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Modeling of microwave-sustained plasmas at atmospheric pressure
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The modeling of microwave-sustained discharges at atmospheric pressure is much less advanced than at
reduced pressure<10 Torn because of the greater complexity of the mechanisms involved. In particular,
discharge contraction, a characteristic feature of high-pressure discharges, is not well understood. To describe
adequately this phenomenon, one needs to consider that the charged-particle balance in atmospheric-pressure
discharges relies on the kinetics of molecular ions, including their dissociation through electron impact. Non-
uniform gas heating plays a key role in the radial distribution of the density of molecular ions. The onset of
contraction is shown to depend only on radially nonuniform gas heating. The radial nonuniformity of the
electric field intensity also plays an important role allowing one, for instance, to explain the lower degree of
contraction observed in microwave discharges compared to dc discharges. We present a numerical fluid-plasma
model that aims to bring into relief the main features of discharge contraction in rare gases. It calls for
surface-wave discharges because of their wide range of operating conditions, enabling a closer check between
theory and experiment.
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[. INTRODUCTION dominant over those by ambipolar diffusiptil]. We briefly
review the literature on these two main mechanisms.

Electrical discharges, whether they be dc or high- Electron-electron collisions refill the tail of the electron
frequency(hf) discharges, are observed to undergo contracenergy distribution functionEEDF depleted by inelastic
tion when sustained at sufficiently high pressugtypically  collisions [19]. Provided the degree of ionization is large
higher than 10 Torr in rare gasgd—10. The onset of con- enough (typically >10%), further increasing electron-
traction is found to depend also on the discharge power leveklectron collisions can then turn the EEDF into a Maxwellian
the discharge vessel, and the nature of the gas. This phenomiistribution. While this can be the case at the discharge axis,
enon can be observed with atomic and molecular gases, invhere the electron density is the highest, at the discharge
cluding electronegative gases. It is characterized by a localeriphery the EEDF could suffer from tail depletion, leading
increase of both the electron density and the gas temperatute a significant decrease of the ionization rate as one moves
and by a decrease of the electron temperature. In most casésm the axis toward the wall. The effect of electron-electron
excepting the thermal arc discharge, the contracted plasn@llisions has been studied numerically in R¢is7,18, with
column is far from thermodynamic equilibriufi2,3]. In dc  the conclusion that discharge contraction is due to the influ-
discharges in rare gases, in addition to the contraction phesnce of electron-electron collisions on the ionization rate
nomenon, one can also observe an abrupt transition from thiarough their action on the EEDF. The second main mecha-
diffuse state(uniform glow) of the discharge to the con- nism invoked for contraction to occur is nonuniform gas
tracted state, this abrupt change in the plasma parameter vdleating along the discharge radius. Contraction of the dis-
ues being characterized by a hysteresis in the current-voltagdharge is indeed accompanied by a strong radial gradient of
curve[4,5]. No such hysteresis is, however, observed in elecgas temperature since the temperature at the axis can be sev-
tronegative gas dischargfg. Another specific effect related eral hundred kelvin higher than at the tube wall. Nonuniform
to contraction, this time observed with hf discharges only, isgas heating can be considered to be responsible for contrac-
the breaking of a single plasma filament into two or moretion in two ways.(1) It may occur through its influence dv,
filaments of smaller diameters, which we refer to as filamenthe density of atoms, and hence on the reduced electric field
tation [2,8,9. It occurs when the field frequency and the E/N [11-13. Then, since the value d&/N decreases from
radially averaged electron density are increased. the axis toward the tube wdlE is constant in dc discharggs

Several mechanisms have already been theoretically irthere results a rapid decrease of the ionization frequency,
vestigated to account for the radial contraction phenomenowhich is a sensitive function of the reduced electric fi¢Rj.
[11-18. Many of these studies focused on the abrupt transiit may occur through the influence of the gas temperature on
tion, as a function of discharge current, from the diffuse tothe density of molecular iongl4,15. Because of the radial
the contracted state in the positive column of dc dischargegradient of the gas temperature, the density of molecular ions
More generally, two main mechanisms have been identifieihcreases from the axis toward the wall, leading to a rapid
as playing a key role in the contraction procgsgelectron-  increase of charged-particle losses through dissociative re-
electron collisions andii) nonuniform gas heating. Further- combination. This is because, at the discharge axis, the gas
more, for contraction to occur, it is generally accepted thatemperature is high enough that molecular ions are effi-
charged-particle losses by volume recombination have to beiently dissociated via atomic collisions, therefore reducing
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the number of molecular ions available for charged-particldion of argon. It provides the main characteristics of the
losses through dissociative reco_mbination. _ _ionization-recombination processes required to bring out the
Although the above mechanisms have been included iessential phenomena. Another original feature of the model

the theoretical models, satisfactory interpretation of the conis to take into account the radial variation of the electric field
traction phenomenon is still lacking since, in particular, nonentensity.

of these studies clearly shows which of the two main mecha- The article is organized as follows. Section Il describes

nisms mentioned is at the origin of the radial contraction. Inhe plasma equations on which our model is based. The in-
Refs. [16-18, radial contraction has been interpreted as & ence of molecular ion kinetics and of nonuniform gas

direct consequence of electron-electron collisions and Ofigating on the discharge radial contraction is emphasized.

Fhelr 'correlatlve effect on the EEDF. This is becz_;luse, Whe'@ection Il presents the field equations necessary to complete
ignoring electron-electron collisions in the modeling, a con-

tinuous, and not abrupt, contraction of the density profile Ofthe set of plasma equations for a self-consistent treatment of
the positive column is obtained with increasing current,the discharge contraction in the particular case of microwave

whereas experiments show an abrupt change in the plaan%scharges. Our results are discussed in Sec. IV. Finally, con-

parameters and a corresponding hysteresis as current is invding remarks are presented in Sec. V.
creased. This modeling result led these authors to conclude Il. PLASMA EQUATIONS
that nonuniform gas heating was not playing a primary role.
We surmise that this chain of reasoning is partly wrong. To We consider a long argon-plasma column sustained in a
see this, consider, for example, Ref$6-18, where both  dielectric tube with internal and external ra8liand Ry, re-
experimental and modeling results clearly show that the onspectively. The discharge is stationary and maintained at at-
set of radial contraction and the abrupt jump in the plasmanospheric gas pressure. These conditions correspond to
parameters are taking place at different current values. Fatharged-particle losses dominated by volume recombination.
instance, in argon discharges sustained at 100 Torr, radi@l two-temperature fluid mod€gl24,2§ is used to describe
contraction sets in at a current value of 4 mA, whereas thé¢he radially contracted argon discharge. In this approxima-
abrupt jump in the plasma parameters is observed for a cution, the plasma is considered to comprise two main species:
rent value of 10 mA. Therefore, we believe that the abrupthe electrons and the heavy particles. Maxwellian energy dis-
jump in the plasma parameters is, in fact, due to the increaseibution functions characterized by temperatufgsand T,
of electron-electron collisions, but that this mechanism is notire assumed for electrons and heavy particles, respectively.
a determining factor for the onset of contraction. AnotherThe heavy particles are argon atoiggound state and ex-
feature not explained by the effect of electron-electron colli-cited statesand ion species. Two types of ions are consid-
sions is the observed increase of the discharge radius, i.e.,eaed in this model, namely, atomic ions with density and
reduction of the contraction degree as the discharge currembolecular ions with densityn;,. Quasineutrality of the
is increased4,14,13. charged patrticles is assumed, irg5n;; +n;,, wheren, is the

