to zero. The characteristic temporal dependence of
slow wave amplitude in the logarithm scale for case
A =9dw # 0 is shown in Fig. 2.

The amplitudes of other waves have qualitatively
similar temporal dependence. As follows from Fig. 2,
the exponential growth is changed by explosive
instability. The time of its rising decreases when
parameter Jw increases. The threshold value of
amplitudes corresponding to the beginning of the
explosive instability decreases also. When there is
synchronism of second and third waves with fast beam
mode (the condition A= — Jw is satisfied) for the values
0w = 0...0.1 the dynamics of the process is practically
identical with the case A=dJw. But for dw=0.2 it
essentially changes.

Ey

Fig.2. Temporal dependence of slow beam wave
amplitude in the logarithmic scale

The explosive instability arises noticeably later than
in the considered cases when characteristic time of
instability growth was approximately 40...60 time units.
Now this instability appears at more than 400 units. Up
to this moment the well expressed exponential growth is
absent and the dynamics has an oscillating character
with an attribute of nonregularity. This is confirmed by
investigations of frequency spectra and autocorrelation
functions. The spectrum is wide and autocorrelation
function decreases. The time of the explosive instability
start is very sensitive to initial conditions in this case.

In the case when initial amplitude of slow beam
wave equals zero for values dw = 1.0x10°, 0.001, 0.01
the explosive instability arises. But when dw = 0.1 it is
absent. If to approach to this value from left, the time of
explosive instability start tends to infinity.

CONCLUSIONS

Thus, in the general way, for the beam and plasma-
beam systems as well as for the systems where there are
waves with positive and negative energy and closed
wave characteristics, it is necessary to consider the
dynamics of four waves instead of three. Such four
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wave dynamics can essentially differ from the three
wave one. Most impotent distinctive features of four
wave dynamics are:

1. At three wave interaction the decay of fast beam
wave takes place. This decay is characterized by a
periodical dynamics. If we take into consideration close
waves with negative energy, the periodical dynamics
does not occur, but the result will be an exponential
growth of amplitudes of interacting waves.

2. If the beam wave with negative energy decays
then the existence of fast beam wave can break the
process of explosive instability.

3. Four wave processes have the interval of
parameters with non regular dynamics.
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B3PBIBHASI HEYCTOMUYMBOCTH B INIASMEHHO-ITYYKOBBIX CHCTEMAX
B.A. Byu, U.K. Kosanvuyx

Hpe}lCTaBﬂeHbl pe3ysibTaTbhl UCCICAOBAHUA JTUHAMUKU B3pblBHOﬁ HGyCTOﬁ‘IHBOCTH B IUIa3MCHHO-ITYYKOBBIX
cucremax. [loka3aHo, yTo B 00LIeM ciiydae yueT ObICTPOM ITyYKOBOI BOJIHBI (BOJIHBI C TIOJIOKHTEIBHON SHEPrUen)
MOJKET CYILIECTBEHHO MEHATh TUHAMUKY 3TOH HEYCTOMYMBOCTH, BILUIOTH JI0 €€ cpbIBa. OpeesieHbl NapaMeTpsl, IpU
KOTOPBIX pEaNU3yeTcsi B3pbIBHAS HEYCTONUMBOCTb, M IMapaMeTpbl, NPH KOTOPBIX NPOUCXOAUT €€ IOJAABJICHUE.
Iloka3zaHo, 4YTO MNpPH TAaKOM YETHIPEXBOJHOBOM B3aUMOACHCTBUM CYILUECTBYIOT PEXKUMBI C IPU3HAKAMHU
HEpEeTyJISIPHOCTH.

BUBYXOBA HECTIHKICTb Y ITASMOBO-ITYYKOBUX CUCTEMAX
B.A. Byu, 1.K. Kosanvuyk

[IpencraBneHi pe3yabTaTH AOCHIIKEHHS IMHAMIKM BHOYXOBOi HECTIMKOCTI B IJIa3MOBO-ITyYKOBHX CHCTEMAax.
[NokazaHo, 0 B 3arajiskHOMY BHIIQJIKy BpaxyBaHHs IIBUIKOT My4KOBOT XBHJI (XBMIII 3 HO3UTHBHOIO €HEPTIEI0) MOXE
ICTOTHO 3MIHUTH JAMHAMIKy L€l HECTIMKOCTI, HaBiTh 10 3pHBY. BH3HaueHi mapameTpu, NpH SKHUX peai3yeTbes
BUOYXOBa HECTIHKICTh, Ta MapamMeTpH, NpU SKUX BUHMKAE ii 3puB. [lokazaHo, 110 NpU Takiii YOTHPHOXXBUJIEBIil
B3a€MO/Iii ICHYIOTh PE)KUMH 3 O3HAKaMH HEPEryJIsIPHOCTI.
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