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The purpose of our paper is to determine the conditions for the creation of an energy-efficient light source initi-
ated by microwave radiation with stochastic jumping phase (MWRSJP).It is shown, to create an effective discharge,
which initiated by means of radiation with a jumping along phase, expediently to operate only at pressures nearby to
the left part of breakdown curve. Because at the increasing of pressure the losses of energy are increased on elastic
and non-elastic collisions, that reduces efficiency of discharge. Authors measured a plasma density in low pressure
discharge initiated by a microwave radiation with the jumps of phase with help developing the original technique of
the use the double probes of Langmuir, separate source of direct-current, high-frequency transformers, digital oscil-
loscope and least-squares method for treatment of signals, using the special type of function of regression.

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

INTRODUCTION

Litvak and Tokman demonstrated the useful possi-
bility of the passage of waves through the region of their
absorption due to the use of the classical analog of qua-
ntum electromagnetic induced transparency. Fainberg et
al. have shown that stochastic electric fields with a finite
phase correlation time can effectively heat particles in a
collisionless plasma because the inverse correlation time
for the particle-wave interaction actually has a physical
meaning of some effective collision frequency.

At presence of jumps of wave phase the curve of
breakdown shifted to the area of low pressures. There-
fore advantageous is work in area of low pressures
(nearby the left edge of curve of breakdown), as a con-
tribution of collisions to the set of energy of electrons is
small as compared to a deposit from the jumps of phase.

Accordingly, to create an effective discharge initiat-
ed by means of microwave radiation with a stochastic
jumping phase (MWRSJP), as be obvious from above-
mentioned, expediently only at pressures nearby to the
left part of break-down curve. Because at the increasing
of pressure the losses of energy are increased on elastic
and non-elastic collisions, that reduces efficiency of
discharge.

Characteristic times, for that electrons collect energy
corresponding to a maximum of section of ionizing of
air, are small as compared to a pulse width, therefore
during an impulse there is substantial growth of plasma
density to the values of 10°cm’>.

First measured a plasma density in low pressure dis-
charge initiated by a microwave radiation with the jumps
of phase authors the articles developing the original tech-
nique of the use the double probes of Langmuir, separate
source of direct-current, high-frequency transformers,
digital oscilloscope and least-squares method, for treat-
ment of signals, using the special type of function of re-
gression. As a result of experimental data we found that a
plasma density made from 1-10° to 3-10° cm® at 6 kW.

It should be noted that there is a current and at a zero
tension from motion of electrons in the poorly heteroge-
neous high-frequency fields due to forces of high-
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frequency pressure (like behavior of pendulum with the
quickly hesitating of fixing point, first studied
P.L. Kapitsa in 1951).

Some of the got results may be, also to use in con-
nection with the additional plasma heating thermonucle-
ar devices, because heating of charged particles is colli-
sionless.

In this paper, we describe the results of the theoreti-
cal and experimental investigation of the plasma inter-
action with microwave radiation with jumping phase
that obtained with help of the unique beam-plasma gen-
erator (BPG) made in KIPT [1]. This study continues
research on behavior of plasma discharge subjected to
microwave radiation with stochastically jumping phase
(MWRSJP) which started in [2-4]. It was shown in [2 -
4], both theoretically and experimentally, that the phe-
nomenon of anomalous penetration of microwave radia-
tion into plasma, conditions for gas breakdown and
maintenance of a microwave gas discharge, and colli-
sionless electron heating in a micro-wave field are relat-
ed to jumps of the phase of micro-wave radiation. In
this case, in spite of the absence of pair collisions or
synchronism between plasma particles and the propagat-
ing electromagnetic field, stochastic microwave fields
exchange their energy with charged particles. In such
fields, random phase jumps of micro-wave oscillations
play the role of collisions and the average energy ac-
quired 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 theoret-
ically and experimentally in [6 - 14], as well as propaga-
tion of this radiation within the plasma produced in such
a way. The conditions for ignition and maintenance of a
microwave discharge in air by MWRSJP were found.
The pressure range in which the power required for dis-
charge ignition and its maintenance has its minimum
was determined [12 - 14]. It was shown that, in the in-
terval 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
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efficient collisionless electron heating, weakening of
diffusion and, finally, decrease of elastic and inelastic
collisional losses. This allows one to extend the domain
of discharge existence toward lower pressures. The in-
tensity of collisionless electron heating increases with
increasing rate of phase jumps in MWRSJP. There is an
optimal 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 plasmas, produced in a
coaxial waveguide filled with a rarefied gas, is investi-
gated with use of the above mentioned BPG [1], which
was upgraded for the given experimental conditions.
The goal of this work is to study the special features of
low pressure discharge initiated by MWRSJP.

