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SURFACE WAVE SUSTAINED DISCHARGE IN ARGON:
TWO-TEMPERATURE COLLISIONAL-RADIATIVE MODEL
AND EXPERIMENTAL VERIFICATION
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Two-temperature collisional-radiative model of surface-wave sustained discharge at
atmospheric pressure in a capillary tube is presented. Division of microwave power within
the discharge is analysed. Calculations are made for atmospheric pressure argon plasma
cregted inside a quartz tube with and without a liquid cooling coat and a shielding grid.
Wave attenuation characteristics and axia distributions of density of dissipated power are
presented. The predicted dependence of discharge length on the total flux of wave power is
compared with the experimentd values.
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1. Introduction

In the last decades discharges sustai ned by the e ectromagnetic field of a wave propagating
adong the plasma, especially those sustained by surface waves (SW), have been intensivey
investigated. The modelling of low-pressure surface wave discharges (SWD) is far advanced and the
state of the art is well documented [1-9]. The modelling of discharges sustained by surface waves at
atmospheric pressure for many years (for example [10,11]) has not been keeping pace with
experimenta investigations and applications, which have been reported. The situation changed
recently, when some interesting articles concerning different aspect of such a moddling were
published. A sdf-consisgent modd of non-equilibrium spherical microwave discharges has been
presented in [12,13]. Papers [14-17] ded with non-equilibrium modes of long discharge and with
propagation of & ectromagnetic wave along a plasma filament. In [18,19], a numericd fluid-plasma
model of SWD and an attempt of explanation contraction phenomenon are presented.

The present paper concerns a cylindrical SWD in argon with spedid attention to the division
of microwave power in the discharge region and to determine the plasma column length versus
absorbed microwave power.

A sdf-consistent model would require simultaneous solving of the Maxwell eguations and
of the equations describing the discharge processes. A commonly used simplifying approximation is
to assume that the influence of any axial gradient on both the discharge mai ntenance processes and
wave propagation is negligible. This is as an approximation of local axial uniformity [4] and it is
applicable if the condition 2a(L)a << is fulfilled, where a is the wave attenuation coefficient, a —
theinner radius of discharge tube and L — the power lost per unit length of the plasma column.

The assumption of local axia uniformity alows to perform the calculations in two separate
stages and then to merge the results. The first stage deals with energy transfer from the wave, via
plasma, to the environment. For any axial position the solution of the problem is the same as that for
an axialy uniform discharge. As a result one obtains the radia distributions of al the plasma
parameters for given discharge conditions (the gas composition and pressure, the wave mode and
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frequency, the tube transverse dimensions and the wal materia) for consecutive values of L.
Therefore, these calculations provide aso functional dependence of a(L), which is determined using
the standard methods of e ectromagnetic field theory.

The second stage of the calculations concerns the gradual transfer of power from the wave
fied to the plasma as the wave propagates along the column. It links the loca maintenance
processes occurring in dementary slabs of the discharge with the overall powe balance in the
plasma column and provides the axial distribution of the power loss L for given tota power Py
ddivered by the wave to the plasma.

Let us define cylindrical coordinates (z r, ¢ such that z coincides with the plasma column
axis and r is the distance from that axis. The angular coordinate g@is irrd evant because of the axial
symmetry of the system. Then the axia distribution of the power lossis L(2) and can be found [4]
from

dL(z) _ L(2) da(L)}_l
o ==,

=-2a(L)L( ){ a0 d 1)

with theinitial condition Lo=L(0) = 2a(Lg)Po, where Py, =P(0) and P is the power flux of the SW and
z=0 corresponds to the beginning of the column. This result, merged with the radid distribution of
plasma parameters for a given value of L obtained from the analysis of an axially uniform discharge,
provides compl ete information about the spatial distribution of plasma parameters.

2. Model of an axially uniform discharge in argon at atmospheric
pressure

For the description of microwave discharge maintenance processes we adopt a two-
temperature modd of Leevkin et al. [20, chap 7.8]. Unlike in the model developed in [11], we do
not use the Saha equation. Instead, we employ the continuity equation together with coefficients
from collisiona -radiative modd [21]. Additionally, we take into account the ambipolar diffusion.

