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The authors submit the results of investigations of the beam-plasma instability derangement in the hybrid plasma
waveguide. The latter, placed into the longitudinal magnetic field, consists of a chain of cavities connected inductively
and its passage channel is filled with plasma. In this plasma, the excitation of low-frequency oscillations that belong to
the low-hybrid resonance range is examined. The investigations are carried out in the beam-plasma oscillator. The
plasma is generated and maintained due to the beam-plasma discharge.
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Earlier we have already investigated the excitation of
microwaves by the electron beam at the plasma
characteristic electron frequencies in the hybrid plasma
waveguide (HPW). The investigations have indicated that
the microwave power is to a considerable extent
determined by low frequency (LF)- and ion oscillations of
plasma [1,2]. A chain of inductively connected cavities
with the plasma-filled passage channel is traditionally
used for the beam-plasma (BP) oscillators and amplifiers
[3]. Ion-acoustic (IA) and low-hybrid (LH) waves are LF
proper waves of this waveguide [4].

Seemingly, the pressure of microwaves stimulated
directly by the beam makes one of the most probable
nonlinear mechanisms for the excitation of ion-acoustic
oscillations in HPW [2]. As ion-acoustic oscillations come
into existence, there arise temporal changes in the
absolute magnitude of the plasma density and in its
longitudinal gradient. These factors cause alterations both
in the microwave excitation effectiveness and directly in
the dispersion of the microwaves driven by the beam. As a
result, both the microwave group velocity and the excited
wave energy flow change directions of their motion. At
the HPW edges, the amount of microwave maximum
power is being periodically changed in time. [4].
Augmentation of the beam current is accompanied by an
increase in the microwave power. However, when it
achieves a certain threshold value, there occurs the
microwave excitation derangement [1-2]. Even if the
excitation still takes place, there arise just separate
sporadic pulses, short in a space of time. Before the
derangement, one can always detect an increase in
amplitudes of LF oscillations of the low-hybrid range. It is
perfectly legitimate to suppose that these LF oscillations
make a certain contribution to the microwave excitation
derangement. As it is known, if BP discharge is
unbounded in its radius, the excitation of LF oscillations
from the low-hybrid resonance area is accompanied by the
acceleration of plasma ions and their heating as well as by
the plasma going away from the beam area along the beam
radius. That is, the process of excitation of LF oscillations
is accompanied by a decrease in the plasma density in the
beam area [5]. Via the mechanism for the nonlinear
coupling with microwaves, LF oscillations make a certain
contribution to stochastization of microwaves so that they
become irregular. In this case, the electron beam of a
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narrow energy spectrum, continuously coming to HPW, is
incapable of any effective transfer of its energy to
irregular waves. This can result in the microwave
excitation derangement [6]. In HPW, where BP discharge
maintains plasma, can take place these processes as well.
This supposition is confirmed by a series of the tests
performed by the authors (for this purpose, we used the
installation, where the dispersion of HPW proper LF
waves had been measured ecarlier [7]). The method of
introducing external disturbances into HPW is applied.
These disturbances have the form of a probe wave, the
frequency of which belongs to the low-hybrid oscillation
range. Short LH waves are excited with a helical aerial,
fed from a driving oscillator with the tunable frequency.
The spiral, installed in front of HPW, is axially-
symmetric with respect to the electron beam, injected into
HPW. The waveguide is located in the homogeneous
magnetic field (up to 0.2 TI). In the tests, the beam energy
ranges within (10-20) keV and the current is (1-10)A per
pulse of the duration 2 ms. The power of the oscillations
under excitation at the frequencies (4-4.5)GHz varies
from 100W up to 40kW. The nitrogen pressure in the
chain of inductively connected cavities varies within (1.33
-102-1.33-10™") Pa. The oscillation power transferred from
the driving oscillator to the spiral does not exceed 100 W
at the frequencies (50-75) MHz per pulse of the duration
250 ps.

Let us dwell on certain specificities of correlation
between microwaves excited by the beam and LF waves
from the low-hybrid range, detected when BP discharge is
being maintained in HPW.

I. If regular microwaves are excited by the electron
beam at the frequency @ o, the introduction of a wave at
the frequency @ 1 from LH-range into the HPW plasma
is accompanied by the emergence of the combination
frequency @ = o- @ » in the spectrum @ o. The
amplitude of microwaves at the frequency @ o decreases.
To restore the amplitude initial value, it is necessary to
augment the energy of the beam injected into HPW.

The combination oscillation amplitude increases as the
microwave amplitude grows. At the same time, the
probing LH wave, excited by the oscillator and
propagating in HPW, is being attenuated if the beam
parameters are fixed. This specificity of the generated
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wave behavior indicates that the energy is continuously
being transmitted from microwaves excited by the beam
to LH waves.

