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The article presents the results of the theoretical study of the plasma density axial distribution in a stationary gas
discharge sustained by the eigen dipolar wave that propagates in a long cylindrical plasma-metal structure. The discharge
structure consists of a column of magnetized non-uniform plasma placed in the metal waveguide of variable radius. The
study of the gas discharge is carried out within the framework of the electrodynamic model, in which the main attention
is paid to the electrodynamic part of the model. To describe the processes that take place in plasma, the model
equations are used. The influence of the metal waveguide inhomogeneity along the structure and the plasma density
radial non-uniformity on the phase characteristics of the dipolar wave, its spatial attenuation, the field components radial
distribution, the axial distribution of the plasma density sustained by this mode are determined. It is also analysed the
condition for the discharge stability and find the regions, where dipolar mode can sustain the stable discharge. The
obtained results can be useful for various technological applications.

Keywords: Gas discharge; Plasma-metal waveguide; Dipolar eigen wave; Phase and attenuation properties; Zakrzewski
criterion

PACS: 52.35-g, 52.50.Dg

1. INTRODUCTION

Till now microwave gas discharge in stationary regime that is sustained by the eigen electromagnetic wave of
the discharge structure is used as the effective plasma sources in different technological applications [1, 2, 3]. One
of the important property of such discharges that take place in cylindrical structures and sustained by the waves
with azimuthal wave numbers m = 0,41, £2 is good uniformity of plasma density axial distribution [1, 2, 4].
Theoretical modeling of plasma density axial distribution of the eigen wave sustained discharges and the study
of the stability conditions of such discharges, was carried out within the framework of the electrodynamic
approach [2], which shows a good agreement with the experimental data [1]. One of the characteristic feature
of this approach is the detailed study of the electrodynamics characteristics of the eigenwaves of the discharge
structure, such as the dispersion (phase) properties, the spatial attenuation coeflicient, and the wave field
spatial structure. According to this approach plasma is described with rather simple model equations. Such
model approach is simple but allow us to take into account the elementary processes occurring in plasma in
proper manner, that relates, among other things, with the wave energy transfer to plasma in the diffusion and
recombination gas discharge regimes [2, 5]. The number of articles were devoted to the study of the plasma
density axial distribution in the stationary microwave discharges that take place in cylindrical plasma-metal
structures with the fixed radius of metal enclosure [1, 6]. Besides it was shown that variable radius of the
metal wall of plasma — metal cylindrical discharge structure can be used as one of the mechanism to control the
plasma density value and its axial distribution in such discharges [7]. The work [8] was devoted to the study
of plasma density axial distribution in the discharges, that are sustained by the eigen waves of such discharge
structure taking into account the approximation of plasma density radial uniformity. The involving of a plasma
density radial density nonuniformity to the model leads to more accurate desctiption of the plasma density axial
distribution in the discharge. Let emphasize that long gas discharges can be sustained not only by symmetric
(m = 0), but also by the dipolar (m = +£1), eigen wave what significantly affect as the plasma density axial
profile, as the stability region of such discharge. The experiments have shown that the use of eigen dipole
(m = =£1) waves give the possibility to obtain somewhat smaller plasma density values, but axial uniformity of
plasma density profile is much better as compared with the discharges sustained by the symmetric wave [1, 2].

Previously, the study of the plasma density radial distribution for the discharges sustained by the symmetric
(m = 0) mode was carried out in the work [9] with taking into account the radial inhomogeneity of the plasma
density and changes in the radius of the metal waveguide along the discharge. The influence of the variable radius
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of the waveguide metal enclosure and the kind of plasma density radial profile on the dispersion properties, the
attenuation coeflicient and radial field structure of the eigen dipole (m = +1) wave that sustains the discharge
was studied in [10]. The aim of this work is to study the influence of the variable radius of the waveguide metal
enclosure and the kind of plasma density radial profile on axial structure of the discharge sustained by the eigen
dipole (m = +1) waves of the discharge structure.