The intent of this work is to bring some more insight into density of electrons.
the mechanism of radial contraction and, in particular, to i .
show how nonuniform gas heating induces radial contraction A. Energy balance equation for heavy particles
through its effect on molecular ion kinetics. Therefore, one As shown by experimentf9], at atmospheric pressure,
needs to describe adequately all the relevant kinetic prothe discharge gas is strongly heated, inducing a steep radial
cesses related to the creation and losses of molecular ions. gadient of gas temperature. To account for the influence of
we will show, even though the density of molecular ions isnonuniform gas heating on the plasma parameters and deter-
lower than that of atomic ions in the case of rare-gas dismineT,, we use the gas energy balance equation. This equa-
charges, the molecular ions actually control the ionizationtion reads
recombination kinetics. The previous modégls4,15 that 3
took into account molecular ions supposed them to be in _v. _° _
equilibrium with atomic ions through heavy-particle colli- VOV Tg = 5nedvks(TeTg), @

sions, ignoring the importance of their dissociation by elec- . s
tron collisions. As a matter of fact, the kinetic processes in-WhereXg is the gas thermal conductivity=2m/M (whg_re
andM are the electron and atom masses, respechively

volving molecular ions determines a gas temperature ran - . AL
e energy transfer coefficient for elastic collisiomss the

over which contraction can be observed, corresponding elastic collision frequency arkj is the Boltzmann constant
discharges in the electron density rangé00> cm3. req yar '
él’he heavy particles are being heated by electrons through

The model considered in the present study refers to glastic collisions. This energy is in the end lost to the tube
microwave discharge sustained in argon at atmospheric pre salls through thermal conduction of the gas. The imposed

sure. More specifically, the discharge is sustained by an elec- " . .

tromagnetic surface waje0—23. This type of discharge not oundary conditions for the heavy-particle balance equation

only yields the largest possible range of operating condition§™®

in terms of gas pressure, field frequency, and tube diameter, dT

but also provides a continuous variation as a function of d
) - . . r

axial position of the electron density. To account for stepwise

ionization but, nonetheless, to keep the model simple andnd the value of the gas temperature at the tube wall is set

transparent, we limit ourselves to the first excited configuraaccording to experimental daff].

=0, T,(r=R)=900K, 2
r=0
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Uevl$ a mean energy of the blocld;=11.652 eV [27]. The 4%

Ar block is populated by electron collisions on the ground state
AEANANE. atom and also through dissociative recombinafia8]. It is
depopulated through diffusion, collisional transition to the
ground state, and ionization. Radiation from fig and*P,
resonant states is not considered because of the correspond-
ing high optical thickness of the plasma. The three-level sys-

v tem just described is coupled to the molecular ions through
1 " 353 collisional processeq29]. These are the conversion of
0 atomic ions into molecular ions, the dissociation of molecu-
lar ions by electron and atom impacts, and dissociative re-
FIG. 1. Schematic diagram of the energy levels of the argorcombination. The rate coefficients of all the collisional pro-
atom considered in the model. The arrows indicate the Colllslonabesses CO”Sldered |n the model are obta|ned aﬁer |ntegrat|on
and transport processes taken into account in the balance equatioggthe corresponding cross sections over a Maxwellian elec-
of the charged particles. tron velocity distribution. The expressions of these rate co-
efficients as well as those characterizing the transport pro-
B. Energy balance equation for electrons cesses in the discharge are given in the Appendix. In this

The electron temperaturE, is obtained as a solution of Way, the electron-density balance equation reads

15.76 3

Qg

the electron energy balance equation, written in the follow- , _ e S
ing form: v [&’<bi1n—'l ¥ bizﬁ) v ne] +ving+ Psifle * Pridize
2 2 be Ne Ne 1+79ng
-V - (xeVTe)+ Ene&’kB(Te_ Tg) + énev*kBU* = O'r|E|21 ~ Pdri2Ne = Ptrnilng =0, ©)
3) with boundary conditions
whereo, is the real part of the plasma conductiviyjs the dne| _ dne| 0 ®)
electric field intensity,. is the frequency of inelastic colli- dr |,z dr g

sions for total excitationJ,. is the energy of the first excited . o

state of the atonjU,=11.548 eV for argop and x, is the The boundary condition fon, at the tube wall is inferred
electron thermal conductivity. The electron energy lossedrom the boundary condition of the electron temperature at
through thermal conductivity and through collisiofgdastic ~ he same radial positiof80]. The losses of electrons are due
collisions and inelastic collisionsare compensated by the t© ambipolar diffusion(first term on the left hand siglevol-
Joule heating of the applied field;|E|2. The boundary con- UMe recombination, including dissociative recombination

ditions for the electron temperature equation are (with coefficient pq,), and three-body recombinatioith
coefficientp,). These particle losses are compensated by the

_dT, creation of electrons due to direct ionization on the ground
r:O_ dr level (with frequencyw;) and through step ionization from
N the 4s block. In Eq.(5), in the step-ionization term, the rate
The boundary condition at the tube wall assumes that thepefficientp,; accounts for step ionization through states ini-
electrons are reflected by the electric field within the Sheaﬂi‘ia”y excited from the ground level Whllﬁrk takes into ac-

dTe
dr

=0. (4)
r=R

near the tube waladiabatic condition[24,2§. count step ionization stemming from states populated by dis-
sociative recombination. The coefficieptaccounts for the
C. Charged-particle balance equations saturation of the various step-ionization processes. In expres-

§ion(5) above,D, andb, are the coefficients of diffusion and
rhobility of electrons while;; andb;, are the mobility coef-
¢ ficients of atomic and molecular ions, respectively.

