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MICROWAVE RADIATION WITH STOCHASTICALLY JUMPING PHASE:
GENERATION AND APPLICATION FOR LOW PRESSURE DISCHARGE
INITIATION

V.1 KARAS’, V.I. GOLOTA, A.M. YEGOROV, I.F. POTAPENKO, A.G. ZAGORODNY

The results of theoretical and experimental investigations on generating stochastic oscillations in the deci-
meter wavelength band, due to the collective interactions of an electron beam with plasma, are reported. The
possibility of creating a beam-plasma generator of stochastic oscillations operating in a quasi-cw regime is
demonstrated. The research methods are described and the principal characteristics of the generated oscil-
lations are studied. The plasma discharge, initiated by microwave radiation with a stochastically jumping
phase (MWRSIJP) in a coaxial waveguide at the optimal mode of the beam-plasma generator is studied.
The presented results continue the line of the previous research. In this paper the conditions of a microwave
discharge ignition, its stable maintenance in air due to the MWRSIJP, and the pressure range at which the
required power is minimal are found. Besides, optical characteristics of the discharge plasma in a wide range
of air pressure are experimentally examined. Numerical simulation of the spectral power density along the
beam with a known absorption coefficient for different gas mixtures is carried out. In general the research
aims to develop a new type of optical radiation sources.

Keywords: microwave radiation, stochastic oscillations, jumping phase, generation, low pressure, discharge
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1. INTRODUCTION

Extensive research has been devoted to the theo-
retical and experimental investigation of the interac-
tion of charged particle beams with plasma.

This interest is due to the fact that the beam-plas-
ma instability, predicted by A.I. Akhiezer and Ya.B.
Fainberg [1-3], is one of the prevalent instabilities. It
results from a resonance interaction of charged parti-
cles with the waves excited in plasma. This interaction
may be used for such important applications as high-
power beam-plasma generators (BPG); high-current
plasma accelerators of electrons, protons, and mul-
ticharged ions; plasma heating to high temperatures,
etc. [4, 5].

The main advantage of plasma-beam generators
is their ability to excite unprecedented-power oscilla-
tions: as the electron beam propagates in plasma, its
own electric and magnetic fields are compensated;
as a result, the achievable electron beam power and,
consequently, the achievable power of excited plas-
ma oscillations, are substantially higher as compared
to devices in which the electron beam propagates in
vacuum.

Owing to the excitation of bulk waves (rather than
the surface ones, as in vacuum microwave generators)
the efficiency of interaction between the electron
beams and the excited plasma waves is substantially
enhanced. In addition, these waves may be excited in
larger volumes.

The frequency of excited oscillations is mainly
determined by plasma density, and does not depend
on geometrical dimensions; thus, one can excite the
waves in volumes with linear dimensions much larger
than the wavelength.

The wavelength of generated oscillations can be
varied over a wide range by changing the plasma den-
sity.
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When an unmodulated high-power electron
beam interacts with plasma, the reverse action of
excited waves on the beam causes a beam electron
velocity distribution spread. Simultaneously, the ex-
cited-wave frequency and phase velocity spectra are
broadened. As a result of a nonlinear interaction, the
waves become stochastic.

However, some applications require generators
and amplifiers of regular oscillations. This poses the
problem of control: one should be able to either sta-
bilize and suppress the unwanted instabilities, or to
excite the useful intense oscillations with predeter-
mined frequency and phase velocity spectra, as well
as, a present stochasticity degree. The results of our
previous studies on controlling the characteristics of
BPG-generated oscillations were published in [6, 7].

High-frequency (HF) heating is very important
field in connection with fundamental questions of
plasma physics and applications. This area of phys-
ics is intensively investigated as theoretically and ex-
perimentally (for example, see [8-17] and references
therein). The issues widely discussed in literature are
connected with additional plasma heating in toka-
maks [8-11], the nature of accelerated particles in
space plasmas [12, 13], gas discharge physics [14, 15].
Among the problems that attract attention of scien-
tific community is development of sources with solar
spectrum. This is utmost important problem from the
point of fundamental, as well as practical application,
and in this direction interesting achievements is ob-
tained (see, for example [16, 17]). It is worth men-
tioning that one of the difficulties associated with ad-
ditional plasma heating in tokamaks is a well-known
dependence of the Rutherford cross-section on
velocity. As a consequence, the probability of colli-
sions decreases with plasma temperature rising, thus
creating obstacles for further plasma heating. Another
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important challenge in interaction of HF radiation
with plasma is a barrier of the radiation penetration
into the overdense plasma. To our knowledge, the
most part of investigations in this direction are made
with help of HF generators of electromagnetic radia-
tion with regular phase. Thus the new opportunities
that microwave radiation with jumping phase pro-
vides in this area would be very important.

In this paper, we describe also the results of the
theoretical and experimental investigation of the
plasma interaction with microwave radiation with
jumping phase that obtained with help of the unique
beam-plasma generator (BPG) made in KIPT [18].
This study continues research on behaviour of plasma
discharge subjected to microwave radiation with sto-
chastically jumping phase (MWRSJP) which started
in [19-21]. The paper is organized as follows. The first
section contains introduction and brief review of pre-
vious research. In Section 2, it is considered the in-
teraction of a tubular electron beam with the plasma
of a so-called helix-plasma waveguide (HPW) being
a plasma waveguide placed into a helix slow-wave
structure. In order to clarify the relative contribu-
tions of plasma and helix to oscillation excitation and
power output, we investigated the influence of the he-
lix on the plasma waveguide dispersion properties. In
Section 3, it is presented an experimental device lay-
out that was used to study the generation conditions
for quasi-cw stochastic oscillations in the decimeter
wavelength band. This apparatus consisted of elec-
tron-optical and electrodynamic units, a collector,
and a solenoid. In Section 4, in the BPG experimen-
tal studies it was measured the electron beam current
and energy, working gas pressure, plasma density,
power and frequency spectrum of generated micro-
wave oscillations, and the microwave oscillation pulse
envelopes. To determine the stochasticity degree of
the generated oscillations it was used the realization
method followed by Fourier-analysis of oscillations.
There are computed the autocorrelation functions,
the correlation times, and the integral and differential
amplitude distributions. In Section 3, It is considered
a comparizon the theoretical results with the experi-
mental data on the collective interaction between the
electron beam and the helix-plasma waveguide waves,
it is, above all, determined the beam parameters and
the plasma density. In section 6, there are considered
the experimental parameters of MWRSJP obtained
from the BPG. The scheme of measurement of vari-
ous parameters is given and experimental studies of
optical radiation from the plasma discharge initiated
by MWRSIJP are presented. Concluding remarks fol-
low at the end.