2. TASK SETTINGS

Let us study the plasma density axial distribution in a long cylindrical discharge structure that consists of
non-uniform magnetized plasma column with radius R, that surrounds by metal enclosure of radius R,, > R,.
The thin dielectric tube that separates plasma region from metal enclosure is not presented in this model. It
is supposed that it’s influence on wave phase and attenuation properties is not very strong [11]. Plasma region
is separated form the waveguide metal wall by the vacuum (air) region with thickness (R,, — R,). The metal
enclosure is supposed to be slightly varying in the axial direction. The studied discharge is sustained by the
eigen dipolar (m = +1) wave of this discharge structure that propagates along the discharge. External steady
magnetic field B, is directed along the axis of waveguide structure.

Plasma is described according to the hydrodynamic approach as cold and weakly absorbing media. The
wave while propagating along the discharge damps due to the collisions in plasma. These collisions are char-
acterized by the effective electron collision rate v. The collision rate is supposed to be small as compared
with wave frequency w. It is also supposed that plasma density is non-uniform not only is axial, but also in
radial directions. In the gas discharge model the plasma density radial radial distribution n(r) models by the
Bessel-like profile of the form n(r) = n(0)Jy(ur), where n(0) is plasma density at the axis of the plasma column
(r = 0), Jy is the Bessel function of the first kind and p is the plasma density non-uniformity parameter. It’s
value can vary from g = 0 for the case of radial uniform plasma up to the p = 2.405 for the case of strong
radially non-uniform plasma that corresponds to the discharge in the ambipolar diffusion regime. Such choice
of plasma density radial profile give the possibility to model different gas discharge regimes [1, 9]. A detailed
description of the procedure for deriving the electrodynamic equations is given in the previous work [1, 9]. Here
we present the results that are important for the current study.

The dipolar wave (azimuth wave number m = +1) propagates along the axis of the structure in the
direction of the external magnetic field By. It was supposed that wave damps slightly while propagates along
the discharge and sustains plasma column. So, as wave field, as plasma density also slightly varies in along
the discharge on the distances of wavelength order. Thus, the solutions of the Maxwell equations system that
governs the wave propagation along the discharge structure can be found according to the WKB approach [12]:

B Hyp (%) = B H(rn2)exp | it imp - [ b’ ) (1)

20

here r, ¢, z are coordinates in cylindrical coordinate system, ks is the axial wavenumber, E and H are the
amplitudes of the electric and the magnetic wave field components, respectively. Let us suppose that changing
any quantity A value, that varies in the axial direction, along the discharge at the distances of the wavelength
order is small compared to the magnitude of this quantity ((A=1(0A/0z) < k3), where symbol A denotes FE,
H, k3, or n. Thus, in all further equations all terms of order O(kz ' (01n(A)/9z)) are neglected [12].

Taking in to the account the expression (1) the equations for radial wave components in plasma region
(r < Rp) can be obtained from the system of Maxwell equations [11] and can be written as:
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In the approximation of slight axial varying of the plasma density the system of ordinary differential
equations for tangential wave field components in plasma region (r < R),) can be written as:
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where p (r) = &1 (1) (k3 — k?e1 (1)) + k?¢3 (1), €1,2,3 are the components of the dielectric tensor cold collisional
plasma [11].
It is possible to obtain analytic solutions for the wave field components in the vacuum region (R, < r <

R,,):
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The expressions for A;_4 can be obtained from the boundary conditions at the plasma-vacuum interface
(3), that consists of the continuity of tangential electric and magnetic wave field components when r = R),:
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here the quantities EF(R,), Ef (Rp), HE(R,), Ef (Rp) are the appropriate electric and magnetic wave filed
components in plasma at plasma - vacuum interface » = R,. These components are obtained by the numeric
solution of the system of ordinary differential equations (3).

The vanishing of the tangential electric wave field components at the waveguide metal wall (E,(R,,) = 0,
E,(R.) = 0) gives the following system that can be treated as local dispersion equation:

ATy, (kRm) + Ao Ky (KR 0, (©)
Asl, (kRm) + A4K,, (kRy) = 0.