The continuity equation for Als reads

Three types of charged particles are taken into accoun
namely, electrons, atomic ion@ls), and molecular ions
(Mls), by writing the continuity equation for each type o
charged particle. In each equation, the contribution to ambi-
polar diffusion is specific to the kind of charged particles
under consideration. The processes of creation and losses of V- (Dagy) V nip) + ying +
charged particles, necessary to complete the balance equa-
tions, are determined following the energy diagram given in +kgnioN = kynisN? = pyni1nZ=0. (7)
Fig. 1. A three-level energy scheme is used—the ground
state, the first excited configuration of the rare gas, and th&he Als are provided by direct ionization, step ionization,
ionization level. Such a simplification of the kinetic picture dissociation of Mis by electron impa¢tith rate coefficient
enables us to keep the model simple while, nonetheless, préz), and atom impactwith rate coefficients). Their losses
viding the main characteristics of the discharge. The firstesult from ambipolar diffusion[with coefficient Dy,
excited configuration of the argon atom is comprised of two=Dg(b;;/be)], from their conversion into Migwith rate co-
metastable state¥, and*P,, and two radiative state¥?, efficientk,), and the three-body recombination.
anlel, which are considered as a block, designatgdvith The continuity equation for Mis reads

2 2
PsiNe T pricNioNe

+ k,ni-n,
1+77ne 212l e
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V - (Da2) V Mi2) + KeigN? = pginione = kaNione = kanipN =0, 10°
® E 10"
where the second term represents the process of conversion 2
of atomic ions into molecular ion@t high gas pressure, this %' 10°
is the main creation channel for MIs and the only one taken §
into account in the modgl The losses of Mls are due to 102l
ambipolar diffusiorfwith coefficientD 5z =De(bi2/be)], dis-
sociative recombination, and dissociation of the molecular 10" . . .
ions by electron and atom impacts. 500 1000 15°°T z[’;:(o]o %00 3000
The atom densit\ is obtained from Dalton’s law: 9
p ( Te) FIG. 2. Electron density, (full curve), atomic ion densityn;;
N=——-n1+—], (9) (dashed curve and molecular ion density;, (dotted curvg as
kBTg Tg functions of the gas temperatufg at a fixed value of the electron
wherep is the gas pressure. temperatureTe.

1500 to 2500 K, while the molecular ion density remains
D. Role of the Mis and of the gas temperature almost constant. The atomic ion density increases by more
than three orders of magnitude over the 500 to 3500 K tem-

in discharge contraction . . . :
perature range. This strong variation of the Al density with

1. Influence of molecular ions over Tg is induced by atom-impact dissociation of Mls, the rate
the process of step ionization coefficient of which depends exponentially dg (see the
Appendiy).

The presence of Mls in rare-gas discharges strongly influ

tehnecesat;othre'[gseu(r:ée?Stloir;‘Ca;ggslo;iels f;rfh?r:ge; girtlgilse_s. '%%rticle densities oify, we divide the gas temperature range
gas p €= ’ 9 .in Fig. 2 into three regions: region | fafy <1500 K, region

charges; volume dissociative recombination becomes domi 6" 500< T, < 2500 K, and region Il foiT,> 2500 K. In

nant over ambipolar diffusion as far as charged-particlgegion | the electron density decreases slightly because of
losses are concern¢81,32. Dissociative recombination can he decrease of the frequencies of direct and step ionization
also influence charged—partlclt_a creatlon,_snjce in rare-gas diggith increasingT, and hence decreasirly. For the same
charges, one of the two resulting atoms is in an excited stat@eason, the MI density decreases in accordance with the de-
therefore enhancing the process of step ionization, as agrease of the conversion of Als into Mis. The Al density
counted for in Eq(5). Because of this, the step-ionization increases very fast due to the increasing contribution ®jth
frequency depends not only on the electron density but alsof the dissociation of Mis via atom impact. Nonetheless, as
on the MI density. When the step-ionization process saturatefar as the charged-particle balance is concerned, the dissocia-
with increasing electron density, i.e., when its ionization fre-tion of MIs by atom impact is negligible in this region. In
guency no longer depends on electron density, it nonethelesegion I, the electron and atomic ion densities increase
keeps on depending on the density of charged particlewhile the molecular ion density stays approximately con-
through MI density. Such a dependence is actually one of thetant. The fast increase of the Al density, in this region, is
conditions for contraction to develop. At low gas pressuredue to the strongexponentiagl dependence of the atom-
for instance,p=1 Torr, the second term of the contribution impact dissociation of Mis ofi. As far as the interaction of

to the step-ionization ratép,n,n2=5.03x 10" cm3/s) is  electrons with Mls is concerned, the dissociation of the Mis
negligible, actually three orders of magnitude lower than thés then more probable than the dissociative recombination
first one(psin§=7_61>< 107 cmi3/s). As gas pressure is in- process, and .h.ence there is a lower Iqss rate of c_ha_rged par-
creased, the contribution of the second term becomes mo##les. In addition, although the density of atomic ions is
and more important and, at atmospheric pressure, it is fougreatly increased, the loss of charged particles through three-

times larger(pyni,n2=2.04x 10?2 cm3/s) than the first one body recombination is negligible in this region. In region I,
(psn?=5.11x 10PL c?n‘3/s) [33). the electron and Al densities reach a plateau because of the

increasing importance of the three-body recombination pro-
cess at higher electron density. The MI density decreases in
this region, since the conversion of atomic ions into molecu-
lar ions decreases. This is due to the saturation of the Al

To determine the influence of nonuniform gas heating ordensity (owing to three-body recombinatiprand, at the
the discharge radial contraction, we consider the dependensame time, to the atom-impact dissociation of Mls that keeps
of the charged-particle densities on the gas temperdjas  on increasing. Nevertheless, even with such a low MI density
obtained from Eqgs(5)—9). Figure 2 shows the variation of (Ml density is more than two orders of magnitude lower than
the electron, atomic, and molecular ion densities as function8l density), electron losses are still controlled by dissocia-
of Ty, in an argon discharge at atmospheric pressure wittive recombination because its frequen@/5x 100 s is
T,=10500 K andR=3 mm. The electron density increases three times higher than the three-body recombination fre-
by more than an order of magnitude whggincreases from  quency(1.2x 10* s™) at T,=3500 K.

