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Effect of discharge tube properties on parameters of surface-

wave sustained plasma

Streszczenie. Zbadano numerycznie wptyw promienia wewnetrznego i zewnetrznego, przenikalno$ci elektrycznej i temperatury rury wytadowczej na
wspofczynniki propagacji i ttumienia fali elektromagnetycznej oraz temperature gazu, temperature i gesto$¢ elektrondw w mikrofalowym
wytadowaniu podtrzymywanym falg powierzchniowg o czestotliwosci 2,45 GHz w argonie pod ci$nieniem atmosferycznym. Do obliczen
wykorzystano dwutemperaturowy model plazmy i zatoZenie o lokalnej osiowej jednorodnosci wytadowania.

Abstract. The effects of inner and outer radius, permittivity and discharge tube temperature on electromagnetic wave propagation and attenuation
coefficients, as well as gas temperature, electron temperature and density in a microwave discharge sustained by a surface wave in argon at
2.45 GHz were numerically investigated. A two-temperature plasma model and the assumption of local axial uniformity of the discharge were used
for the calculations. (Wplyw wiasciwos$ci rury wyladowczej na parametry plazmy mikrofalowej wytwarzanej przez fale powierzchniowa).

Stowa kluczowe: fala powierzchniowa, plazma mikrofalowa, wytadowanie mikrofalowe, parametry plazmy.
Keywords: surface wave, microwave plasma, microwave discharge, plasma parameters.

Introduction

Microwave surface-wave (SW) sustained discharges
have been studied for decades, since effective devices for
their generation such as the surfatron [1] and surfaguide [2],
were invented. They have found many applications,
especially since they began to be applied to gases at
atmospheric pressure. They have been used for gas
processing [3], surface treatment [4], and more recently for
hydrogen production [5] graphene fabrication [6], CO-
reduction [7] or as plasma antennas [8]. They are generated
in dielectric tubes by the electric field of an electromagnetic
wave propagating along the dielectric-plasma interface. In
such a structure, the plasma column is created by the wave,
while being the medium that allows the wave to propagate.
Surface-wave discharges (SWDs) are efficient, very stable
and can be produced over a wide range of pressures,
electromagnetic field frequencies and absorbed powers. A
characteristic feature of SWDs is that increasing the power
delivered to the discharge increases the length of the
plasma column and the radially averaged electron density
n.. decreases along the plasma column almost linearly.
Since the slope of n., along the plasma axis is almost
constant, this gives the effect of 'pushing out’ the plasma
column from the plasma source with increasing the
delivered power. In other words, a plasma column viewed
from its end has the same properties regardless of the
absorbed power and column length. A detailed description
of SWDs properties can be found in the review [9].

The main goal of experimental studies on the SWDs
was to find distributions of the electron density n. and
temperature T, gas temperature T, and concentration of
excited states depending on the gas pressure p, wave
frequency f and the discharge tube internal radius a. It has
been found that the slope of radially averaged electron
density increases as the wave frequency and gas pressure
increase, and as the tube inner radius a decreases [9, 10].
The subject of the research was also the wave propagation
characteristics, i.e. the dependence of the phase B and
attenuation o coefficients on plasma parameters.

In theoretical works, the same relationships as well as
electric field E distributions and the influence of selected
electron collisions and chemical reactions on plasma
parameters were studied. Typically, however, these were
studies of single relationships rather than full, systematic
studies of the effects of various parameters. The goal of the
modeling was to obtain agreement between computational

and experimental results for given discharge conditions. An
exception were articles [11, 12], in which the effect of
discharge tube radii and material on axial electron density
profiles was systematically investigated. These early
studies were related to low-pressure discharges, which are
easier to model than atmospheric-pressure discharges. This
is due to the fact that in the former the gas temperature can
be treated as constant. In the latter, the electron density is
higher, and the frequency of electron collisions with gas
particles v is greater than the wave angular frequency o,
which causes more intense energy transfer to the gas, and
thus stronger gas heating.

Contemporary self-consistent models take into account
many plasma species, and the number of collisions and
chemical reactions is impressive [13-15]. Their agreement
with experimental results is very good. However, their
computational cost is very high, so they are performed for
specific discharge conditions, and there is no systematic
study of the effect of discharge conditions on plasma
parameters such as the electron or gas temperature.

