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The article presents the results of theoretical study of phase and attenuation characteristics of the symmetric
electromagnetic wave in long waveguide structure that partially filled by radially non-uniform plasma immersed in
external steady magnetic field. The results of theoretical study of stationary gas discharge sustained by this wave in
the considered waveguide structure with slightly varying radius of metal enclosure in the framework of
electrodynamic model are presented as well. It was studied the influence of the effective plasma collision frequency
on the phase and attenuation wave properties and on the plasma density axial distribution in gas discharge

considered for different radial plasma density profiles.
PACS: 52.35-g, 52.50.Dg

INTRODUCTION

Till now the intensive theoretical and experimental
studies of plasma sources with the specified plasma
parameters are carried out in different laboratories over
the world [1, 2]. One of the possible kind of plasma
sources are the microwave gas discharges in rather long
and narrow tubes that are sustained by the eigen waves
of the discharge structure. This is the characteristic
feature of such discharges that is used in modeling of
stationary plasma density axial distribution in the
framework electrodynamic approach [2]. Such modeling
consists of the detailed description of wave propagation
and attenuation, and using the model equation for the
description the discharge features [2, 3].

The plasma — metal waveguides with slightly
varying radius of metal enclosure along the discharge
are used as a chambers for gas discharges [4]. In the
previous studies it was carried out the investigation of
axial structure of gas discharge in such waveguides
under the assumption of radially uniform magnetized
plasma [5]. But usually in such discharges plasma
density is strongly non-uniform in radial direction. The
aim of this work is to study influence of variable radius
of metal waveguide and plasma density radial profile on
the properties of the discharge that is sustained by the
symmetric wave which is promising for gas discharge
sustaining [1, 2].

1. BASIC EQUATIONS

Let us consider the model of the stationary stage of
gas discharge in diffusion controlled regime that
sustains by the symmetric electromagnetic wave in
rather long magnetized plasma — metal waveguide
structure with variable radius of metal enclosure in the
framework of electromagnetic approach. The considered
electromagnetic symmetric wave propagates along three
component waveguide structure that is composed of the
plasma column with radius R,, vacuum region R,<r<R
and cylindrical metal enclosure of radius R. External
steady magnetic field I§0 =(0,0,By) is directed along
the axis of the structure. Plasma was considered in the
hydrodynamic approach as a cold, weakly absorbing

media with constant effective collisional frequency v
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that is considered to be small compared to the given
wave frequency and is constant in axial and radial
directions [6]. The case when only one mode with the
specified azimuthal wave number is excited in the
discharge structure is considered. It was supposed that
all geometric, plasma and wave parameters slightly vary
in axial direction on the distances of wavelength order,
so the WKB approach can be used to obtain the solution
of the system of Maxwell equations [7]. This solution
can be found in the form:
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where o is the wave frequency; ks is the axial
wavenumber, E, H — amplitude of electric and magnetic
wave fields, respectively. It was considered the case
when the variation variable A value along the discharge
at the distances of the order of wavelength is small as
compared with the magnitude of this variable, therefore

A’l? << kg, where symbol A denotes E, H, ks, or n.
Z

Thus, in further description all terms of order

O[iiln(A)J were neglected [7].
ky Oz

It was also considered that radial plasma density
distribution can be expressed in the Bessel-like form as:
n(r) = n(0) Jo(or). Here J, is the Bessel function of the
first kind and ¢ is plasma density non-uniformity
parameter, that varies from ¢6=0 (radially uniform
plasma) up to 6 =2.405 (strong radially non-uniform
plasma that corresponds to ambipolar diffusion regime).
In such case one can obtain the equations for radial
wave components in plasma region have the following
form:
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where &;,3(r) are the components of permittivity tensor
of magnetized collisional plasma [6] that depends on
radial coordinate r throw the dependence of n(r). The
ordinary differential equations for other wave field
components in plasma region can be written as:
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where p(r) = &, (r)(k2 —k?&, (N)) +k?£2(r) , k=w/c — is

the vacuum wavenumber.
The expressions for wave field components in
vacuum region can be written as:

E,(r) = Aly(xr)—AK,(xr)
£, ikASIICO(Kr)JrikAA’IjO(Kr)

E(r) = Jkspilio(’“),iksAz:o(Kr) @
H,(r) = Aglg(xr)—AK(xr)

M) = ikAlll(o(Kr)JrikAz’IjO(Kr)

H.() = _iksABK't'J(’“)_iksA:tKKé(Kr),

where x? =kZ—k? is the transverse wave number in

vacuum and A4, are field constants that can be obtained
from the boundary conditions and a stroke denotes
derivative by argument.