It was shown in [21—23], both theoretically and
experimentally, that the phenomenon of anomalous
penetration of microwave radiation into plasma,
conditions for gas breakdown and maintenance of a
microwave gas discharge, and collisionless electron
heating in a microwave field are related to jumps of
the phase of microwave radiation. In this case, in
spite of the absence of pair collisions or synchronism
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between plasma particles and the propagating electro-
magnetic field, stochastic microwave fields exchange
their energy with charged particles. In such fields,
random phase jumps of microwave oscillations play
the role of collisions and the average energy acquired
by a particle over the field period is proportional to
the frequency of phase jumps.

Gas breakdown and maintenance of a discharge
in a rarefied gas by a pulsed MWRSJP were studied
theoretically and experimentally in [22-26], as well
as propagation of this radiation within the plasma
produced in such a way. The conditions for ignition
and maintenance of a microwave discharge in air by
MWRSIJP were found. The pressure range in which
the power required for discharge ignition and its
maintenance has its minimum was determined [24-
26]. It was shown that, in the interval of pressures
that have a level less than optimal (about 50 Pa for
argon), the minimum of MWRSJP breakdown power
depends weakly on the working gas pressure owing to
several reasons. These reasons are efficient collision-
less electron heating, weakening of diffusion and, fi-
nally, decrease of elastic and inelastic collisional loss-
es. This allows one to extend the domain of discharge
existence toward lower pressures. The intensity of
collisionless electron heating increases with increas-
ing rate of phase jumps in MWRSIJP. There is an op-
timal phase jump rate at which the rate of gas ioniza-
tion and, accordingly, the growth rate of the electron
and ion densities reach their maximum. The optimal
phase jump rate is equal to the ionization frequency at
electron energies close to the ionization energy of the
working gas.

In the present work, the effect of high power
pulsed decimeter MWRSJP action on a plasma, pro-
duced in a coaxial waveguide filled with a rarefied
gas, is investigated with use of the above mentioned
BPG [18], which was upgraded for the given experi-
mental conditions. The goal of this work is to study
the special features of low pressure discharge initiated
by MWRSIJP und also optical radiation spectra. For
interpretation of the experimental results on the ig-
nition and maintenance of a microwave discharge in
air obtained with MWRSJP BPG, a numerical code
has been developed. This code allows simulating the
process of gas ionization by electrons heated in the
MWRSIJP field and studying the behaviour of plasma
particles in such a field.

2. BASIC THEORY

In general, the BPG electron beam-plasma in-
teraction zone consists of a waveguide structure (a
waveguide or some slow-wave system) combined with
a plasma waveguide. In this article it is considered the
interaction of a tubular electron beam with the plas-
ma of a so-called helix-plasma waveguide (HPW) be-
ing a plasma waveguide placed into a helix slow-wave
structure. In order to clarify the relative contributions
of plasma and helix to oscillation excitation and pow-
er output, we investigated the influence of the helix
on the plasma waveguide dispersion properties.

MpuknagHas pagmnoanekTpoHuka, 2012, Tom 11, Ne 4



Karas’ V.1. et el. Microwave radiation with stochastically jumping phase: generation and application for low pressure discharge initiation

The most interesting case occurs when there is
such a high plasma density that some bulk waves in
the plasma-occupied domain exhibit a slowing-down
weakly dependent on the parameters of the helix. As-
sume now the simplest tubular model of plasma den-
sity radial distribution, which is representative of a
wide class of density profiles and, at the same time,
relatively simple to treat analytically.

To simplify the calculations replace the helix with
an impedance cylinder of radius d. Consider the bulk
waves of the tube-shaped 0<a<r<b<d plasma coaxial
with the impedance (outer) cylinder. One gets the fol-
lowing dispersion equation for these waves:

kiaJ,(k a)+ AJy(k a)
k, bJ, (k. b)+ AJ,(k b)
_ k,aN,(k a)+AN,(k a)
k bN,(k b)+ A,N,(k b)
with the notation

_xal(xa)

. B bll(Kb)—Rki(Kb)
" Iy(xa) T

Iy (xb) - Rky(xb)’

JO(Kd)-Il(Kd)’iOZO
R= K

Ky (k) e () 2 7,
K

where Zj is the cylinder impedance, «*= kg —k?,
k, =nk.

With Zo — 0, b — d, and a — 0 relation (1) tends
to the dispersion equation for a plasma cylinder with
conducting liner. If the outer and inner tube radii a
and b, respectively, are finite, this equation describes
the dispersion of the annular plasma bulk waves inside
the conducting liner. Denote the helix and plasma
waveguide wave slowing-down factors by N, and N,
respectively. If N, >> N, the helix contribution to the
plasma waveguide dispersion characteristics, is insig-
nificant.

The phase velocity in the system is shown to de-
crease with the decrease of helix pitch, and to increase
with the increase of plasma density.

The tubular waveguide dispersion equation (1)
makes it possible to find the threshold plasma density,
at which there exists a slow wave with phase velocity
vofor a given frequency o [8, 9]. In the limit of small
vo, when xa >> 1, this equation is substantially simpli-
fied and becomes:

n 2 ‘”i

tan[kn(b-a)]=——, where n° =—--1. 2)
l+n

2
Wy

It follows from this equation that for a relatively
small plasma tube thickness, when wo(b — a)/vo < <1,
the first eigenvalue of the transverse wavenumber
A= xn(b — a) lies within the 0< A; <w/2 range. The
corresponding plasma refractive index ny = Aivo/wo
(b — a) increases with plasma thickness decrease. The
critical plasma density is defined in this case by the
formula [27, 28]:

2.2
A Vh } 3)

1o lem?]=10%] 24— 1Y
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Here f) is the operating frequency in Hz; a and b
are radii in cm; the vy velocity is in cm/s.

In case of low beam currents, one can neglect
any space-charge wave field-distribution change due
to the beam. Then the total increment of oscillation
build-up in the system is proportional to the beam
current. This makes it possible to calculate the thresh-
old beam current corresponding to the beginning of
system self-excitation under the condition that this
increment (with account of radiation losses) is equal
to zero:

2
Jth _ eBO-fmeb , (4)
1, LOu
where Bo = vo/c, rnis the electron classical radius; L, Q
and o, represent the system length, the quality factor,
and the beam cross section area, respectively.