In this paper, effect of the discharge parameters, namely
the inner and outer radii, electric permittivity and
temperature of the discharge tube on distributions of the
electron density and temperature, gas temperature, wave
phase and attenuation coefficients is systematically studied.
Two-temperature (2T) plasma model and local axial
uniformity approximation (LAUA) in cylindrical coordinate
system is adopted. It allows for separate determination of
the radial and axial distributions of plasma parameters,
which are next properly connected. LAUA is valid if the
plasma column length is much larger than its radius,
because then the axial gradients can be neglected, as they
are much smaller than the radial ones [13, 16]. 2T model
with LAUA is widely used in modelling both low and
atmospheric pressure SWDs [13, 17, 18]. It significantly
speeds up the computation and allows for efficient
parametric studies. The model neglects gas flow, so for
high flow rates the results may differ from those obtained
experimentally or from fully self-consistent models, but for
low gas flows their agreement with experiment is good and
they correctly reflect the typical regularities [13, 18].

Calculations presented here are performed for argon at
atmospheric pressure, axially symmetric SWD and wave
frequency 2.45 GHz. The results give insight into the
behavior of the discharges, facilitate the analysis of
experimental results and make it easier to optimize them.
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Model description

The model is presented in a simplified way, because the
details are presented in different works [13, 17-19]. The
radial distributions of the plasma parameters (T., T, and n.)
are determined from the equations of conservation of the
electron energy, gas energy and electron density number,
which have the form, respectively:
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where r is the radial coordinate, Aq and A. are the gas and
electron thermal conductivities, respectively, o is the
plasma electrical conductivity, E is the electric field phasor,
8 is the fraction of electron energy lost in a collision with a
gas particle, v is the effective frequency of electron elastic
collisions, kg is the Boltzmann constant, D,,, is the
ambipolar diffusion coefficient, Scg and oacz are the
ionization and recombination coefficients, respectively, n,
and n; are the concentrations of atoms and ions,
respectively. The method of determining these parameters
for argon and boundary conditions used is given in [19].

The radial electric field distributions are determined from
the wave equation

2
4)  VE+>¢ E=0
C

where c is the speed of light in vacuum, ¢ is the relative
permittivity of a medium and w=2xf.

These radial distributions are determined as a function
of L — the linear density of the wave power absorbed in
plasma defined as

(5) L= 2nj'%c(r)E2(r)rdr .

The attenuation and phase coefficients are calculated
from the dispersion equation taking into account the
conditions of continuity of the respective field components
of the interfaces between the plasma, discharge tube and
surrounding air, as described in [9].

The axial distribution of the power absorbed in plasma
L(z) (where z is the axial coordinate) can be found from [18]

L@ da) ]
a(l) dL

®) dL(Z)=—2a(L)L(z>[
dz

by solving it with the boundary condition L(d) = L, where d
is the position of the plasma column end and L is the
value of L for which the condition defining the plasma end
(o = B) is met. Knowing the distribution of L(z) and the radial
distributions of the plasma parameters, depending for given
discharge conditions only on L, one obtains the full 2-D
structure of the discharge.

Results

All  calculations were performed in MATLAB®
environment. Typical calculation results obtained from the
model are presented in Fig. 1. They show spatial
distributions of the gas temperature T,, electron temperature
T. and electron density n., for a = 1 mm, outer discharge
tube radius b = 2 mm, the relative permittivity of the tube
gq = 3.78 (as for fused silica) and the tube wall temperature
T, =900 K (this quantity is used as a boundary condition for
(2)). Since the solution is axially symmetric, only a half of
the radial distribution is shown, with r within 0 and a range.
The axial distributions are presented as a function of z — d,
which is a common convention in SWDs modeling. In the
presented case, d = 25 cm, which is a typical length for the
applied microwave power.

It can be seen that in each cross section of the tube, the
maximum of the gas temperature T, is on the tube axis and
decreases towards the tube wall, where it is 900 K. The
value on the axis decreases towards the end of the plasma
column. The maximal value is about 2480 K. The electron
temperature T, is higher than the gas temperature in each
point. This shows that the plasma is in a state of non-
equilibrium. T, varies from about 8500 K near the end of the
plasma column to about 9700 K in the z-d = — 25 cm cross
section. The decrease of T, towards the wall is monotonic
near the column end. The distribution becomes almost flat
further from the end, and at the beginning of the plasma
column, the maximum T, is near the tube wall. This is a
well-known phenomenon associated with the skin effect.

The electron density n. is maximal on the tube axis and
decreases towards the tube wall. Its value on the axis
decreases towards the end of the column. The maximum
value on the axis is approximately 1.2x10°" m=. The
presented properties of the SWD are in a qualitatively good
compliance with calculation from self-consistent models [13,
20].

