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We study the gas discharge, initiated by microwave radiation with stochastically jumping phase (MWJP) in a coaxial

waveguide in the optimal mode of the beam-plasma generator.

In this paper we experimentally examine optical

characteristics of the discharge plasma in a wide range of air pressure. The conditions of a microwave discharge

ignition, its stable maintenance in air by MWJP, and the pressure range at which required power is minimal are

found.

PACS: 52.80.Pi, 52.65.-y, 52.65.Ff, 52.70. Ds, 52.70.Kz, 84.40Fe

1. INTRODUCTION

RF heating is very important field in connection with
fundamental questions of plasma physics and appli-
cations. This area of physics is intensively investi-
gated as theoretically and experimentally (for exam-
ple, see [1-10] and references therein). The issues
widely discussed in literature are connected with ad-
ditional plasma heating in tokamaks [1-4], the na-
ture of accelerated particles in space plasmas [5, 6],
gas discharge physics [7,8]. Among the problems
that attract attention of scientific community is de-
velopment of sources with solar spectrum. This is
utmost important problem from the point of funda-
mental, as well as practical application, and in this
direction interesting achievements is obtained (see,
for example [9,10]). It is worth mentioning that one
of the difficulties associated with additional plasma
heating in tokamaks is a well-known dependence of
the Rutherford cross-section on velocity. As a conse-
quence, the probability of collisions decreases with
plasma temperature rising, thus creating obstacles
for further plasma heating. Another important chal-
lenge in interaction of RF radiation with plasma is a
barrier of penetration of the radiation into the over-
dense plasma. To our knowledge, the most part of
investigations in this direction are made with help
of RF generators of electromagtetic radiation with-
out jumping phase. Thus the new opportunities that
microwave radiation with jumping phase provides in
this area would be very important.

In this paper, we describe results of the theoretical
and experimental investigation of the interaction of

plasma with microwave radiation with jumping phase
that obtained whith help of the unique beam-plasma
generator made in KIPT [11]. This study continues
research on behaviour of plasma discharge subjected
to microwave radiation with stochastically jumping
phase (MWJP) which started in [12-14]. The paper
is organized as follows. The first section contains in-
troduction and brief review of previous research. In
section 2, we consider experimental parameters ob-
tained from the plasma beam generator. The scheme
of measurement of various parameters is given and
experimental studies of optical radiation from the
plasma discharge initiated by MWJP are presented.
In section 3 numerical simulations of optical radiation
transport and computational technique used for sim-
ulations are briefly discussed. The illustrative simu-
lation results are presen-ted graphically. Concluding
remarks follow at the end.

It was shown in [14-16], both theoretically and
experimentally, that the phenomenon of anomalous
penetration of microwave radiation into plasma, con-
ditions for gas breakdown and maintenance of a mi-
crowave gas discharge, and collisionless electron heat-
ing 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 be-
tween 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.
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Gas breakdown and maintenance of a discharge
in a rarefied gas by a pulsed MWJP were studied
theoretically and experimentally in [15-19], 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
MWJP were found. The pressure range in which the
power required for discharge ignition and its main-
tenance has its minimum was determined [17-19]. It
was shown that, in the interval of pressures that have
a level less than optimal (about 50 Pa for argon),
the minimum of MWJP breakdown power depends
weakly on the working gas pressure owing to several
reasons. These reasons are efficient collisionless elec-
tron heating, weakening of diffusion and, finally, de-
crease of elastic and inelastic collisional losses. This
allows one to extend the domain of discharge exis-
tence toward lower pressures. The intensity of col-
lisionless electron heating increases with increasing
rate of phase jumps in MWJP. There is an opti-
mal 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 MWJP on a plasma, produced in a
coaxial waveguide filled with a rarefied gas, is investi-
gated with use of the above mentioned beam-plasma
generator (BPG) [11], which was upgraded for the
given experimental conditions. The goal of this work
is to study optical radiation spectra. For interpreta-
tion of the experimental results on the ignition and
maintenance of a microwave discharge in air obtained
with MWJP BPG, a numerical code has been devel-
oped. This code allows simulating the process of gas
ionization by electrons heated in the MWJP field and
studying the behavior of plasma particles in such a
field.

