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The modeling of microwave-sustained discharges at atmospheric pressure is much less advanced than at
reduced pressures,10 Torrd 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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I. INTRODUCTION

Electrical discharges, whether they be dc or high-
frequency(hf) discharges, are observed to undergo contrac-
tion when sustained at sufficiently high pressures(typically
higher than 10 Torr in rare gases) [1–10]. The onset of con-
traction is found to depend also on the discharge power level,
the discharge vessel, and the nature of the gas. This phenom-
enon can be observed with atomic and molecular gases, in-
cluding electronegative gases. It is characterized by a local
increase of both the electron density and the gas temperature
and by a decrease of the electron temperature. In most cases,
excepting the thermal arc discharge, the contracted plasma
column is far from thermodynamic equilibrium[2,3]. In dc
discharges in rare gases, in addition to the contraction phe-
nomenon, one can also observe an abrupt transition from the
diffuse state(uniform glow) of the discharge to the con-
tracted state, this abrupt change in the plasma parameter val-
ues being characterized by a hysteresis in the current-voltage
curve[4,5]. No such hysteresis is, however, observed in elec-
tronegative gas discharges[6]. Another specific effect related
to contraction, this time observed with hf discharges only, is
the breaking of a single plasma filament into two or more
filaments of smaller diameters, which we refer to as filamen-
tation [2,8,9]. It occurs when the field frequency and the
radially averaged electron density are increased.

Several mechanisms have already been theoretically in-
vestigated to account for the radial contraction phenomenon
[11–18]. Many of these studies focused on the abrupt transi-
tion, as a function of discharge current, from the diffuse to
the contracted state in the positive column of dc discharges.
More generally, two main mechanisms have been identified
as playing a key role in the contraction process:(i) electron-
electron collisions and(ii ) nonuniform gas heating. Further-
more, for contraction to occur, it is generally accepted that
charged-particle losses by volume recombination have to be

dominant over those by ambipolar diffusion[11]. We briefly
review the literature on these two main mechanisms.

Electron-electron collisions refill the tail of the electron
energy distribution function(EEDF) depleted by inelastic
collisions [19]. Provided the degree of ionization is large
enough (typically .10−4), further increasing electron-
electron collisions can then turn the EEDF into a Maxwellian
distribution. While this can be the case at the discharge axis,
where the electron density is the highest, at the discharge
periphery the EEDF could suffer from tail depletion, leading
to a significant decrease of the ionization rate as one moves
from the axis toward the wall. The effect of electron-electron
collisions has been studied numerically in Refs.[17,18], with
the conclusion that discharge contraction is due to the influ-
ence of electron-electron collisions on the ionization rate
through their action on the EEDF. The second main mecha-
nism invoked for contraction to occur is nonuniform gas
heating along the discharge radius. Contraction of the dis-
charge is indeed accompanied by a strong radial gradient of
gas temperature since the temperature at the axis can be sev-
eral hundred kelvin higher than at the tube wall. Nonuniform
gas heating can be considered to be responsible for contrac-
tion in two ways.(1) It may occur through its influence onN,
the density of atoms, and hence on the reduced electric field
E/N [11–13]. Then, since the value ofE/N decreases from
the axis toward the tube wall(E is constant in dc discharges),
there results a rapid decrease of the ionization frequency,
which is a sensitive function of the reduced electric field.(2)
It may occur through the influence of the gas temperature on
the density of molecular ions[14,15]. Because of the radial
gradient of the gas temperature, the density of molecular ions
increases from the axis toward the wall, leading to a rapid
increase of charged-particle losses through dissociative re-
combination. This is because, at the discharge axis, the gas
temperature is high enough that molecular ions are effi-
ciently dissociated via atomic collisions, therefore reducing
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the number of molecular ions available for charged-particle
losses through dissociative recombination.