The solution of the ordinary dispersion equation gives the relationship between the frequency w of the
eigenwave of the structure and its axial wave number k3. When the analogue of the dispersion equation (so
called phase equation) (6) is studied for the discharge modelling it is necessary to mention that the wave
frequency w is fixed and its value is set externally by the wave generator. This equation connects the local
plasma density value n(z) and the axial wave number k3. The eigen wave propagates along the structure and
sustains the discharge, the plasma density changes in axial direction, the wave frequency remains unchanged,
while the complex value of the axial wave number also changes along the discharge. The real part of the
normalized wave number z = Re(ks)R, determines the wavelength, and its imaginary part a(n) = Im(ks)R,
determines the spatial attenuation coefficient of the wave in the direction of its propagation. The dependence
a(n) can be used to determine the density axial gradient dn/dz for the discharges in the diffusion controlled
regime from the relation [2, 5, 6].

According to articled [2, 5, 6, 4], the dependence a(n) can be used to determine the axial gradient of
plasma density dn/dz in discharges in the diffusion mode, using the following ratio:

dn 2na
%Z_ _ﬁdﬁ (7)
adn

When studying the axial distribution of plasma density, it is important to control the conditions of gas
discharge stability for the diffusion control regime. Such criterion was presented in one of the previous works [6]:

n da
—— (8)
It is necessary to check this Zakrzewski stability criterion because there are possible the situations when

the eigen wave has energy to sustain the discharge, but stability criterion is not fulfilled and the end of the
discharge is determined by the determined by the ending of the stability region [6, 2].

adn
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3. BASIC RESULTS

The main aim of this work is to study the influence of the plasma density radial non-uniformity and
the slight axial variation of the waveguide metal wall radius on the plasma density axial distribution in the
discharge sustained by the eigen dipolar wave of the discharge structure. In the early work [6] it was noted
that the dispersion properties and spatial attenuation of the eigenwaves of the discharge structure strongly
determine both the axial distribution of the plasma density and the conditions for the stability of the discharge.
So, the first step in the research is the study the phase properties and the spatial attenuation of the eigen wave
considered [1, 2, 5, 8, 6, 9, 10]. The results of this step will help us to go to the next two steps: to determine the
region of the stability according to the Zakrzewski stability criterion (8) and to choose appropriate parameters
for axial plasma density profile calculation (7).

The dispersion equation (6) was solved with the help of numerical methods by introducing the following
dimensionless parameters: normalized wave frequency @ = w/w, and the complex normalized axial wavevector
ksR,, the real part of which = Re(ks)R, determines wavelength, and the imaginary part o = Im(ks)R,
determines the normalized wave attenuation coefficient. The influence of the external magnetic field value on
the attenuation coefficient o and the normalized wave frequency @ is taken into account by introducing the
dimensionless parameter 2 = wee/w (wee is the electron cyclotron frequency). The geometrical parameters of
discharge structure is introduced into the model throw dimensionless plasma column radius ¢ = Ryw/c and
the dimensionless radius of the waveguide metal enclosure n = R,,,/R,. Such normalized parameters are very
convenient for gas discharge modeling, where wave frequency w is fixed but plasma density n varies along the
discharge length. Thus let us determine such values of the parameters of the discharge structure for further gas
discharge axial structure investigation that give good axial uniformity and large area of stability.

The Figure 1 presents the influence of the normalized effective collision plasma electron frequency v/w on
the phase characteristics @ (Figure 1a) and spatial attenuation « (Figure 1b) of the m = +1 mode for the case
of radially uniform plasma. The parameters of the discharge structure were chosen to be equal: normalized
plasma radius o = 0.8, normalized external magnetic field 2 = 0.2. At a fixed frequency of the generator w, an
increase in the frequency of collisions of electrons v in the range from 0.001 up to 0.1 practically does not affect
the normalized frequency of the wave & = w/w,. A further increase of v/w from 0.1 to 0.4 leads to a slight
decrease in @ in the range of axial wavenumbers x < 0.6. The increasing of the normalize collisions frequency
leads to a significant increase in the spatial attenuation of the m = +1 mode in the entire range of axial numbers
both in the region of sufficiently small x and, especially, in the region of > 3.0 (Figure 1b). As a result, for
each studied value of v/w the dependence «(x) possesses some minimum value for some value of x.

