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This report is devoted to the theoretical study of the phase characteristics, attenuation coefficient and axial electron
density distribution in gas discharge maintained by symmetric high frequency electromagnetic wave in the diffusion
controlled regime. The wave considered propagates along the waveguide structure that consists of a non—uniform
plasma column, enclosed by dielectric tube that is surrounded by vacuum and placed within a cylindrical metal
waveguide. The external steady magnetic field is directed along the axis of the waveguide system. Plasma is considered
as a cold and weakly absorbing medium with constant value of effective electron collision frequency. The phase and
attenuation surface wave characteristics, and the axial electron density distribution were considered in the approach of
slightly axial non—uniformity plasma density. It was shown that the plasma density non—uniformity greatly influences

on the wave characteristics and gas discharge axial structure.

PACS: 52.35.-g, 52.80.-s

1. INTRODUCTION

The intensive theoretical and experimental studies of
gas discharges sustained by high—frequency travelling
surface wave (SW) are stipulated by their wide practical
using in numerous technological applications [1]. The SW
that sustains the discharge is the eigen wave of discharge
structure. This is the characteristic feature of such
discharges and leads to the strong influence of the SW
properties on the axial distribution of discharge
parameters. Up to now, the SW properties and gas
discharge axial structure were mainly studied for the
waveguide structures with uniform plasma filling.
However, in real discharge systems plasma density is
always non—uniform in radial direction and the conditions
of upper hybrid resonance may take place at the periphery
of plasma column [2]. The efficiency of energy transfer
from SW into gas discharge plasma can be increased
substantially in such regions, where electromagnetic
waves transform into plasma waves [3]. This process can
affects greatly the plasma density axial structure in SW
sustained gas discharges. The main aim of this report is to
determine the influence of plasma density radial profile
on the SW properties and on the plasma density axial
structure in the discharges sustained by the symmetric
SW in diffusion controlled regime. The wave considered
possesses all six components of electromagnetic field.
Because of that, general numerical method was used for
the determination of the phase characteristics, attenuation
coefficient and spatial wave field structure under the
conditions of arbitrary plasma density radial profile,
external magnetic field values and parameters of
waveguide system.

2. THEORETICAL FORMULATION

The SW considered propagates in magnetized

waveguide structure that consists of radially non—uniform

plasma column with radius R, enclosed by dielectric

that is
surrounded by vacuum and placed within a cylindrical

tube with outer radius R; and thickness A

metal waveguide with radius R, (Rp <Ry <Ry, ).

External steady magnetic field B, is directed along the
axis of the waveguide structure. Plasma is considered in

hydrodynamic approximation as cold and slightly
absorbing medium with constant effective electron —
neutral collision frequency Y in the discharge volume. In
the considered case this frequency is much less than SW
generator frequency @ . Plasma density radial profile

n(l’) was chosen in Bessel-like form given by
n(r) = n0) Jo(ﬂ VRp'l). The parameter of non—

uniformity ¥ varies from /# = 0 (radially uniform
profile) to # = 2.4 (perfect ambipolar diffusion profile).
The SW propagation is governed by the system of
Maxwell equations. This wave possesses all six
components of electromagnetic field. In the case of non—
uniform plasma density radial distribution this system, for
arbitrary discharge parameters (plasma density radial
profile, external magnetic field wvalue, geometrical
parameters of discharge structure), can be solved only
with the help of numerical methods. In the case
considered, when plasma density, SW wavelength and it’s
amplitude vary slightly along the discharge column at the
distances of wave length order, the solution of the system
of Maxwell equations in cylindrical coordinate system
(V,¢ 4 ) for SW field components £, H can be found in
WKB form:

- - Uz 0

E, H(r,¢ ,z,t) = E, H(r)exp iDJ'k3(z') dz' - w5, (1)

i B

where k3 and is SW axial wavenumber.