2. EXPERIMENTAL STUDIES OF
OPTICAL RADIATION FROM THE
PLASMA DISCHARGE INITIATED BY
MWJP

Optical characteristics of plasma discharge initiated
by MWJP in coaxial waveguide (Fig. 1) are exam-
ined in the conditions of BPG operation in the opti-
mal 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 pho-
toelectron multiplier of type PEM-29 is attached to
a high-stabilized rectifier VSV-2.

For spectroscopic studies of the discharge in the
visible spectrum a three-prism glass spectrograph
ISP-51 is used. With help of the lens, the radiation
from the discharge is focused onto the entrance slit
(slit width is 0.2 mm) of the spectrograph. By the
output gap with width of 0.1 mm the spectrograph
is attached to the photoelectron multiplier of type

PEM-36. The signal from the photomultiplier FEU-
36 was fed to the digital (2 GB/s) oscilloscope Le
Croy Wave Jet 324 with a frequency band of 200
MHz. The ISP-51 spectrograph was calibrated us-
ing the spectral lines of a PRK-2M mercury lamp
and the Balmer hydrogen lines emitted by a Geissler
tube. The mercury lamp and the Geissler tube were
powered from an OU-1 lighting unit. The depen-
dence of optical radiation from the discharge on
air pressure is compared at the conditions when a
stable combustion of the gas discharge is held at
the MWRSJP power value that match the opti-
mal BPG mode. The optimal operating mode of
BPG corresponds to the following parameters: mag-
netic induction in the interaction range of the beam
with slow-wave structures in BPG is B=0.096 T,
a high voltage is U,p = 13.2kV, the current elec-
tron gun is I, _, = 3 A, high-voltage pulse is 160 us.
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Fig. 2. Waveforms of MWRSJP at the input (1)
and output (2) of the coarial waveguide, respectively,
and local microwave spectra on a logarithmic scale
(10 dB/div) at the input (1°) and output (2°) of the

coaxial wavequide, respectively. The gas pressure
in the waveguide is P=2.0(a) and 30 Pa (b),
respectively. The time scale is 5 ns/div, and the
voltage scale is 100 (Vem™1)/div

The spectrum of optical 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. One can observe that the optical emis-
sion starts with a delay relatively to the beginning of
current pulse. However, duration of the optical emis-
sion exceeds the duration of the high voltage pulse.
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Thus, relying on the quantitative indicators of
the electric field intensity, frequency MWJP and fre-
quency of phase jumps, etc., the prospect of creating
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.The discharge igni-
tion and maintenance lead at the waveguide exit to
a strong damping of the spectral components, which
are corresponded to the maximum range of input sig-
nal into the waveguide (Fig. 2).

3. NUMERICAL SIMULATION OF
OPTICAL RADIATION TRANSPORT IN
A DISCHARGE INITIATED BY MWJP

Numerical code SPECRAY, which uses the approxi-
mation of thermodynamic equilibrium and nonscat-
tering medium, computes the spectral power density
along the optical rays with a known absorption co-
efficient. For the illustrative example the mixture of
xenon and sodium was choosen. The spectrum of
escaping radiation from a uniform layer of the gas
mixture Xe, and Na at 0.5 eV (5800 K) was com-
puted. The layer thickness is equal to 18 mm. It was
assumed that the gas mixture includes only neutral
atomic components, the proportion of Na was 0.1%,
the electron density was assumed to be 10'%cm™3,
the total pressure of the mixture at a given temper-
atures was equal to 1 atm. Scattering radiation was
assumed to be negligible.

4. CONCLUSIONS

At the stage of discharge in the coaxial waveguide,
the discharge becomes nonuniform along its length
due to the strong absorption of MWJP. The elec-
tric field amplitude decreases by more than one or-
der when approaching to the waveguide exit. If the
discharge has a place in the spectrum of the out-
put signal from the coaxial waveguide is not spectral
components corresponding to the maximum values
in the spectrum of input into the coaxial waveguide.
During the maintenance of MWJP discharge in the
waveguide, gas ionization leads to almost complete
decay of the main spectral components of the input
microwave signal. With the distance increasing from
the entry of MWJP into the coaxial waveguide, the
discharge glow significantly decreases, becoming in-
homogeneous, as well as its cross-section decreases.
Thus there occurs the discharge contraction. With
air pressure decreasing, the optical radiation from
the discharge becomes more reach with shorter wave-
length. Thus, if at the pressure of 20 Pa, the radia-
tion has red colour, then at pressure of 2 Pa the radi-
ation becomes blue. Microwave oscillations and glow
discharge exist in time almost throughout the pulse
duration of electron beam current in BPG. When the
frequency of MWJP signal and the frequency of phase
jumps are those as observed in the conducted inves-
tigations, there is enough to have the magnitude of
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electric field equals to 50 V/cm, for the creation and
maintainence of the discharge in air.

