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A model for description of the axial structure of a surface-wave-produced and -sustained plasma based on
numerical calculation of a complete set of electrodynamic and kinetic equations is presented. The model
includes a self-consistent solution to the electron Boltzmann equation, a set of particle balance equations for
electrons, excited atoms, atomic and molecular ions, as well as Maxwell’s equations with appropriate boundary
conditions. A gas thermal balance equation is used to predict the neutral gas temperature self-consistently.
Precise calculations of discharge characteristics of an argon plasma column sustained by an azimuthally
symmetric surface wave at low and intermediate gas pressures have been performed. A comparison with
available experimental data is done in order to test the validity of the m&@tED63-651X%99)00107-5

PACS numbgs): 52.25.Dg, 52.50.Dg, 52.80.Pi

I. INTRODUCTION ters, and in a wide range of applied frequencies—from a few

. hundred kilohertz to 10 GHz. A novel element in the mod-
Over the past two decades surface-wés®)) discharges eling is the inclusion of a gas energy balance in order to

have been _systematically investigated both experimentall}sredict the gas temperature which, as it turns out, changes
apq theoretlcally._ Due to the broad range pf operating Conalong the column length.
ditions of these discharges, they have received many techno- The first model for a theoretical description of the axial
logical appll_catlons such as surface treatments, laser ar_§{ructure of a plasma column sustained by an azimuthally
spectroscopic sources, lamp technology, elemental ana|y5|§ymmetric SW was proposed by Glaueleal. [1]. Later on,
etc. this method was significantly improved by Ferref@ in-
Several theoretical works on SW discharges at differentjuding a kinetic treatment of the problem. The most detailed
operating conditions and various configurations have beemodel for an argon plasma column at low pressures has been
performed by Glaudet al.[1], Ferreira[2], Zakrzewski[3], developed by Sat al.[14]. In all these models the determi-
Mateevet al.[4], Zhelyazkovet al.[5], Ferreira[6], Boisse- nation of both the axial plasma density and wave power is
Laporteet al. [7], Ferreira and Moisaf8], Zhelyazkov and based on calculating the wave attenuation coefficiéoit
Benova[9], Ferreira[10,11], Benova and Zhelyazkop 2], lowing different kinds of approximatiofsand the mean
Kortshageret al. [13], Saet al.[14], Aliev et al. [15], Fer-  power 6 required for sustaining an electron-ion pair in the
reiraet al.[16], Zhelyazkov and Atanassqi7], and Zhang discharge.
et al. [18]. Anpther approach for studying the electrodynamics of
The fact that the wave propagates along a plasma columa'WV discharges has been suggested by Zhelyaekay. [5]
sustained by the wave itself makes the problem rather conNd by Alievet al.[15]. The model consists of solving three
plex since it is necessary to analyze the plasma behavior jfduations, namely the local wave dispersion relation, the
two aspects: wave and gas-discharge ones. The first aspé(@ve energy balar]ce equation, anq the electron energy bal-
based on the electrodynamics permits a full description ofiNce equation, which yields a relation betvyeen th_e local f”‘b'
the wave propagation which does not depend on the type rbed wave power and the electron density. While the first

. ) W0 equations are nondisputable from a physical point of
Egi] V\tlfa\ll:srlﬁil; Z?Qri(lisﬁerfzgggﬁtz]ﬁns;ggg:ij&?t[é]?,I thl)lol::/\c/);( view, the third relation has been somehow atrtificially postu-

! _ ) . L lated. Despite the fact that it is assumed to depend on the
studying of various configurations of the waveguiding struc

. . _ “discharge conditions, in fact it represents the discharge kinet-
ture (the role of_the dielectric containg®] and the metal ics only qualitatively. Since the latter strongly influences the
enclosurg 12]), different modes of the electromagnetic wave yaye and plasma characteristics, that relation needs substan-

(azimuthally symmetric and dipol@23-25), and the influ-  {ja| improvement. Recently, a self-consistent model for an
ence of an external axial magnetic fi¢k6—33. The second  argon plasma column at intermediate pressures has been de-
aspect, based on a kinetic description, stresses the elementggloped[34]. In that model the dependence of the local ab-
processes and enables studying plasmas at different gasorbed wave power on the electron density has been deter-
discharge conditions: gas pressures from 1 mTorr to a fewhined from the electron energy balance equation considering
atmospheres, tube diameters from 1 mm to several centiman appropriate energy level structure of the argon atom and
assuming a Maxwellian electron energy distribution function
(EEDP). However, systematic investigations of the EEDF for
*Electronic address: izh@phys.uni-sofia.bg microwave discharges provided by Kortshag@hg] showed
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that the EEDF is very far from Maxwellian especially for frequency for momentum transfegs and 6 [8]. In the most
plasmas with a low degree of ionization. models, two limiting cases have often been considered: low
In this paper, a new axial self-consistent model of an arelectron densities for which the Coulomb interactions can be
gon plasma column sustained by a traveling azimuthalljheglected and the case of sufficiently high electron densities
symmetric electromagnetic wave is presented. The model iso that a Maxwellian distribution can be assumed. In argon
based on a simultaneous solving of the electron energy angslasmas the EEDF usually strongly differs from Maxwellian
electron Boltzmann equations, a set of particle balance equand for the theoretical treatment of SW discharges it is of
tions for electrons, excited argon atoms, atomic and molecumajor importance to determine it precisely. In our case the
lar ions, the local dispersion relation, and the wave energyerivation of the EEDF is crucial since further on it is
balance equation. The relation between the absorbed wavgupled with the electrodynamic equations. Any assumption
power and the electron density is derived from a detailedor the EEDF (be it analytical expression, Maxwellian, or
collisional-radiative model for argon and from a numerical Druyvesteyn-type functionleads to substantial errors in the
calculation of the homogeneous EEDF. Compared Y8#,  electron transport properties and consequently in the electro-
where the EEDF was considered to be Maxwellian, now thejynamic part.
kinetic part of the model is substantially improved. Thus, the  |n gas-discharge plasmas a strict treatment of electron ki-
limited accuracy and applicability of the former model are netics has to include a wide spectrum of collisional processes
overcome and the new model provides an accurate descriguch as elastic collision@lectron-electron, electron-ion, and
tion of both the axial plasma kinetic and wave characteristicglectron-atom and several inelastic collision&xcitation,
in a wide range of discharge conditions. It also yields theionization, three-body collisiongwhich are responsible for
spatial distribution of gas temperature. the molecular ion formation recombination, ambipolar dif-
The organization of the paper is as follows: in the nextfusion, radiative processéaking into account the imprison-

section a detailed description of the collisional-radiativement of radiation, as well as the impact of the effective
model is given. A comparison between the model and thelectric field

available experimental results as well as a theoretical inves-
tigation of the influence of the gas pressure on discharge E V()
characteristics is reported in the third section. In the conclu- efr=—0 A
sion several advantages and disadvantages of the model have V2 \/VCZ(U)-F w?
been pointed out and its future improvement is discussed.