As the amplitude of excited probing LF waves increases,
the phase velocity of LH waves increases as well. To start
from a certain amplitude value, there arise harmonics and
the probing wave is subjected to bifurcation. That is, in
the dispersion function of LH waves D( @ ,k), which
determines their phase velocity in plasma of HPW, the
wave vector k depends on the wave field strength. LH
waves are nonlinear if the microwave power takes the
above-mentioned value. Generation of high-frequency
components and their harmonics in the LF oscillation
spectrum is detected experimentally already when the
microwave field strength is on the order of hundreds of
V/em (see [7]).

In Fig.1, one can see the oscillograms that depict
changes in the frequency and amplitude of the LH wave,
excited by the oscillator, after the wave passage through
HPW. It is clearly demonstrated that at the HPW output
the frequency has reached the value 4 times as high,
whereas the amplitude has become 5 times as small.
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Fig. 1. Evolution of the probing signal during its
propagation through HPW

The following designations are used:

1 - marks the oscillations excited in plasma by the master
oscillator at the frequency 47.9MHz;

2 - denotes the oscillations registered with the probe at the
beam input into HPW;

3 - designates oscillations registered with the probe at the
HPW output (the oscillograph sensitivity is 5 time as high
as in the oscillograms 1 and 2).

II. A certain regular dependence is established between
amplitudes of LH oscillations and microwaves. The higher
is the LH waves amplitude assigned, the smaller is the
critical power of microwaves excited by the beam in
HPW. That is, one can observe a diminution in the
microwave power amount, the excess over this limit is
accompanied by the microwave derangement. This fact
indicates that not only ion-acoustic waves [2] but also LH
ones affect the limiting values, imposed on the microwave
power amount attainable in BP-oscillator that contains
HPW.

In Fig2, oscillograms illustrate the microwave
suppression during the LH wave excitation in HPW. In
the upper oscillogram, the detected pulse of LF
oscillations, sent to the spiral from the master oscillator, is
presented. In the lower oscillogram, one can see the
signal, coming from microwaves excited by the beam of
the power 30 kW and detected at the HPW output section.
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The oscillograms demonstrate that the oscillation
excitation by the master oscillator is accompanied by the
total suppression of microwaves. Tracing the process of
changes in the power of microwaves excited by the beam
during the duration of LF oscillation power pulse,
transferred to the spiral aerial, one can notice the
following pattern.

If the LF oscillation power is introduced (at the pulse
leading edge), the amount of which makes (15-20)% of
the value that corresponds to the microwave suppression,
the microwave power decreases in time by (50-80)%
approximately in the direct proportion. However, up to
80% of the LF oscillation power is required for the
microwave total suppression (20%). Besides, before the
total derangement, there always exists a stage, during
which the microwave amplitude steeply decreases (the
stage duration is rather short - several ps). In the
experiment, when the LF oscillation power pulse leading
edge makes 60 s, the first stage lasts approximately
during (10-15)ps, the final stage duration is (2-5)ps.

— 0.2 ms

Fig.2. Oscillograms of envelopes of the oscillations from
the LH range, excited by the oscillator at the frequency
70MHz, and the envelope of oscillations in the band
4GHz, excited by the electron beam (the pulse power is
30kW)

At the same time, the process of restoration of

microwave excitation is of “explosive” nature. Microwave
power is restored up to 70% at the LF oscillation probing
pulse rear edge during the time shorter than Sps. The
functional dependence of microwave power (P)
restoration in time has the following form:
5 (15=1)/3 .2109
P~Ay(1 —e )
Here Ay is the amplitude of microwaves excited by the
beam in the absence of the probing LF signal; t, denotes
the time corresponding to the end of the probing pulse
plateau; t is running time.

The character of temporal changes in the microwave
amplitude, observed under the condition of alterations in
the amount of the probing signal power transferred to the
antenna, additionally confirms the existence of LF wave
absorption. That is, the nonlinear coupling between
microwaves and LH LF waves is realized under the
condition of strong absorption of the latter in plasma. One
of the consequences of this absorption can become the gas
extra ionization so that the plasma density increases. The
following fact can indirectly confirm this statement. For
the maintenance of the effective excitation of microwaves
by the beam when the probing LF signal is sent, the beam
energy must be augmented. As it is known [7], the



electron wave phase velocity increases as the plasma
density in the waveguide grows.

The authors consider that the oscillograms in Fig.2
confirm that LH wave amplitudes affect the process of
microwave excitation in BP oscillator. One can suppose
that only the mechanisms for suppressing LF oscillations
from LH wave range can permit augmenting the maximum
amount of microwave power, attainable in HPW of BP
oscillator.