To examine in detail the dependence of the charged-

2. Influence of the gas temperature
on the density of charged particles
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Finally, Fig. 2 clearly shows that, even at constant elecconsistency between the wave and the plasma is local. It
tron temperature, the electron density can vary by more thamplies that we are assuming the plasma column to be lo-
an order of magnitude as a consequence of a gas temperatwaly axially uniform, i.e., we neglect the presence of axial
variation. This is the case in a contracted discharge where thgradients in the plasma slab considered.
gas temperature decreases strongly from the axis toward the IntroducingL(z) into the local wave energy balance equa-
tube wall. tion enables us to obtain the plasma parameters at each axial
position. This is because the plasma parameters at a position
z are uniquely related td(z) [21,23,24. The local wave
energy balance equation reads

The discharge characteristics are strongly influenced by dP(2)
the way that the electric field energy is transferred to the —_—
plasma. Therefore, a full description of the discharge prop- dz

erties requires completing the plasma equations with thosgheredP/dzis the amount of power lost by the wave while
describing the applied electric field, i.e., the term in the right|_(z) is the power absorbed in the plasma coluf(g) is the
hand side of Eq(3) has to be specified. While in the case of wave power flux, andr is the space damping ratattenua-
dc discharges, this term is connected to the current density, ifony coefficienj of the wave. The attenuation and propaga-
the case of wave-sustained discharges, it represents the Jog coefficientse and 8 are derived from the locdin the z
heating in the wave electric field and implies knowing the gjrectior) wave dispersion relation

wave propagation characteristics. One of the reasons for con-

sidering a gas discharge sustained by a propagating electro- Dlw,k(z) = B(2) +ia(2),&(r,2),64,R, R J=0. (12
magnetic surface wave for modeling microwave discharge§|ere &(r,2)=1[ne(r, 2/ ng HL+[u(r, 2 0]}

is the fully self-consistent coupling existing between theplasma permittivity for a collisional and radially inhomoge-
electromagnetic field and the plasri20,21,24,25,3] the neous plasma. The radial distributiorir,z) of the elastic

wave properties depend on the plasma properties and con- . S
versel;?. A?nother rerz)ison for usiﬁg surfallace-F\)/vave-sustaineaOIIISIon fr_equency and the radial d|str|but|(_1g(r,z) of elec-
dischargegSWD9 is their flexibility in terms of operating tr_on de_nsny stem fr_om the plasma equat_uﬁSec. 1. The .
conditions, making them the most suitable for parametriéj'Spgr.s'on relation is solved af_ter_applymg the continuity
studies. A further reason is that in SWDs the absorbed wav‘éondltlons of thek, andH, eIec_trlc. field components at the
power decreases away from the wave launcher along thlgterfaces(r:R,Rl). The elelctrlc field components are ob-
plasma column, making the plasma medium varying continut@ined from the wave equation

ously. This. provides a usef}JI way to investigate different e, [1 K2 de(w,r) | dE,
stages of discharge contraction and to more closely compareF -+ d dor
theoretical results with available experimental data. r rrploNe(w,r) dr r

Ill. SURFACE-WAVE FIELD EQUATIONS

= - ZQ/P(Z) =- L(Z), (11)

is the

- K;(w,l’)EZ= 0,

In this model, the plasma column is sustained by a propa- (133
gating azimuthally symmetric surface way8W) (a TM
mode with nonzero wave field componefis H,,, E, and a ~ k dE
field variation of a form proportional to ekpiwt E=-i Zlom) dr’ (13b)
plo,

+i[,k(z)dz] where w is the wave angular frequenck=p3
+ia is the complex wave number witB and « being the Wherefcf)(w,r):kz—[wzs(w,r)/cz] characterizes the electric
wave number and the space damping rate, respectively andield distribution in the plasma region<R (radially inho-

is the axial coordinaje The waveguiding structure consists mogeneous collisional plasmand, withe(w,r) replaced by

of the plasma, the dielectric tulieith internal and external ¢4 or 1, in the dielectricR<r<R;) and vacuum(r >R;)
radii R and Ry, respectively, and glass permittivigyy) and  regions, respectively. In this model, the radial variation of the
the surrounding vacuum. elastic collision frequency(r,z) needs to be taken into ac-

The wave loses its energy as it propagates and the amougéunt in the calculations since its influence over the electric
of wave power that is lost over a unit axial length for sus-field radial variation, as we will show, is important.

taining the discharge is

R
L(z) = zwf ro,|E(r,2)|dr, (10) IV. RESULTS AND DISCUSSION

0 ) .
The numerical calculations of the plasmas parameters,

where o,(r,2)=gqu(r,2)[ng(r,2)Ing K1 +[v(r,2)/ 0]} is namely,Te, Tq, Ne, N1, Niz, andv and the wave characteris-
the real part of the plasma conductivity, =e;mw?/€? isthe  tics E, «, and B, are performed for given discharge condi-
critical density,eq is the vacuum permittivity, anéd andm,  tions and a set of successive values of the linear power den-
are the electron charge and mass, respecfivétyuation sity L. The results presented in this section have been
(10) relates the wave characteristics with the plasma propercomputed for a surface-wave argon discharge sustained in a
ties through Joule heating. The wave power lost within thefused silica tube(R=3 mm internal radius an®;=4 mm

axial intervalz, z+dz as expressed bly(z), is absorbed in external radius with permittivityeq=3.78 at f=w/27

the plasma column over that same axial interval: self=915 MHz, and at atmospheric pressure.
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magnitude from the axis toward the tube wall. Actualy,
decreases from 4710 cm2 at the discharge axis to 4.5
X 102 cm2 at the wall. The radial distributions of Al and
MI densities are also shown in Fig(e8. Ar* is the dominant
ion over the discharge cross section, except in the region
close to the tube wall. The strong increase of the electron
density starts at the radial positigmdicated by arrows in
Figs. 3a) and 3b)] where the gas temperature exceeds some
, value (approximately 1500 K in the present case accor-
0 05 10 15 20 25 30 dance with the explanations provided with Fig. 2. This radial
¢ [mm] position corresponds to the radial position at which the Al
3.0 r r r r r 1.0 density exceeds the MI densifgee inset in Fig. @)]. This
L ® shows that the contraction is initiated by the nonuniform
25¢ =S 1105 heating of the discharge gas. As can be seen in ki), the
S electron temperature is several times higher than the gas tem-
"3 N 1 - perature everywhere within the discharge volume and varies
= | Y les = slowly over the discharge cross section. The shift of the
:u A3 mm o = maximum ofT, toward the tube wall is due to the increase of
10} ¢ —915 MHz “doo the electric field intensity toward the tube wdlee Fig.
L =6Wijcm 3(c)]. In contrast, the gas temperature is the highest at the
0 o5 10 15 20 25 3’ axis and decreases rapidly toward the wall.