Taking into account boundary conditions on the
plasma — vacuum interface (the continuity of tangential
wave field components at r = Ry) it is possible to obtain
such expressions for field constants 4;.4:

KPR, Ko (kR,) b

A = KRK(kR,)ET (R, )+i ” HY (Ry)
A, = KRpll(KRp)EZP(Rp)—iMH:(RP) (5)
A = K‘RpKl(K‘Rp)HZP(Rp)—in;(Rp)
A = KRpll(KRp)HZP(Rp)+in;(Rp).

In these formulas it is supposed that the expressions
for wave field components at plasma-vacuum interface
E"(Rp), HP(R,) are obtained with the help of numerical
integration of the system of ordinary differential
equations (3).

The final equation (local dispersion equation) can be
obtained from the boundary conditions at vacuum —
metal interface (the vanishing of the wave tangential
components at r=R):

{AL'O(KR)““AQKO(KR) =
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Agly(kR)— AJKy(kR) = O,
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The solution of the local dispersion equation (6)
connects the values of local density n and complex axial
wave vector Kk at the given wave frequency value w. So,
from this equation (6) it is possible to obtain the
dependence of attenuation coefficient a = Im(ks) upon
the plasma density n. This dependence can be used to
determine the density axial gradient dn/dz for the
discharges in the diffusion controlled regime from the
relation [2, 3]:

dn 2na
4z nda’ 0
1-——=
adn
The axial plasma density profile n(z) in gas

discharge sustained by the symmetric wave in the
considered waveguide structure in diffusion controlled
regime can be obtained as a result of numerical
integration of the ordinary differential equation (7).

It is necessary to mention that surface wave can
sustain the stable discharge in the diffusion controlled
regime only when the Zakrzewski’s stability condition
is fulfilled [8]:

(24
d_u<o (8)
dnn
It is necessary to check the fulfillment of this
criterion (8) when solving the ordinary differential
equation (7).

2. MAIN RESULTS

The electromagnetic wave that sustains the
discharge is the eigen wave of the discharge structure on
the whole length of the plasma column. So, the ability
of gas discharge sustaining by this wave is mainly
determined by the electrodynamic properties of the
wave considered. Because of that, the study consists of
two stages: 1) the detailed investigation of the phase and
attenuation properties of the wave; 2) the study of the
axial structure of gas discharge sustained by the wave
considered at stage 1.

The studied wave possesses all six components of
electric and magnetic wave field, so the determination
of wave field components in plasma region (the solution
of system (3)) for arbitrary problem parameters is
possible only with the help of numerical methods. To
carry out the study the following dimensionless
variables and parameters were introduced: wave
frequency u = w/w,, axial wave number x = Re(ks)R,,
attenuation coefficient a = Im(k3)R,, effective collision

frequency v =vw, external magnetic field value
Q = wce/w, radius of plasma column ¢ = Rw/c, radius of
metal  enclosure 4 =R/R,  axial  coordinate
{=vilwlR,.

At first, the influence of the collision frequency v on
phase and attenuation properties of the symmetric wave
was studied for the case of radially uniform plasma. In
the case considered the local dispersion equation (6) has
one solution for the problem parameters set. The
obtained solutions are presented on the Fig.1
(dimensionless frequency via axial wave number) and
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on the Fig.2 (attenuation coefficient via axial wave
number).
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Fig. 1. The dependence of dimensionless eigen wave
frequency u via the dimensionless wave number x for
different vvalues. Problem parameters are the
following: 2 =0.6, 0 = 0.5, 7 = 1.5, 6 = 0. Numbers
just near the curves correspond to different vvalues:
1-v=0.005;2-v=0.05;3-v=0.1;4-v=0.5;
5-v=10;6-v=5.0;7-v=10.0

These solutions were obtained for the low collisional
(v <« 1.0, curvel), moderate collisional (v~ 1.0,
curves 2-5) and strong collisional (v> 1.0, curves 6, 7)
regimes. It was obtained that the wave considered has
difference behavior and regions of existence for
different collisional frequency v values. The greater the
v, the shorter is the normalized frequency u = w/w,
region of the wave existence. Also the maximum
possible normalized frequency of this wave decreased
with the increasing of v.