Although the above mechanisms have been included in
the theoretical models, satisfactory interpretation of the con-
traction phenomenon is still lacking since, in particular, none
of these studies clearly shows which of the two main mecha-
nisms mentioned is at the origin of the radial contraction. In
Refs. [16–18], radial contraction has been interpreted as a
direct consequence of electron-electron collisions and of
their correlative effect on the EEDF. This is because, when
ignoring electron-electron collisions in the modeling, a con-
tinuous, and not abrupt, contraction of the density profile of
the positive column is obtained with increasing current,
whereas experiments show an abrupt change in the plasma
parameters and a corresponding hysteresis as current is in-
creased. This modeling result led these authors to conclude
that nonuniform gas heating was not playing a primary role.
We surmise that this chain of reasoning is partly wrong. To
see this, consider, for example, Refs.[16–18], where both
experimental and modeling results clearly show that the on-
set of radial contraction and the abrupt jump in the plasma
parameters are taking place at different current values. For
instance, in argon discharges sustained at 100 Torr, radial
contraction sets in at a current value of 4 mA, whereas the
abrupt jump in the plasma parameters is observed for a cur-
rent value of 10 mA. Therefore, we believe that the abrupt
jump in the plasma parameters is, in fact, due to the increase
of electron-electron collisions, but that this mechanism is not
a determining factor for the onset of contraction. Another
feature not explained by the effect of electron-electron colli-
sions is the observed increase of the discharge radius, i.e., a
reduction of the contraction degree as the discharge current
is increased[4,14,15].

The intent of this work is to bring some more insight into
the mechanism of radial contraction and, in particular, to
show how nonuniform gas heating induces radial contraction
through its effect on molecular ion kinetics. Therefore, one
needs to describe adequately all the relevant kinetic pro-
cesses related to the creation and losses of molecular ions. As
we will show, even though the density of molecular ions is
lower than that of atomic ions in the case of rare-gas dis-
charges, the molecular ions actually control the ionization-
recombination kinetics. The previous models[14,15] that
took into account molecular ions supposed them to be in
equilibrium with atomic ions through heavy-particle colli-
sions, ignoring the importance of their dissociation by elec-
tron collisions. As a matter of fact, the kinetic processes in-
volving molecular ions determines a gas temperature range
over which contraction can be observed, corresponding to
discharges in the electron density range 1012–1015 cm−3.

The model considered in the present study refers to a
microwave discharge sustained in argon at atmospheric pres-
sure. More specifically, the discharge is sustained by an elec-
tromagnetic surface wave[20–25]. This type of discharge not
only yields the largest possible range of operating conditions
in terms of gas pressure, field frequency, and tube diameter,
but also provides a continuous variation as a function of
axial position of the electron density. To account for stepwise
ionization but, nonetheless, to keep the model simple and
transparent, we limit ourselves to the first excited configura-

tion of argon. It provides the main characteristics of the
ionization-recombination processes required to bring out the
essential phenomena. Another original feature of the model
is to take into account the radial variation of the electric field
intensity.

The article is organized as follows. Section II describes
the plasma equations on which our model is based. The in-
fluence of molecular ion kinetics and of nonuniform gas
heating on the discharge radial contraction is emphasized.
Section III presents the field equations necessary to complete
the set of plasma equations for a self-consistent treatment of
the discharge contraction in the particular case of microwave
discharges. Our results are discussed in Sec. IV. Finally, con-
cluding remarks are presented in Sec. V.

II. PLASMA EQUATIONS

We consider a long argon-plasma column sustained in a
dielectric tube with internal and external radiiR andR1, re-
spectively. The discharge is stationary and maintained at at-
mospheric gas pressure. These conditions correspond to
charged-particle losses dominated by volume recombination.
A two-temperature fluid model[24,26] is used to describe
the radially contracted argon discharge. In this approxima-
tion, the plasma is considered to comprise two main species:
the electrons and the heavy particles. Maxwellian energy dis-
tribution functions characterized by temperaturesTe and Tg
are assumed for electrons and heavy particles, respectively.
The heavy particles are argon atoms(ground state and ex-
cited states) and ion species. Two types of ions are consid-
ered in this model, namely, atomic ions with densityni1 and
molecular ions with densityni2. Quasineutrality of the
charged particles is assumed, i.e.,ne=ni1+ni2, wherene is the
density of electrons.