S1a 0.4

0.60
0.551
0.501
0.451
0.401
0.351
0.3010’
0.2510-

(a) Phase properties @(x) (b) Attenuation coefficient a(z)

Figure 1. The dependence of the dimensionless phase and attenuation properties of the m = +1 mode via
the dimensionless wavenumber x for different parameter v/w values. The numbers near the curves are the
parameter v/w values. Other parameters are equal: 2 =0.2, 0 =0.3, n=1.1, p = 0.0

The influence of the normalized collision frequency v/w on the phase properties @ (Figure 2a) and spatial
attenuation « (Figure 2b) of the eigen dipolar m = —1 mode of the discharge structure under the same parameter
set as for the Figure 1 is presented in the Figure 2. Let us note that the disensionless collision frequency v has
a much smaller influence on the phase properties of the m = —1 eigen mode (Figure 2a) than on the m = +1
eigen mode ( la). At the same time, an increase in the dimensionlesss collision frequency v/w in the specified
range (from 0.01 up to 0.1) leads to a significant increase in the spatial attenuation of the m = —1 mode in the
entire range of x axial numbers (Figure 2b).

The influence of the normalized radius of the waveguide metal wall 7 on the phase properties @ and spatial
attenuation coefficient « for the discharge structure with constant radius of metal enclosure for the m = +1 eigen
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(a) Phase properties @(x) (b) Attenuation coefficient a(z)
Figure 2. The dependence of the dimensionless phase and attenuation properties of the m = —1 mode via the

dimensionless wavenumber z for different parameter v/w values. Problem parameters and curve numbering are
the same as for the Figure 1

mode is presented in the Figure 3. The parameters of the calculations were chosen to be equal 2 = 0.2, ¢ = 0.3,
v = 0.001, g = 0.0. The modelling shows that the increase of the vacuum gap size between the plasma column
and the waveguide metal due to parameter 1 variation in the following interval of values n > 1.1 and n < 1.8
leads to the increase of the normalized wave frequency @ in the entire range of axial wavenumbers x, especially
in the region when x < 2. A further increase of the parameter n up to n > 1.3 values leads to a weakening
of the parameter n influence on the phase characteristics of the dipole mode m = +1. The Figure 3b presents
the influence of the normalized radius of the waveguide metal wall 17 on the spatial attenuation coefficient « for
the m = +1 mode. The increase of the parameter 7 leads to the increase of the coefficient «, especially in the
wavenumber region x > 3 for the following range of parameter n > 1.4. It is necessary to mention the presence
of the small region where the attenuation coefficient o growth when wavenumber x decrease in the region of
small axial wavenumber values x < 0.7.
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(a) Phase properties &(x) (b) Attenuation coefficient «(z)

Figure 3. The dependence of the dimensionless phase and attenuation properties of the m = +1 mode via the
dimensionless wavenumber x for different parameter n values. The numbers near the curves are the parameter
7 values. Other parameters are equal: 2 =0.2, 0 = 0.3, v = 0.001, x = 0.0

The Figure 4 shows the influence of the value of the normalized radius 7 of the waveguide metal wall on
the phase characteristics (Figure 4a) and spatial attenuation (Figure 4b) of the eigen dipolar mode m = —1 for
the waveguide with the constant radius of metal enclosure for the same parameters suite as for the Figure 3.
The parameter n that characterises the radius of the waveguide metal wall has the same influence of the on
the phase characteristics @ and attenuation coefficient « for the m = —1 mode as for the m = +1 mode. It
should be noted that with the same parameters of the waveguide structure, the normalized wave frequency @
of the m = —1 mode is somewhat lower than the normalized frequency of the m = 41 mode for the same axial
wavenuber z value (see Figure 4a and Figure 3a). At the same time the spatial attenuation coefficient « of the
m = —1 mode is approximately in 2 — 3 times smaller than attenuation coefficient of the m = +1 mode (see
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Figure 4b and Figure 3b). Let us mention that similar to the case of dipolar m = +1 mode the region where
the attenuation coefficient o growth with the axial wavenumber x decrease also exists for the dipolar m = —1
mode in the region of small axial wavenumber values z < 0.7 (Figure 4b).