The agreement with the experimental results is also
satisfactory, as can be seen in Fig. 2, where the axial
distributions of plasma parameters are shown. The
experimental results usually present radially averaged
values; therefore the calculation results are also averaged.
The following formula is used for averaging the electron
density:

Fig.1. Spatial distributions of a) gas temperature T,, b) electron temperature T., c) electron density n.for ¢4 = 3.78, T,, = 900 K. Axial and
radial axes have different scales
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Fig.2. Comparison of experimental and calculated axial distributions of radially averaged: a) gas temperature T,,, [21], b) electron and gas

temperature T.,, T,. [22], C) electron density n.,[21]
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The remaining averaged values are derived from
analogous formulas.

The calculated averaged gas temperature (Fig. 2a)
agrees very well with the experimental results obtained
using two spectroscopic methods. The calculated electron
temperature is higher than that obtained spectroscopically
from different emission lines (Fig. 2b), however the
compliance is quite good taking into account that the
definitions of this temperature as well as its measurement
method may differ [22]. For example, in [23], T., = 16 kK for
a =1 mm, b =3 mm, which is it is much higher than that
shown in Fig. 2b for a tube with very similar radii. The
agreement between the gas temperatures for this case is
very good. The calculated electron density is higher than
that obtained from Hg line (a standard method for
determining electron density) but lower than that found from
the 549.6 nm Arl line. The higher calculated slope may be
partly due to neglect of the gas flow.

Effect of the discharge tube inner radius a on the
discharge parameters. Figs. 3a and 3b show the effect of
the discharge tube inner radius a (varying from 0.5 mm to
1.5 mm) on SW propagation characteristics. Calculations
were done for tubes of relative permittivity e, = 3.78 and wall
thickness b —a = 1 mm. A relatively small range of changes
a was chosen, due to the fact that for an SWD in argon at
atmospheric pressure in tubes with a > 1.5 mm, the
phenomenon of filamentation, i.e. division of the plasma
column into separate plasma filaments, is observed [24,25].
The presented model does not take into account this
phenomenon.

As can be seen, for each tube the wave attenuation
coefficient o decreases with increasing L. It is an
approximate power relationship o ~ L*, where the exponent
X is a negative number. For a fixed value of the power
density L, the wave attenuation coefficient o decreases with
increasing the inner radius a.

The phase coefficient B decreases monotonically with
the linear power density L. For L > 300 wm™, it weakly
depends on L and its value is about 60 m"1, which
corresponds to the wavelength A of about 10.5 cm. For a
fixed value of L, B is greater for a tube with a smaller radius
a. For L < 300 Wm™, the coefficient B increases strongly
when L decreases. The condition o = 3, defining the plasma
column end, is met for L = 150 Wm™ in each case.

Fig. 3c presents the axial distribution of the linear power
density L, obtained from (6). This dependence is almost
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linear, which is a result of the power dependence of a(L).
The value of L increases with decreasing of a. The
dependence L(z) enables finding axial and space
distributions of all the plasma parameters.

Figs. 3d, 3e and 3f show the axial distributions of the
radially averaged gas temperature T,,, electron temperature
T.a, and electron density n.,, respectively. It can be seen
that T,, in each case decreases along the plasma column.
For the tube with radius a = 0.5 mm, it decreases from
about 2400 K to about 1000 K over a length of 30 cm. The
change in T,, along the column is smaller if the radius a is
greater. T., varies weakly along the plasma column and it
increases when the radius a decreases in a selected cross-
section. At a distance of 30 cm from the plasma column, T,
is about 11 kK in a tube with radius a = 0.5 mm and about
10 kK in a tube with radius a = 1.5 mm.

The axial distributions of the averaged electron density
are shown in Fig. 3f. A well-known fact can be seen that the
averaged electron density decreases almost linearly along
the plasma column for all cases [9, 26]. The values of the
electron density strongly depend on the radius of the
discharge tube: the smaller the radius a, the higher the
average electron density in a tube selected cross section.

From Fig. 3 it results that increasing the inner radius of
the tube (with the tube thickness constant) causes
decreasing of the electron density (which was demonstrated
in many experiments) but also gas and electron
temperatures.