Applying expression (1) to the system considered one
can reduce it into the system of four ordinary differential
equations for the tangential SW components [3]. General

solution of the system reduced may be written as the
linear combination of two linearly independent vectors of

solutions (E;’z, E¢}’2, H;’z, H¢1’2 ), that satisfy the

boundary conditions at the axis of waveguide system [3].
When »= 0 tangential components of SW electric and
magnetic fields turn to zero. The fulfillment of boundary
conditions at the waveguide metal wall (vanishing of SW
electric field tangential components) leads to the system
of two linear equations. The existence conditions of this
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system give the local dispersion equation in the form:
Ei(R,) Ef(Ry)- E2(R,) Ej (R,))= 0. (2)

Due to the SW symmetry properties, one can choose
such vectors (1,0,0,0) and (0,0,1,0) , as linear independent
vectors of solutions [3]. In spite of the low value of
collision frequency |V << @] it is necessary to keep
imaginary addends in the expressions of the permittivity
tensor of magnetized plasma. These imaginary addends
give the possibility to carry out the numerical integration
of the system of ordinary differential equations in the
region when upper hybrid resonance occurs. Therefore,
the complex local dispersion equation (2) is obtained, the
real part of its complex solution for wavenumber gives
wavelength and imaginary part gives SW attenuation
coefficient.

To solve the dispersion equation (2) one must firstly
solve the system of ordinary differential equations with
the help of Gear method under the fixed values of k3 and
@ ., Then, with the help of Muller method, one can find
the eigen value of k3 or @ .

In the case considered it is possible to obtain axial
electron density variation as an intricate function of
attenuation coefficient. The axial profile of dimensionless

density N = wf,ew "% can be theoretically determined

from the energy balance equation of gas discharge
stationary state in diffusion controlled regime [1]. When
mean power that maintains an electron in the discharge 8
and electron effective collision frequency for momentum
transfer ¥ are constant in discharge volume, one can
obtain equation that governs plasma density axial
distribution in the form:

dN _

d¢

. 2Na
v '1- (do /dN)Na 7!

where 0 = Im(k3)R), is the dimensionless damping rate

Ik 3)

and ¢ =Vz(WR p)_1 is the dimensionless axial coordinate

[1].
3. DISCUSSION

It is necessary to find the phase properties of the wave
and attenuation coefficient for the determination of the
plasma density axial distribution. Unlike the wusual
dispersion equation connecting wave frequency and wave
length under the fixed value of plasma density, the local
dispersion equation in the considered case, (when wave
frequency is fixed and is determined by the generator's
frequency @ ), connects local value of plasma density and
wavelength. The results of numerical solution of the local
dispersion equation for different external discharge
parameters are presented in the figures 1-4. The
calculations were carried out for the dimensionless

R -1 - -1 - p-l
parameters Q =w .0, 0 = R,0c (5—ARP and

n= RmR;,1 (where . is electron cyclotron frequency,

¢ is light velocity in vacuum). Figures 1, 2 present the
influence of the vacuum gap thickness on the SW
properties.

The numerical calculations have shown that at a fixed
wavelength the decrease of the vacuum gap thickness
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leads to the decrease the wave phase velocity (figure 1)
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Fig. 1. The dependence of the SW phase properties on the
value of the vacuum gap thickness: numbers at the curves
corresponds to the parameter | value. Other
dimensionless parameters are equal to I/ = 2.2 v = 0.04
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Fig. 2. The dependence of the SW attenuation coefficient
U on the value of the vacuum gap thickness. The
parameters are the same as in Fig. 1

and to the increase of its attenuation coefficient ¢ (figure
2). Such dependence is rather weak in the case of the
uniform plasma. When the non—uniformity parameter H
grows the thickness of vacuum gap becomes more
determinative parameter. The increase of the glass tube
thickness leads to the decrease of the SW phase velocity
and to the increase of the attenuation coefficient 0 . It is
necessary to stress that this dependence is more essential
in the case of radial non—uniform plasma.

