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The Plasmaling a linearly extended microwave (2.45 GHz) plasmarce, is well suited to generate
large-scale (> 1 M dense plasmas for technical use in the low-pressinge. In this paper, we present a
numerical model of microwave Argon plasma that eslthe coupled system of Maxwell's equations,
continuity equations for electrons and metastatalees and the electron heat equation. The soluaoss
self-consistently calculated with the COMSOL Muftysics finite element software in case of axial
symmetry. This model can successfully predict thegient and spatial development of the Plasnidtine
plasma parameters and field distribution. The satoths are in good qualitative agreement with
experimental results.

1. Introduction

The Plasmalin® device can be used to produce linearly extendashpis up to several meters;

in an array arrangement, large area plasmas, sgvieral square meters, can be obtained. Since a
direct access to the plasma is possible, the Plasfialevice is well suited for plasma treatment
of large surfaces. A schematic view of the setugh®wvn in Fig. 1.

For this work the electrodynamics of the propagpgftectromagnetic fields and particle
transport equations for the production and spdigitibution of different species, e.g., electrons,
ions, metastables combined with the thermodynarofcthe heat equation for the electron
temperature were calculated self-consistently utnegcOMSOL Multiphysics code specialized
for the Plasmaline geometry. The microwaves (MWs) propagate aloninaar conductor and
are produced by magnetrons at one or both endsinfee conductor is located within a non
conducting dielectric tube, e.g., quartz glassavamics filled with a dielectric medium or a non
ionized gas, e.g., air at normal pressure. Plasrpeoduced outside the tube in a gas atmosphere
at reduced pressure and is accessible for techapgications. The MWs propagate mainly in
the region between the inner conductor and theosoding dielectric tube. The dimension of
this region determines the axial damping of the ega\At high microwave power a tubular
plasma more dense than the critical density is éofroutside the dielectric tube. It acts as the
outer conductor of a coaxial line. Argon (Ar) diacjes are considered here because the basic
phenomena and basic data for Ar are widely known.

2. Theory

As the electromagnetic field oscillates signifidgntaster than the change of the dielectric
properties of the plasma, a time harmonic approtionaf Maxwell’'s equations can be used. It
results in the following equation for the elecfiald E(F)ei“1 [4]:

OxOx E(F) —a)zg(F,w)so,uo E(F)= 0 (1)

wherewis the angular frequencyr is the space coordinatg; and (4 are the electric and
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Fig.1 Schematic view of a Plasmalfrgasma source

magnetic constants respectively, z&(F,w) is the relative dielectric function containing the
dielectric properties of the medium. For plasm¢hicold low pressure approximation [5]

(i 0)= 1~ —wp(r)2)2 (1+ i @] ®)

w?+ V(F @
The plasma frequencw, depends on the local electron der n(F) :

w,(f) = —n;(]:: 3)

where e is the electron charge anmd. the electron mass arv(F) is the effective electron

collision frequency for momentum transfer for caihins of electrons [6], [7].

Three different predominant species of the reasti@ccuring in this system are
considered: neutral Ar atoms (densNy, electrons rf) (and Af ions 1)) and metastable
excited Ar atoms ). For low pressure discharges (under several 1&0nBn-equilibrium
conditions occur so charge neutrality between mlastand ions can be assumed. At the same
time, the degree of ionization is low which resulisan approximately constant density of
neutral Ar ions. Additionally, a homogeneous terapare of the heavy particles (ArAr and
Ar) can be assumed. The electron density is deteinby the continuity equation for this
species in the plasma:

e+ 0, T)= R+ R+ R @

whereR;, Rs, Rs [2] are the rates of the reactions which increas@he electron flux(ne, Te)
(with Te being the electron temperature) is also depenoierthe ambipolar field in the plasma
and can therefore be approximated to:

e
MaVin

r(n,T.)=- 0(n,T.) 5) (

where vy is the collision frequency between neutrals ants if2] andma, the mass of an Ar
atom. Assuming a Maxwell distribution of velocitiesthe plasma, which is also appropriate in
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Fig. 2: Scaled geometry model of the Plasmdlipasma source (dimensions in m)

our case, the reaction rat@sfor the reactions are dependent on the produtheftlensitiesrt)
of the reactants and a temperature dependentoraxinstant:

R= { rln} ,(T,) ®)

. Oy -a /T -
The reaction constants are usually of a form [2],K, (T.)= a, T, 7e ¥ "¢ with a; values from
literature. A continuity equation similar to (4)rche found for the metastable Ar

on.