The increase of beam current brings about a tran-
sition from the discrete spectrum of excited oscilla-
tions to a continuous one. This takes place at the criti-
cal current:

1
In coty+1
coty —1

Jo,=J, 1+

cr

(&)

The relation o = kv not only defines the frequen-
cy spectra of excited oscillations, but also allows one
to point out possible spectrum broadening mecha-
nisms.

One of these mechanisms involves the increase of
beam particle velocity spread due to the beam inter-
action with a wave pertaining to the slow-wave struc-
ture.

Ifthe slow-wave system can support the propaga-
tion of waves with v, = vo £ Av phase velocities, then
the beam accelerated and decelerated particles will
also radiate, but now they will radiate at frequencies

o = kof(w)(vVo = AV).

The resulting spectrum broadening can be found
from the equation w = kjv:
kouAv 0

0)0, v

Ao = =7
? T ok

1-v,,. /v,
kou((l)o) = (DO /Vo.

For the excited oscillations to be stochastic, the

fre-quency interval between the adjacent harmonics

must be small in comparison with the bandwidth of
each excited harmonic.

(6)

3. EXPERIMENTAL LABORATORY DEVICE

Figure 1 presents an experimental device layout
we used to study the generation conditions for quasi-
cw stochastic oscillations in the decimeter wavelength
band. This apparatus consisted of electron-optical and
electrodynamic units, a collector, and a solenoid. In
addition, there were working gas leak-in and pump-
out systems. A working gas pressure gradient transit
tube and an open resonator to measure the plasma
electron density were placed between the electron-
optical and electrodynamic units.
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We employed a longitudinal magnetic field from
0.12t0 0.16 T to transport the beam. The beam-plas-
ma interaction zone was inside the electrodynamic
slow-wave system. The gas pressure in the interaction
zone was about 10 —10-Torr, and from 10-¢ — 5x10-7
Torr in the electron gun region. In order to study the
generation of high-power microwave oscillations in
the decimeter wavelength band, we developed an ex-
perimental quasi-cw 100 kW power laboratory device
with a pulse length of 200 ps, (see diagram Fig. 1). In
the upper part of this figure one sees the sectioned so-
lenoid longitudinal magnetic field distribution.

The experimental laboratory setup consisted of
an electron gun (1), a slow-wave structure (9) inside
the shield (7), an electron collector (15) with a sin-
gle Lang- muir probe (13), microwave feeders (5) and
(10), and a solenoid (8). The system to maintain and
control the working gas pressure consisted of the vac-
uum lines (3) and (14), a pressure gradient tube (4),
the working gas leek-in valves (6) and (11), and the
pressure control gauges (2) and (12).

The electron gun cathode was fed with negative
high-voltage (up to 20 kV) 200 ps pulses with a rep-
etition rate from 1 to 10 s°!; the electron anode gun
was grounded. The electron beam passed through the
pressure gradient tube and the slow-wave structure.
After that it was dumped to a collector. The slow-wave
system was placed inside a metal screen, which simul-
taneously played the role of the apparatus housing.
The plasma was created in the slow-wave structure.

In this experimental laboratory apparatus we used
a magnetron-type electron gun [10]. It was initiated
via impact ionization of gas molecules by beam elec-
trons. After that, a beam-plasma discharge (BPD) oc-
curred, which produced a 3.0 cm o.d. and 2.2 cm i.d.
tubular electron beam with an accelerating voltage of
20 kV and a current of 12 A.

Hy, kOe
1.7

1.1

A double modified helix [11] was chosen as a
slow-wave structure. Its slowing-down coefficient,
coupling impedance, and characteristic wave im-
pedance are larger compared to the usual single helix
structure. The helix slow-wave structure was designed
for a beam synchronous velocity of 6.5x10° cm/s,
which corresponds to a 13.2 keV beam electron en-
ergy. The helix geometrical parameters were as fol-
lows: 4.0 cm o.d., 3.6 cm i.d., 2.4 cm pitch, 0.6 cm
ring width, 11 jumper half-angle, 46.0 cm length, and
6.6 cm shielding screen diameter.

The cold measurements of the dispersion charac-
teristics showed that this modified double helix struc-
ture had a normal positive dispersion in the frequency
range from 0.5 to 1.66 GHz. To obtain the required
slowing- down coefficient value we varied both the
jumper angle and the helix pitch at a fixed electron
beam diameter. The slowing-down coefficient n=c/vo
is enhanced with increasing jumper angle and helix
pitch.

4. EXPERIMENTAL RESULTS.
MEASUREMENT OF BEAM, PLASMA, AND
MICROWAVE OSCILLATION PARAMETERS

In the BPG experimental studies we measured
the electron beam current and energy, working gas
pressure, plasma density, power and frequency spec-
trum of generated microwave oscillations, and the
microwave oscillation pulse envelopes.

To determine the stochasticity degree of the gen-
erated oscillations we used the realization method
followed by Fourier-analysis of oscillations. We com-
puted the autocorrelation functions, the correlation
times, and the integral and differential amplitude dis-
tributions. The phase-frequency analysis of oscilla-
tions [12-14] provided data on their frequency, phase,
and amplitude.

T = 200 ps | ®

Fig. 1. Experimental device layout and magnetic field distribution: (1) electron gun; (2) and (12) control pickups;
(3) and (14) vacuum lines; (4) working gas pressure gradient tube; (5) and (10) high-frequency feeders;
(6) and (11) working gas admission valves; (7) shielding screen; (8) solenoid; (9) slow-wave structure;
(13) single Langmuir probe; (15) electron collector
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A 19 keV energy, 9 A current, and 200 ps pulse
duration electron beam passed through the gas pres-
sure gradient tube and open resonator, entered the in-
teraction region, and was dumped at the collector.

In this experiment we investigated the excited
oscillation power at the entrance and exit of the slow-
wave structure as a function of beam energy, working
gas pressure, plasma density gradient along the beam,
and magnetic field strength.

The microwave oscillation power at the entrance
and exit of the slow-wave structure exhibited a reso-
nance dependence on the beam electron energy. The
maximum power was obtained at a beam electron en-
ergy of 18 — 19 keV, although the calculated value for
the helix-plasma waveguide was 16 keV. As noted in
Section 2, this discrepancy is due to the phase velocity
in the helix-plasma waveguide being higher than in a
plasma-free helical slow-wave structure.