MEASUREMENT OF PLASMA
PARAMETERS IN A MICROWAVE
DISCHARGE

If there are microwave plasma electric field, in this
case, to determine its density are used double Langmuir
probes. This probe consists of two single probes, be-
tween which a voltage is applied and measured current
flowing there between. Because the plasma in this case
produces a stochastic microwave radiation which prop-
agates in the coaxial waveguide with a vacuum suction,
the area in which it have place, is under high microwave
capacity relative to the housing of the coaxial wave-
guide. In connection with this, probes lying in the re-
gion of plasma must be insulated from the coaxial
waveguide circuits and power measurement. Because
the generator is operating in a pulsed mode, and the
plasma is only during the microwave pulse, the pulse is
provided a method for measuring the plasma density,
flow chart to explain its operation is shown in Fig. 1.
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Fig. 1. Block-diagram of the pulse method
for measuring the plasma density
Here R1, R2=15Q; Cl1 = 0.5pFx100V;

C2 =100 uFx100 V. When the plasma is not a re-
sistance in the probe circuit is infinite and no current. In
the event of a coaxial waveguide of the plasma, its life-
time is about 160 ps, there is a current and in the resistor
R1 voltage pulse arises, which is repeated across the
resistor R2, so that the number of turns of the windings
and the resistors are equal.

To this was designed and manufactured by a pulsed
transformer with a transformation ratio equal to one,
each of the windings is terminated with an active im-
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pedance resistor with denomination 15 Q. Wherein each
of the inductive reactance of the transformer windings
greatly exceeds the resistance connected in parallel with
it. The current flowing through the probe is measured by
indirect method. For stand-alone power supply circuit
that supplies a constant voltage to the probe connected
low-resistance resistor specific denomination, knowing
where the voltage drop was calculated pulse current. By
changing the voltage between the probes recorded the
current flowing through them. Previous so the current-
voltage characteristic allows us to calculate the density
of the plasma near the existing probes.

The measurements were made using a four-channel
wideband (2.25 GHz) oscilloscope HP Agilent Infinium.
Figs. 2-5 show the results of processing the solid lines
by least squares method a signal from first probe (upper
figures) and filled squares point shot digital oscilloscope
HP Agilent Infinium, the lower figures show the solid
lines and filled squares, the results corresponding to the
signal from the second probe.

The experimental data are approximated with help
the least squares method. Approximating function for
the signals shown in Figs. 2-5 was chosen as:

E =u,sin(ut+u,)+u, +u,sin(uut+u,). @
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Fig. 2. A microwave signal from the first probe
(the low-frequency displacement of voltage concerning
zero is u,= 9.1-10°*V) (a), the microwave signal
from the second probe (the low-frequency displacement
of voltage concerning zero is u,= 2.4-10°V) (b)
with external voltage 0 V shifts the low frequency
voltage difference with respect to zero between
the two probes and the average its shift with respect
to zero is respectively: u,=6.7-10"%,5.75.10°V

Search parameters approximating certain functions
carried out an iterative numerical method for solving the
problem of finding the least squares using the Leven-
berg-Marquardt algorithm. The algorithm is designed to
optimize the parameters of the nonlinear regression
models and different from the Gauss-Newton algorithm
that uses the regularization parameter.
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Fig. 3. A microwave signal from the first probe
(the low-frequency displacement of voltage concerning
zero is u, = 19.0-10°°V) (a), the microwave signal from

the second probe (the low-frequency displacement

of voltage concerning zero is u, = 4.9-10°V) (b)

with external voltage 63 V shifts the low frequency
voltage difference with respect to zero between
the two probes and the average his shift with respect
to zero is respectively: u,= 14.1.10°, 11.95-10%v
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Fig. 4. A microwave signal from the first probe
(the low-frequency displacement of voltage concerning
zero is u,= 11.6-10%V) (a), the microwave signal from
the second probe (the low-frequency displacement
of voltage concerning zero is u,= 7.7-10°V) (b)
with external voltage 0 V shifts the low frequency
voltage difference with respect to zero between the two
probes and the average his shift with respect to zero
is respectively: u,=3.9-10%, 9.65.10°%V