A. Energy balance equation for heavy particles

As shown by experiments[9], at atmospheric pressure,
the discharge gas is strongly heated, inducing a steep radial
gradient of gas temperature. To account for the influence of
nonuniform gas heating on the plasma parameters and deter-
mineTg, we use the gas energy balance equation. This equa-
tion reads

− = · sxg = Tgd =
3

2
nednkBsTe − Tgd, s1d

wherexg is the gas thermal conductivity,d=2me/M (where
me andM are the electron and atom masses, respectively) is
the energy transfer coefficient for elastic collisions,n is the
elastic collision frequency andkB is the Boltzmann constant.
The heavy particles are being heated by electrons through
elastic collisions. This energy is in the end lost to the tube
walls through thermal conduction of the gas. The imposed
boundary conditions for the heavy-particle balance equation
are

UdTg

dr
U

r=0
= 0, Tgsr = Rd = 900 K, s2d

and the value of the gas temperature at the tube wall is set
according to experimental data[9].
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B. Energy balance equation for electrons

The electron temperatureTe is obtained as a solution of
the electron energy balance equation, written in the follow-
ing form:

− = · sxe = Ted +
3

2
nednkBsTe − Tgd +

3

2
nenpkBUp = sruEu2,

s3d

wheresr is the real part of the plasma conductivity,E is the
electric field intensity,np is the frequency of inelastic colli-
sions for total excitation,Up is the energy of the first excited
state of the atom(Up=11.548 eV for argon), and xe is the
electron thermal conductivity. The electron energy losses
through thermal conductivity and through collisions(elastic
collisions and inelastic collisions) are compensated by the
Joule heating of the applied field,sruEu2. The boundary con-
ditions for the electron temperature equation are

UdTe

dr
U

r=0
= UdTe

dr
U

r=R
= 0. s4d

The boundary condition at the tube wall assumes that the
electrons are reflected by the electric field within the sheath
near the tube wall(adiabatic condition) [24,26].

C. Charged-particle balance equations

Three types of charged particles are taken into account,
namely, electrons, atomic ions(AIs), and molecular ions
(MIs), by writing the continuity equation for each type of
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
charged particles, necessary to complete the balance equa-
tions, are determined following the energy diagram given in
Fig. 1. A three-level energy scheme is used—the ground
state, the first excited configuration of the rare gas, and the
ionization level. Such a simplification of the kinetic picture
enables us to keep the model simple while, nonetheless, pro-
viding the main characteristics of the discharge. The first
excited configuration of the argon atom is comprised of two
metastable states3P2 and 3P0, and two radiative states3P1
and1P1, which are considered as a block, designated 4s, with

a mean energy of the blockUj =11.652 eV [27]. The 4s
block is populated by electron collisions on the ground state
atom and also through dissociative recombination[28]. It is
depopulated through diffusion, collisional transition to the
ground state, and ionization. Radiation from the3P1 and1P1
resonant states is not considered because of the correspond-
ing high optical thickness of the plasma. The three-level sys-
tem just described is coupled to the molecular ions through
collisional processes[29]. These are the conversion of
atomic ions into molecular ions, the dissociation of molecu-
lar ions by electron and atom impacts, and dissociative re-
combination. The rate coefficients of all the collisional pro-
cesses considered in the model are obtained after integration
of the corresponding cross sections over a Maxwellian elec-
tron velocity distribution. The expressions of these rate co-
efficients as well as those characterizing the transport pro-
cesses in the discharge are given in the Appendix. In this
way, the electron-density balance equation reads