Figure 2 presents the excited oscillation pow-
er, dis-sipated in the loads, versus the interaction
zone working gas pressure for 19 keV, 9A beam at a
fixed 0.15 T magnetic field. The maximum power at
the slow-wave structure entrance (26 kW) and exit
(40 kW) occurred at a (2 — 4)x10-> Torr pressure. The
maximum summary power of 66 kW was attained at a
beam power of 171 kW; thus, the electron efficiency
was equal to 38%.

P, kW
asf
out

40 '°'Pinp A
35F a

0 A,

- P

25}
20
15F
10

sk

L1 1 11111l 1 1

10~* p, Torr

BRI

T

beh L L AR RE

103

Fig. 2. Pulse power vs. working gas pressure

In order to increase the excited oscillation out-
put power we introduced a rejection band-pass filter
between the generator entrance and the matched load
(5). The power generated at the system entrance and
exit as a function of working gas pressure is shown in
Fig. 3.

It is seen that the power absorbed in load (5) was
low and independent of the gas pressure in the system.
At the same time, the power dissipated in the output
load (9) increased with pressure and reached 70 kW at
104 Torr. The beam energy, beam current, and mag-
netic field were 19 keV, 9.5 A, and 0.2 T, respectively.
The electron efficiency remained the same (38%).

We recorded the frequency spectrum of gener-
ated oscillations with a wavemeter (12), integrater
(14), and recorder (15). The oscillation spectrum
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bandwidth at the 0.1 level was 100-150 MHz in the
decimeter wavelength band.
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Fig. 3. Pulse power vs. working gas pressure

In addition, the realization of excited oscillations
was recorded with a fast oscilloscope (2) to determine
its autocorrelation function, frequency spectrum, and
phase time-dependence by means of correlation anal-
ysis techniques.

The most interesting of the tubular electron-beam
BPG operating modes is the one with the microwave
pulse length equal to that of the beam current pulse.
It was obtained at 15 keV beam electron energy, 13 A
beam current, 6x10'° ¢cm>3 plasma density (6x10-
Torr working gas pressure), and 0.11 T longitudinal
magnetic field in the interaction zone. The micro-
wave power in BPG feeders amounted to 80 kW; the
electron efficiency was 40%.

We carried out a microwave oscillation analysis
in this mode of BPG operation. Figures 4-6 present
the oscillograms of a high-frequency signals (Figure
4), the total phase of oscillations (Figure 5), its com-
puter calculated autocorrelation function (Figure 6
top), and the microwave oscillation power spectrum
(Figure 6 bottom).The correlation time and spec-
trum bandwidth are correlated by the expression
TAf=1; thus, short correlation times correspond to
wide frequency spectra and vice versa. In our case
Teorr = 2.5 1.

Fig. 4. Oscillograms of a high-frequency signals
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It is well known that the shorter the correlation
time (and the wider the frequency spectrum of excited
oscil-lations), the higher their degree of stochasticity.
Thus, in our case, one should expect the generated
oscillations to be highly stochastic.

8(v)
4 37w}
i 2
3n 367
| 1
271 35wt
T 34w -
5

—r i B 1 1
157130 13.6 142 148
T, ns

0.3 0.9
Fig. 5. Total phase of oscillations vs. time:
(1) 1.2 GHz frequency regular signal; (2) oscillations

excited in a plasma-beam generator at plasma density
n,=6x1010 cm-3
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Fig. 6. Autocorrelation function, power spectrum
of oscillation realizations versus time

Thus, there is an important conclusion to be
stressed: our decimeter-wavelength microwave BPG
makes it possible to control the generated oscillation
stochasticity and spectrum width by varying the
plasma parameters and, primarily, its density.

5. COMPARISON OF THEORY WITH
EXPERIMENTAL RESULTS

In order to compare the theoretical results with
the experimental data on the collective interaction
between the electron beam and the helix-plasma
waveguide waves, it is necessary, above all, to deter-
mine the beam parameters and the plasma density. In
our case, the tubular beam density n, was 10° cm3; the
experimentally measured plasma density was in the
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range of (2 — 8)x10'° cm3. Due to the wy/w, = 1/20
condition, valid in our experiment, the electrons
could not significantly perturb the wave field pattern
notwithstanding their strong coupling to the slow-
wave system. Consequently, when calculating the ex-
cited oscillation spectra, one could neglect electron
beam effects within the zero approximation.

The oscillation excitation current threshold is
given by formula (4). In our system J;,= 3 A for a cal-
culated quality factor Q =45, fy = 1.3x10° Hz working
frequency, and a beam Langmuir frequency depres-
sion coefficient p = 0.05.

At sufficiently high plasma densities #, > n,.- bulk
waves appear in this system. The beam Langmuir fre-
quency depression coefficient for these waves is sig-
nificantly higher, resulting in a corresponding thresh-
old current decrease.

For this case, one could find from formula (4)
the critical density of 6 — 8x10° cm for a tube-shaped
plasma with (b — a) = 1 cm wall thickness, this “tube”
being coaxial with the electron beam.

The increase of gas pressure in the system or, with
the same effect, the increase of plasma density and in-
crease of beam current lead to the excitation of a wide
spectrum of bulk waves. The current, corresponding
to the wave spectrum broadening, was determined
from formula (4) and found to be equal to J..=7 A, in
fair agreement with the experimental value J...= 9 A.

6. EXPERIMENTAL STUDIES MWRSJP
AND OPTICAL RADIATION

6.1. MWRSJP parameters obtained from the BPG,
and the scheme of measurement of various parameters

We study MWRSJP parameters and optical ra-
diation characteristics from the plasma discharge
of induced by MWRSJP in a gas (air for the present
case), taken at low pressure. To conduct experiments,
a coaxial waveguide with axial vacuum pumping is
connected to the BPG. Coaxial waveguide filled with
gas with impedance of about 75 ohms and a length of
1000 mm is made of brass pipes with inner diameter of
45 mm and external diameter of 50 mm (see figure 7).
The central conductor is a brass rod diameter of
12 mm. At the ends of the coaxial waveguide, tapered
flanges provide the joining of coaxial transitions. Inthe
middle of the coaxial waveguide a tube is installed to
pump gas or gas mixtures, which also mounted a ther-
mocouple tube to monitor the pressure of the gas. Ad-
mission process of gases or gas mixtures is carried out
with sufficient precision using the second inlet valve
through diametrically located holes 2 mm in diameter
that are situated at both ends of the coaxial waveguide.
Tubes for the introduction of diagnostic probes are lo-
cated along the length of the coaxial waveguide. The
first tube is located at 60 mm from the input micro-
wave power of stochastic electromagnetic waves; the
second one is placed at a distance of 260 mm and a
third — at 840 mm. During the working process, such
arrangement of instruments allows us to have control-
led diagnostic probes of a spatial distribution, as well
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as to monitor parameters of the microwave discharge
along throughout the waveguide length. This provides
more detailed information about processes that take
place inside the waveguide. To ensure the required
conditions for the gas pressure, a coaxial waveguide
is connected with conical coaxial 75-ohm transitions
length 160 mm flange with Teflon washers 45 mm
in diameter and 10 mm thick. The desired electrical
contact between the flanges of the coaxial waveguide
and flanges of the conical coaxial transition provide a
lead strip 3 mm thick.