Given a sample — a set of m points resulting experi-
ment (E;, t;). Given a regression function E (u, t), which
depends on the parameters u = (U, ..., Ug) and the free
variable t. It is required to find such values of the pa-
rameters u;, which would provide at least the sum of
squared residuals of the regression:

m
S = rZ, (2)
where ri=E~E(u,t;) for i=1,.., m.
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Fig. 5. A microwave signal from the first probe (the
low-frequency displacement of voltage concerning zero
is u, = 10.4-10°V) (a), the microwave signal from the
second probe (the low-frequency displacement of volt-
age concerning zero is u,= 9.1-10°%V) (b) with external
voltage 37.6 V shifts the low frequency voltage differ-
ence with respect to zero between the two probes and
the average his shift with respect to zero is respectively:
u,=1.3-10°,9.75.10°v

To find the minimum of function S, in equate to zero
its first partial derivatives of the parameters:
oS or, ©)
—=2> r—-=0.
ou. Z‘ ‘o,
Before the start of the algorithm the initial parameter

vector u is given. At each iteration, this vector is re-
placed by a vector u + Au:

u, =uf" =uf+Au;, 4)
where k — the number of iteration , Au; — vector step.

In each iteration step linearize the model using the
Taylor series approximation of relative u parameters:

of (t;, u*
£~ 1)+ 20 ) w0+ 230, )
j j i
Here element J;; Jacobi matrix is function parameter
u;; variable t; is fixed. In terms of the linearized model:
or; 6
a 1 — —J ij . ( )
uj
Regression residues are defined as followings:

r = AE, —Zn:JijAuj; AE; = E; - £ (t,u").(7)
=1

Substituting this expression in (3), we get:
m n m
2 2 JjdisAug = > JHAE;. (8)
i=1s=1 i=1
Thus, to find the value Au is necessary to solve a
system of linear equations:

Au=THITE-Ff).
Because J'J matrix can be substantially degenerate,

then Markvardt proposed to introduce a regularization
parameter A>0,

Au=@TI+A)MIT(E-f(u), (10)
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where | — the identity matrix. This parameter is assigned
to each iteration of the algorithm. If r; error value de-
creases rapidly, a small value of A reduces the algorithm
to algorithm, Gauss-Newton. The algorithm stops in the
event that the increment Au in subsequent iterations
smaller than a predetermined value, or if the error param-
eters u, provides a smaller predetermined value. The val-
ue of u on the last iteration is considered to be desired.

Figs. 2-5 processing shown by the solid lines of least
squares signal from the probes, and filled squares points
taken with a digital oscilloscope.

Our calculations give plasma density values from
1-10% to 3-10° cm™. It should be noted that there are a
current at zero voltage on the probe due to movement of
electrons in the weakly inhomogeneous high-frequency
fields by the force of high pressure (analogue behavior
of the pendulum suspension oscillating, P.L. Kapitsa
first investigated in 1951).
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Fig. 6. Dependence of breakdown electric field
intensity for 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: air (curve 3 — ), argon (curve 4 — A),
helium (curve 5 — V), respectively,
for the narrowband signals

From Fig. 6 (curves 1 and 2) we can see that the lev-
els of the electric field of 20 to 160 V/cm MWRSJP
responsible for igniting the discharge is stable at pres-
sures of gas (air) in the range from 1.5 to 3990 Pa. This
result clearly demonstrates the benefits of discharge
supported by microwave radiation with stochastic phase
jumps compared to the microwave discharge on the ba-
sis of regular waves. Thus we have the ability to create
the discharge at a pressure of about two orders of mag-
nitude lower than the pressure that is necessary to fulfill
the conditions of the minimum ignition power discharge
initiates a regular microwave. Namely, but because (see
[9]), the effectiveness of such a discharge is much high-
er due to the small contribution to the energy losses on
unnecessary elastic and inelastic collisions when work-
ing at low pressures.

For comparison, the dependence of the electric field
of microwaves required to ignite the discharge in the air
(curve 3), argon (curve 4) and helium (curve 5), which
has been filled with coaxial waveguide on its pressure
obtained during non-optimal mode of BPG operation. It
can be seen that the pressure range in which the possible
discharge ignition is much narrower than at the opti-
mum operation of BPG. This is largely due to the dif-
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ference in the average frequency of the jump phase in
these BPG modes.

A powerful 3-dimensional code KARAT [18], al-
lowing solving complex problems, was used for a nu-
merical study of the special features of low pressure
discharge initiated by MWRSJP. KARAT is fully elec-
tromagnetic code on the basis of the method of macro-
particles. It is intended for solving non-stationary elec-
trodynamic problems having complex geometry and
including dynamics, in the general case, of relativistic
particles (electrons, ions, neutrals).