If the radiative energy loss and the gas flow are neglected, the energy conservation
equations, for the heavy particles and the € ectrons have the form:

—Jvnk(T “T)=- 1d(m dT, j @)
rdr dr
aEZ——Jvnk(T -T )—lddr (r e(j;e —run(nge+U,D. (3)

Here Ty, and T, are heavy particles and eectrons temperatures, respectively, Jis the fraction of
eectron energy lost in collision of an eectron with a heavy particle, vis the effective frequency of
dastic collisions of dectrons, nisthe dectron number density and k is the Boltzmann constant. The
coefficients A and A, designate the thermal conductivities for the heavy particles and eectrons,
respectively, o is the dectrica conductivity, E is the electrical fidd intensity (rms vadue), U, is the
energy of ionisation, v= —(D/n)(dn/dr) is the ambipolar diffusion veocity with D being the
ambipolar diffusion coefficient. The above plasma parameters for a two-temperature argon plasma
were calculated like in [20], taking into account data from [22,23].
The continuity equation for e ectrons can be written as

1d dn
rdr( ar j+SCRDhDh -agnh =0, 4
where Sr and acr are the ionisation and recombination coefficients. They are determined using
formulas and data from [21] where they were determined from collisional-radiative (CR) model of
Benoy et al. [24] for argon. In this modd the number of excited states in argon is reduced to 21.

The number densities of atoms and ions, n, and n;, respectivdy, are determined using on the
Dalton law p/kTh = n, + nj + nTJ/ Ty, where p denotes the pressure, and condition of quasi-neutrality
of the plasma n =~ n;. For dischargesin capillary tubes the skin effect may be in most cases neglected
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and the dectric fidd intensity E may be regarded as constant in the radia direction. In this
approxi mation the power depaosited in the plasma, per unit length of the column, is:

L= 2nI0E2rdr EQnEzjardr . (5)
0 0

Vadidity of the assumptions of a negligible influence of the skin effect and radiation has
been checked ex post after having made cal cul ations for specific discharge conditions.

The following boundary conditions are adopted: At the tube axis (r=0) thereis, owing to the
axia symmetry,

e _g 9w _g gg =g, ©)
dr dr dr
At the inner surface of the wall (r=a) the heavy particles lose their energy to the wall, therefore
A di = /]WdL , (7)
dr dr

where A, and T, are the therma conductivity of the wall material and the temperature of the wall
inner surface, respectively. The latter is rdated to the temperature T, of the outer surface of the tube
wall by

L n(b/a) 1 ®)

2nA,,

where b is the outer diameter of the discharge tube. For the ectron gas the wall surface at r=a may
be trested as an adiabatic envelope, as it can be assumed that € ectrons are reflected by the eectric
field within the sheath and do not reach the wal. Therefore no energy is transferred from the
eectron gas to the wall and, for r=a, we can set

A Te_g g Mg ©)
dr dr

Equations (2) — (4) are converted into a set of differential equations of the first order and

solved, for a range of values of L and given w, a, b, Ay, p and T... This yields, for each L, radia

distributions T(r), Te(r) and n(r) from which plasma parameters and the wave attenuation coefficient

may be derived.

TW :Too +

3. Calculation of the wave propagation characteristics

We assume that dong the column, which is, in general, surrounded by coaxia layers of
didectric media, an azimuthaly symmetric surface wave propagates. To caculate the wave
propagation coefficient y=a + jB (j =~/-1) asafunction of L, we consider a cylindrical column of
homogeneous plasma characterised by the e ectric permittivity which is equa to the value averaged
over the column cross-section of the radidly variable permittivity calculated for given L. The cross-
section average val ue of the complex reative permittivity is:

EP:%J‘ZHEP(r)rdr. (10)
0

For determination the local values of the plasma complex relative permittivity, €(r), the cold
plasma linear dielectric approximation is used [25]:

Wiy @i ()
@ +Vir) WP +VA(r) w
where wis the angular frequency of the wave «= ne?/(gsme) is the plasma frequency, e is the
dementary charge, me — electron mass, &, being the permittivity of vacuum.