Effect of the discharge tube outer radius b on the
discharge parameters. To evaluate the effect of the tube
outer radius b on the plasma parameters, calculations were
performed for a tube with the inner radius a = 1 mm, made
of a dielectric with the relative permittivity ¢, = 3.78 and four
values of the outer radius b (1 mm, 2 mm, 4 mm, 8 mm).
The obtained results are shown in Fig. 4. As can be seen,
the value of b has a significant impact on the SW
propagation characteristics: the thicker the dielectric layer
surrounds the plasma, the stronger the effect of this
dielectric on the surface wave propagation. The attenuation
coefficient o — for a fixed L — increases with the increase of
b. For L = 2000 Wm™, itis & = 2 m™" in a thin-walled tube
(@a=b)and a =5 m~" in a tube with b = 8 mm. In all cases
the dependence of a(L) is roughly a power function. The
phase coefficient B also strongly depends on the value of b.
For a thin-walled tube and L in range from 200 to
2000 Wm™, B =53 m~", which corresponds to A = 12 cm.
For a thick-walled tube (b =8 mm), =80 m™, i.e. L =8 cm.
It is seen the presence of such a tube shortens the
wavelength by 1.5 times.
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Fig.3. Influence of the discharge tube inner radius a on: a) SW attenuation characteristics a(L); b) SW phase characteristics B(L);
c) axial distribution of L, d) axial distributions of the average gas temperature T,,, e) average electron temperature T.,, f) average electron

density ne,; T, =900 K, g4 =3.78,b—a=1mm

The change of L along the plasma column can be seen
in Fig. 4c. It decreases almost linearly and its value
increases with increasing the outer radius b. This radius
also affects the averaged gas T,, and electron T,
temperatures as well as electron density n.,, which is seen
in Figs. 4d, 4e and 4f, respectively. While this radius has a
weak effect on T, its effect on T,, and n., is significant. In
all cases, an increase in outer radius causes an increase in
the analyzed parameter value. The influence of the outer
tube radius on the plasma parameters is not obvious and in
some experimental works only the inner radius is given
without specifying the outer radius value. However, as can
be seen from Fig. 4e it has a strong influence on the
electron density slope, which is due to the fact that the
presence of a dielectric around the plasma modifies the SW
propagation significantly (see Fig 4a). From the comparison
of Figs. 3 and 4, it can be seen that increasing the inner
radius of the tube has the opposite effect than increasing its
outer radius. Therefore, the simultaneous increase of them
may give the effect of no impact of these quantities on
plasma parameters, in particular for gas and electron
temperatures, as it was seen in [27].

Effect of the permittivity of a discharge tube on the
discharge parameters. The calculations were made for a
tube with the inner radius a = 1 mm, outer radius b = 3 mm
and for four values of the relative permittivity of the
discharge tube material: ¢4 = 1, 2, 4 and 9. These values
are close to the typical values used in experiments (e.g. air,
quartz and alumina). Figs. 5a and 5b show that the change
in g4 has an influence on the propagation characteristics of
the surface wave. The attenuation coefficient o, — for a fixed
value of L — increases with the increase of the value ¢;. For

L = 2000 Wm™", the attenuation coefficient . in a tube with a
permittivity of ¢; = 1 (this is equivalent to a thin-walled tube
or plasma surrounded only by air) is approximately 2 m’,
while in a tube for which ¢4 = 9, it is almost 4 m™". The
phase coefficient B also depends on the value of ;. For
plasma surrounded by air (equivalent to the tube permittivit1y
g¢g = 1) in the L value range from 300 to 2000 Wm™,
B=53 m™’ (this corresponds to A = 12 cm). For a tube of the
permittivity eq = 9, this coefficient is greater, p = 65 m‘1, and
the wavelength is shorter (A = 9.7 cm). Forgg = 1 and 2, B
decreases monotonically with the increase of L. For ¢; = 4
and 9, the dependence is not monotonic. The range where
B grows with the increase of L corresponds to the backward
wave [12]. As can be seen from Fig 5c, the greater the
value of g;, the greater is the linear power density L
absorbed in the plasma in the selected tube cross-section
and greater the curve slope.