Fig. 7 show the dependences on the longitudinal co-
ordinate z: the strength of the radial electric field for three
different values of the radial coordinate r (upper row of
graphs); the electron density distribution for three differ-
ent values of the radial coordinate r (average series of
graphs); kinetic energy of plasma electrons (lower row of
graphs) for monochromatic microwave radiation (first
column) and microwave radiation with stochastic phase
jumps (second and third columns without external longi-
tudinal magnetic field, fourth column with magnetic field
along the axis of the coaxial waveguide).

It can be seen from Fig. 7 that the increase in the ki-
netic energy of the plasma electrons (the lower row of
graphs) for monochromatic microwave radiation
(1st column) is very small for the gas density under
study (ng = 1-10°cm’®), while for microwave radiation
with stochastic phase jumps (the 2nd and 3rd columns
without an external longitudinal magnetic field, the 4th
column with a magnetic field along the axis of the coax-
ial waveguide) is very significant, especially in the
presence of an external magnetic field. However, since
the calculation time is short (0.03 us), ionization pro-
cesses due to low kinetic energy of the electrons have
not yet turned on, the density of the plasma electrons
due to diffusion decreases, especially in the absence of a
longitudinal magnetic field.

CONCLUSIONS

At presence of jumps of wave phase the curve of
breakdown in the area of low pressures. We will remind
that at resilient collisions part of energy of radiation is
lost. Therefore advantageous is work in area of low
pressures (near-by the left edge of curve of breakdown),
as a contribution of collisions to the set of energy of
electrons is small as compared to a deposit from the
jumps of phase. Accordingly, to create an effective dis-
charge initiated by means of radiation with a jumping
along phase, as be obvious from above-mentioned, ex-
pediently only at pressures nearby to the left part of
break-down curve. Because at the increasing of pressure
the losses of energy are increased on elastic and non-
elastic collisions, that reduces efficiency of discharge.

Characteristic times, for that electrons collect energy
corresponding to a maximum of section of ionizing of
air, are small as compared to a pulse width, therefore
during an impulse there is substantial growth of plasma
density to the values of 10%m™.

First measured a plasma closeness in low pressure dis-
charge initiated by a microwave radiation with the jumps
of phase authors the articles developing the original tech-
nique of the use the double probes of Langmuir, separate
source of direct-current, high-frequency transformers, digi-
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tal oscilloscope and least-squares method, for treatment
of signals, using the special type of function of regres-
sion. As a result of experimental data we found that a
plasma density made from 1-10° to 3-10° cm™ at 6 kW.

It should be noted that there is a current and at a zero
tension from motion of electrons in the poorly heteroge-
neous high-frequency fields due to forces of high-
frequency pressure (like behavior of pendulum with the
quickly hesitating of fixing point, first studied
P.L. Kapitsa in 1951).

It is shown that the increase in the kinetic energy of
the plasma electrons for monochromatic microwave
radiation is very small for the gas density under study
(ng = 1-10"°cm’®), while for microwave radiation with
stochastic phase jumps is very significant, especially in

the presence of an external magnetic field. However,
since the calculation time is short (0.03 ps), ionization
processes due to low kinetic energy of the electrons
have not yet turned on, the density of the plasma elec-
trons due to diffusion decreases, especially in the ab-
sence of a longitudinal magnetic field.

Some of the got results may be, also to use in con-
nection with the additional plasma heating in thermonu-
clear devices, because heating of charged particles is
collision less.

This work was supported in part by special-purpose
program “Perspective study of plasma physics, con-
trolled thermonuclear fusion and plasma technologies.”
(Order of Presidium of the National Academy of Sci-
ences of Ukraine Ne 256 of 08 May 2018).
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Fig. 7. The dependences on the longitudinal coordinate z: the strength of the radial electric field for three different
values of the radial coordinate r (upper row of graphs); the electron density distribution for three different values
of the radial coordinate r (average series of graphs); kinetic energy of plasma electrons (lower row of graphs)
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HAT'PEB IIVTA3MbI MUKPOBOJIHOBBIM U3JTYYEHHEM CO CTOXACTUYECKHUMH
CKAYKAMMU ®A3bI

B.U. Kapacw, A.®D. Anucos, O.B. bonomos, H.B. Kapacs, C.1O. Kapenun, H.A. 3azpebenvnutit, O.B. Dedoposckan