Here v is the electron-neutral collision frequency for mo-

Il. DESCRIPTION OF THE MODEL mentum transfer an#, is the radially averaged wave elec-
tric field. Note that the effective fiel&; is energy depen-
dent viav.. The denotationE,/\2 means a steady-state

Most of the theoretical models of SW discharges consistlischarge maintenance root-mean-square electric field. It is a
of two independent parts: kinetic and electrodynamic. Som@arameter in the numerical code determined self-consistently
of them include only the electrodynamics—the gas-dischargérom the electron particle balance equation. Following the
information (collision frequency and the mean pow@y is  condition for stationarity given by Winklert al. [36],
usually “imported” from outside. It is the purpose of this namely thatw is larger than the energy relaxation frequency,
model to couple these parts in order to develop a uniquehe EEDF may be regarded as time independent.
description of the axial properties of the discharge. From a It is of major importance to choose appropriate excited
complete set of equations given in the sec@Bdl and the  states of the atom and charged particles involved in the dis-
third (C) parts of this section and following the numerical charge. We consider the Arp84s) configuration in which
procedure described in Sec. IID, we can derive selfthe four levels(two metastable and two resonahcare
consistently all discharge and wave characteristics, namelyeated separately and one lumped Ast8p) block of lev-
the EEDF, the electron density, the mean electron energyls. This choice enables an accurate description of both the
the effective electron-neutral collision frequency for momen-electron and heavy particle kinetics at low and intermediate
tum transferve,, the mean powep required for sustaining gas pressures. An energy level diagram of the argon atom is
an electron-ion pair in the discharge, the densities of excitedhown in Fig. 1.
atoms, atomic and molecular ions, the wave nunhethe Several ionization processes are involved in the model:
wave powerS, all the wave field components, and the gasdirect ionization, stepwise ionization, Penning, and associa-
temperaturely as a function of the axial coordinate The  tive ionization. All these processes are considered as pro-
model has been applied to an argon plasma column at vareesses in which electrons are created. It is assumed that after
ous operating parameters: gas pressure, tube radius, inpa ionization event the primary and the ejected electrons

A. General aspects

wave power, and angular frequeney share the remaining energy. It has been shown that such an
approach ensures sufficient accuracy in calculating the EEDF
B. Kinetic part [37]. The loss of electrons is through recombination and dif-

fusion processes. Both dissociative and three-body recombi-
nation are considered. The diffusion loss term is described
It is well known that a detailed modeling of a SW plasmaby the generalized diffusion frequenay=(u/R)?D5,,
requires the knowledge of the EEDF, which determines thavhereD, is the ambipolar diffusion coefficient and is a
electron transport parameters, the rates of elementary proumber, usually between 2 and 3, depending on the gas-
cesses, and several other key quantities such as the effectidescharge conditions. For a Bessel radial profile of charged

1. Electron kinetics
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4 E(ev) The EEDF obtained satisfies both the particle and energy
balance equations for electrons as well as the balance equa-
16 i i i
3523p5 15.755 oV tions for heavy particles considered.

The electron energy balance equation yields detailed in-

T formation on how the power absorbed by electrons is dissi-
pated in collisions. It can be derived by multiplying the elec-
3pS4p tron Boltzmann equation by the kinetic energy and then
1317 eV ; ; ;
13 integrating over the entire energy space. The energy balance
/ for electrons can be conveniently written down in the form
A =6667 - 11488 & 1
6= (ne) 'Re(0)E]
12 /
11.83 eV 2m< ) 2m< ) (W E U
11.71 eV = 7 (Uveg + T (Uvej) + vyisr(U) + K\ Vk
3p°as 1162V M M k
11.55 eV CPerNZ
k k
11 A=1048 R A=1067 A +; VLe°<U>—Ek = AUPen 2
e

A\
X

i } !
where the angular brackefs) denote energy averaged val-
FIG. 1. Energy level diagram of the argon atom. ues, v, is the elastic electron-atom collision frequeney;
the elastic electron-ion collision frequenay; the ambipo-
particlesu =2.405, although the value gf is usually taken |ar diffusion frequency, and '™ being the dissociative or
to be less than 2.405 in order to avoid the wave resonanG8ectron-ion recombination frequency_ The inelastic pro-
absorption near the tube w4B8]. cessegexcitation and ionizationare with frequencies,—k
The treatment of the homogeneous electron Boltzmanfeing the number of the process with corresponding thresh-
equation is based on the conventional two-term Legendrg|d energyU,. The Penning ionization process is described
polynomial expansion assuming a quasistationary approxipy the Penning ionization rate constaft" with N, being
mation of the anisotropic part of the distribution. The homo-y,o population of either théP, or 3P, state andAUPe"is

geneous electron Boltzmann equation is written down in thepq energy gain per collision. The terms on the right-hand

form [35] side represent the mean elastic and inelastic energy losses

dF per electron whose sum is equal to the energy gain from the
— == (U+U®9 N;QFYu+ U9 fo(u+ U wave electric fieldthe left-hand side of the equatiprHere
du i . ! ! ! Re(o) is the real part of the complex electron conductivity

5

) . ) ) 2 w 11312
—4 (2u+UPY)N,QP(2u+ UM fo(2u+ UM, g 2&Me (= U™ dfp 3
& j i (€)
i=0 3m Jo v.—iw du

1

@ Since both the total input power per unit column length and
whereN; is the population of the lower level for each of the the electron density vary along the discharge, the left-hand
excitation events involved an@° and U7 are the corre-  side of Eq.(2), 6—the mean input power per electron—is
sponding collision cross section and energy threshidjds  also a function of the axial positian This remark is impor-
the population of the level from which the ionization occurs.tant for the numerical procedure which is described in Sec.