Figure 3c) shows the radial profiles of the electric field
intensity components in the plasma. In the fused silica tube

Density [10” cm™}

Density [10" cm™]

25

posite way on the axidE,| and on the radidE,| components
of the electric field intensity. The gradient (&, decreases
while |E,| strongly increases as the gradientfs increases,
FIG. 3. () Radial distributions of, (full curve), ny; (dashed 1N the end increasing the gradient of the total field intensity
curve), andn;, (dotted curve The arrow shows the radial position [Fig- 3(€)]. Therefore, even though the plasma is highly col-
at which the atomic-ion(Al) density becomes larger than the lisional, we observe that the radial increase toward the wall
molecular-ion(Ml) density ag decreases. The inset is a magnified Of the v/ ratio enhances the inhomogeneity of the total
view of the radial variation of the charged-particle densities close teelectric field intensity.
the discharge wall(b) Radial distributions of the gas temperature
Ty (dashed curveand electron temperaturg, (full curve). The ] )
vertical arrow shows the radial position corresponding to the value B. Influence of the linear power density
of the gas temperature at which the Al density becomes larger than Figures 4a)-4(d) show the radial distribution of the
the MI density asr decreases(c) Radial profiles in the plasma plasma parameters and the radial profile of the electric field
region of the radial&,| (dotted curvgand axiallE,| (dashed curve  intensity for successive values of the linear power derisity
c_omponent_s of the electric field |nt§n5|ty and of the total_ electrlc(increasing values of correspond to increasing values of
field |nten5|ty(fu.ll curve) [all normalized t0|EZ(.r:O)\]. The inset axial positionz, z=0 being the end of the plasma column
fhows the ri‘d'al Va”at'oﬂ obv/w. Calculations made forf Figure 4a) shows that the electron density profile expands
=915 MHz,R=3 mm, andL=6 W/cm. = . . . ) .
with increasingL, that is the discharge radial contraction
reduces with increasing. The maximum of electron density
shifts radially towards the wall at high enough valugs
=16 W/cm of the power density. These features of SWDs
Figures 3a)—3(c) show results for the radial distribution at atmospheric pressure have already been observed experi-
of the plasma parameters and the radial profile of the electrimentally [9]. The shift in the maximum value of, toward
field intensity componentfiormalized to|E,(r=0)|], as ob-  the wall is due to a smaller penetration of the electric field
tained self-consistently from the model for a fixed value ofintensity in the plasma volume, because the average electron
power density.=6 W/cm. Figure 8a) shows that the argon density increases, as power density is increased.
discharge does not fill the discharge tulls=3 mm), i.e., it As shown in Fig. 4b), the gas temperature increases sig-
is contracted: The electron density falls by two orders ofnificantly with increasingL and the region over which the

T and vacuum regiongot shown in Fig. &)], the field com-
2 20 ponents are well known and can be represented using a com-
§ bination of Bessel functiong2,31,34,3h The strong radial
891 inhomogeneity of the electric field intensity is caused by the
° 10 steep radial variation of both the electron density and the
5 ' elastic collision frequency. The radial variation of the elastic
2 ost collision frequency(v/w increases by more than twice to-
E IE}
S wards the discharge wadllinset in Fig. 3c)]) acts in an op-

(1 Y1 | ceenopeomzosenzer"” .

r [mm]

A. Radial distribution of the plasma parameters
and wave field components
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— ()
R=3mm |
f =915 MHz

axio“f

01}

— 3x10™ ™. —

- £

& ax10" | 9,

c’ a

1x10*} 3
0.01f R=3mm

f =915 MHz

0 2 4 6 8 10 12 14 16
L [W/cm]

r [mm]

R=3mm ()]

f =915 MHz FIG. 5. Wave numbep and space damping rateas functions

of the linear power densitl.

the electric field intensity strongly increases toward the tube

wall, leading to an increase @f, close to the tube wall and

its decrease near the axis. These changes in the radial profile

of the electron temperature affect the radial profile of the

. . . . . electron density, finally leading to the density profile shown

00 05 10 15 20 25 3.0 in Fig. 4a) at L=16 W/cm. From the above, we conclude
r[mm] that an increasing radial inhomogeneity of the electric field

intensity reduces the radial contraction of microwave dis-

112 charges. However, a further increase of the inhomogeneity of
10800 the electric field intensity can result in the filamentation of
the discharge. In Ref$36,37), the filamentation of SWDs is
10400 theoretically studied at reduced gas pressyre 10 Torn,
3 concluding that the onset of filamentation depends on the gas
+° 10000 temperature.

9600 f =915 MHz N

Ny C. Axial structure of the discharge
00 05 10 15 20 25 30 In the previous section, we have obtained, self-
r [mm] consistently, the radial distribution of the plasma parameters
a5 . . . . . and of the wave characteristics for given valuet. @), i.e.,
4.0_?:35,";‘1“2 C) for corresponding plasma slalas z+dz which amounts to

assuming these slabs to be axially uniform. In this local uni-

= 38 L=180Wiem formity approximation[21,23-25,3}, we consider that all
S sof——— 80 //: the axial gradients of the plasma parameters are small in
i.. 25F ;:g ay comparison with their corresponding radial gradients. In this
= 20 20 < case, the plasma parameters and the wave propagation char-
= acteristics rely only on the imposed discharge operating con-
15 ditions(tube radius, pressure, and field frequermyd on the
1.0 local value of the powek dissipated per unit length. There-

fore, we can express the attenuation and propagation coeffi-
cients of the wave directly as functions of the power density

FIG. 4. Radial distributions ofa) the electron densityb) gas L.

r [mm]

temperature(c) electron temperature, ard) the radial profile of Figure 5 presentsa(L) and B(L), as obtained self-
the total electric field intensity at successive values of the lineaconsistently(the plasma parameters and the wave character-
power density. istics are determined simultaneousisom the model assum-

ing the local uniformity approximatiofsee Sec. IV B The
gas is heated is enlarged. In contrast, the electron temperasave can propagate only when< 8. As a practical criterion
ture depends slightly oh, as shown in Fig. &). The radial in the model, the end of the plasma column is taken as the
distribution of T, is mainly determined by the radial profile position at whicha= g, which corresponds in the present
of the electric field intensity. Actually, at low values of case toL=1.5 W/cm. Figure 5 shows tha#tis almost inde-
L (2—4 W/cm), the inhomogeneity of the electric field inten- pendent ofL whereasa decreases monotonically with.
sity is small andT, has its maximum value at the axis and Having now in hand the functional(L), we can obtain the
decreases toward the tube wall. At high enough valuds of axial structure of the discharge using Eil).
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FIG. 6. Axial variation of(a) the space damping rai&z), (b)
the axial variations of the linear power dendif{z) and the average
electron densityn,(z). The axial positionz=0 corresponds to the
end of the plasma column.

