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This article presents the results of the theoretical study of stationary state of gas discharge sustained by the elec-
tromagnetic wave with azimuth wavenumber m =-2 in three component magnetized plasma-metal waveguide
structure of slightly varying radius of metal enclosure in the framework of electromagnetic model. It was studied the
influence of the external magnetic field value, the electron effective collision frequency and other parameters on the
phase characteristics, spatial attenuation, discharge stability and axial plasma density profile in the structure with
constant radius of metal waveguide and with radius that varies slightly along the discharge.

PACS: 52.35-g, 52.50.Dg

INTRODUCTION

The modern technologies require plasma sources
with large length, large volume or with large area of
operating surface. The defining characteristics of plas-
ma sources that used in different technological process-
es are the fact that plasma density value and plasma
density uniformity in axial, radial and azimuth direc-
tions are determined by the type of a wave sustaining
the discharge, by the external magnetic field value, by
the geometrical sizes of plasma column and waveguide
structure, and also by the efficiency of energy transmis-
sion from wave to plasma.

In order to obtain discharge plasma with the desired
characteristics the analytical and numerical modeling of
plasma parameters axial distribution in the discharge
sustained by electromagnetic wave with different azi-
muth wavenumber values are carried out. The electro-
dynamic approach is widely used for such modeling [1].
In the framework of such approach plasma is described
by the simplified equations and the main attention is
paid to the description of the wave that sustains the dis-
charge. Such approach can be used to model stationary
state of gas discharges that are sustained by the electro-
magnetic waves of the surface type. In the paper [1]
were declared that the waves with azimuth wavenumber
m =12 are perspective for plasma column sustaining.
The waveguides with varying outer metal wall along the
discharge structure can be used for improving the axial
plasma density uniformity [2]. This paper is devoted to
the studying of the influence of variable radius of metal
waveguides on the properties of the discharge that is
sustained by the electromagnetic wave with m =-2.

1. BASIC EQUATIONS

It is considered the electrodynamic model of gas
discharge in diffusion controlled regime sustained by
the electromagnetic wave with azimuth wave number
m=-2 that propagates along the three component
waveguide structure. This structure consists of magnet-
ized plasma column of radius R, that is separated by
the vacuum slab from the metal waveguide wall of radi-
us R that varies along the axial direction. External

steady magnetic field EO =(0,0,B,) is directed along
the axis of the discharge structure. Plasma is considered
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as cold and weakly absorbing media [3] that is charac-
terized by the effective electron collision frequency v .
This frequency is considered to be small as compared
with the wave frequency @ and constant in axial and
radial directions. Plasma density is considered to be
uniform in the radial direction and slightly varying in
the axial direction on the distances of wavelength order.
In this case it can be assumed that the wave field change
slightly along the discharge and the solutions of the sys-
tem of Maxwell equations that govern electromagnetic
wave propagation can be found in WKB approach:

—iwt+im(p+J.k3(z')dz'

E’Br,(/z,z(r7¢,z):E,B (l’,z)e 0

e,z

> (1)
where m and k; are azimuth and axial wavenumber,

E,B — amplitude of electric and magnetic wave fields,

respectively. Changing the 4 value along the discharge
at the distances of the wavelength order is small com-
pared to the magnitude of this quantity

(A47'(P4102)« k;), where symbol 4 denotes E, B,
ky, n or R . So, all terms of order O(k;'(aln(A)/az))

are neglected in further expressions [4].
In the considered case the axial wave components in
plasma region can be expressed as:
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function of the first kind and C, — field constants. The

expressions for the components of collision plasma
permittivity tensor ¢ ,, are written in the usual form

— modified Bessel

[3]. It is necessary to mention that the obtained expres-
sions are valid where k, # k, . Otherwise it is necessary
or to solve the system of Maxwell equation numerically,
or to use different kind of solutions (2) at this point.

Other wave field components in the plasma region
can be written as:
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where stroke denotes the derlvatlve with respect to ar-
gument.

The wave axial components in vacuum region,
which satisfy the boundary conditions on the waveguide
metal wall, can be written as:

E!(r)= AG(yr), H! (r)= BO(yr), “
where y’=k; —k’, A and B — field constants, and
functions G(ywr) and Q(wr) have the following form:
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where K, — modified Bessel functions of the second

kind. Other wave field components in vacuum region
can be written as:
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Taking into account the continuity of tangential

wave field components at the plasma-vacuum interface
it is possible to obtain the dispersion equation in the
following form:
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The expression of the axial wave energy flux com-
ponent can be written as:
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where asterisk denotes the complex conjugate.
Let us express the energy that is absorbed per unit
length of the discharge and consumed to excitation, ion-
ization, heating of the neutral gas in the following form:

RP/
in%(g’_

'[ E E rdr .
The equations (9) and (10) give the possibility to
write the equation of wave energy balance along the
discharge in the next form [1]:

ds (z)
e +0=0. QY

The S.(z) has the sense of such wave energy flux

(10)

that is necessary for sustaining of plasma column from
coordinate z up to the end of the discharge. The end of
the discharge in the stable region is determined as axial
coordinate where §_ =0 .