The original SPECRAY code has been used to
calculate the spectral radiation intensity along the
optical rays for the known profile of the absorption
coefficient under the assumption that the medium is
in thermodynamic equilibrium and does not scatter
radiation. Numerically, the spectral power density
with a known absorption coefficient along the rays
for different gas mixtures was analysed.

Thus, based on the quantitative indicators, such
as the electric field intensity, frequencies of MWJP
and phase jumps it can be expected the following.
The prospective creation of an efficient light radia-
tion source of low power (100 W) in a wide range of
air pressure, in which the discharge is ignited and
maintained stably, becomes a reality. The main task
of future experimental and theoretical research is to
optimize 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 fu-
sion devices due the fact that, the electron heating
by microwave radiation with jumping phase is colli-
sionless. Thus the heating efficiency by MWJP 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. More-
over, instead of pulse working regime of BPG, the
constant working regime which is important for toka-
mak plasma, in principle may be elaborated. The de-
veloping of a new type of the high efficiency sources
of optical radiation with quasi solar spectrum would
make a fundamental breakthrough in lighting tech-
nology.
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PA3PS/J] HU3KOT'O JABJIEHUSI, UHAYIIMPOBAHHBINI MIKPOBOJIHAMMU CO
CTOXACTUYECKMU IIPBHITAIOIIIEN ®A301
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IIpencrasiienbl pe3yabTaThl U3yYeHUs TA30BOTO PA3PsiIa, HHUIMUPOBAHHOTO MUKDPOBOJHOBBIM W3JIyY€HUEM
co croxacrudecku npbiraouieit ¢gazoit (MBUICII®) B KoakCHabHOM BOJHOBOAE B OLUTHMAJILHOM DEXKUME
pPaboThI Iy YKOBO-ILJIA3MEHHOTO TEHEPATOPA. JKCIEPUMEHTAIBHO UCCIIEIOBAHBI ONTHYECKUE XaPAKTEPUCTUKI
IJIA3MbI Pa3psijia B IMIUPOKOM MANA30HE JaBjieHuil Bo3myxa. Haiienbl yciioBus 3aKUranusi U CTabUIbHOTO
noepkanust pa3psana B Bo3ayxe MBUCII®, B koTopbix Tpebyemasi MOIITHOCTh MUHUMAJIHHA.

PO3PS/d HU3BKOTI'O TUCKY, IHAYKOBAHNIN MIKPOXBUJISIMMU 31
CTOXACTUYHO CTPUBKOBOIO ®A3010

B.I. Kapacv, A.M. Apmamowxin, A.DP. Aaicos, O.B. Boaomos, B.I. I'onoma, 1.B. Kapaco,
O0.M. €eopos, I.A. 3aepebeavruii, I.@. Ilomanenxo, A.H. Cmapocmin

Hapemeni pe3ysnbraTi BUBYEHHS Ta30BOTO PO3Psy, IO iHIMIHOBAHWI MiKPOXBHUJIBOBHM BHIIPOMIHEHHSAM 3i
croxacruyno crpubawodoio dazon (MXBCC®) y koakciajbHOMY XBHJIEBOAL B OLTUMAJIbHOMY PexKUMi PO-
00TH TTy9IKOBO-TLIA3MOBOTO TeHEpaTOpa. EKCIepuMeHTa bHO JOCIIIKEH] ONTHYHI XapaKTePUCTUKA TIJIA3MU
PO3psily B MIHPOKOMY [iana30H] THCKIB MOBITPs. 3HANWIEHO YMOBHU 3aMAJIOBAHHSA TA CTAOIIBHOTO MiATpUMa-
uHg po3psay B nosirpi MXBCC®, B saxux nmoTpibHa HOTYKHICTH MiHIMAJIBHA.
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