To derive the dispersion equation, from which the propagation coefficient y may be
calculated, the wave equation is for the axial component of the electric field in the plasma column
and each didectric layer surrounding it:

£,(r)=1-

(11)
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2

2 2
1d(r E1j+1zdliz+dlzz+ﬁgg|gz =0 (12)
ra\ o re og oz

where [y is the free-space phase coeffident of the wave. Solving these equations and imposing the
usual boundary conditions on media interfaces one obtains a set of six homogeneous equations
which has a single non-zero solution provided that its determinant is equd to zero. This condition
yields the dispersion equation which, solved for consecutive vaues of L, provides the functional
dependence a(L).

The next step isto substitute a(L) into equation (1) and solveit for the axial distribution L(2)
of the power loss per unit length. Finally, complete spatia distributions of plasma parameters are
determined by merging L(2) with the radial distributions ca culated for given L. Further, we define
(after [26]) the plasma column end as a place where a=3. Therefore, the plasma column length ¢ can
be cal culated for any given value P.

4. Results of numerical calculations

The above described method has been applied to determination of the plasma parameters
and the plasma column length in a SWD sustained at a frequency f=2.45GHz in argon at
atmospheric pressure. The fused silica discharge tube with the inner diameter 2a=1 mm and the
outer diameter 2b=5 mm was used. The temperature at the outer wall of the tube was set to T=350 K.
The calculations were performed for two cases. discharge tube is surrounded by air or it is
surrounded by cooling coat of diameter 12 mm and shielding grid of diameter 46 mm. The presence
of cooling coat and shidding grid does not affect the discharge processes but it changes the
conditions of wave propagation. Cross sectionals view of the considered structure is depicted in
Fig. 1.

SHIELDING GRID

COOLING LIQUID

PLASMA COLUMN
DISCHARGE TUBE

OUTER TUBE

Fig. 1. Cross-section of the discharge setup.

Fig. 2 shows the calculated dependence of a on L in log-log coordinates. It can be seen
that curves have similar shape and that, for values L lower than 1000 W/m, they can be
approximated by linear function. The presence of additional dielectric layer (the cooling coat)
increases the value of a for given value of L. In generd, the attenuation increases when the eectric
permittivity and/or the thickness of the did ectric layer increases.
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Fig. 2. Dependence of atenuation coefficient a on L
for two cases: discharge tube is surrounded by cooling
liquid and shielding grid — dotted line; discharge tubeis

surrounded by air — solid line.

Fig. 3. Axia distribution of L for two cases:
discharge tubeis surrounded by cooling liquid and
shielding grid — dotted line; discharge tubeis

surrounded by air — solid line.

In Fig. 3, the axial distributions of L, the power ddivered from wave fied to plasma per
unit length, are presented. Both curves are almost linear but that with cooling and shielding is much

stegper than the other one.

Fig. 4 shows the dependence of plasma column length on wave power. It could be seen
that the column length rises with increasing power P. The existence of additional dieectric layer

shortens the plasma column.
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Fig. 4. Dependence of plasma column length on wave power for two cases: discharge tubeis
surrounded by cooling liquid and shielding grid — dotted ling; discharge tubeis surrounded

by air —solid line.

5. Anatomy of a surface wave sustained discharge

Surface wave sustained discharges can be generated by using various kinds of high

frequency applicators [4]. In a generd case such a discharge has the structure as shown in Fig. 5.
The microwave power is transferred from the eectromagnetic fied to the plasma in a wave
launching region of axial dimension d. On both sides of that region extend plasma col umns sustained
by waves of SW nature while within it that nature has not been established yet. The modd presented
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in the previous section can be applied separatdy to each of the columns but not to the wave
launching region. In Fig. 5, Py, and |, denote the microwave power at the beginning of the column
and lengths of the columns, respectively, and indices 1, 2 refer to the column number. The total
power absorbed in the discharge P4 is the sum of the power Pp, dissipated within launching region
and the power necessary to sustain the plasma columns, P, =P, + Py, + Py,.In general case the
lengths 1, and |,, differ depending on the wave launcher topology, gas flow, etc. In the case
considered furtherdown in this paper, the only reason for the observed discharge axial asymmetry is
the gas flow. Thus, we shall pay a particular attention to this aspect.