The electrodynamic model must contain one more
equation that connects the wave power absorbed per
unit length of discharge O with local plasma density n, .

This next equation must be determined by the kinetics
of the discharge but can be written in the simplified
model form as [1]:

0=0,N"’, (12)

where N =@, ™ — dimensionless plasma density, O,

— constant that does not depend on axial coordinate. The
parameter [ is determined by the regime of the dis-
charge. For the case of free fall or diffusion regime
£=0 1]

It is necessary to mention that the wave can sustain
the discharge in free-fall/diffusion regimes in those re-
gions on the phase diagrams where the Zakrzewski’s
stability criterion is fulfilled [1]:

o (m(k))

on n (13)

So, it is possible the situation, when the end of dis-
charge is determined not at the point, when S =0, but

at the beginning of the region, where the Zakrzewski’s
stability criterion (13) is not fulfilled.

2. MAIN RESULTS

The electromagnetic wave that sustains the dis-
charge is the eigenwave of discharge structure on the
whole length of the plasma column. The possibility of
axial plasma source parameters variation is mainly de-
termined by dispersion properties of the wave sustaining
the discharge. Such circumstances determined the de-
tailed investigation of the phase and attenuation proper-
ties of the non-symmetric (m =-2) electromagnetic
waves, that can be used for discharge sustaining.

The calculations were carried out for the fixed values

of the external magnetic field Q=@ o' =0.2 and dimen-

sionless radius of plasma column o = @R,c™ =0.5. The
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results of the dispersion equation (7) investigation are
presented on the Figs. 1, 2.
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Fig. 1. Wave dispersion properties for Q =0.2, o =0.5,
v ' =107, Curves marked
by the numbers 1-5 correspond to the 1= RR;,
parameter value: 1.1, 1.2, 1.3, 1.5, and 2.0

The influence of vacuum slab thickness on the dis-
persion properties of the wave with m = -2 are present-
ed on Fig. 1. In the case of rather small external magnet-
ic fields (Q < 1) the decrease of the vacuum gap thick-
ness leads to the deceleration of the wave. The changing
of R strongly influences wave dispersion in the region
of small axial wave numbers. When waveguide metal
wall radius grows up to 7 > 2 its influence on the wave

dispersion properties becomes practically negligible.
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Fig. 2. Attenuation properties of the wave.
Parameters and the numbering of the curves
are the same as in Fig. |
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The study shows the existence of the minimum val-
ue of spatial attenuation coefficient in the region where
Re(k;)R, ~1. With the growing of vacuum gap thick-
ness the value of coefficient o =Im(k;)R, increases
and shifts towards the region of shorter wavelengths.

The phase and attenuation properties wave with
m = -2 substantially depend on the external magnetic
field value (Fig. 3). While the magnetic field increases

the a)a);e1 decreases in the region of small

x =Re(k;)R, values and increases for large x values.
The magnetic field increasing results in a decrease
of the coefficient « in the whole axial wavenumbers
region (Fig. 4).
The dependence of wave attenuation coefficient «
for some values of ve™' parameter is shown in the

Fig. 5. The intensification of collisions leads to the in-
crease of the wave attenuation coefficient in the range
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of small axial wavenumbers and especially in the range
of large axial wave numbers. This can leads to the de-
crease of the region where the stable discharge can exist
(according to the criterion (12)).
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Fig. 3. Wave dispersion properties for n=1.3,

AW N

o=0.5, vo'=10°. Curves marked

by the numbers 1-5 correspond to the Q parameter
value 0.2, 0.4, 0.6, 0.8, and 0.9
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Fig. 4. Attenuation properties of the wave.
Parameters and the numbering of the curves
are the same as in Fig. 3

6 Im(k )R | 7
54
41
6
34
2] 5
11 4
2

Re(k )R

2 4 6 8 10

Fig. 5. Attenuation properties of the wave for Q=0.2,
0=0.5, n=1.3. Curves marked by the numbers 1-7

correspond to the v value: 10°; 107; 5-107; 5-107;
2:10°; 3-10°; 4107

The wave that sustains the discharge is the eigen
wave of the waveguide system on the whole length of
the discharge. So, with the help of obtained phase prop-
erties one can estimate maximum possible plasma den-
sity of the discharge. It is shown, that maximum possi-
ble density values (determined by the wa);; parameter)

for discharges sustained by the m = -2 wave in smaller
than for discharges sustained by the symmetric and di-
polar waves [5].