In real conditions the dimensions of discharge vessel
are fixed and they are determined by the diameter of
dielectric and metal tubes, where the discharge occurs.
So, it is possible to control discharge parameters due to
variation of an external magnetic field value. The
dependence of the phase and attenuation properties of the
wave on the several values of dimensionless magnetic
field value Q are given in figures 3, 4.
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Fig. 3. The dependence of the SW phase properties on the
external magnetic field value: curves 1, 2 correspond to
f=0.0,2.2  respectively and to the Q = 2.0 value;
curve 3,4 correspond to I = 0.0,2.2 gnd Q = 0.7. Other
parameters are equalto 0 = 0.05,v = 0.04, ¢ ;= 4.5,
g =03.
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Fig. 4. The dependence of the SW attenuation coefficient
U on the external magnetic field value(the parameters
are the same as in Fig. 3)

The study has shown that in the case of small external
magnetic field values (Q < 1) the increase of the non—
uniformity parameter | results in the retardation of the
wave and the growth of the its attenuation coefficient.
The similar dependence takes place in the case of strong
external magnetic fields (Q > 1). It was obtained that
attenuation coefficient essentially increases when the
wave frequency became close to the upper hybrid
frequency.

The next step of our study is the determination of
plasma density axial distribution in the SW sustained
discharges. It is necessary to mention that the SW phase
and attenuation properties mainly determine the axial
distribution of the discharge parameters in the framework
of the approach applied. To find the regions in phase
diagrams where the SW considered can sustain the stable
discharge it is necessary to check the fulfillment the
Zakrzewski's stability condition [1]. The study has shown
that this stability condition is fulfilled at the whole range
of SW existence. Plasma density axial profile was
determined as the function of the dimensionless axial
coordinate ¢ that is measured from the generator exit up
to the end of the discharge. In such consideration the
dimensionless plasma density N in the region just near to
the generator can be determined from the phase diagrams
at the fixed external discharge parameters.
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Fig. 5. Plasma density axial profiles for the case of
uniform (solid curves) and non—uniform (dashed curve,
i = 2.2) plasma(the numbers at the curves correspond to
the 1 value; other parameters are the same as in Fig. 1)

The plasma density axial profiles for different non—
uniformity parameters ¥ and vacuum gap thickness are
presented in the figure 5. It is shown that the increase of
the # wvalue leads to the attenuation coefficient growth
(figure 2) and consequently to the decrease of the
dimensional length of the discharge (figure 5, see solid
and dashed curves). The increase of the vacuum gap
thickness results in the discharge length growth and in the
decrease of the axial plasma density gradient.
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TEOPIA T'A30BOI'O PO3PAAY, INO HIATPUMYETHCA EJJEKTPOMATHITHOIO CUMETPUYHOIO
IOBEPXHEBOIO XBUJIEIO ITPU YPAXYBAHHI PAIIAJIbHOI HEOTHOPIJTHOCTI
MATHITOAKTHUBHOI IJIA3MHA
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M.O. A3apenkos, B.Il. Onegip, O.€. Cnopos

Hana poboTa mpHCBsiYCHA TEOPETUIHOMY BUBUCHHIO (Da30BUX XapPaKTEPUCTUK, KoedimieHTa MPOCTOPOBOTO 3aracaHHs
CHUMETPUYHOT BHUCOKOYACTOTHOI €JNEKTPOMArHITHOI XBHII, a TaKOX aKCiaJbHOTO PO3MOIUTY TYCTHHH IUIa3MHU IIpH
nudy3iitHOMy pexuMi MPOTIKAHHS Ta30BOr0 PO3PSAY, IO HIATPUMYETHCS €0 XBHICHD. PO3MISHYTO XBHIIIO, IO
PO3MOBCIO/KYETBCS Y3/IOBXK XBUIIEBOJHOT CTPYKTYPH, SIKA CKJIAJAETHCS 3 HEOHOPIAHOrO IIA3MOBOTO CTOBIA, IO
3HAXOJIUTHCS B JEJEKTPUYHIH TpyOLl, sKa OTOYEeHa BaKyyMHOIO OOJNacTIO Ta pO3TAalIOBaHa B LWJIIHAPHUIHOMY
METaJIEBOMY XBHJICBOAI. 30BHIIIHE CTaJIé MArHiTHE IOJE CHPSIMOBaHE Y3JIOBX BiCi XBHMJIEBOXHOI cucremu. [lmasma
PO3MIIAAETHCS K XOJIOJHE Ta CJIa0KO MOTJIMHAIOUE CEPEeIOBHIIE 31 CTAMM 3HAYCHHSIM e€()EeKTUBHOI YacTOTH 3iTKHEHb
eJIeKTpOoHIB. B HaOmmkeHHI ci1abKol akcialbHOT HEOJHOPIAHOCTI T'YCTHHH IUTa3MHU PO3IIISTHYTO (pa3oBi BIACTHBOCTI Ta
MIPOCTOPOBE 3aracaHHs XBWII, a TaKOX aKClaJIbHUHM PO3IMOIUT TYCTHHH IUIa3MH y po3psani. Ilokasano, mo pamgianpHa
HEOTHOPIIHICTh T'YCTHHU IUIa3MH CYTTEBO BILIMBA€E HAa BIACTUBOCTI XBHJII Ta aKCiaJIbHy CTPYKTYPY PO3PSAY.