°" andU;°" are the appropriate collision cross section andll D.

energy threshold, respectivell.is the total electron flux in
energy space being the sum of the flux driven by the applied 2. Heavy particle kinetics
wave electric field and the fluxes from elastic and inelastic The heavy particle kinetics includes a set of particle bal-

collisions. In addition, it contains terms describing the diffu- gpce equations for all excited atoms considered as well as the
sion and several recombination processes as well as Penniggjance equations for both atomic and molecular ions. The
and associative ionization. . _ elementary processes taken into account with the corre-
The EEDF has been calculated using conventional nusponding references for the cross sections and rate constants
merical technique based on finite difference approach. Theata[40—53 are listed in Table I. The populations of excited
numerical scheme employed has fast convergence. The intoms strongly depend on the radiation processes. The trap-
scattering and Coulomb terms are treated iterati{/@8). At ping of radiation is substantial not only for resonance, but
a sufficiently high kinetic energy.. the EEDF becomes neg- giso for the 4-4s transitions, and it has been taken into
ligibly small andfq(u..) =0 is used as a boundary condition. account in all allowed radiative processes under consider-

Here, f, is normalized according to ation. The heavy particle kinetics is coupled with the elec-
tron kinetics in a self-consistent way in order to satisfy all

fwfo(u)ul’zdu= 1. balance equations and allow_s us to determine the ator_nic and

0 molecular ion number densities as well as the populations of
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TABLE |. Elementary processes included into the model and corresponding references for the cross
sections and rate constants data.

Reaction References

Elastic scattering
M+e—M+e, M=e, Ar", Ar," [42]

Excitation from ground state
Ar(1S)) +e—Ar(m)+e, m=3P,, °P;, 3Py, P;, 4p [40,42

Excitation-deexcitation between excited states

Ar(m)+e—Ar(n)+e, mn=3P,, 3P, 3Py, P;, 4p [41,43-46,52
lonization
Ar(m)+e—Art+2e, m=1s,, 3P,, °P;, 3Py, P;, 4p [42,43

Molecular ion formation
Art+2Ar—Ar,* +Ar [51]

Penning ionization
Ar(m)+Ar(m)—Ar+Art+e, m=2P,, 3P, [47]

Associative ionization
Ar(m)+Ar(m)—Ar,"+e, m=3P,, 3P, [53]

Recombination

Ar," +e—Ar(4p)+Ar [47]
Art+et+eAr(4p)+e (48]
Diffusion

M—wall, M=e, Ar", Ar,", Ar(3P,), Ar(3Py) [46,49

Radiative processes
Ar(4p)—Ar(m)+hv, m=3P,, 3P,, 3Py, P,
Ar(m)—Ar+hv, m=3pP,, P, [50]

the excited states as a function of the electron number derioned in Sec. 11B 1. An accurate determination of the heat-
sity. The full set of balance equations can be se€e84). ing mechanism requires a detailed radial collisional—
As it has been outlined above, the model considers eactadiative model with precise calculation of the radial electron
level in the 4 block of levels separately and one lumpeaal 4 Boltzmann equation, which is beyond the scope of this pa-
block of levels. It is applicable at low and intermediate pres-per. Equation(4) is solved under the boundary conditions
sures(up to a few torrsat degrees of ionizations up to 19 dTg(O)/drzo andT;(R)zTW. The gas temperature at the
and provides sufficient accuracy for all plasma parameters.wall, T,,, has been assumed to be 300 K since in the gas-
discharge conditions considered here the temperature of the
3. Gas thermal balance equation discharge tube is practically equal to the room temperature

The local gas temperature can be found from the local gakl4l- The localTg is
thermal balance equation

1 d( dTt

2 (R
Tg:ﬁfo rTg(r)dr.
rx(r)—df)=qea(r>+qei<r>, (@)

rdr : .
Since n, varies along the plasma column lengfh, also

where x(r) is the thermal conductivity beingy=4.17 changes in axial direction.

X107 °Ty#® Wem K33 for argon[54]. The terms on the
right-hand side of Eq(4), the power densities expended for
gas neutral atoms’ and ions’ heating, are assumed to be pro- This part of the model considers Maxwell's equations for
portional to the local electron density, Qeaei  an azimuthally symmetric TM surface wave with field com-
=Jeae(0)Ne(r)/ng(0). Theelectron density radial profile is ponentse=(E, ,0E,) andB=(0,B,,0), where {,¢,z) are

a Bessel-type with appropriaje as we have already men- the usual cylindrical coordinates. The wave propagates along

C. Surface-wave field equations
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a plasma columricontained in a dielectric tube with a per- given axial positiorg, a relation between the electron density
mittivity e4) in a setup with dimensionsR, 2Ry, 2R, (R  (nes Or ng) and the wave numbek—the so-called phase
being the plasma column radiugy the outer glass tube ra- diagram.

dius, andR,, the metal enclosure radius, respectiyeiynd From Poynting’s theorem one gets another important
with a plasma permittivitye, , equation which reads
wg dS_ 8
ep=1- w(w+ivey)’ dz Q. ®

wherew,= JAme?ng/mis the electron plasma angular fre- whereS is the wave energy flux, being a sum of the axial

quency andhg is the effective electron densif$5] components of Poynting’s vector averaged over the wave
period 27/® and integrated over the plane normal to the
2, ) fw ud? dfy plasma column, from the axis to the metal screen radius, at a
Ne=— 5 (Vag+ )Ny | —— ——du. 5 i i itiorz:
eff= ~ 3 (Ve @) Ne 0 vt o? AU (5  given axial positiorz
) o R Ry R,
The effective electron-neutral collision frequency for mo- S:27-rf rSEdr+2wf rSfdr+27rf rs;dr. (9)
mentum transfer 0 R Rq
312 y32 Herep, d, andv denote plasma, dielectric and vacuum, re-
* Ve u df dfo . . .
Vo= (6) spectively, and for an azimuthally symmetric wave the lon-
0 Vi 124 o? dU 0 Vi V2t w? dU gitudinal component of Poynting’s vector is

as well asngs have been introduced since for argon the .
electron-neutral collision frequency is energy dependent. Sz:gRe(Er B,).
We consider the plasma as a weakly dissipative medium
with an effective electron-neutral collision frequency for mo- An explicit expression oS for the setup under consideration
mentum transfewez<w. In that case we can take,~1 can be found if12,17.
- w2/w Following for simplicity an assumption for radlaIIy In the wave energy balance E®), Q is the wave power
averaged electron and excited atom densities and using @gr unit column length absorbed by electrons,
boundary conditions the continuity of electric and magnetic
field tangential componentsr equality of plasma, dielectric, R 1 ng
and vacuum impedancest the interfaces, one can derive the Q= 277[ r{j-Eydr= 8. verR?ES, (10)
local wave dispersion relation. In particular, for the afore- 0 o
mentioned setup the local dispersion relation gets the form