Pa
|

d

POZ PD P01

SW PROPAGATION SW LAUNCHING SW PROPAGATION
REGION

Fig. 5. Axia structure of aSWD.

6. Relation of the experimental result to the outcome of the modelling

Experiments yield only the total value of the power absorbed within the discharge, Pa, and
values of |;+d/2 and I,+d/2. The extent of the launching region is not known. On the other hand, the
model provides the dependence | (Pg) of the single column length on the wave power at the column
threshold. To perform an experimenta verification of the model, one needs to determine the va ues

of Py and | from available results of measurements. Let us concentrate on the question how it could
be done.
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Fig. 6. Dependence of sum of plasma column lengths
on x = |,/l, for two cases. discharge tubeis surrounded

or not by cooling liquid and shielding grid.

Fig. 7. Dependence of a single plasma column

length on P,, for different values of d.

In a particular case when the length d of the launching region can be assumed negligible
with respect to |, and |, the experiment gives approximate values of I; and |, with ;> and I.<I,
where | is the length of the single column of the symmetric discharge (no gas flow) at the same Pa.
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The sum of the lengths |1+, depends not only on the absorbed power but aso on the ratio x= 1,/1; of
column lengths. This follows from the fact that the dependence |(Py) is not linear (Fig. 4). Fig. 6
shows how the value of |+, changes with x for constant value of Pa. It is seen that for symmetric
structure (x=1) the value of I+, is maxima and the greater the deviation from the symmetry, the
smaller is |1+, The smallest 1:+l, is when only single plasma column is generated (x=0). For x>0.5
the measured average column length (11+1,)/2 is close to the column length of a symmetric discharge.

We approximate the power dissipated within the launching region as Pp = Lpd, i.e. as the
product of dimension of the region (d), and average linear density of the power (Lp) which depends
on Pa. In case of an axidly symmetric discharge (no flow), 1,:=1,=Il. Then the influence of the length
d of the launching region on the length of a single column can be readily derived from our model.
An exampl e, corresponding to the conditions assumed in Section 4 is shownin Fig. 7.

7. Comparison between experimental results and calculations

The experiment was carried out at 2.45 GHz in a setup as that described in [27]. The
discharge was sustained in argon flowing through a fused silica discharge tube of inner radius
a=0.5 mm and outer radius b=2.6 mm and leaving it a p=1 bar directly to the ambient. This tube can
be surrounded by a cooling coat of radius 6 mm and shielding metd grid of inner radius 23 mm. In
such a structure two plasma columns are created by two SWs propagating in the opposite directions
from the launching region. The length of the columns rises with increasing the power P. The axia
symmetry of the discharge is disturbed by the flow of gas causing that the column sustained by the
wave propagating in the direction of the flow is longer than the other one. Ratio of the column
lengths depends on the intensity of the flow Q and varies from x=0.3 for Q=6 I/min to x=0.85 for
Q=0.25/min.

The influence of the flow intensity on both columns length is shown in figure 8 for some
va ues of absorbed power. It can be seen that in flow range from 0 to 4 I/mm the length of the longer
column rises amogt linearly with the flow, while length of the shorter column falls almost linearly
with the flow. That means that from such data it is possible to estimate the asymptotic length of
column of the limit when Q = 0 I/m, which as shown before is approximatdy equd to the average
va ue of both plasma column lengths.
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Fig. 8. Experimenta values of column length vsintensity of gas flow for two vaues of
absorbed power.

Figs. 9 and 10 show the dependence of the asymptotic value of the column lengths on the
microwave power absorbed in the system for two cases: when the tube is surrounded by the cooling
coat and shidding grid and when it is not. Caculated absorbed power is the sum of the wave power
sustaining the plasma columns and the power absorbed in the launching region. We have estimated
that for our applicator d=47 mm. The predicted values agree quite well with the experimental ones
for small flows and differ for large flows. That is obvious because our model does not account for
the flow.
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Fig. 9. The plasma column length vs absorbed power  Fig. 10. The plasma column length vs absorbed power
for case without cooling and shielding. for case with cooling and shielding.

8. Conclusion

The dependence of | on P predicted by the model is in accordance with the experimental
results for small flows and not for large flows, as our model does not account the flow. Also, as
expected, the existence of cooling layer reduces the column length.
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