= ·FDe

be
Sbi1

ni1

ne
+ bi2

ni2

ne
D = neG + nine +

rsine
2 + rrkni2ne

2

1 + hne

− rdrni2ne − rtrni1ne
2 = 0, s5d

with boundary conditions

Udne

dr
U

r=0
= Udne

dr
U

r=R
= 0. s6d

The boundary condition forne at the tube wall is inferred
from the boundary condition of the electron temperature at
the same radial position[30]. The losses of electrons are due
to ambipolar diffusion(first term on the left hand side), vol-
ume recombination, including dissociative recombination
(with coefficient rdr), and three-body recombination(with
coefficientrtr). These particle losses are compensated by the
creation of electrons due to direct ionization on the ground
level (with frequencyni) and through step ionization from
the 4s block. In Eq.(5), in the step-ionization term, the rate
coefficientrsi accounts for step ionization through states ini-
tially excited from the ground level whilerrk takes into ac-
count step ionization stemming from states populated by dis-
sociative recombination. The coefficienth accounts for the
saturation of the various step-ionization processes. In expres-
sion(5) above,De andbe are the coefficients of diffusion and
mobility of electrons whilebi1 andbi2 are the mobility coef-
ficients of atomic and molecular ions, respectively.

The continuity equation for AIs reads

= · sDAsi1d = ni1d + nine +
rsine

2 + rrkni2ne
2

1 + hne
+ k2ni2ne

+ k3ni2N − k1ni1N
2 − rtrni1ne

2 = 0. s7d

The AIs are provided by direct ionization, step ionization,
dissociation of MIs by electron impact(with rate coefficient
k2), and atom impact(with rate coefficientk3). Their losses
result from ambipolar diffusion[with coefficient DAsi1d
=Desbi1/bed], from their conversion into MIs(with rate co-
efficient k1), and the three-body recombination.

The continuity equation for MIs reads

FIG. 1. Schematic diagram of the energy levels of the argon
atom considered in the model. The arrows indicate the collisional
and transport processes taken into account in the balance equations
of the charged particles.
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= · sDAsi2d = ni2d + k1ni1N
2 − rdrni2ne − k2ni2ne − k3ni2N = 0,

s8d

where the second term represents the process of conversion
of atomic ions into molecular ions(at high gas pressure, this
is the main creation channel for MIs and the only one taken
into account in the model). The losses of MIs are due to
ambipolar diffusion[with coefficientDAsi2d=Desbi2/bed], dis-
sociative recombination, and dissociation of the molecular
ions by electron and atom impacts.

The atom densityN is obtained from Dalton’s law:

N =
p

kBTg
− neS1 +

Te

Tg
D , s9d

wherep is the gas pressure.

D. Role of the MIs and of the gas temperature
in discharge contraction

1. Influence of molecular ions over
the process of step ionization

The presence of MIs in rare-gas discharges strongly influ-
ences both the creation and losses of charged particles. As
the gas pressure is increased(pù1 Torr, in argon dis-
charges), volume dissociative recombination becomes domi-
nant over ambipolar diffusion as far as charged-particle
losses are concerned[31,32]. Dissociative recombination can
also influence charged-particle creation, since in rare-gas dis-
charges, one of the two resulting atoms is in an excited state,
therefore enhancing the process of step ionization, as ac-
counted for in Eq.(5). Because of this, the step-ionization
frequency depends not only on the electron density but also
on the MI density. When the step-ionization process saturates
with increasing electron density, i.e., when its ionization fre-
quency no longer depends on electron density, it nonetheless
keeps on depending on the density of charged particles
through MI density. Such a dependence is actually one of the
conditions for contraction to develop. At low gas pressure,
for instance,p=1 Torr, the second term of the contribution
to the step-ionization ratesrrkni2ne

2=5.0331014 cm−3/sd is
negligible, actually three orders of magnitude lower than the
first one srsine

2=7.6131017 cm−3/sd. As gas pressure is in-
creased, the contribution of the second term becomes more
and more important and, at atmospheric pressure, it is four
times largersrrkni2ne

2=2.0431022 cm−3/sd than the first one
srsine

2=5.1131021 cm−3/sd [33].