[12] where now( ) means averaging over the wave periog,
=n, is the radially averaged electron density,,
€p 1(ap) eq a1t agahleqa, @ =mw?/4me?, and
a, o(ap) aq aztagasAieqa, 2
where E5= &), Y EP dr (11)

2 )1/2

(2 2\1/2
a,=(X"—op )4,

ag=(0%e4—x is the radially averaged squared wave electric field which can
be expressed in terms of the axial wave electric field com-
o=wR/c, x=kR, ponent at the plasma-dielectric interfade,(R)=E, and

modified Bessel functions, i.e.,

a,=(x2— )12

a;=J1(agHM(agy) —Ji(agy)H{M(ay),

o o I U I PR GBI
az=J1(ag)Hg’(agy) —Jo(agy)Hi’(aq), 0 Ié(ap) as I(Z)(ap) ap lo(ap)
az=J1(agy)H§(ag) — Jo(ag H{(aqy), On the other handQ is the power expended by electrons in

elastic and inelastic collisions and it can be presented in the
as=Jo(agY)H§(ag) —Jo(an H (agy). form
_ Ky(a,y)+11(a,y)Ko(a, 7)/1o(a, 7) Q=mR*n. (12
Ko(a,7) ~To(a, )Ko(@, 7)/1o(a,7) From both equations foR with values of6 and v calcu-

Here y=Ry4/R, 7=R,/R, ¢ is the speed of lightk is the lated in the kinetic part the squared wave electric ficﬂ@,
il m H 1y .

wave number, andJ,, J, are the Bessel functions, ¢@n be presented in the form

lo, 11, Ko, K; the modified Bessel functions, and

HEY, H{Y the Hankel functions of zeroth and first order, g2

respectively. The local dispersion equation yields, for a 0 e? Neft Vet

2m ne v vt w?
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equations can be solved. The local dispersion relatin
yields for a given wave numbek the electron density,,

and the solution to the wave energy balance [Bgprovides

the dependence of the electron density on the axial position
z, i.e., ng(z). Equation(8) is a first-order differential equa-
tion and requires one boundary condition. In our numerical
code either the total input power delivered to the discharge

Input parameters:
atomic data: cross sections, rate constants, diff. coefficients
discharge parameters: R, Ry, R, p, o, e4;

an appropriate set of ng

Output: I. Kinetic part: . h
Electron Kinetic Equations: or the electron density at the wave exciter can be used as a
fo(u.2) Boltzmann equation:  f(u), f,(u) boundary condition for Eq(8). Having obtained the axial
f:f)f((zz)):(oz()z) N Z:::clesjf:cc::ql:i:ttlf:f& . dependence of the electron densgityz), the kinetic part is
T,(2), v (2) i -l i saationT, - recalculated again for appropriate axial positions. This pro-
by (2), Dy(2) Vi Bi 0 vides the spatial evolution of the isotropic distribution func-
Heavy Particle Kinetic: tion, mean electron energy, transport parameters, gas tem-
B2y balance equations for excited atoms:N, perature, fractional particle and power gain and loss, various
N'(2), N;'(2) balance equations for all ions: N*, N, rate constants for electron—heavy particle collisional pro-
‘ cesses, and the axial distribution of atomic and molecular
ions alongside the populations of the excited states.
8(e). Ve (M) et Due to its modular structure, the model can be easily
adapted to different discharge configurations or other gases.
E,(2), E(2) II. Electrodynamic part: The flexibility of the model enables one to involve many
By (2). ooy Ao | local dispersion equation: oo, plasma components as well as a wide range of reactions in
S(z),Q(2) wave energy balance equation:  Q, S each plasma component.
FIG. 2. Algorithm of the numerical calculations. Ill. RESULTS AND DISCUSSION

. . . . A.C i ith i tal dat
This expression foES enters[via Eq. (10)] into Eq. (8), omparison with experimental aata

which solved together with the local dispersion relati@n The results presented below illustrate the applicability of
yields the axial distribution of all plasma column and wavethe model to a wide range of discharge conditions. A com-
characteristics. Recall that in most of our previous modeling$arison between the modeling and two typical experiments
of plasma columns sustained by SWs there were used nofor an argon plasma column sustained by a SW will be dis-
malized quantitie$5,17). In particular, the normalization of cussed, namely that of Darchicowet al. [56] with the fol-
the axial positiornz included the usage af.;, of the wave lowing vessel parameters: cross sectidr 76, 80, and 190
energy flux S (in fact, the wave power sustaining the mm, dielectric permittivitye y=4.0, wave frequencyn/2m
dischargg—the mean powep, and of all wave field com- =390 MHz, gas pressure of 250 mTorr, and as an input
ponentsE,, E,, B,—both v and 6. To compare, for ex- parameter the electron number density at the ex_o|(;§1t3
ample, the column lengti.q,m, O the powerSnecessary to X 10'° cm™2 and that of Boisse-Laportet al. [7] with ves-
sustain it, one had to introduce reliable valuesi#fgs andg  Sel parametersy=4, 8, and 40 mm, dielectric permittiv-
(calculated separately or taken from experimental)dataus ity e4=4.0 and microwave frequenay/2m=2.45 GHz at
those modelings were, in general, not self-contained. Moregas pressure of 1 Torr with input parameter the power at the
over, the connection betweehandn, was set to be in the €xciter beingS,=300 W.
form #=xni*# with an appropriate constag—g=0 for The axial variation of the EEDF is plotted in Fig. 3. For
diffusion-controlled discharges and<gB=<2 for recombina- P0th experiments the EEDF has a non-Maxwellian character.
tion regimes(that relation was extracted from the electron The axial variation of the distribution function is due to sev-
energy balance equatipaand to be independent of the eral factors. The amplitude of the local EEDF decreases in
axial position. In fact, such a relation betweemndn, was ~ @xial direction because of a decrease in the local electron
necessary because there was no true kinetic part in th&€nsity while the EEDF profiles for different axial positions
model. change as a result of electron-electron collisions. For the first
of the chosen experimentsvith degree of ionization of
10 %), an increase of the EEDF in the low-energy part can
be observed. This typical shape of the EEDF at similar dis-
A self-consistent treatment becomes possible after coweharge conditions has been obtained and widely discussed in
pling the kinetic and electrodynamic parts through the elecf13,35,57. For the second experimetwhere the degree of
tron energy balance equation. The basic concept of the nuenization is 102) the tip in the local EEDF at low kinetic
merical calculations is presented schematically in Fig. 2. Thenergy is absent because of the impact of electron-electron
description of the numerical algorithm is given in detail be-collisions.
low. In Figs. 4 and 5 the experimental data are compared with
In order to initialize the electrodynamic equations, nu-the results of the numerical calculations—those for the first
merical solutions to the electron Boltzmann E#) coupled experiment on the left sides of the figures and for the second
with the balance equations for all species involved have beean the right sides, respectively. The common tendency of
performed in the expected interval of electron densitieslecreasing in axial direction of both the electron number
(10'°-10" cm™3). Once the dependence Bf, ver, andd  densityn, and the wave powe necessary to sustain the rest
on the electron density, is obtained, the electrodynamic of