Figure 6 shows the calculated axial distribution of the
wave-attenuation coefficient(z), the linear power density
L(z), and the electron density averaged over the tube cross
sectionng(z). As expected in the case of a discharge sus-
tained by a traveling wavg23,31], both L(z) andng(2) de-
crease toward the end of the plasma colu@m0). At high
enough electron density values, the attenuation coefficient is FIG. 7. Radial profiles ofa) the electron temperature artb)
constant while it increases rapidly toward the very end of théhe electron density, at three values of the absorbed power density,
column as the electron density decreases. The column endiy a surface-wave dischargéSWD) and a direct-currentdc)

whena= B, as shown in Fig. 5. discharge.
tron density profile is determined by the radial gradient of
D. Comparison of the contraction phenomenon gas temperaturgvhich presents the same radial variation for
in SW and dc discharges both dc and SWDs; the case of SWDs is shown in Fb)J4

When increasing the absorbed power density

In addition to the radial contraction, which is commonto_,,_¢ W/c, the difference between SWD and dc dis-
both hf and dc d!scharges, the formgr dlschqrges are Ot3:'harges becomes significant. In both discharges, the electron
served to suffer filamentatiofB—10. Filamentation is re-

- ) T density profile expands with increasihgi.e., the discharge
lated to the limited penetration of the hf electric field in the_radial contraction lowers with increasing For the dc dis-
plasma volume, commonly known as the electromagneti¢harge, the radial profile of, is observed to be slightly

skin effect. In this section, we further examine the influenceyependent o and the electron density profile keeps the
Of the radial inhomogeneity Of the eleCtriC f|e|d intensity on same radia| Variation W|th increasirh_g |t monotonica”y de_
contraction as encountered in surface-wave discharges comfreases from the discharge axis toward the tube wall. For the
pared to the case of dc discharges where the electric fieldurface-wave discharge, the value of the electron temperature
intensity is uniform. is observed to be almost independentdiee Fig 4c)] but
Figures Ta) and {b) compare the radial profiles di(r)  its profile is very sensitive to the radial variation of the elec-
andng(r), normalized to their values at the discharge axis, forric field intensity. In SWDs, in contrast to dc discharges, the
both types of discharge. The results are for the same anshape of the electron density radial profile changes at large
successive values &f at R=3 mm. We note from Figs.(d)  enoughL values, the radial position of the electron density
and {b) that for the lowest value of the absorbed powermaximum being shifted from the axis toward the tube wall.
density L=4 W/cm—which corresponds to the end of the This results in a much less contracted discharge in the case
plasma column in case of a SWD and to a discharge curremtf SWDs compared to the dc discharges, at the same amount
I=0.5 A in the case of a dc discharge—both discharges exsf absorbed power density. For instance, to obtain an equiva-
hibit the same radial electron density profile. The value oflent discharge radius, the absorbed power density for the dc
the electron density at the discharge agm®t shown is, discharge has to be approximately twice the value of the
however, higher in the case of dc discharge for the sampower density in SWHL=12 W/cm), which corresponds to
amount of absorbed power density. The electron temperaturgn increase of the current from 2.7 to 5.2 A.
profiles are also almost the same for both types of discharge, _ _ _
except close to the tube wall where, for the SWRexhibits E. Comparison between theoretical and experimental results
a weaker radial decreaggue to the radial inhomogeneity of Optical emission spectroscopy was employed to deter-
the electric field intensity Actually, in both cases, the elec- mine the electron density and the plasma radius of an argon

066405-8



MODELING OF MICROWAVE-SUSTAINED PLASMAS AT... PHYSICAL REVIEW E 70, 066405(2004)

surface-wave discharge sustained at atmospheric pressure at 1.00 y

an applied field frequencf=915 MHz and in a fused silica (@)

tube withR=3 mm. 075L .
Because of contraction, the plasma radius is too small to "E

obtain the electron density radial distribution, which would < os0l |

require determining the radial variation of the E

=486.13 nnH line broadening through Abel inversion. In-

< ® exp

stead, we have determined the average electron density. This | 0251 R—a::;del ]
was achleved_ by determlnlng) t.hg radial profile of the ' ¢ =915 MHz
electron density, assuming that it is reflected by the radial 000
profile of theH 4 line emission intensity, as obtained through
Abel inversion;(2) the electron density at the discharge axis z[cm]
along the argon plasma column, using the Stark broadening 30 . . . . . .
of the Hy line [9]. Then, the average electron density is de- . expd | ()

H H H H . 25} mode! <
termined using the following expression: Re3mm

| f =915 MHz
=" =0 (o (14) s
Ny(2) = pr=s) . Hy(r2)2mr dr, E sl ;
10 t g
whereng(r=0) is the measured electron density at the axis e N
and Iy (r,2) is the obtained radial profile of thel, line 05 1
emission intensity. The average electron density determined 0.0 N N ;
from the model is directly calculated by integrating the elec- 30 2 2 13 10 5 o
tron density radial distribution over the discharge tube cross z[em]
section:
FIG. 8. Calculated and measured axial distributiongafthe
. R average electron density,(z) and (b) the plasma column radius
ny(z) = _2J rng(r,z)dr. (15) Ry(2).
0

The plasma radiugR,) is obtained experimentally from collisions with heavy particles for momentum transigr
the full width at half maximum of the radial profile of té; ~ and inelastic collisions for excitation., and compared them
line emission intensity, while from the mode®, is deter- to the electron-electron collision frequenay. We have
mined as the full width at half-maximum of the electron found that
density radial profile.