< tOCkTON)=R-R-R-R-2R-R R, 7)

with the appropriate reaction rates for the metdstproduction and loss and the temperature of
the metastablegy) approximately the temperature of the neutrals.

In addition to the continuity equations, the hegation for the electrons has also to be
implemented in the model to attain a self-consisti@msient solutionT in eV):

0 3
a (ne E eTeJ = _DQe + Wabs + Wcoll (8)
where the electron heat flux is
5 5 neT
Qe: _F(ne’Te)eTe A ne € |](ne-l-e) (9)
2 2 My,

and the local power density caused by the microwave
W, (F.t)= 1/ 2we(w,F,t)E(r t)E (r t) (10)
with the energy loss over reactions

W, = (11.56R +14.3R, +15.7R, + 4.14R, +11.56R, )+ 4., R, (11)
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Fig. 3.Electron density in the Plasmalirfesimulation model for 800 W power input in Ar
after 1.0 and 5.0-10s (values in 1 ).
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Fig. 4.n for 800 W (left) and for 1600 W (right) power irtmafter 10-10 s.

and the energy loss for one elastic collis4,,,= 3m,/ m, €T, .

This system of PDEs was transferred in a Finitarielet Method model fo€COMSOL
Multiphysics and self-consistently solved. Fig. 2 shows thedogebmetrical and physical model
that was used for the simulations. As the systes daotational symmetry, the according
calculation modes were used and a 2.5D model wasiaied.

3. Numerical Results

The simulation results shown in this section wdr@erformed in the geometry with 1 m length
of the plasma chamber and the outer chamber radi@$6 m. The pressure of the simulated Ar
gas was 200 Pa.

3.1 Electron Density

Fig. 3 shows the electron densityfor a simulation run with 800 W MW power input fnothe
bottom port of the model at two simulation timdscdn be seen that the plasma density forms a
column parallel to the quartz glass tube but iermain distance which grows over the process
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Fig. 5. Electron temperatufig in Ar for 800 W power input after 1.0 and 5.0*K)(values in eV).

time until it reaches a certain extent and dentitt depends on the input MW power. Fig. 4
shows that the power level decides the length@ptasma column.

3.2 Electron Temperature

Fig. 5 shows the corresponding electron temperafdref the process mentioned in the last
subsection. It can be seen that after a first gtnase of the temperature at the edge of the
plasma column, which causes the production of newatrens there and with this the growth of

the column, the temperature follows the top ofdbkimn until this reaches its maximum extent.
Then the temperature gradients start to even otltieimadial direction and the temperature sinks
to lower values. The density of the metastableestatostly follows the temperature distribution.

3.3 Pulsed Power Input

Fig. 6 shows the result of a simulated pulsed djmeraf a Plasmalifé A much faster rise of
the temperature than the electron density can bereed after the power is turned on. Then the
production of electrons increases and the temperaops again quickly. This delayed reaction
can also — on a higher plasma density level — lsermved in the second pulse. This is a behavior
which corresponds well with experimental observatio

4. Conclusionsand Outlook

The numerical model employed in this paper to itigate the propagation of surface waves in a
Plasmalin@ plasma source did show good agreement with expataheesults. It could be
verified that depending on the applied microwavevg@olong (> 1 m) plasma columns can be
generated. Published physical parameters for l@ggure microwave Argon discharges are used
so the discharge for a given geometry can be akdlwith only two input parameters: gas
pressure and microwave power. According to pubtisteeperimental results the electron
temperature in the simulation develops faster tharelectron density. This could be verified in
the simulation and leads us to the conclusion tio@terical simulation is a valuable guideline
and tool for the design of plasma sources for Ad ather surface wave discharges. Further
simulations with an expanded model in full 3D ardhe process of being made (also for other
plasma sources) together with experimental vetifbicaof the simulation results.
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Fig. 6. T, and n, for two pulses (first short then long) with 1 kWarimum power input.
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