Fig. 7. The general view of the experimental device
with the coaxial waveguide

The block diagram shown in figure 8 schemati-
cally represents measurements of the main parame-
ters of the BPG and of the plasma, which is produced
in the coaxial waveguide.
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Fig. 8. Block diagram of measurement of BPG
and plasma principal parameters

Stochastic microwave oscillations generated by
the BPG (1) were supplied from the output of the slow-
wave structure through a broadband directional cou-
pler (2) and 75-Q conical coaxial junction (3) to the
input of the coaxial waveguide (4) and then, through
a conical coaxial junction (5) and coupler (6), were
fed to an IBM-2 high power gauge (7). For operating
in the regime of narrow-band signal generation the
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input of the BPG slow-wave structure was attached
to a shorting plug (8). The oscilloscopes (11, 12)
and the submodulator (9) and modulator (10) of the
high voltage supplied to the cathode of the BPG elec-
tron gun were triggered synchronously by using a tim-
ing unit (13). A time-delay circuit (14) was used to
vary the instant of triggering the oscilloscopes with re-
spect to the beginning of the high voltage pulse. This
allowed us to observe the shape of the generated signal
at different instants after the beginning of the electron
beam pulse. A detector head (15) and D2-13 variable
resistive—capacitive attenuator (16) connected to the
secondary line of the coupler (2) were used to meas-
ure the envelope of microwave oscillations and the
waveforms of the electron beam pulse. The temporal
realizations and spectral characteristics of MWRSJP
at the input and output of the coaxial waveguide were
studied using an HP Agilent Infinium four-channel
broadband (2.25 GHz) oscilloscope (12). A PEM-29
photomultip-lier (17) powered from a VSV-2 high-
voltage stabilized rectifier (18) was used to measure
the integral intensity of optical radiation from the
plasma. An ISP-51 three-prism glass spectrograph
(19) and PEM-106 photomultiplier (20) were used
for optical spectroscopy of the discharge in the co-
axial waveguide.

Ignition of the discharge does not affect the pen-
etration into dense plasma of MWRSIJP what is evi-
denced by nearly constant amplitude at the entrance
to the waveguide (curves 1 in figure 9). Because of
expenditures of radiation energy on air ionization
for the discharge maintenance the MWRSJP ampli-
tude at the output of the coaxial waveguide (curves 2
in figure 9) is essential diminished. It is also impor-
tant that the MWRSJP local spectrum on the output
waveguide significantly changed (curves 2 in figure 9),
a peak associated with the main spectral component
of MWRSJP is absent. It should be noted that in
the pressure range from P =30 Pato P=2 Paata
MWRSIJP power that conforming to the optimal op-
erating mode of BPG a similar situation is observed.
The optimal operating mode of BPG corresponds
to the following parameters: magnetic induction in
the interaction range of the beam with slow-wave
structure in BPG is B=0.096 T, a high voltage is
U,, =13.2kV,thecurrentelectrongunis / b = 3-5A,
high-voltage pulse is 160 us.

Comparison of the results presented in figures 9a
and 9b shows that, as the spectrum of the microwave
signal used to initiate and maintain a steady-state dis-
charge is narrowed, the amplitude of the MWRSJP
electric field can be decreased by nearly a factor of 2.
However, in order for the pressure range in which
breakdown occurs and a steady-state discharge exists
to be sufficiently broad, it is necessary that the phase
jump frequency be sufficiently high (as will be seen
below, it should be about one-third of the microwave
frequency). Let us now analyze the measured char-
acteristics of MWRSIJP at the input and output of the
coaxial waveguide in the optimal BPG mode. The
oscillograms shown in figures 3,4 were processed by
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a

b

Fig. 9. Waveforms of MWRSJP at the (1) input and (2) output of the coaxial waveguide, respectively,
and local microwave spectra on a logarithmic scale (10 dB/div) at the (1°) input and (2’) output
of the coaxial waveguide, respectively. The gas pressure in the waveguide is P= (a) 2.0 and (b) 30 Pa, respectively.
The time scale is 5 ns/div, and the voltage scale is 100 (V cm™')/div

the method of correlation analysis, and the frequency
spectra, the time dependence of the phase of micro-
wave oscillations, and self-correlation functions were
determined. Figure 4 shows the measured parameters
of MWRSIJP recorded at 100 ps after the beginning of
the electron beam pulse in the optimal BPG mode for
two air pressures corresponding to the pressure range
in which discharge in air is ignited and operates sta-
bly.

It can be seen that gas breakdown takes place
only after the electric field amplitude of MWRSJP
reaches a certain critical value, which depends on the
gas pressure. The instant of discharge ignition can be
easily determined from the abrupt decrease in the am-
plitude of the microwave signal at the output of the
coaxial waveguide to almost zero. It can also be seen
that the electric field amplitude required to maintain
a steady-state discharge is one order of magnitude
lower than that required for breakdown.

From figure 9 it can be seen that, MWRSJP am-
plitude at the waveguide outlet is reduced substantially
(more than an order of magnitude) due to the devel-
opment of the discharge; the discharge ignition and
maintenance lead at the waveguide outlet to a strong
damping of the spectral components, which are cor-
responded to the maximum range of input signal into
the waveguide.