D. Numerical procedure
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100 30 ion pair in the dischargé) and (b), effective electron-neutral col-
lision frequency for momentum transfet (c) and (d), mainte-
nance wave electric fiel&, (e) and (f), mean electron energiu)

(9) and (h), and gas temperaturg, (i) and(j) as functions of the
axial positionz. The discharge conditions are the same as in Fig.
3(a) for (a), (c), (e), (g), and(i) and as those in Fig.(B) for (b), (d),

(), (h), and(j).

FIG. 3. Axial variation of the EEDF fofa) an electromagnetic
wave of frequency w/27=390 MHz, vessel parameterg’
=76, 80,190 mmgy=4.0 at gas pressure of 250 mTorr; afil
for w/2m=2.45 GHz,(J=4, 8,40 mm,4=4.0 at gas pressure of
1 Torr.

the plasma column is easily seeis-equals zero at the col- . . L S

umn end. The experimental data plotted with filled squares iﬁa_‘d'al electron dens(ty proﬂle_mflgences the determma_tlon of
Fig. 4@) are for a homogeneous radial plasma density proﬁléjlschar_ge charac_terlstlcs, thls circumstance emphasizes the
[n.(r) = cons{ with =0 while those with open squares are necessity of a strict calculation of the radial EE[H8], es-

for a heterogeneous profile wila=2.15[56]. In our calcu- pemally for smallpR. Our numerical modeling nonetheless
lations we have assumed a radial profile itk 2.15 for the fits very well the experimental data. Note that the wave pow-

: ; _ : ers measured experimentallplotted with bullets in Figs.
first experiment angh=2.405 for the second one. Since the 4(c) and 4d)] lay very close to the calculated theoretical

curves for both experiments. The agreement between mea-

3; a -3 sured and calculatedl, is good.
G ] e & Having obtained the axial variation of the EEDF, the axial
OE 2_; Tl ° 23 profiles of all discharge characteristics, nam@ly v, the
2 ] F g wave electric fieldEy, the mean electron energy), the gas
rag . A temperatureT,;, as well as the densities of excited states,

atomic and molecular ions are calculated and plotted in Figs.
5-7. For the gas pressure of 250 mTorr the axial course of

. e e e 0

-
nNo
[
8

104 c model df all curves in Fig. 5 is almost linear while for the pressure of
P ¢ experiment o 1 Torr it is strongly nonlinear at the column end except the
e 5 % T4(2) dependence. The available experimental data are also
@ ,] . " 100> presented in the same figure. The discrepancies between
2] T . model and experiment are less than 20%. The partial contri-

Y S S S bution of several groups of elementary processes included in
0 10 20 z?com)w 50 0 20 42(cm€;0 80 100 0 is shown in Fig. 6. The excitation, the direct and stepwise

ionization, and the diffusion and dissociative recombination
FIG. 4. Electron densitie) and(b) and wave energy fluxgs) ~ nave been included in the energy loss of electrons while the
and (d) axial profiles. Experimental datda) full squares forx ~ Neating from the wave electric field, the deexcitaion, the Pen-
=0 and open squares far=2.15; (b) full diamond suits withu ning, and the associative ionizations have been taken into
=2.405 for input power of 300 W, pluses for 180 W, and open@ccount as an electron energy gain in E2). For both ex-
circles for 85 W;(c) and (d) the bullets show the absorbed wave periments the main loss mechanism is the electron impact
power. The discharge conditions are the same as in k) f& (a) excitation. For convenience, the energy gain through deexci-
and(c) and as those in Fig.(B) for (b) and (d). tation is subtracted from the energy loss by excitation and, in
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2—elastic

6 (W)

6 (W)

FIG. 6. Partial contribution of 1—excitation—deexcitation,
4—diffusion,
5—stepwise ionization, and 6—Penning ionizatigregative con-

tribution) to the electron power losy, for the same discharge
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collisions, 3—direct ionization,

conditions as in Fig. &) and Fig. 3b), respectively.

fact, the net energy loss is plotted. Figure 7 shows the popu-
lation of the excited states and the densities of atomic and
molecular ions. For the first experime(dt the 250 mTorr
gas pressujethe populations of the gl states slightly de-
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crease when going from the exciter towards the plasma col- gig. 8. The power absorbed by electrods the effective

umn end Wh”? for th_e gas pressure of 1 TQ” they inc|’el<35€lalectron-neutral collision frequency for momentum transfgy,

This observation indicates that there are different creation-and the maintenance electric fielg, as a function of the electron

loss mechanisms for the excited states in the two dischargesumber density at various gas pressures. The vessel parameters are

For the first experiment the population of th@ élock of
levels is one-thousandth of the population of the ldvels

=10, 13,50 mmgy=4.8, and the wave frequency is 2.45 GHz.

while for the second one that population is comparable witrat high electron densities, becomes obvious. From Figs. 7
the populations of thegllevels’ block. Thus the importance and 7d) it can be seen that for both experiments thé As
of including the 4 block of levels in our model, especially the dominant ion in plasmas. The moleculap Aion which

Densities (cm— )

5 25
4_:\3 b ! —2.0%_
34 x1000 1 2 E158
J 4 =
23 2 /// 1.0
F 3 o
14 3 Fo53
5 4 5 E J,o
10o11 A AR an e s SR M M—— T T T 0.0
3 + E
o ¢ d fo”g
10" Ar* E 3
3 (102 &
10% 51011?{
o A" : g
0T T Ary* L10° 7,
10" | e 10°
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z(cm) z (cm)

FIG. 7. Populations of the excited stat@s and(b) and densi-
ties of Ar" and A, " (c) and (d). The curve 1 denotedP,, the
curve 2—3P,, the curve 3—2P,, the curve 4-1P;, and 5—%

is less than 1% of the total ion density is considered in order
to account for eventual recombination losses at higher elec-
tron densities or gas pressures.