I'maBHOI LENBIO HAIIMX WCCIICIOBAHUN SIBISICTCS ONpPEEICHUE YCIOBHH Uil CO3JaHUsl SHEProd(PEeKTUBHOTO
HCTOYHMKA CBETa, MHUIIMMPYEMOTO MUKPOBOJIHOBBIM M3JIy4€HHEM CO CTOXaCTHYECKUMHM cKaukamH ¢a3bl. [TokasaHo,
41O JyIsl co3aaHus 3 (HEKTUBHOTO pa3psiia, THULIMHUPOBAHHOTO C TIOMOIIBIO M3JIyYeHHUS C MIPBDKKaMHU (ha3bl, 1IeIeco-
00pa3Ho paboTaTh TOJBKO MPH JABICHUAX PSAAOM C JIEBOH 4acThiO KpHBOH mpobost. [TotoMy 4To mpu Bo3pacTaHUH
JABIICHUS] TIOTEPH PHEPTHM YBEIMUMBAIOTCS HAa YNPYTHX W HEYNPYTHX CTOJKHOBEHUSX, YTO CHIDKAET 3((eKTHs-
HOCTb pa3pAna. ABTOPEI H3MEPSIIN IUIOTHOCTH IUIa3Mbl B YCIOBHSIX pa3psa HU3KOTO JaBJICHHS, HHHIMIPOBAHHOTO
CBU-uznydyeHneM co ckadykaMi (a3bl, IpU TOMOIIHM pa3pabOTKH OPUTHHAIBFHONW METOAWKH WCIIONB30BAaHUS TBOM-
HBIX 30HA0B JIeHrMIopa, aBTOHOMHOTO HCTOYHHKA ITOCTOSSHHOTO TOKA, BBICOKOYACTOTHBIX TpaHc(hopMaTopos, -
poBoro ocuwuiorpada U MeToJja HAMMEHBIIUX KBaApaToB Ul 0OPaOOTKH CHI'HAIOB, HCHOJB3YsI CIICLMANIbHBIN THIT
(GYHKIMH perpeccuu.

HAT'PIBAHHSI IIVIA3MHU MIKPOXBHWJIBOBUM BUITPOMIHIOBAHHSIM 31 CTOXACTUYHUMHU
CTPUBKAMMU ®A3HU
B.I. Kapacv, A.®. Anicos, O.B. bonomos, I.B. Kapacw, C.IO. Kapenin, 1.A. 3azpedenvnuit, O.B. @edopiscvka
T'0JIOBHOIO METOI0 HAlIMX JOCII/KeHb € BU3HAUYEHHS YMOB CTBOPEHHS eHeproe()eKTHBHOIO JDKEpenia CBITIa,
iHIIIIHOBAHOTO MiKPOXBMJIBOBHM BUIIPOMIHIOBAHHSM 31 CTOXaCTHYHUMH cTpuOKkamu ¢a3u. [TokazaHo, o Ijs CTBO-
peHHs eDEeKTHBHOTO PO3PsTY, iHIIIHOBAHOTO 3a JOIIOMOTOI0 BUIIPOMiHIOBAHHS 31 cTpuOKamu (ha3u, JOIIIHHO Tpa-
LIOBATH TiJbKH NPU TUCKAX MOPS 3 JTIBOKO JUISTHKOIO KpUBOi IpoOoto. ToMy 1110 Ipu 3pocTaHHi TUCKY BTpaTH €HEp-
rii 30UIBIIYIOThCS HA MPY)KHUX Ta HENPY)KHUX 31TKHEHHSX, L0 3HWXKYE €(EKTUBHICTH PO3pPsAy. ABTOPH BUMIPSIIH
T'YCTHHY IUIa3MHU B YMOBaXx po3psily HU3bKOT'O THUCKY, iHiniioBaHnoro HBU-BunpomiHioBaHHsIM 31 ctpuOkaMu dasy,
3a JIONIOMOTOI0 PO3POOKH OpUTriHaJbHOI METOJMKH BHKOPUCTAHHS IMOJBIMHMX 30HAIB JIeHrMropa, aBTOHOMHOTO
JUKEpena IOCTIHHOro CTpyMy, BUCOKOYACTOTHHX TpaHc(hopMaTopiB, nugpoBoro ocuumiorpada ta MeTomy Haii-
MEHIIIUX KBaJPATIB JJIsl 0OOPOOKU CHIHAJIB, 3aCTOCOBYIOUH CIICIiaIbHIIA TUIT (DYHKIIIT perpecii.
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