TEOPHS I'A30BOI'O PA3PSJIA, TOJJAEP)KUBAEMOI'O QJIEKTPOMATHUTHON CUMMETPUYHON
MOBEPXHOCTHOM BOJIHOM ITPU YUETE PAIMAJIBHON HEQOTHOPOJTHOCTH
MATHATOAKTUBHOM ILJIAZMBI

H.A. A3apenkos, B.I1. Onegup, A.E. Cnopos

JanHas paboTa MmocBsIeHa TEOPETHYECKOMY H3YUeHHIO (Ja30BBIX XapaKTePUCTHK, KO3 (UIIMEHTa IPOCTPAHCTBEHHOTO
3aTyXaHusi CUMMETPHUYHON BBICOKOYACTOTHOW 3JCKTPOMATHUTHOW BOJHBI, 4 TAKKE AKCHAIBHOTO pACIPEIelICHUs
IUIOTHOCTH TUTa3Mbl 1pu AU(M(Y3MOHHOM pEXHME MPOTEKAHUSI Ta30BOTO pa3psijia, KOTOPBIH MOMICPIKUBACTCS ITOM
BOJIHOH. PaccmarprBaemasi BojiHa pacrpoCTpaHsAeTcsl BOJIb BOJHOBOAHOW CTPYKTYPBI, COCTOSILEH M3 HEOAHOPOIHOTO
TUTa3MEHHOTO C€T0j10a, MOMENICHHOTO B JUAJIEKTPUYECKYIO TpPYOKYy, KOTOpas OKpyXKeHa BaKyyMHOH 00JacTeio H
NOMEIICHA B HWIMHIPUYECKIH METaJUTMUECKUH BOJTHOBO/l. BHeIlIHee MOCTOSIHHOE MarHUTHOE I10JI€ HAIlPaBJIeHO BJOJIb
OCH BOJHOBOJAHOW cucreMbl. [Ina3ma paccmarpuBaeTcsi Kak XOJIO[Has M €1abo TOTIIoNIAromas cpefa ¢ MOCTOSHHBIM
3HaueHHueM 3P GEKTUBHON YaCTOTHI CTOJIKHOBEHHM dJIEKTPOHOB. B mpubnmxkeHnn ciaboit akcuanbHON HEOTHOPOTHOCTH
IUIOTHOCTH TIIa3Mbl PaCCMOTPEHBI (pa3oBble CBOMCTBA M MPOCTPAHCTBEHHOE 3aTyXaHWE BOJHBI, a TAKIKE aKCHAIbHOE
pacripezielieHue IUIOTHOCTU IJIa3Mbl B paspsze. [loka3aHo, 4TO paauainbHash HEOJHOPOJHOCTh IIOTHOCTH ILIA3Mbl
CYIIECTBEHHO BIHSIECT HA CBOWCTBA BOJIHBI U aKCHAIIBHYIO CTPYKTYPY paspsiia.
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