2,0

1,54

1,04

0,54

0,0

Fig. 2. The dependence of dimensionless attenuation
coefficient & on the dimensionless wave number x for
different vvalues. Problem parameters and curve
numbering are the same as for the Fig. 1

The influence of the effective electron collision
frequency v on the spatial attenuation coefficient
a = Im(ks)R was also studied. The results of the study
are presented on the (see Fig. 2). It was obtained that the
increase of the effective collision frequency value v
leads to the substantially increase of the wave
attenuation coefficient. It is necessary to mention that
the value of collision frequency have some different
influence on the wave attenuation in the region of small,
moderate and strong v values.
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Fig. 3. The dependence of dimensionless eigen wave
frequency u via the dimensionless wave number x for
different non-uniformity parameter values ¢. Problem

parameters are the following: 2 =0.6, 0 =0.5, = 1.5,
v=0.001. Numbers just near the curves correspond to
different o values: 1-0=0;2-0=0.6; 3—0=1.0;

4-0=14;5-0=16;6-06=18;7-6=2.0;
8-0=22;9-0=24

Fig. 4. The dependence of dimensionless attenuation
coefficient « on the dimensionless wave number x for
different o values. Problem parameters and curve
numbering are the same as for Fig. 3

The influence of plasma density non-uniformity on
the phase and attenuation properties at gradually
increasing non-uniform parameter value ¢ from 0 up to
2.4 is studied. The numerical results of the influence of
non-uniformity parameter ¢ on the normalized wave
frequency u = w/w, are presented on the Fig. 3. It is
shown that the dispersion has different behavior in the
case of uniform and slightly non-uniform (curves 1-3),
moderate (curves 4-8) and strong non-uniform plasma
(curve 9). Generally, for the non-uniform plasma the
increase of the non-uniformity parameter ¢ leads to the
decrease of the symmetric wave phase velocity
Vpn = e/ x for the fixed x value.

The results of studying the influence of radial
plasma density non-uniformity on the wave attenuation
coefficient « are presented on the Fig. 4. The gradual
increasing on plasma density radial non-uniformity
parameter leads to substantial increasing on attenuation
coefficient a (see curves 1-9 in Fig. 4).
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Fig. 5. The axial distribution on dimensionless
plasma density N = ,” / »” along the discharge via the
dimensionless axial coordinate & for different non-
uniformity values ¢. Problem parameters are the
following: 2 = 0.6, 6 = 0.5, 7 = 1.5, v=0.01. Numbers
just near the curves correspond to different & values:
1-6=0;2-6=1.0;3-0=1.6;4-0=2.0. Solid
line corresponds to the constant, dashed line — to the
increasing and dotted line — to the decreasing radius of
waveguide metal wall along the discharge
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Fig. 6. The axial variation of dimensionless waveguide
metal radius (parameter #) along the discharge via the
dimensionless axial coordinate & Numbers just near the
curves corresponds: 1 — to the constant, 2 — to the
increasing and 3 — to the decreasing radius of
waveguide metal wall along the discharge

The results of numerical solution of the equation (7)
to obtain plasma density axial distribution in the
discharge sustained by symmetric waves are represented
in Fig. 5. The Fig. 6 presents the appropriate lows of
metal enclosure variation. Numbers on the curves 1, 2,
3, 4 corresponds to the case of 6=0, 1.0, 1.6, 2.0,
respectively. The results are presented for three cases of
parameter n varying along the discharge: constant 5
value along the discharge — solid line in Fig.5 (see
curvel in Fig.6); increasing » value along the
discharge — dashed line in Fig. 5 (see curve 2 in Fig. 6);
and decreasing # value along the discharge — dotted line
in Fig. 5 (see curve 3 in Fig. 6).

The increase of non-uniformity parameter ¢ leads to
the growth of the axial gradients of plasma density
distributions and to the decrease of gas discharge
normalized length & =VZy /@/R,. It was also

obtained that the maximum possible value of the plasma
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density, that can be obtained in such discharges also
increased with the increase of the parameter ¢ (see the
dependence of normalized values of
u = w/my = 1/sqrt(N) for different o values in Fig. 3). It
is shown that the influence of metal enclosure varying
radius is much smaller for the case of strong radially
non-uniformity that in the case of radially uniform
plasma [5].

The decrease of the discharge length with the
increase of the plasma density non-uniformity parameter
d can be explained due to the substantial increase of the
attenuation coefficient « (see Fig. 4). Such behavior of
a via § is caused by the increased Joule heat losses due
to the increase of the wave field strength under plasma
density non-uniformity parameter growth.

CONCLUSIONS

It was studied the influence of slightly varying radi-
us of metal enclosure and strong plasma density radial
non-uniformity on the phase and attenuation properties
of electromagnetic symmetric wave in three component
waveguide structure partially filled by collisional,
radially non-uniform magnetized plasma. The axial
structure of gas discharge sustained by this wave for
different values of effective collisional frequency and
plasma density radial profiles was studied also. It was
shown that the influence of wvariable radius of
waveguide metal enclosure in the case of radially non-
uniform plasma on the axial plasma density profile in
the considered discharge is similar to the case of
radially uniform plasma. But it is necessary to mention
that this influence becomes much smaller with the
increase of plasma non-uniformity parameter 6.