B. Influence of the gas pressure on the plasma column
characteristics

In this subsection, the results of a theoretical investigation
of plasma sustained by a traveling electromagnetic wave at
various gas pressures are reported. In particular, for vessel
parametersZ =10, 13, and 50 mm, dielectric permittivity
£=4.8, and wave frequency=2.45 GHz we investigate
the discharge characteristics when changing the gas pressure
from 0.3 to 3 Torr. The dependences &f v, andEgy on
the electron number density,,, are plotted in Fig. 8. Figure
9 shows the gas temperature as a functionofNote that in
the two figures the electron density is in a logarithmic scale.
It is seen from Fig. &) that the change of at high electron
densities is negligible at all pressures, howevernfoin the

block of levels. The discharge conditions are the same as in Fignterval of 131-10" cm™2 that variation is substantial and
3(a) for (a) and(c) and as those in Fig.(B) for (b) and (d).

more pronounced at higher gas pressures. FigUoe fug-
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FIG. 9. Gas temperature as a function of the electron number

density. The discharge conditions are the same as in Fig. 8.

gests that at low gas pressures the effective collision fre-
guency for momentum transferg;, can be accepted as a
constant. At low gas pressures and relatively low plasma 0.3
densities—the usual case at laboratory experiments—the '

AP ) . o+———T 7
wave electric field is also practically constant as Fi¢r) 8 100 -80  -60  -40  -20 0
shows. According to Fig. 9, the gas tem_perature is pr_act_lc_ally z (cm)
constant atn,<10'2 cm™3; however, it changes signifi-
cantly at higher electron densities. This means that in that FIG. 11. The absorbed power per electtbfa) and the effective
case the variation of the gas temperature along the columeglectron-neutral collision frequency for momentum transtgr (b)
length has to be taken into account. The axial distribution ofit various gas pressures. The conditions are the same as denoted in
the electron density and the wave power is depicted in FigFig. 10b). For convenience is set from the column end.
10 for plasma columns sustained by a 100 W input power.
With increasing the gas pressure, plasma density and column The plasma column length depends essentially on the en-
length increase, too. The axial profiles@®fnd v are plot-  ergy loss of electrons. In order to understand the energy loss
ted in Fig. 11. For a gas pressure above approximately inechanism, the partial contributions of different groups of
Torr, they are not constant as it was assumed in previouslementary processes includeddrhave been investigated.
works. Both § and v increase at the plasma column end. The results for various pressures and axial positions are pre-
This was observed experimentally by Labal.[59] for gas  sented in Table Il.
pressures of 1.2 and 3.5 Torr; however, the authors consid- The axial dependence of the mean energy, mobility, and
eredd and vy as independent of the axial position. diffusion coefficient for electrons is plotted in Fig. 12. At
pressures below 1 Torr the mean electron engiy. 12a)]
is almost constant along the plasma column, while at higher

veif (10%9s—)

L R . SR VA ST, SO

15 13 a gas pressures it changes due to the axial variation of the local
1.2 EEDF. The results for axial dependence on the electron mo-

@] parameter: p (Torr) bility b, and the electron diffusion coefficiebx, at different

£ 0.9 gas pressures are presented in the figure below. As in Fig.

< ] 12(a), the axial variation of bothb, and theD, is pro-

T 06 nounced above 1 Torr gas pressure. It can be attributed to the

e 03] change of both the neutral atom densiivhich depends on
- the axial variation ofT j) and the local EEDF.

o Figure 13a) presents the axial distribution of the wave
120 electric fieldEy which shows a general tendency to increase
13 1 0.3 b near the column end and to decrease with the growing of the
100 gas pressure. New theoretical results for the axial distribution
80 of the gas temperaturgy as a function of the gas pressure

g 50.] are illustrated in Fig. 1®). To the best of our knowledge,

o ] there are no experimental results for gas-temperature axial
40- f=2.45GHz variations in microwave argon discharges to compare with
o0 @=(10-13-50) our theoretical curves. Such measurements have been per-

gg=4.8 formed in a nitrogen SW sustained plasff8] and the axial
L B L L course of the gas temperature is similar to dgee Fig. 2 in

-100 -80 -60 -40 -20 0

2 (cm) Ref. [60])—the absolute values of the temperatures are of

course different because of the different gas nature and gas-
FIG. 10. Electron densitya) and wave energy fluxb) axial ~ discharge conditions. The temperature of the neutral gas de-

profiles at various gas pressures. The discharge conditions are tigeases from the wave launcher towards the column end due

same as in Fig. 8. For convenienzés set from the column end.  to the decrease ofi, and this decrease is more distinc-
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TABLE II. Partial contribution of the elementary processes in the electron power loss at various gas
pressures, axial positions, and gas-discharge conditions as in Fig. 10