Let us now consider the conditions for break-
down in air by microwave radiation from the BPG
described in [13]. In optimal regime at narrowband
signal of this generator the working frequency is
500 MHz, the mean rate of the phase jumps being
v, = 2x108 'L, It is important to keep in mind that,
when the electron energy increases from zero to the
ionization energy lair, the cross section for elastic col-
lisions of electrons with air atoms and molecules varies
greatly (by a factor of about 30), being at its maximum
several times larger than the ionization cross section
corresponding to electron energies of 15...20 eV. This
makes it possible to initiate discharges in air by micro-
waves with a stochastically jumping phase at pressures
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as low as 4 Pa. In this case, the mean rate of phase
jumps is equal to the maximum inelastic collision fre-
quency, which corresponds to electron energies close
to the ionization energy. Operation under such con-
ditions is advantageous in that, first, no energy is lost
in elastic collisions, and, second, due to the jumps in
the phase, the electron diffusion remains insignificant
and the electromagnetic energy is efficiently trans-
ferred to electrons.

To determine the dependence of the threshold
power, required for ignition of the discharge in a co-
axial waveguide, on the pressure of working gas, BPG
has worked in the mode of generating the maximum
output power level of narrow-band signal in which the
generation of microwave radiation with a maximum
frequency of phase jumps occurs. In this case part of
the power with the help of a broadband directional
coupler with variable coupling (see figure 10) was
supplied to analyezed gas-filled coaxial waveguide.

Fig. 10. The general view of the coupler (6) internal
structure

The rest of the power assigned to the matched
load. Such a method of regulating the power delivered
to the coaxial waveguide for ignition of the discharge
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allows conserving the permanent parameters of mi-
crowave radiation. In particular, this concerns the
mean rate of the phase jumps and the energy spec-
trum density of MWRSIJP, because in this situation
BPG works in the same mode.

The optimal operating mode of BPG corre-
sponds to the following parameters: magnetic induc-
tion in the interaction range of the beam with slow-
wave structure in BPG is B=0.096 T, a high voltage is
U, =13.2kV, the current electron gunis / by = SA,
a high-voltage pulse is 160 us, MWRSJP peaf( power
is W = 36 kW, the pulse repetition frequency is 5 Hz.
In figure 5 the general view of the coupler (6) internal
structure is shown.

While conducting experiments, to determine the
dependence of the threshold power on the gas pressure,
the left center coax transition coupler was connected to
BPG, the lower left coax transition joined the coaxial
waveguide, the right central and the lower coaxial tran-
sitions were connected to the load. By changing the
bond between the central and the lower shoulders of
the coupler through the use of different linked curved
shoulders, we adjusted the peak power coming into the
coaxial waveguide from 6 kW to 28 kW.

Fig. 11 shows the dependence of peak power re-
quired for the discharge ignition in the air that filled
coaxial waveguide on its pressure.

From figure 11 (curves 1, 2) it can be seen that,
the peak power levels from 6 kW to 28 kW MWRSJP
discharge is ignited stably at a pressure of gas (air)
ranging from 1.5 Pa to 3990 Pa. This result clearly
demonstrates the advantages of the discharge, sup-
ported by microwave with stochastic jumps in the
phase compared with the microwave discharge in the
fields of regular waves.

W, kW
251
20+
15+

10

1 10 100 1000

P, Pa
Fig. 11. Dependences for breakdown power of a microwave
signals with a stochastically jumping phase versus
a pressure for air in the optimal BPG mode
(curves 1 —m, 2 — *), in the non-optimal BPG mode:
for air (curve 3 — o), argon (curve 4 — A),
helium (curve 5 — ¥), respectively, at narrowband signal

Thus we have the opportunity to create a dis-
charge at a pressure of almost two orders of magni-
tude lower than the pressure that is necessary for the
fulfillment of the condition of minimum capacity of
the discharge ignition by regular microwave radiation.
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Namely, (see [29]) for v, ~® (where v, is the fre-
quency of binary collisions, as well o is the frequency
of microwave radiation), effectiveness of such a dis-
charge is much higher because of the small contribu-
tion of energy loss on unnecessary elastic and inelastic
collisions when working at low pressures. For com-
parison, dependence of microwave radiation power
required for the discharge ignition in air (curve 3),
argon (curve 4) and helium (curve 5), which are filled
the coaxial waveguide, on its pressure, obtained while
working in the non-optimal BPG mode is given. It is
seen that the pressure range in which it is possible the
ignition of the discharge is much narrower than un-
der the optimal BPG mode functioning. This is due
to a significant difference in mean rates of the phase
jumps in these modes of BPG.

Using the delay device (14), the time for start of
the oscilloscope can be modified within the length of
high-voltage pulse. This circumstance allows us to
observe the shape of the generated signal at a differ-
ent time moments starting from the very begin of the
electron beam current pulse. Features MWRSJP at
the inlet and outlet of the coaxial waveguide are stud-
ied using the four-channel broadband (2.25 GHz) os-
cilloscope (12) HP Agilent Infinium Oscilloscope.

In the next part we present the results of experi-
mental studies of optical characteristics of plasma dis-
charge. Preliminary results of an optical characteristic
studies presented in [30].

6.2. Experimental studies of optical radiation from
the plasma discharge initiated by MWRSJP

Optical characteristics of plasma discharge ini-
tiated by MWRSIJP in coaxial waveguide are exam-
ined in the conditions of BPG operation in the op-
timal mode in air for a wide pressure range, in which
the discharge is ignited and maintained stably. For
experimental studies of the integral intensity of the
plasma radiation in the visible spectrum, used photo-
electron multiplier (17) of type PEM-29 is attached
to a high-stabilized rectifier (18) VSV-2. For spec-
troscopic studies of the discharge in the visible spec-
trum a three-prism glass spectrograph (19) ISP-51 is
used. With help of the lens, the radiation from the dis-
charge is focused onto the entrance slit (slit width is
0.01 mm) of the spectrograph. By the output gap with
width of 0.015 mm the spectrograph is attached to the
photoelectron multiplier (20) of type PEM-106. The
spectral sensitivity in the wavelength range from 360
nm to 700 nm of the photomultiplier PEM-106 used
in experimental studies is shown in figure 12.

From figure 12 it can be seen, that the photomul-
tiplier PEM-106 has high sensitivity in the wavelength
range from 350 nm to 550 nm. Within zone from 550
nm to 1000 nm the sensitivity is less that will lead to
distortion of the discharge optical spectra which are
observed on oscilloscope (11). This fact should be tak-
en into account when the wave forms of the emission
spectra are analyzed. The signal from the photomul-
tiplier PEM-106 was fed to the digital (2 GB/s) oscil-
loscope (11) Le Croy Wave Jet 324 with a frequency
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band of 200 MHz. The ISP-51 spectrograph was cali-
brated using the spectral lines of a PRK-2M mercury
lamp (21) and the Balmer hydrogen lines emitted by a
Geissler tube (22). The mercury lamp and the Geissler
tube were powered from an OU-1 lighting unit (23).