In Fig. 8, we compare the results from the model with the VoS 6V > v, (16)
experimental data. Figure(® shows that there is a good
agreement between the calculated and the measured axidr instance, at the discharge axis the frequency of electron-
distribution of the average electron density. A similar agree-electron collisions(v..=1.8x 101°s™) is four orders of
ment is observed between the calculated and measurgfagnitude higher than the frequency of elastic collisions be-
plasma radius along the colunfsee Fig. &)]. In both  tween electrons and heavy particl¢gr=1.5x 10° s7%);
cases, the experimental values are slightly higher than thelose to the wall, v, is almost two orders of magnitude
calculated ones: they differ by a factor 1.5-2. A possiblenigher thansv. According to Ref.[41], inequality (16) as-
reason for such a deviation of the average electron densityyres the Maxwellization of the EEDF, at least within its
could be the simplified kinetic scheme used in the model fobulk. As for its tail, because of the strong energy loss in
the excitation and ionization processes. Other possible regxcitation collisions, it could deviate from a Maxwellian
sons ardi) the neglect of the axial gas flow in the model; its EEDF. However, electron-electron collisions are there to re-
effect on the energy balance could be important, since thgjl this tail. As such, they directly influence the excitation
tube diameter is smal2R=6 mm) and the gas flow rate is frequency. Therefore, assuming a Maxwellian EEDF results
relatively high (0.5 standard liter per minute(ii) the as- in overestimating the excitation frequency and thereby the
sumed value of the gas temperature at the W8J(r=R)  population of excited states. However, recall that in our
=900 K] in the modeling. model, there are two main population mechanisms of the

The above results show that the present model correctlgxcited levels, electron impact on ground state atoms and
predicts the observed experimental trends even though ttdissociative recombination. As discussed in Sec. 11D 1, the
radial variation of the EEDF due to the effect of electron-population of the 4 block of excited states is mainly deter-
electron collisions has been neglected in the calculationsnined by the dissociative recombination, which is controlled
Actually, the assumption of a Maxwellian EEDF at atmo- by the radial distribution of the gas temperature. Therefore,
spheric pressure is sound. To support this assumption, waking into account the effect of electron-electron collisions
have estimated the various channels for electron energyn the EEDF in our model should only slightly influence the
losses relevant to the behavior of the EEDF, namely, elasticadial contraction of the discharge.
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V. CONCLUSION X 10\T, (K)/[N (cm™3)] [38]. Using Eg.(A3), the step-
We have developed a model for atmospheric-pressurt nizfation rate entering Eq€5) and(7) can be expressed in
the form

plasmas in the electron density range over which radial con*
traction of the plasma column can be observed, namely, a2+ pyioh?
10'%-10'> ¢S, At densities higher than 3®cm3, the con- Ve = angN; = e ——1ize
traction phenomenon tends to disappear. Contraction in rare- 1+,
gas discharges was shown to be related to the presence \gfere

molecular ions, the concentration of which is determined by

the local value of the gas temperature. Therefore, we con-  ps; (cm?ls) = agya;iN7; = 1.14

, (A4)

clude that contraction is due to nonuniform gas heating. 2 _3
An important feature accounted for by the model is the X 1033[N (em )]EEZ(cm)][Te (ev)]
influence exerted on discharge contraction by the radial non- VTg (K)
uniformity of the electric field intensity. The more nonuni- U (eV)
form is the electric field intensity, the less contracted is the ><exp(— m) (A5)
e

discharge(at least until filamentation occytsThis is why
microwave-sustained discharges are less contracted than ficthe rate coefficient for the step ionization due to the popu-

discharges, given the same power density level. lation of the 4 block from the ground state and
The model was compared with experimental data ob-
tained with surface-wave-sustained discharges, showing a Prk (Cm6/8)=pdraji7'j (AB)

good agreement on many aspects of discharge contraction, - o .
Is the rate coefficient for step ionization accounting for the
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Nature et les TechnologigFRNTQ) of the Gouvernement coefficient for ionization from the stblock [31] and
du Québec and by the Conseil de Recherches en Sciences , (cnf) = (o + a;) 7
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APPENDIX: EXPRESSIONS FOR THE RATE =2.38X 1UZS[N em )][,B M Te (V)
COEFFICIENTS OF THE COLLISIONAL AND VTg (K)
TRANSPORT PROCESSES INVOLVED IN THE [U; (eV)]-[U; (eV)]
MODELING OF THE ARGON DISCHARGE X - T, (eV) (A7)

The frequency for direct ionizatiofEgs. (5) and (7)] is is the coefficient accounting for the saturation of the various

[31) step-ionization processes.
v = agN=1.27X 10"8v"Te (eViexp(-[U; eV [T, (eV]} The rate coefficient for dissociative recombinatiorids)
X[N (cm™3)], Al Te (K)\ 0¥
[N (em™)] (A1) par (CMP/s) = 1.04X 106(£>
where «y; is the rate constant for direct ionization ahf 300
=15.76 eV is the ionization energy of the argon atom. {1 - exp- 418[T, (K)]}

(A8)

The process of step ionization requires the density of the . ,
4s excited states, which is determined by the steady-state {1-0.31 exp- 418[T, (K) ]}

balance equation of thesdlock: and the rate coefficient for the three-body recombination
A(DjNj) + agineN + pgneNiz — ajoneN; — a;inN; = 0. reads[28]
(A2) py (cmPls) =8.75x 10727 T, (eV)] 2. (A9)

The 4s block (Fig. 1) is populated by electron collisions on  The rate coefficient for the conversion of atomic ions into
the ground state atortwith rate coefficientag;) and by dis-  molecular ions i§40]

sociative recombinatiofwith rate coefficientpy,). Depopu- 5 a1 o4

lation of the 4 block occurs through diffusiofwith coeffi- ky (cmP/s) = 2.25X 1071{[Tq (K)}/30G". (A10)

cient D;), through electron-collision deexcitation to the  hg rate coefficients for the dissociation of molecular ions
ground statgwith the coefficientejo), and through ioniza- .y, electron and by atom impacts are in the same form as
tion (with rate coefficienta;). Then, Eq.(A2) yields the given in Ref.[29]. They are, respectively,

density of the 4 block as

2.94-3[T, (eV)] - 0.02§
Te (V)

_ agjNeNTj + pgNioNeT;

N, k, (cm’/s) = 1.11X 1orﬁexp[—

, , (A3)

1 + (aj0+ a“)ne’TJ
5 . e . . . (A11)
where 7;=A¢/D; is the diffusion time with characteristic

length A;=R/2.4 and diffusion coefficienD; (cm?/s)=1.0 and
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5.22x 10710 p( 1.304

T, (eV) T, (eV) ) - (A2

kg (cmP/s) =

In Egs. (1), (3), (10), (12), and(13), the elastic collision

PHYSICAL REVIEW E 70, 066405(2004)

v, =1.04X 108T, (eV)exp
X{~[U, (eV)]/[Te (eV)]} X [N (cm™¥)], (A15)

whereU,=11.548 eV for argon.

frequency is the sum of the frequencies for electron-neutral The transport coefficients for energy and particles are as

and electron-ion elastic collisions, i.e:7 ve,t v The fre-
quency of electron-neutral elastic collisions for argofdis]

Vea (59 = 1.84X 1079 T2 (eV)][N (cm3)], (A13)

while the frequency for electron-ion elastic collisioids] is

4.dn, (cm™)] ( T2 (K) )
T2 (K) 1.21% 104n, (cm ™))’
(A14)

The total excitation frequency entering E®) is [41]

Vei (S_l) =

follows. The gas thermal conductivif\eq. (1)] is obtained
from Ref.[43]. In the temperature rangg=300-6000 K, its
coefficient can be expressed as

Xg (W/mK) =3.5x 10775 (K)]. (A16)

The electron thermal conductiviffg. (3)] is obtained from
the electron diffusion coefficierid, and it reads

5
Xe (W/MK) = ~neDe. (A17)

The data for the mobility of argon atomic iobg and argon
molecular iongb;, were taken from Refl44].