G 0.035
0.6 1 0.030
1.8 0.025 1
0.511.55
1 0.0201
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0.44, 5 0.015 -
X
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0.31
11 0.005
T T T T T 0.000 T w T T T
0 1 2 3 4 5 0 1 2 3 4 5
(a) Phase properties @(x) (b) Attenuation coefficient a(z)
Figure 4. The dependence of the dimensionless phase and attenuation properties of the m = —1 mode via the

dimensionless wavenumber x for different parameter n values. Problem parameters and curve numbering are
the same as for the Figure 3

For our further research, it is very important to determine the influence of the plasma column radius R,
on the phase characteristics and spatial attenuation of the eigen dipolar waves of the waveguide structure. The
influence of the normalized parameter o, that characterises the dimensionless plasma column radius, on the
eigen wave charcteristics is shown in the Figure 5 and Figure 6 for the dipoar modes m = +1 and m = —1,
respectively. It was obtained, that parameter ¢ has the same general influence on the phase characteristics
@(x) and spatial attenuation a(x) of the m = +1 and m = —1 waves, respectively. At the same time, the
normalized frequency values @ of eigen dipolar modes m = +1 for a given value of the axial wavenumber are
quite close (see, Figure 5a and Figure 6a), but the @ value of the m = —1 mode is somewhat lower than that of
the m = +1 mode. The spatial attenuation coefficient « of eigen modes m = +1 and m = —1 also possesses
similar behavior (see, Figure 5b and Figure 6b), but eigen mode with m = —1 is attenuates somewhat weaker
than the mode with m = +1, especially in the region of small axial wavenumbers x > 3. It is also necessary
to mention the the existence of the region where attenuation coefficient o decreases with the axial wavenumber
x increase (x < 1.0) for small parameter o values (o < 0.6). For the plasma columns with rather large radius
(o > 1) such region is not present.

1
0.5 0.0081
0.41
0.006 -
0.3103
0.004 -
0.2
0, 0.002 -
0.1 '
1.5
1.0 X

0.0 T T T : 0.000 1

(a) Phase properties &(x) (b) Attenuation coefficient «o(z)

Figure 5. The dependence of the dimensionless phase and attenuation properties of the m = +1 mode via the
dimensionless wavenumber x for different parameter o values. The numbers near the curves are the parameter
o values. Other parameters are equal: Q2 =0.2, n=1.1, v =0.001, & = 0.0

After the detailed study of the phase and attenuation properties of the eigen dipolar waves of the discharge
structure (see results presented above in the Figures 1-6 and also in [10]) it is necessary to choose suitable
parameters for further research and to move to the next study step. It is obvious that to obtain rather long
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discharge sustained by the eigen dipole waves with a high degree of plasma density axial homogeneity it is
convenient to choose such parameters of the system, that give moderate values of the spatial attenuation
coefficient « together with rather big value of dimensionless plasma density N = wf, Jw? = 1/&%. The analysis of
the previously obtained results shows that small parameter 7 values (n = 1.1, see Figures 3, 4) leads to the quite
small spatial attenuation coefficient value, but at the same time, in the future, it is quite possible to obtain the
problems associated with gas discharge modeling in the waveguide with metal enclosure with decreasing radius
along the discharge. The increase in the plasma column normalized radius o leads to the decrease of the spatial
attenuation coefficient « (see Figures 5, 6), but at the same time the value of the minimum permissible axial
wave number z increases. In [10] it was shown that the decreasing of the external magnetic field value (the
decrease of the parameter  value) leads to the decrease of the normalized frequency @ of the m = +1 wave
and to the increase of its spatial attenuation coefficient . In [10] it was also shown that the decreasing of the
external magnetic field value leads to the increase of dimensionless frequency @ in the region of small values of
the axial wave number x and to the decrease of @ in the region of sufficiently large x values for the dipolar wave
m = —1. In contrast to the m = +1 dipolar wave, the attenuation coefficient @ of the m = —1 dipolar mode
in the region of small = values increases but decreases in the region of sufficiently large axial wavenumbers x
with the decrease of the external magnetic field value €. As for the value of the parameter v, the smaller is the
normalized effective collision frequency of v/w, the smaller is the attenuation coefficient v (see Figure 1, 2).
Thus, taking into account the above considerations, the following normalized parameters of the waveguide
structure were chosen for further gas discharge axial structure modeling: n = 1.3, 0 = 0.8, Q2 = 0.2, v = 0.001.