S, %
100

80
60
40

20

400 450 500 550 600 650 700
A, M
Fig.12. The dependence of spectral sensitivity of the
photomultiplier PEM-106 versus the wavelength

The MWRSIJP power was input via the conical
coaxial junction in the waveguide pumped out to a
pressure of 1.33 Pa. In certain ranges of the gas pres-
sure, gas composition, and microwave power, a dis-
charge was ignited in the coaxial waveguide. Figure 13
shows the emission spectrum of the mercury lamp of
type PRK-2M.

I,
a.u.
1,0+
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0.6
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0,0 y - Y u " el
400 450 500 550 600
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Fig. 13. The emission spectrum of mercury lamp
type PRK-2M

Remark, that in figure 13 and in the consequent
figures 14-19, which presents radiation spectra from
the low-pressure discharge, the real dependence of
the spectral sensitivity of the photomultiplier is taken
into account, and for the simplicity of comparison the
same arbitrary units are used.

Figure 14 shows the photo of glow discharge
at a pressure of working gas (air) of 13.3 Pa in the
waveguide made through a curved quartz optical win-
dow. For the necessary observations, apertures were
drilled with a diameter 2.5 mm on the lateral surface
of the coaxial waveguide in the area of the windows.
On the one hand, these apertures provide properly
output of the light radiation from a coaxial waveguide
and, on the other hand, they prevent output of the
microwave radiation from the discharge region.

From figure 14 one cansee, that the glow discharge
intensity significantly decreases with distance from
the MWRSIJP input to the waveguide (for example,
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compare (a) and (b)). Figure 14 shows photographs of
the discharge glow in the coaxial waveguide at a work-
ing gas (air) pressure of 13.3 Pa. It can be seen from
figure 14 that the discharge glow is inhomogeneous
over the cross section and has a filamentary structure.
This is because 2.5-mm-diameter holes were made
in the side wall of the coaxial waveguide near the
diagnostic windows. These holes, on the one hand,
provide output of optical radiation from the coaxial
waveguide and, on the other hand, prevent escape of
microwave radiation from the discharge region. It is
seen that the discharge radiation intensity decreases
along the waveguide. It should be noted that the dis-
charge color depends on the working gas pressure and
the microwave power input in the waveguide.

a b

Fig. 14. Photographs of the discharge glow in the coaxial
waveguide, taken at the distances of (@) 60 and (b) 600 mm
from the microwave power input in the waveguide

In Fig. 15-17 the dependence of optical radiation
from the discharge on air pressure is compared at the
conditions when a stable combustion of the gas dis-
charge is held at the MWRSJP power that correspond
the optimal BPG mode.

1,8
a.u.
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1,24
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0,3

400 450 500 550 600 650 A, nm

Fig. 15. The emission spectra of discharges
in air at a pressure P = 28 Pa.
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Fig. 16. The emission spectra of discharges
in air at a pressure P = 4.8 Pa
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Fig. 17. The emission spectra of discharges
inairat P=4 Pa

Figs. 15-17 show that the spectrum of opti-
cal radiation from the discharge depends strongly
on the pressure of the working gas (air) in a coaxial
waveguide. In particular, within the lower range of air
pressure, the optical radiation from the discharge is
pronouncedly enriched with shorter wavelengths. In
this way, if value of pressure is £ = 28 Pa then spec-
trum is depleted at the wavelengths shorter than 550
nm, i.e. red radiation prevails, see figure 15. At the
same time, when the pressure is reduced nearly an
order of magnitude, see figures 16, 17 a spectrum be-
comes significantly enriched with short wavelengths,
i.e. blue light prevails. Further figures 18 and 19 rep-
resent the experimental studies of the temporal char-
acteristics of optical radiation for two specific wave-
lengths within the duration of the single high-voltage
pulse (160 us).

One can observe that the optical emission starts
with a delay relatively to the beginning of current
pulse (current pulse is marked on figures 18, 19 by ver-
tical risk). However, duration of the optical emission
exceeds the duration of the high voltage pulse.

Thus, relying on the quantitative indicators of
the electric field intensity, frequency MWRSJP and
frequency of phase jumps, etc., the prospect of creat-
ing a source of light radiation of low power (100 W)
is implemented. It is based on the consideration of a
stochastic microwave discharge with high efficience
at low pressure of working gas.
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Fig. 18. Dependence of the optical radiation intensity
on time for the wavelength 485 nm within a duration
of one high-voltage pulse for gas pressures
of P=(a) 28 and (b) 4.8 Pa
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Fig. 19. The dependence of the optical radiation intensity
on time for a wavelength of 651 nm within a duration
of one high-voltage pulse for gas pressures
of P=(a) 28 and (b) 4.8 Pa

7. CONCLUSIONS

In this article we described the investigation of
BPGs producing stochastic oscillations caused by
electron beam-plasma collective interactions.

Laboratory models of high-power stochastic os-
cilla-tion generators were implemented using the slow-
wave helix-plasma systems with either single or double
mo-dified helices. Their performance was investigated.

The obtained experimental results (the dispersion
properties of helix-plasma waveguides, the frequency
spectrum broadening mechanisms, the threshold and
critical currents) turned out to be in qualitative agree-
ment with theory.

At the stage of discharge in the coaxial waveguide,
the discharge becomes nonuniform along its length
due to the strong absorption of MWRSJP. The elec-
tric field amplitude decreases by more than one order
when approaching to the waveguide exit.

During the maintenance of MWRSJP discharge
in the waveguide, gas ionization leads to almost com-
plete decay in the spectrum of the output signal from
the coaxial waveguide of the main spectral compo-
nents of the input microwave signal.

With the distance increasing from the input of
MWRSIJP into the coaxial waveguide, the discharge
optical radiation intensity decreases significantly, be-
coming inhomogeneous, as well as its cross-section
decreases.

With air pressure decreasing, the optical radia-
tion from the discharge becomes more reach with
shorter wavelength. Thus, if at the pressure of 20 Pa,
the radiation has red colour, then at pressure of 2Pa
the radiation becomes blue.

MWRSJP and discharge optical radiation are ob-
served in time almost throughout the pulse duration
of electron beam current in BPG.