Figs. 5d, 5e and 5f show the axial distributions of the
averaged gas temperature, electron temperature and
electron density, respectively, depending on the permittivity
of the discharge tube ¢,. It can be seen that the increase of
gq from 1 to 9 slightly increases the electron temperature.
The increase in g4 is accompanied also by an increase in
gas temperature (Fig. 5d) and an increase in the electron
density (Fig. 5e) in a selected cross-section of the tube. It
has long been known that increasing the permittivity of a
tube increases the electron density slope and values [28].
However, to our knowledge, the influence of this parameter
on the gas and electron temperatures has not been
analyzed so far.
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Fig.4. Influence of the discharge tube outer radius b on: a) SW attenuation characteristics a(L); b) SW phase characteristics B(L); c) axial

distribution of L, d) axial distributions of the average gas temperature Tg,a;, €) average electron temperature T.,, (f) average electron
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Fig.5. Influence of the discharge tube permittivity &, on: a) SW attenuation characteristics a(L); b) SW phase characteristics B(L); c) axial

distribution of L, d) axial distributions of the average gas temperature Tg,a, €) average electron temperature T.,, f) average electron density
Nea; Tw =900 K,a=1mm, b=3mm
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Effect of the discharge tube wall temperature on the
discharge parameters. The tube wall temperature T, is the
parameter used as the boundary condition for (3). In
principle, it is not imposed in experiments. It results from the
heating and cooling intensity of the tube and the gas flow
rate and can be different in each experiment. In reduced-
pressure discharge models, a value of 300 K was usually
assumed. In atmospheric pressure models, it was often
700 K [13] or 900 K [17, 19]. It is worth noting that for given
experimental conditions, it should be expected that this
value changes along the tube. It is because the gas tempe-
rature at the inlet is about 300 K and along the discharge
the gas is heated and the tube heats up from the gas.

Figs 6a and 6b show the influence of T,, on a(L) and
B(L), respectively. It seen that the higher T, , the lower are
both coefficients. The relationship L(z) is almost linear and

selected discharge cross-section. A change of T,, from 500
to 1100 K causes a change in the average gas temperature
from 800 to 1200 K at the end of the plasma column, and
from 1900 to 2050 K (about 8%) at a distance of 30 cm from
the plasma column end. It can be seen that the electron
temperature (Fig. 6e) only weakly depends on T,. Contrary
to the gas temperature, it decreases with increasing T,,.

As in all previous cases, the electron density n.,
decreases almost linearly along the axis (Fig. 6f). Although
it may seem strange that these values decrease with
increasing T,, this is due to the fact that T, also decreases
with increasing T,,, and the ionization coefficient in (4) is an
exponential function of the electron temperature. The
impact of this parameter is not strong; however it may
influence the explanation of the differences between the
models and the experiment.

the slope of the curves and the values are greater for lower To our knowledge, the effect of T, on plasma
T.. The increase in temperature T, corresponds to the parameters has not been analyzed so far.
increase in the average gas temperature (Fig. 6d) in a
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Figure 6. Influence of the discharge tube temperature T,, on: a) SW attenuation characteristics a(L); b) SW phase characteristics B(L); c)
axial distribution of L, d) axial distributions of the average gas temperature Tg,a, €) average electron temperature T.,, f) average electron

density n.,;; a=1mm,b=3mm, g, =3.78

Summary and conclusion

This article presents the results of a systematic
parametric study of the discharge tube properties the on the
parameters of the plasma generated in a surface wave
sustained discharge in argon at atmospheric pressure and
wave frequency of 2.45 GHz, using the 2T LAUA model.

The influence of the discharge tube inner and outer
radii, its permittivity and temperature on dependences of
wave phase and attenuation coefficients on linear power

density and on the axial distributions of the gas
temperature, electron temperature and density are
investigated.
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In all analyzed cases, the dependence of attenuation
coefficient on linear power density, o(L), is approximately a
power function, and the axial distributions of L and n., are
approximately linear functions.

The calculations show that the increase in the tube inner
radius (while keeping the other parameters constant)
reduces the wave phase and attenuation coefficients, the
gas temperature, electron temperature and density as well
as the slope of the curves n.,(z—d) and L(z — d).

Increasing the tube outer radius increases the wave
propagation and attenuation coefficients, the gas tempera-
ture, electron temperature and density as well as the slope
of the curves n, ,(z —d) and L(z - d).
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Increasing the permittivity of the tube (while keeping its
radii constant) increases the wave phase and attenuation
coefficients, the gas temperature, electron temperature and
density as well as the slope of the curves n.,(z — d) and
L(z — d). The effect on electron temperature is weak. For
higher values of g4, a backward wave appears.

Increasing the tube wall temperature decreases the
wave phase and attenuation coefficients, increases the gas
temperature. It also slightly decreases the electron
temperature, and as a result decreases also the electron
density. The phase and attenuation coefficients depend
mainly on the electron density, so they behave as it does

The results of systematic analysis of the influence of the
discharge tube parameters presented in this paper provide
insight into the behavior of discharges and facilitate their
optimization. They may be useful for the analysis of
experimental results and provide inspiration for more
accurate models.
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