0541w 0.007 A
0.006 1
0.4 1
0.0051
0.34 0.004 -
0ol 03 0.0031
0.002 1
0.1 0.6 |
[ 5 0.001
0.0 19 . . . X1 0.0001 . | . . .
0 1 2 3 4 5 0 1 2 3 4 5
(a) Phase properties @ (b) Attenuation coefficient «
Figure 6. The dependence of the dimensionless phase and attenuation properties of the m = —1 mode via the

dimensionless wavenumber x for different parameter o values. Problem parameters and curve numbering are
the same as for the Figure 5
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(a) The dipolar mode m = +1

(b) The dipolar mode m = —1

Figure 7. The Zakrzewski stability criterion (8). The numbers near the curves are the non-uniformity param-
eter u values. Other parameters are equal: w =0.2, 0 = 0.8, n = 1.3, v/w = 0.001

The next step of the study is the determination of the & region where the discharge can be sustained
according to the Zakrzewski stability criterion (8). Some results of such study are presented in Figure 7. The
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Figure 7a and Figure 7b shows the influence of plasma density radial non-uniformity (parameter p varies in
the range p € [0.0;2.3]) on the stability criterion (8) for dipolar mode with m = +1 and m = —1, respectively.
Other parameters of calculations are equal to w = 0.2, 0 = 0.8, n = 1.3, v/w = 0.001. The criterion in the
Figure 7 is presented in the following equivalent to (8) form: Z.. = (n/a) - (da/dn) — 1 < 0, so negative value
of Z.,. corresponds to the regime of the stable gas discharge sustaining. When the parameter p increases from
zero (radially homogeneous plasma) up to p = 2.3 (the radial distribution of the plasma density is close to the
ambipolar diffusion regime profile), the maximum possible plasma density value N = wpz /w? in the discharge
that can be sustained by the dipolar mode m = £1 becomes bigger and the corresponding density range becomes
larger (see Figure Ta, 7b).

The final step of our study is the finding the plasma density axial distribution in the discharge sustained by
the dipolar m = +1 waves by solving ordinary differential equation (7). The Zakrzewski stability criterion (8)
was also under the control. The dimensionless plasma density N = wg Jw? (wy is the electron plasma frequency)
axial distributions in the discharge sustained by the eigen dipolar m = £1 mode for different plasma density
radial profiles (non-uniformity parameter g = 0.0, u = 2.0, up = 2.1, p = 2.2, p = 2.3) is presented in Figure 8.
The normalized normalized axial coordinate is equal to { = (vz)/(wR,). At this modeling the radius of the
waveguide metal enclosure is considered to be constant along the discharge. Other parameters are equal to
Q = 02,0=08,n=1.3,v=0.001.

304N

20

10+

1.35{n 1.35{n
1.301 1.301
1.251 & 1.251 3

0 1 2 3 4 0 1 2 3 4

(a) The dipolar mode m = +1 (b) The dipolar mode m = —1

Figure 8. Plasma density axial distribution in dipolar mode sustained gas discharge. The numbers near the
curves are the non-uniformity parameter p values. Other parameters are equal: 2 =0.2, 0 =08, n=1.3, v =
0.001

The Figures 8a, 8b present the normalized plasma density axial distribution N = w?/w? along the discharge
(normalized coordinate £) for a radially homogeneous plasma mu = 0 and for such values of nou-uniformity
parameter p at which the effect of radial non-uniformity becomes significant. The discharges, sustained by the
m = +1 waves in the considered discharge structure possesses the similar axial gradients and the discharge
lengths.

The Figure 9 presents the plasma density axial distribution in the discharge sustained by the eigen dipolar
mode in the case of radially uniform plasma for the metal waveguide with constant, increasing and decreasing
radius in the direction of wave propagation. The other parameters are the same as in the Figure 8. The
normalized plasma density value at the beginning of the discharge was chosen to be equal to N = 30. When
the discharge is sustained in the metal waveguide with increasing radius one can obtain the discharge length
approximately twice as long as for the discharge in a waveguide of constant radius. Besides one can obtain
significantly smaller axial gradients of density non-uniformity, especially at the end of the discharge. When the
discharge takes place in metal metal waveguide with the decreasing radius along the discharge the discharge
length decreases approximately in half, as compared with the discharge in the waveguide of constant radius.
At this case the axial gradients of density non-uniformity increases, especially at the end of the discharge. It is
necessary to note the similarity of the axial profiles of the discharges sustained by the dipolar mode m = +1.