When the frequency of MWRSIJP signal and the
frequency of phase jumps are those as observed in the
conducted investigations, there is enough to have the
magnitude of electric field equals to 50 V / cm, for the
creation and maintainence of the discharge in air.

Thus, based on the quantitative indicators, such
as the electric field intensity, frequencies of MWRSJP
and phase jumps it can be expected the following. The
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prospective creation of an efficient light radiation
source of low power (100 W) in a wide range of air
pressure, in which the discharge is ignited and main-
tained stably, becomes a reality. The main task of fu-
ture experimental and theoretical research is to opti-
mize the gas mixture for the discharge of quasi-solar
optical spectrum.

The results might also be of some use in connec-
tion with additional plasma heating in nuclear fusion
devices due the fact that, the electron heating by mi-
crowave radiation with jumping phase is collisionless.
Thus the heating efficiency by MWRSJP does not
decreas when the temperature increases, whereas the
usual heating by the regular radiation is to be collisional
and becomes less and less efficient at increasing tem-
perature. Moreover, instead of pulse working regime of
BPG, the constant working regime which is important
for tokamak plasma, in principle may be elaborated.

The developing of a new type of the high effi-
ciency sources of optical radiation with quasi solar
spectrum would make a fundamental breakthrough in
lighting technology.
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YIAK 533.9

MMKpPOBOJIHOBOE H3JIyd4eHHE CO CTOXACTHYECKH MNpbI-
raomeii ¢azoii (MBUCTII®): nosryyenne u npuMeHeHNE ISt
WHUIMUPOBaHUS pa3psna Huskoro aasienus / B.1. Kapacs,
B.U. T'onora, A.M. Eropos, U.®. IMoranenko, A.I". 3aro-
ponuwuii // TlpuknamHas paauoaJIeKTPOHMKA: Hayd.-TeXH.
xypHai. — 2012. — Tom 11. — Ne 4. — C. 463—475.

B cratbe npenctaBieHbl Pe3yIbTaThl TEOPETUUECKUX
U 9KCIepUMEHTATbHBIX MCCIIEAOBAHUI TTOJTYUYEHUST CTO-
XaCTUYECKMX OCUMJUISIIMI JAeLIMMETPOBOTO Auana3oHa
JUTMH BOJTH B pe3yJibTaTe KOJJIEKTUBHOTO B3aMMOICHCTBIS
9JIEKTPOHHOTO TIyYKa C ruia3moii. [TpogeMoHCcTprupoBaHa
BO3MOXKHOCTb CO3[aHUsI MyYKOBO-TJIa3MEHHOTO reHepa-
TOpa CTOXaCTUIECKMX OCUMJUISINN AeIIMMETPOBOTO Ara-
rmasoHa. B cratbe HalifieHbl YCIOBUS TOMKUTA B BO3IyXe
MMKPOBOJHOBOTO Da3psijia, €ro CTaOWIbHOTO TOPEHMUSI
omarogaps MBUCTI® u auana3oH gaBieHW, B KOTOPOM
TpeOyemasi MOIIIHOCTh MUHUMAaJIbHA. DKCIEPUMEHTAILHO
HcCeIOBaHbl ONTUYECKUE XapaKTePUCTUKU TIa3Mbl pas-
psna B IIMPOKOM JAMaria30He JaBIeHUI.

Kntouesbie cro6a: MUKPOBOJTHOBOE U3TyYeHUE, CTOXA-
CTUYeCcKMe OCUMUISILMM, Mpbiratonias ¢asa, reHepauus,
HU3KOe JaBJICHNUE, TTOIKUT pa3psiaa, SJIeKTPOHHBIM MMyYOK,
njaa3Ma, KOJJeKTUBHOE B3auMOIECTBUE, KOAKCUATbHbIN
BOJIHOBOJI, IMYyYKOBO-TJIa3MEHHbIII T'€HepaTop, OINTHYe-
CKUE XapaKTePUCTUKMU.

Wn. 19. bubauorp.: 30 Ha3B.
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MikpoxBH/IbOBEe BHUIPOMIHIOBAHHSA 3i CTOXACTHYHO
cTpuokoBoio ¢azow (MXBCC®): oTpumaHHs Ta 3acTOCy-
BaHHA 114 iHinianii po3psay Huzbkoro Tucky / B.I. Kapace,
B.I. Tonora, O.M. Eropos, [.®. IMoranexko, A.T'. 3aropo-
nHiit // TlpukinanHa pagioeneKTpoHiKa: HayK.-TeXH. Xyp-
Haim. —2012. — Tom 11. — Ne 4. — C. 463—475.

V crarTi HaBeAeHi pe3yJbTaTu TEOPETUYHUX Ta €KC-
MepPUMEHTATbHUX TOCTIIKEHb OTPUMAHHS CTOXaCTUYHUX
OCHUWISILIIM EIIMMETPOBOTO Jliala30HY JOBXWH XBWIb B
pe3yJbTaTi KOJIEKTUBHOI B3aEMOIil €IEeKTPOHHOIO IyYKa
3 maasmoto. [IponeMoHcTpoBaHa MOXJIUBICTb CTBOPEHHSI
MMyYKOBO-TIJIA3MOBOTO FreHEPATOPa CTOXaCTUUHUX OCIIUISI-
1LIili AeMMEeTPOBOIO Aiana3oHy. Y CTaTTi 3HAlAEHO YMOBU
MiAMATIOBAHHS Y TTOBITPi MiKPOXBUJILOBOTO PO3pPsILY, HOTO
crabisibHOrO ropinHs 3aBagku MXBCC® Tta gianason
TUCKIB, B IKOMY ITOTpiOHA MOTYXHiCTh MiHiManbHa. EKc-
MePUMEHTAJIbHO JTOCIIIKEHI ONMTUYHI XapaKTepUCTUKU
TJ1Ia3MU PO3PSsIIY B IMPOKOMY Jliarma3oHi TUCKIB.

Knrouosi  crosa: MiKpOXBUJILOBE BUIIPOMiHIOBAHHS,
CTOXaCTUYHI OCLMJISILLIT, CTpUOKOBa (ha3a, reHepallist, HU3b-
KWW TUCK, MiANATIOBaHHS PO3PsILY, €IEKTPOHHUN TYYOK,
IUla3Ma, KOJEKTMBHA B3a€EMOJisl, KOaKCiaJlbHUI XBUJIEBIM,
ITyYKOBO-TITa3MEHMIA TeHepaTop, ONTUYHI XapaKTePUCTUKH.
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