Partial power Pressure Axial positigom)
loss (Torr) 0 20 40 60 80 end
0.3 1.40 0.98 0.85 0.71
Elastic 1 6.17 5.84 5.48 3.88 2.78
collisions 3 20.62 20.41 19.75 19.31 18.10 16.07
0.3 77.38 78.77 79.74 82.47
Excitation- 1 82.44 83.57 84.57 88.09 91.38
deexcitation 3 72.66 73.28 74.42 75.40 77.26 80.79
0.3 7.61 8.17 9.93 15.01
Direct 1 0.88 0.81 0.75 0.73 2.45
ionization 3 0.09 0.07 0.05 0.03 0.02 0.01
0.3 6.28 5.53 4.15 1.79
Stepwise 1 5.82 5.43 4.91 4.10 1.77
ionization 3 4.04 3.78 3.49 3.19 2.76 1.83
Penning and 0.3 -0.01 -0.01 -0.01 —0.02
associative 1 —0.02 —0.03 —-0.03 —0.05 —0.02
ionization 3 —-0.01 —-0.01 —-0.01 —0.02 —0.02 —0.02
0.3 7.34 6.56 5.34 0.04
Diffusion 1 4.69 4.36 4.30 3.24 1.63
3 2.37 2.25 2.08 191 1.71 1.23
0.3 0.00 0.00 0.00 0.00
Dissociative 1 0.02 0.02 0.02 0.01 0.01
recombination 3 0.23 0.22 0.22 0.18 0.17 0.09
tive at higher pressures where the gas temperature itself is, in
general, higher. The widely used assumption for a constant 3.0 .
gas temperature of around 300 K is obviously applicable T 03
only at gas pressures below 1 Torr. The proper account, of - 1
is essential since it affects the neutral atom density. The lat- s
ter is important for a correct calculation o, Eq, and 6, 2 ]
which are input parameters in the electrodynamic part. Omit- 2 50
ting the gas temperature dependence can lead to errors in e
calculating the axial discharge structure and electrodynamic | parameter: p (Torr) a
properties of the weakly ionized plasma and in particular in 154t —
determining the plasma column length. 4- 8
—~ J]— electron mobility St
IV. CONCLUSION ‘_'m 3] —*— -electron diffusion coefficient e &
In this paper, the axial structure of a plasma column sus- > ] C 6;
tained by a traveling electromagnetic wave has been investi- e 27 -4 9
gated. The axial variation of the EEDF calculated numeri- < ] rN
cally from the electron Boltzmann equation together with the 2 1 Lo 1
heavy particle kinetics and gas thermal equation is coupled &£ a—s—o® (.3 b L
self-consistently with the local dispersion relation and the e N
wave energy balance equation. As a result of the numerical 0 20 40 60 80 100
procedure, the axial profiles of the electron density, the wave z (cm)

power, the maintaining electric field, the gas temperature, the

mean electron energy, the electron mobility, the atomic and FIG. 12. Axial distributions of the mean enerdy) (a) and
molecular ions’ densities, as well as the populations of alklectron mobilityb, and diffusion coefficienD, (b) at different
excited states have been obtained in a wide range of digas pressures. The conditions are the same as in Higl. 10
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507 : (i) In our previous models the axial profiles of the wave
1 parameter: p (Torr) 0.3 .. . .
. a and plasma column characteristics have been obtained in
= 407 normalized quantities, and for comparison with available ex-
Toan] perimental profiles imported outside the model valueg of
g 304
S ] ’ and v very often have been used. The knowledge of the
3 20 real axial profile of the latter plasma parameters is of funda-
u? :’/__,_/ 3 mental importance. It allows one to obtain the axial structure
104 of the wave electric and magnetic field components and the
. wave power in absolute units. Moreovérand v are found
S L B B I B to be axially dependent at gas pressures above 1 Torr. They
can be obtained only by a strict kinetic modeling. This leads
b to a substantial improvement of the whole electrodynamic

part of the model.

(iii ) From our model the space-dependent behavior of sev-
eral plasma characteristics can be derived, namely, the mean
energy and mobility of electrons, the maintenance wave elec-

350—_ 1

_ tric field, and the particle densities.
:x (iv) The gas temperature, whose magnitude has been fixed
—L in all works up to now, in the frame of our model is obtained

300
0 20 40 60 80 100

z (cm)

self-consistently and it turns out to be not constant along the

column length. The gas temperature decreases from the wave

launcher towards the column end and this decrease is promi-
FIG. 13. Axial distribution of the maintenance electric fiélg nent especially at higher pressures.

(a) and gas temperatuf®, (b) at various gas pressures. The condi-  (v) Since the model can predict both the wave and plasma

tions are as denoted in Fig. (). characteristics, an optimization of experiments can be done.

A weakness of the present model is that the actual radial

charge conditions: wave frequency of 390 MHz and 2 45structure has not been taken into account. Another limitation
GHz, plasma column radius of 0.2 cm and 3.8 cm, gas pre<2f our model is the requirement<w. The latter comes
sures from 0.25 to 3 Torr. The comparison between theor;f/rom the electrodynamic part and further development in the
and experiment shows good agreement. modeling of the surface wave discharges at intermediate gas
The model presented here has several advantages coRf€ssures has to avoid this limitation.
pared to our previous investigatiofsee, for exampld,17]).
(i) The po;tulated connection between. the absorbed wave ACKNOWLEDGMENTS
power per unit column length and the radially averaged elec-
tric field intensity based on supposed creation-loss mecha- The authors would like to thank Professor C. M. Ferreira
nisms of the charged particles and different discharge reand Professor R. Winkler for valuable and stimulating dis-
gimes has been avoided by taking into consideration &ussions. This work was supported by the National Fund for
collisional-radiative model for the argon plasma. Scientific Research under Grant No. F-821/98.

[1] V. M. M. Glaude, M. Moisan, R. Pantel, P. Leprince, and J.[12] E. Benova and |. Zhelyazkov, Phys. S4B, 68 (1991).

Marec, J. Appl. Phys51, 5693(1980. [13] U. Kortshagen, H. Schtar, and A. Shivarova, J. Phys. 24,
[2] C. M. Ferreira, J. Phys. D4, 1811(1981); 16, 1673(1983. 1571(199).
[3] Z. Zakrzewski, J. Phys. 06, 171(1983. [14] A. B. S3 C. M. Ferreira, S. Pasquiers, C. Boisse-Laporte, P.
[4] E. Mateev, |. Zhelyazkov, and V. Atanassov, J. Appl. Plays. Leprince, and J. Marec, J. Appl. Phy&), 4147(1991J).
3049(1983. [15] Yu. M. Aliev, K. M. lvanova, M. Moisan, and A. Shivarova,
[5] I. Zhelyazkov, E. Benova, and V. Atanassov, J. Appl. Phys. Plasma Sources Sci. Techn@|.145(1993.
59, 1466(1986. [16] C. M. Ferreira, inMicrowave Discharges: Fundamentals and
[6] C. M. Ferreira, inRadiative Processes in Discharge Plasmas Applications edited by C. M. Ferreira and M. Moisai®le-
edited by J. M. Proud and L. H. Luess@flenum, New York, num, New York, 1998 p. 313.
1986, p. 431. [17] I. Zhelyazkov and V. Atanassov, Phys. R&d5 79 (1995.
[7] C. Boisse-Laporte, A. Granier, E. Dervisevic, P. Leprince, and[18] X. L. Zhang, F. M. Dias, and C. M. Ferreira, Plasma Sources
J. Marec, J. Phys. 20, 197 (1987. Sci. Technol.6, 29 (1997).
[8] C. M. Ferreira and M. Moisan, Phys. S&8, 382(1988. [19] M. Moisan, Z. Zakrzewski, and R. Pantel, J. Phys1P) 219
[9] I. Zhelyazkov and E. Benova, J. Appl. PhS, 1641(1989. (1979.
[10] C. M. Ferreira, J. Phys. R2, 705 (1989. [20] M. Moisan, Z. Zakrzewski, R. Pantel, and P. Leprince, IEEE
[11] C. M. Ferreira, inNonequilibrium Processes in Partially lon- Trans. Plasma Scil2, 203 (1984).