2. Influence of the gas temperature
on the density of charged particles

To determine the influence of nonuniform gas heating on
the discharge radial contraction, we consider the dependence
of the charged-particle densities on the gas temperatureTg as
obtained from Eqs.(5)–(9). Figure 2 shows the variation of
the electron, atomic, and molecular ion densities as functions
of Tg, in an argon discharge at atmospheric pressure with
Te=10 500 K andR=3 mm. The electron density increases
by more than an order of magnitude whenTg increases from

1500 to 2500 K, while the molecular ion density remains
almost constant. The atomic ion density increases by more
than three orders of magnitude over the 500 to 3500 K tem-
perature range. This strong variation of the AI density with
Tg is induced by atom-impact dissociation of MIs, the rate
coefficient of which depends exponentially onTg (see the
Appendix).

To examine in detail the dependence of the charged-
particle densities onTg, we divide the gas temperature range
in Fig. 2 into three regions: region I forTg,1500 K, region
II for 1500,Tg,2500 K, and region III forTg.2500 K. In
region I, the electron density decreases slightly because of
the decrease of the frequencies of direct and step ionization
with increasingTg and hence decreasingN. For the same
reason, the MI density decreases in accordance with the de-
crease of the conversion of AIs into MIs. The AI density
increases very fast due to the increasing contribution withTg
of the dissociation of MIs via atom impact. Nonetheless, as
far as the charged-particle balance is concerned, the dissocia-
tion of MIs by atom impact is negligible in this region. In
region II, the electron and atomic ion densities increase
while the molecular ion density stays approximately con-
stant. The fast increase of the AI density, in this region, is
due to the strong(exponential) dependence of the atom-
impact dissociation of MIs onTg. As far as the interaction of
electrons with MIs is concerned, the dissociation of the MIs
is then more probable than the dissociative recombination
process, and hence there is a lower loss rate of charged par-
ticles. In addition, although the density of atomic ions is
greatly increased, the loss of charged particles through three-
body recombination is negligible in this region. In region III,
the electron and AI 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 AI
density (owing to three-body recombination) and, at the
same time, to the atom-impact dissociation of MIs that keeps
on increasing. Nevertheless, even with such a low MI density
(MI density is more than two orders of magnitude lower than
AI density), electron losses are still controlled by dissocia-
tive recombination because its frequencys3.53104 s−1d is
three times higher than the three-body recombination fre-
quencys1.23104 s−1d at Tg=3500 K.

FIG. 2. Electron densityne (full curve), atomic ion densityni1

(dashed curve), and molecular ion densityni2 (dotted curve) as
functions of the gas temperatureTg at a fixed value of the electron
temperatureTe.
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Finally, Fig. 2 clearly shows that, even at constant elec-
tron temperature, the electron density can vary by more than
an order of magnitude as a consequence of a gas temperature
variation. This is the case in a contracted discharge where the
gas temperature decreases strongly from the axis toward the
tube wall.

III. SURFACE-WAVE FIELD EQUATIONS

The discharge characteristics are strongly influenced by
the way that the electric field energy is transferred to the
plasma. Therefore, a full description of the discharge prop-
erties requires completing the plasma equations with those
describing the applied electric field, i.e., the term in the right
hand side of Eq.(3) has to be specified. While in the case of
dc discharges, this term is connected to the current density, in
the case of wave-sustained discharges, it represents the Joule
heating in the wave electric field and implies knowing the
wave propagation characteristics. One of the reasons for con-
sidering a gas discharge sustained by a propagating electro-
magnetic surface wave for modeling microwave discharges
is the fully self-consistent coupling existing between the
electromagnetic field and the plasma[20,21,24,25,31]: the
wave properties depend on the plasma properties and con-
versely. Another reason for using surface-wave-sustained
discharges(SWDs) is their flexibility in terms of operating
conditions, making them the most suitable for parametric
studies. A further reason is that in SWDs the absorbed wave
power decreases away from the wave launcher along the
plasma column, making the plasma medium varying continu-
ously. This provides a useful way to investigate different
stages of discharge contraction and to more closely compare
theoretical results with available experimental data.