The Figure 10 shows the plasma density axial structure in the discharge sustained by the dipolar mode in
the case when the non-uniformity parameter is equal to 4 = 2.0. The normalized plasma density value at the
beginning of the discharge was also chosen equal to NV = 30. The increase of waveguide metal radius along the
discharge gives the possibility to obtain a longer discharge than in a waveguide of constant radius. In addition
let us note that the plasma density decreases along the discharge almost linearly. In a waveguide with the
decreasing radius along the discharge one can obtain a shorter discharge with a large axial density gradient at
the end of the discharge. The model with such non-uniformity parameter possesses the similarity of the plasma
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Figure 9. Plasma density axial distribution in dipolar mode sustained gas discharge for 4 = 0.0, @ = 0.2, 0 =
0.8, n=1.3, v=0.001

density axial profiles for the discharges sustained by the dipolar mode m = +1.
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(a) The dipolar mode m = +1 (b) The dipolar mode m = —1

Figure 10. Plasma density axial distribution in dipolar mode sustained gas discharge for u = 2.0, Q = 0.2,
c=0.8,n=13,v=0.001

At the larger values of the non-uniformity parameter pu (u = 2.1), such similarity of the plasma density
axial profiles in the discharges sustained by the dipolar mode m = +1 starts to disappear (see Figurell). In
the discharges sustained by the m = 41 mode, the influence of the variable radius of the metal waveguide is
essential almost at the beginning of the discharge (Figure 11a). At the same time, in the discharges sustained
by the m = —1 mode, the plasma density decreases along the discharge practically according to a linear law
(Figure 11b). Besides the discharges length and the plasma density axial gradients for metal waveguides with
variable radius somewhat differ from such quantities for the discharges in waveguide structure with constant
radius n = 1.3. It is also should be noted that the length of discharge sustained by the mode m = —1 is slightly
smaller as compared to the length of the discharge in the mode m = +1.

When the non-uniformity parameter increases up to pu = 2.2, the axial profile of plasma density in the
discharges sustained by the m = 41 dipolar modes (Figure 12) become again similar, but since the discharges
on the m = 41 mode are longer than the discharges on the mode m = —1, then the corresponding plasma
density axial gradient for the discharge on the mode m = +1 is somewhat smaller.

The further growth of the non-uniformity parameter p up to p = 2.1 leads to the further discharge decrease
and to the increase of plasma density axial gradient.

4. CONCLUSIONS

This article presents the results of the theoretical modelling of the axial structure of gas discharge sustained
by the eigen dipolar (m = £1) wave of the discharge structure that consists of cylindrical magnetized slightly
collisional plasma column that surrounds by the vacuum region and enclosed by the metal wall of constant or
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Figure 11. Axial structure of gas discharge for = 2.1, 2 =0.2, 0 = 0.8, n = 1.3, v = 0.001
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Figure 12. Plasma density axial distribution in dipolar mode sustained gas discharge for p = 2.2, = 0.2,
oc=08,n=13,v=0.001

slightly varying along the discharge radius. The modelling was carried out in the framework of electrodynamics
approach taking into account slightly axial and strongly radial non-uniformity of plasma density.