To study the axial plasma density distribution in the
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discharge (in the parameter N = w’, @ wave frequency
is fixed) it was introduced the dimensionless axial coor-
dinate §=vz/(wR,) (z — axial coordinate that is
measured from the generator up to the end of dis-
charge). The discharge length L is the £ value where

the total wave energy flux in plasma and vacuum be-
come equal to zero or the Zakrzewski’s stability criteri-

on (13) is not fulfilled.
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Fig. 6. The axial structure (a) and the laws
of dimensionless waveguide radius n variation along

the discharge (b) for 0=0.5, Q=0.2, n=1.2

Axial plasma density N distribution along the plasma
column is represented on Fig. 6. It is necessary to point
that during the calculation of the plasma density profile,
the condition of discharge stability (13) was checked. It
were studied the linearly decreased (line 1), steady (line
2) and linearly increased (line 3) 7 profiles. The study
has shown that slightly varying metal enclosure influ-
ences the discharge length similarly to the dipolar mode
[5]. But for the quadrupole mode m = -2 the variation

of R make influence on the plasma density axial profile
also at the beginning of the discharge (see Fig. 6).

CONCLUSIONS

It was studied the influence of slightly varying radi-
us of metal enclosure on the axial structure of the dis-
charge sustained by non-symmetric mode with m =-2.
It was shown that variable radius of the waveguide of
metal enclosure make influence on the discharge on
m =—2 mode similarly as for discharges on the dipolar
mode [5] except the influence on the discharge profile at
the beginning of the discharge.
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MOJIEJIb T'A30BOI'O PA3PSIJIA, IOJJAEP)KUBAEMOI'O KBA/IPYIIOJIbLHOM
SJIEKTPOMATHUTHOM BOJIHOM B BOJIHOBOJHOMN CTPYKTYPE
C IEPEMEHHBIM PAJIMYCOM METAJUIMYECKON CTEHKHN

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

[IpencraBneHbl pe3ynbTaThl TEOPETHYECKOTO MUCCIEIOBAHHUSA B PaMKax JIEKTPOMATHUTHOW MOJENU CTAallHOHAp-
HOTO Ta30BOTO pa3psna, IOANCPKHBAEMOTO SJIEKTPOMATHUTHONW BOJHOW C a3MMYTaJbHBIM BOJHOBEIM YHCIOM
m=—2 B TPEXKOMIIOHEHTHOW MarHWTOAKTHBHOW IUIa3MEHHO-METAUTMYECKOH BOJHOBOJAHOW CTPYKTYpe co ciabo
M3MEHSIOMNMCS BAOJNb pa3psAla pagnycoM METaJUTMIeCKOro KOXyxa. V3ydeHO BIHMSHHME BHEIIHET0 MAarHUTHOTO
o1, 3¢ (heKTUBHON YaCTOTHI CTOJIKHOBEHUH IEKTPOHOB U APYTUX MapaMeTpoB Ha (a30BBIE XapaKTEPUCTHKH, IIPO-
CTPaHCTBEHHOE 3aTyXaHHE, CTA0MIFHOCTD pa3psAa ¥ aKCHAIBHBIA PO TUIOTHOCTH IIJIa3MBI B CTPYKTYpeE € TO-
CTOSIHHBIM PaZiiyCOM METAJIMIECKOTO BOJIHOBOAA U ¢71a00 M3MEHSIOMIMMCS BIONb Pa3psaa.

MOJEJIb I'A30BOI'O PO3PANY, IO NIATPUMYETHCS KBA/IPYIIOJIBHOIO
EJIEKTPOMAT'HITHOIO XBHJIEIO Y XBUJIEBOJJHIU CTPYKTYPI
31 SMIHHUM PAITYCOM METAJIEBOI CTIHKH

M.O. Azapenkos, B.I1. Onegip, O.€. Cnopos

[IpeacTaBneHo pe3ynbTaTH TEOPETHYHOTO JOCHIIKEHHS B paMKaX eJIeKTPOMarHiTHOI Mo/ielni CTallioHapHOTo Ta-
30BOTO PO3psiy, IO MiATPUMYETHCS EICKTPOMArHITHOIO XBHJICIO 3 a3UMYTaJbHUM XBHJIBOBUM YHCIOM M =-2 Yy
TPUKOMIIOHEHTHIH MarHiTOAKTUBHIN MIa3MOBO-METAIEBIM XBUICBOIHINA CTPYKTYPI 3 pajiiycoM METAIEBOTO KOXKYXY,
0 c1abKo 3MIHIOETBCS B3ZIOBXK pO3psay. BUBUEHO BIUIMB 30BHIIIHBOTO MAarHiTHOTO TOJIS, €()EKTHBHOI YacTOTH
3ITKHEHb €JIEKTPOHIB Ta iHIIMX MapaMmeTpiB Ha (a3oBi XapaKTEpUCTUKH, IIPOCTOPOBE 3aracaHHs, cTablIbHICTh PO3-
psny Ta akciaJdbHUIl PO I'YCTHHHM IUIa3MHU B CTPYKTYPI 3 HE3MIHHUM PaJilyCOM METaJIEBOTO XBUJIEBOJY Ta 3 Ta-
KHM, IO CJTA0KO 3MIHIOETHCS Y3I0BXK PO3PSAY.
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