This work was supported by the Ministry of
Education and Science of Ukraine, under the grant
0118U002023.
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TA30BBII PA3PS/I B IINTASMEHHO-METAJIJIMYECKOM BOJHOBO/IE C U3MEHSIOIIMMCA
PAINYCOM METAJIJIH‘IECKOFIFTEHKH, YACTUYHO 3AIIOJTHEHHOM PAJTHAJIBHO
HEOJHOPOJHOU MATHUTHO-AKTHUBHOMU IIVIA3MOU

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

[TpencTaBneHs! pe3yabTaThl TEOPETUUECKOTO HCCIIEOBaHMs (Da30BBIX CBOMCTB M IMMPOCTPAHCTBEHHOTO 3aTyXaHHs
CUMMETPUYHON 3JICKTPOMArHUTHOW BOJHBI B JJMHHOI BOJHOBOJHOW IIa3MEHHO-METAJUIMYECKON CTpPYyKType,
YaCTUYHO 3allOIHEHHON pagualbHO-HEOAHOPOJHON IIa3MOil, MOMENICHHO BO BHEIIHEE aKCHAJIbHOE MOCTOSIHHOE
MarHuTHoe mone. IlpencTaBieHbl pe3ysibTaTbl TEOPETHUECKOTO MCCIEOBAaHUS aKCHAIBHOTO paclpeeseHus
IUIOTHOCTH IUIa3Mbl B CTAl[MOHAPHOM Ta30BOM paspsife, MOANEpKHBAEMOM CHMMETPUYHOH BOJHOW, B
paccMaTpuBacMOi BOJHOBOIHOW CTPYKTYpE, MOMYUYECHHBIC B paMKaX 3JICKTPOAMHAMHUYECKOW MOJIEIH pa3psaa.
HccnenoBaHsl Takke BIUSHUSA 3QPEKTUBHON YaCTOTHI CTOJIKHOBEHHH JIEKTPOHOB IIa3MbI Ha (ha30BbIE CBOWCTBA U
MPOCTPAaHCTBEHHOE 3aTyXaHHE BOJHBI, a TAKKE HA aKCHAJIbHOE pACIpEleNiCHHE IUIOTHOCTH IUIa3Mbl B Ta30BBIX
paspsaax, MoJAeP>KUBAEMBIX 3TOH BOJHOM, IS Pa3IMYHBIX PaAHaIbHBIX MPOQHICH IITOTHOCTH TIIa3MBl.

TA30BHI1 PO3PAJL Y IIVIA3MOBO-METAJIEBOMY XBHJIEBO/II 31 3SMIHHUM PAIIYCOM
METAJIEBOI CTIHKH, YACTKOBO 3ATIOBHEHOMY PATIAJIbHO-HEO/IHOPIJTHOIO
MATHITHO-AKTUBHOIO IIJTA3MOIO

M.O. A3zapenkos, B.I1. Oneghip, O.€. Cnopos

[IpesncTaBneHo pe3ynbTaTH TEOPETHYHOTO NOCIHIIKEHHS (ha30BUX XapaKTEPUCTUK Ta MPOCTOPOBOIO 3aracaHHsi
CUMETPUYHOI EJCKTPOMArHiTHOI XBHWJI B JOBTifl XBWJICBOJAHIN IJIa3MOBO-METANIEBill CTPYKTYpi, IIO YacTKOBO
3allOBHCHA paliajbHO-HECOAHOPIJHOK IUIa3MOI0, sKa 3HAXOAUTHCS y 3OBHINIHEOMY aKCiaJlbHOMY IOCTiHHOMY
MarHiTHoMy ToJii. B Mexax eneKTpoAMHAMiYHOI MOJEINi CTalliOHAPHOTO Ta30BOIO PO3PSAY OTPUMAHO aKCialbHUI
PO3MOAUT TYCTHHH IUIa3MH, IO HMiATPUMYEThCS BIACHOK CUMETPHYHOIO XBHJICIO CTPYKTYpH. JOCHiIKEHO Takox
BIUTMBU €()eKTUBHOI YacTOTH 3ITKHEHb CJICKTPOHIB IUIa3MH Ha (a3oBi XapaKTEPUCTHKH Ta MPOCTOPOBE 3aracaHHsI
XBHIII,  TAKOXX Ha aKCiaJbHUN PO3MOAIT I'YCTHHH IIa3MH B Fa30BHX PO3pPsAaX, IO MiATPUMYIOTECS HEIO, 3a PI3HUX
pajialbHUX PO3MOALTIB I'YCTHHH [UIa3MU.
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