ized Gasesedited by M. Capitelli and J. N. Bardsléplenum,  [21] M. Moisan and Z. Zakrzewski, Rev. Sci. Instrufg, 1895
New York, 1990, p. 187. (1987).



886 TS. PETROVA, E. BENOVA, G. PETROV, AND |. ZHELYAZKQOV PRE 60

[22] Z. Zakrzewski and M. Moisan, Plasma Sources Sci. Technol[39] D. Loffhagen and R. Winkler, J. Comput. Phy$12 91

4, 379(1999. (199f1).
[23] J. Margot-Chaker, M. Moisan, V. M. M. Glaude, P. Lauque, J.[40] J. Vicek, J. Phys. 22, 626(1989.
Paraszczak, and G. Saynk Appl. Phys66, 4134(1989. [41] H. W. Drawin, Z. Phys225 483(1969.

[24] E. Benova, |. Ghanashev, and |. Zhelyazkov, J. Plasma Phy%.d'z] M. Hayashi(private communication
45, 137 (1991, 43] L. Vriens and A. M. Smeets, Phys. Rev.2®, 940(1980.

. [44] 1. Yu. Baranov, V. I. Demidov, and N. B. Kolokolov, Opt.
[25] M. Djourelova, Ts. Petrova, I. Ghanashev, and I. Zhelyazkov, Spektrosk51, 316 (1981 [Opt. Spectroscs1, 173 (1981)].

J. Phys. D26, 1601 (1993. [45] I. Yu. Baranov, V. |. Demidov, and N. P. Penkin, Opt. Spek-
[26] I. Zhelyazkov, E. Benova, and V. Atanassov, J. Appl. Phys. trosk. 58, 268 (1985 [Opt. Spectroscs8, 160 (1985].

62, 2713(1987). [46] E. W. McDaniel, Collision Phenomena in lonized Gases
[27] S. Pasquiers, C. Boisse-Laporte, A. Granier, E. Bloyet, P. Le-  (Wiley, New York, 1964.

prince, and J. Marec, J. Appl. Phy&5, 1465(1989. [47] T. Okada and M. Shugawara, J. Phys26) 1680(1993.
[28] E. Benova, |. Zhelyazkov, P. Staikov, and F. Cap, Phys. Rev[48] L. M. Biberman, V. S. Vorob'ov, and |. T. lakubo¥inetics of

A 44, 2625(1991)). Non-Equilibrium Low-Temperature Plasmélenum, New
[29] J. Margot and M. Moisan, iMicrowave Discharges: Funda- York, 1987.

[49] C. M. Ferreira, J. Loureiro, and A. Ricard, J. Appl. Ph§g,
82 (1985.
[50] T. Holstein, Phys. Revr2, 1212(1947; 83, 1195(195).
[51] J. D. C. Jones, D. G. Lister, D. P. Wareing, and N. D. Twiddy,

mentals and Applicationsedited by C. M. Ferreira and M.
Moisan (Plenum, New York, 1993 p. 141.
[30] M. Djourelova, 1. Zhelyazkov, and I. Ghanashev, Plasma Phys

Con}rplled Fusior36, 1355(1994. J. Phys. B13, 3247(1980.
[31] I. Peres, M. Fortin, and J. Margot, Phys. Plasmas1754 [52] A. Hyman, Phys. Rev. A8, 441(1978; 24, 1094(1981).
(19?6:- [53] N. B. Kolokolov, A. A. Kudryavtsev, and A. B. Blagoev, Phys.
[32] I. Peres and J. Margot, Plasma Sources Sci. Techfob53 Scr.50, 371(1996.
(1996. [54] Yu. B. Golubovskii and R. Sonneburg, Zh. Tekh. 8, 295
[33] I. Perés, A. Dallaire, P. Jones, and J. Margot, J. Appl. Piags. (1979 [Sov. Phys. Tech. Phy&4, 173(1979].
4211(1997). [55] F. Whitmer and G. F. Herrmann, Phys. Fluigls 768, (1966.
[34] E. Benova, Ts. Petrova, A. Blagoev, and |. Zhelyazkov, J.[56] R. Darchicourt, S. Pasquiers, C. Boisse-Laporte, P. Leprince,
Appl. Phys.84, 147(1998. and J. Marec, J. Phys. P1, 293(1988.

[35] U. Kortshagen, irMicrowave Discharges: Fundamentals and [57] U. Kortshagen and H. Scher, J. Phys. 24, 1585(199J).
Applications edited by C. M. Ferreira and M. MoisaiPle- [58] D. Uhrlandt and R. Winkler, Plasma Chem. Plasma Process.

num, New York, 1998 p. 303. 16, 517(1996.
[36] R. Winkler, M. Capitelli, M. Dilorando, C. Gorse, and J. Wil- [59] C. Lao, J. Cotrino, A. Sola, A. Gamero, M. T. Benavides, M.
helm, Plasma Chem. Plasma Procé&s<137 (1986. Saez, M. D. Caldaza, and V. Colomer,B8CAMPIG 88 Ab-
[37] S. Yoshida, A. V. Phelps, and L. C. Pitchford, Phys. Rev. A stracts of Invited Talks and Contributed Papeeslited by C.
27, 2858(1983. M. Ferreira (European Physical Society, Geneva, 1988
[38] M. Moisan, C. M. Ferreira, Y. Hajlaoui, D. Henry, J. Hubert, 171.

R. Pantel, A. Ricard, and Z. Zakrzewski, Rev. Phys. AAf]. [60] E. Tatarova, F. M. Dias, C. M. Ferreira, and A. Ricard, J.
707 (1982. Appl. Phys.85, 49 (1999.