1] C. Kenty, Phys. Rev126, 1235(1962.

2] J. T. Massey and S. M. Cannon, J. Appl. Ph$8, 361(1965.

3] J. T. Massey, J. Appl. Phys36, 373(1965.

4] V. Yu. Baranov and K. N. Ul'yanov, Zh. Tekh. FiZ39, 249
(1969 [Sov. Phys. Tech. Physl4, 176 (1969]; 39, 259
(1969 [ 14, 183(1969].

[5] Yu. B. Golubovskii and R. Sonneburg, Zh. Tekh. F#9, 295
(1979 [Sov. Phys. Tech. Phy4, 173(1979].

[6] D. B. Ogle and G. A. Woolsey, J. Phys. B0, 453(1987.

[7] E. I. Toader, J. Phys. 28, 75(1995.

[
[
[
[

[22] M. Moisan, J. Hubert, and R. Pantel, Contrib. Plasma Phys.
30, 293(1990.

[23] M. Moisan and Z. Zakrzewski, Plasma Sources Sci. Technol.
4, 379(1995.

[24] Yu. M. Aliev, H. Schluter, and A. ShivarovaGuided-Wave-
Produced PlasmagSpringer, Berlin, 2000

[25] H. Nowakowska, Z. Zakrzewski, M. Moisan, and M. Luba
ski, J. Phys. D31, 1422(1998.

[26] V. M. Lelevkin, D. K. Otorbaev, and D. C. Schramhysics of
Non-Equilibrium PlasmagNorth-Holland, Amsterdam, 1992

[8] N. Djermanova, D. Grozev, K. Kirov, K. Makasheva, A. Shi- [27] L. M. Biberman, V. S. Vorob’ev, and I. T. YakuboiKinetics of

varova, and Ts. Tsvetkov, J. Appl. Phy&6, 738(1999.

[9] Y. Kabouzi, M. D. Calzada, M. Moisan, K. C. Tran, and C.

Trassy, J. Appl. Phys91, 1008(2002.

Non-Equilibrium Low-Temperature PlasméPlenum, New
York, 1987%).
[28] Yu. P. RaizerGas DischargesSpringer, Berlin, 1991

[10] E. Castafios Martinez, Y. Kabouzi, K. Makasheva, M. D. [29] J. Jonkers, M. van de Sande, A. Sola, A. Gamero, A. Rodero,
Calzada, M. Moisan, and C. Trassy, in Proceedings of the 14th  and J. van der Mullen, Plasma Sources Sci. Techhd|.464

International Colloquium on Plasma Process€$P 2003,
Antibes, France, 2008unpublishegl

[11] A. V. Eletskii and B. M. Smirnov, Zh. Tekh. Fiz40, 1682
(1970 [Sov. Phys. Tech. Phydl5, 1308(197D)].

[12] G. L. Rogoff, Phys. Fluidsl5, 1931(1972.

[13] P. K. Milsom, J. Phys. D29, 403(1996.

[14] K. N. Ul'yanov, Zh. Tekh. Fiz.43, 570 (1973 [Sov. Phys.

Tech. Phys.18, 360(1973)].

[15] V. L. Bychkov and A. V. Eletskii, Fiz. Plazmy, 942 (1978
[Sov. J. Plasma Phygl, 528(1978)].

[16] Yu. B. Golubovskii and R. Sonneburg, Zh. Tekh. F#9, 302
(1979 [Sov. Phys. Tech. Phy4, 177 (1979].

[17] G. M. Petrov and C. M. Ferreira, Phys. Rev. 89, 3571
(1999.

[18] Yu. B. Golubovskii, H. Lange, V. A. Maiorov, I. A. Porokhova,

and V. P. Sushkov, J. Phys. B6, 694 (2003.

(2003.

[30] V. E. Golant, P. Zhilinsky, and I. E. Sakhardvundamentals
of Plasma PhysicgWiley, New York, 1977.

[31] K. Makasheva and A. Shivarova, Phys. Plasr8a836(2001).

[32] J. Berndt, K. Makasheva, H. Schliter, and A. Shivarova,
Plasma Sources Sci. Techndll, 208 (2002.

[33] This is due mainly to the increase of the gas temperature which
increases the diffusion timg of the 4s block of excited atoms,
which appears in the rate coefficiemy.

[34] M. Zethoff and U. Kortshagen, J. Phys. b, 1574(1992.

[35] J. Berndt, D. Grozev, and H. Schliter, J. Phys.3B, 877
(2000.

[36] St. Lishev, L. Marinova, H. Schliter, and A. Shivarova,
Vacuum 69, 153(2003.

[37] A. V. Maximov and H. Schliiter, Phys. Sc85, 263 (2002.

[38] A. V. Phelps and J. P. Molnar, Phys. Re39, 1202(1953.

[19] U. Kortshagen, H. Schluter, and A. V. Maximov, Phys. Scr. [39] A. J. Cunningham, T. F. O'Malley, and R. M. Hobson, J. Phys.

46, 450(1992).

B 14, 773(1981.

[20] M. Moisan and J. PelletierMicrowave Excited Plasmas [40] J. D. C. Jones, D. J. Lister, D. P. Wareing, and N. D. Twiddy,

(Elsevier, New York, 1992
[21] Z. Zakrzewski, J. Phys. 016, 171(1983.

J. Phys. B13, 3247(1980.
[41] U. Kortshagen, A. Shivarova, E. Tatarova, and D. Zamfirov, J.

066405-11



CASTANOS MARTINEZ et al. PHYSICAL REVIEW E 70, 066405(2004)

Phys. D 27, 301(1994. rection des Bibliotheques des Musées et de I'Information Sci-
[42] J. P. Delcroix and A. BersPhysique des PlasmdanterEdi- entifique et Technique, Paris, 1986
tions, Paris, 199% [44] E. W. McDaniel and E. A. Masorihe Mobility and Diffusion

[43] B. Pateyron, M. F. Elshinger, G. Delluc, and J. Auberton, of lons in GasegWiley, New York, 1973.
ADEP—Banque des données de I'Université et du CNIRS

066405-12