For the discharge structure with a constant radius of metal enclosure it was shown that the increase of
the plasma density radial non-uniformity leads to the significant decrease of the discharge length and to the
increase of the plasma density axial gradients. It was also obtained that plasma density radial non-uniformity
has the essential influence on plasma density axial distribution starting from the non-uniformity parameter value
> 2.0. This influence is getting stronger when p — 2.3. It was also obtained that gas discharges sustained in
the waveguides with expanding along the discharge metal enclosure possesses a longer length with significantly
smaller axial density gradients at the end of the discharge as compared to a constant-radius discharge structure.
The use of a waveguide with narrowing along the discharge metal enclosure leads to the decrease of the discharge
length and to the increase of the plasma density axial gradient, especially at the end of the discharge. The study
of the simultaneous influence of the plasma density radial non-uniformity and the waveguide metal enclosure
axial inhomogeneity on the plasma density axial structure in the discharge have showed that in the discharge
structures with an expanding metal waveguide the length of the discharge sustained by the m = +1 mode is
slightly bigger than for the discharge sustained by the m = —1 mode. It was obtained that plasma density
decreases in the direction of wave propagation approximately according to a linear law when non-uniformity
parameter value p > 2.0. The carried out simulation have shown that when the non-uniformity parameter p
increases from p = 0.0 (radially uniform plasma) up to ¢ = 2.3 (the plasma density radial distribution that
is close to the profile of the ambipolar diffusion regime), the plasma density value increases and also increases
the corresponding density range of stable discharge that can be sustained by the m = +1 dipolar modes. The
obtained results can be useful for various different applications.
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AKCIAJIBHA CTPYKTYPA TAB0BOTO PO3PA/Y, IIIO IIIATPUMYETHCA
BJIACHOIO UIIOJIBHOIO XBUJIEXO METAJIEBOT'O XBUJIEBOAY 3MIHHOI'O
PAOIYCY, BATIOBHEHOT'O MATHITOAKTVNBHOIO HEO/JHOPITHOIO TIJTASMORO
Bonoaumup Oaedip?P, Onexkcanap Coopos?, Mukoja A3zapeHKOB> "
¢ Xaprisevkul nayionasvnul ynisepcumem im. B.H. Kapasina, matidan Ceobodu, 4, 61022, Xapxie, Ykpaina
® Hayionanvruti Hayxosut Ienwmp “Xapriscorut Pisuro-Texniwnutl Inemumym”,
eya. Axademiuna, 1, 61108, Xapwie, Yrpaina
B crarTi HaBeneHO pe3ysIbTaTH TEOPETUHHOTO MOCJIIKEHHS aKCIaJbHOTO PO3MOJILIY TYCTUHH ILJIa3MH B CTAIlOHAPHO-
My Ta30BOMY DO3pAni, gKUil HIATPHUMYEThCH BJIACHOIO JWUMOJIBHOIO XBHUJIEIO, IO HOIMUPIOETHCH B JOBTill IUJIIHIPWIHIN
I1a3MOBO-MeTaseBiit cTpykTypi. CTPyKTypa CKIAMAETHCA 31 CTOBIIA MArHITOAKTUBHOI HEOIHOPIAHOI IIa3MHU, MO 3HAXO-
JOUTHCS BCEPEIUHI METAJIEBOr0 XBHJIEBOLY 3MIHHOrO paziycy. JlociimkeHHs ra30BOro po3psiay MPOBOAUTHCA B PAMKAX
€JIEKTPOAMHAMIYHOI MO, B AKifl OCHOBHA yBara IPUILIAETHCS eleKTpoauHamivuniil yactuui. g onucy mpomnecis, 1mo
BiAOYBAIOTHCS B IJIa3Mi, BUKOPUCTOBYIOTHCS MOZE/IbHI PiBHsSHHS. Bu3HaueHo BIUIMB HEOIHODITHOCTI METAJIEBOTO XBUJIE-
BOY B3[IOBXK CTPYKTYPH Ta PaJiabHOI HEOJHOPIIHOCTI IyCTHHHM I1a3Mu HA (Ha30Bl XapAKTEPUCTUKN JUIIOJIHHOI XBUIII,
if mIpocTOpOBe 3aracaHHd, paJiaJbHAN PO3IOALiT KOMIOHEHT IOJId, aKClaJbHUI PO3IOILT TYCTHHY IUTa3MH, IO HiATPHUMY-
€ThCs IIEI0 MOJIOIO, TIPOBEIEHO aHAJI3 yMOB CTAIlOHAPHOCTI mpoTikanus po3pamy. OTpuMani pe3yabTaTu MOXKYTh OyTH

KOPHUCHUMU TSI PI3HUX TEXHOJOTIIHUX 3aCTOCYBAHb.
KurouoBi ciioBa: 2a306utl po3pad; naa3moso - memansesull T6une6id; JUNOALHA BAACHE TEUAAL; PA306] 6AGACTNUBOCTS
Mma NPocmopose 3azacanna; kpumepil 3akpescvrozo
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