CONCLUSIONS

Generally speaking, the results of the given work and
the works fulfilled earlier [1-4] confirm that the HPW
proper LF ion oscillations play an important role in the
excitation of microwaves by the electron beam. LF
oscillations are excited due to the plasma non-linearity in
the BP discharge.

Excitation of ion-acoustic oscillations in HPW is
accompanied by the formation of the plasma density
longitudinal gradient during certain time intervals. This
gradient maintains the auto-resonance between the beam
losing the energy in HPW and the microwave excited.
During these time intervals, the microwave electric field
strength in plasma increases up to the value, under which
the microwave “splits” to one of the HPW proper
microwave modes and a LH wave. In the long run, an
increase in the amplitude of the latter causes the beam
instability derangement, “extinction” of BP discharge and
sporadic generation of microwave short single pulses.

The totality of the results of the investigations indicates
the following. Microwaves in BP system of HPW can be
stable and regular only when their power does not reach a
critical value, under which the excitation of long-wave LF
ion oscillations in plasma becomes possible due to the
microwave pressure.

In BP oscillator, a large amount of power and a high
efficiency are obtainable when the device operates in
vicinity to the critical power value. Besides, the HPW
input and output sections must be connected to a common
load. In BP microwave devices where HPW is used, high
power is obtainable if the waveguide cross-section of a
large size is taken. As it is known, the power at the
oscillator output is field strength, the wave group velocity
and the plasma cross-

section in the waveguide. Consequently, if the wave
electric field strength is fixed, the oscillator power is

directly proportional to the HPW cross-section size and to
the coefficient of coupling with the electron beam.
Seemingly, for BP-oscillator or a high-power microwave
amplifier, a waveguide in the form of a coaxial line,
loaded with disks on both electrodes and the passage
channel filled with plasma is one of prospective models of
HPW [8,9].
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CTABUJIM3AIIASA MYYKOBOW HEYCTOMUYNBOCTH B TUBPUTHOM IIJIASMEHHOM BOJIHOBO/IE

A.H. Aumonos, O.®@. Koenuk, E.A. Kopnunos, B.I'. Céuuenckuii

HpI/IBCHCHH PE3yJIbTaTbl UCCICAOBAHUA CPbIBA Hy‘IKOBO-HJ’IEBMeHHOI\/’I HGYCTOfIQHBOCTH B I"I/I6pI/I,Z[HOM IIa3MCHHOM

BOJIHOBOJZC, IOMCHICHHOM B IIPOJAOJbHOC MAarHuTHOE II0JIC,

COCTOAICM U3 LENOYKHM HUHAYKTUBHO CBA3aHHBIX

PE30HATOPOB, MPOJIETHBIM KaHAJ KOTOPOH 3amoJiHeH IJIa3MOM, Mpu BO30YKJICHUHM HU3KOUYACTOTHBIX KoJeOaHUil B ero
w1a3Me U3 O00JacTH HIDKHETHOPHIHOTO pEe30HaHCa BHEIIHUM T'eHepaTopoM. ['MOpHIHBINA NIa3MEHHBIH BOJIHOBOJ
HCTIONB3YyeTCsl B IyYKOBO-IUIa3MEHHOM reHepaTtope. [lmasmMa oOpa3oBeIBacTCS M MOJICP)KUBACTCS 32 CUET IyYKOBO-

TJIa3MCHHOT'O pa3psaa.

CTABLIIBALIS MYYKOBOI HECTIMKOCTI B FIBPUJTHOMY IJIA3SMOBOMY XBUJIEBO/II

O.M. Aumonos, O.®. Kognik, €.0. Kopninos, B.I'. Céiuencoxuii
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[IpuBeneni pe3yabTaTy TOCITIHKEHHS 3pUBY ITyYKOBO-TIJIa3MOBOT HECTIHKOCTI y TiIOPHIHOMY I1a3MOBOMY XBHJICBO/II,
po3MileHOMY B MO3ZOBXHBOMY MAarHiTHOMY TOJi, IO CKIAaJa€ThCS 3 JIAHIIOTA IHAYKTUBHO 3B’S3aHHUX PE30HATOPIB,
MIPOJIITHUHA KaHAJ SKOTO 3allOBHEHUH IUIa3MOI0, MpH 30YIKCHHI HU3bKOYAaCTOTHUX KOJNMBAaHb B HOTO Imia3mi i3 o0macTi
HIDKHETIOpUTHOTO PE30HAHCY 30BHIIIHIM TeHeparopoM. [i0puaHuWi TiIa3MOBHH XBWIIEBIT BHKOPHUCTOBYEThCS B
ITy4YKOBO-IIJIa3MOBOMY reHepaTopi. [linazMa cTBOproeThes 1 MATPUMYETBCS 338 paXyHOK ITy4YKOBO-IUIA3MOBOTO PO3PSIY.
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