In this model, the plasma column is sustained by a propa-
gating azimuthally symmetric surface wave(SW) (a TM
mode with nonzero wave field componentsEr , Hw , Ez and a
field variation of a form proportional to expf−ivt
+ iezkszddzg where v is the wave angular frequency,k=b
+ ia is the complex wave number withb and a being the
wave number and the space damping rate, respectively, andz
is the axial coordinate). The waveguiding structure consists
of the plasma, the dielectric tube(with internal and external
radii R and R1, respectively, and glass permittivity«d) and
the surrounding vacuum.

The wave loses its energy as it propagates and the amount
of wave power that is lost over a unit axial length for sus-
taining the discharge is

Lszd = 2pE
0

R

rsruEsr,zdu2dr, s10d

where srsr ,zd=«0nsr ,zdfnesr ,zd /ncrgh1+fnsr ,zd /vg2j−1 is
the real part of the plasma conductivity[ncr=«0mv2/e2 is the
critical density,«0 is the vacuum permittivity, ande andme
are the electron charge and mass, respectively]. Equation
(10) relates the wave characteristics with the plasma proper-
ties through Joule heating. The wave power lost within the
axial intervalz, z+dz, as expressed byLszd, is absorbed in
the plasma column over that same axial interval: self-

consistency between the wave and the plasma is local. It
implies that we are assuming the plasma column to be lo-
cally axially uniform, i.e., we neglect the presence of axial
gradients in the plasma slab considered.

IntroducingLszd into the local wave energy balance equa-
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 toLszd [21,23,24]. The local wave
energy balance equation reads

dPszd
dz

; − 2aPszd = − Lszd, s11d

wheredP/dz is the amount of power lost by the wave while
Lszd is the power absorbed in the plasma column,Pszd is the
wave power flux, anda is the space damping rate(attenua-
tion coefficient) of the wave. The attenuation and propaga-
tion coefficientsa andb are derived from the local(in thez
direction) wave dispersion relation

Dfv,kszd = bszd + iaszd,«sr,zd,«d,R,R1g = 0. s12d

Here «sr ,zd=1−fnesr ,zd /ncrgh1+ifnsr ,zd /vgj−1 is the
plasma permittivity for a collisional and radially inhomoge-
neous plasma. The radial distributionnsr ,zd of the elastic
collision frequency and the radial distributionnesr ,zd of elec-
tron density stem from the plasma equations(Sec. II). The
dispersion relation is solved after applying the continuity
conditions of theEz andHw electric field components at the
interfacessr =R,R1d. The electric field components are ob-
tained from the wave equation

d2Ez

dr2 + F1

r
+

k2

kp
2sv,rd«sv,rd

d«sv,rd
dr

GdEz

dr
− kp

2sv,rdEz = 0,

s13ad

Er = − i
k

kp
2sv,rd

dEz

dr
, s13bd

wherekp
2sv ,rd=k2−fv2«sv ,rd /c2g characterizes the electric

field distribution in the plasma regionr øR (radially inho-
mogeneous collisional plasma) and, with«sv ,rd replaced by
«d or 1, in the dielectricsRø r øR1d and vacuumsr .R1d
regions, respectively. In this model, the radial variation of the
elastic collision frequencynsr ,zd needs to be taken into ac-
count in the calculations since its influence over the electric
field radial variation, as we will show, is important.

IV. RESULTS AND DISCUSSION

The numerical calculations of the plasmas parameters,
namely,Te, Tg, ne, ni1, ni2, andn and the wave characteris-
tics E, a, and b, are performed for given discharge condi-
tions and a set of successive values of the linear power den-
sity L. The results presented in this section have been
computed for a surface-wave argon discharge sustained in a
fused silica tube(R=3 mm internal radius andR1=4 mm
external radius with permittivity«d=3.78) at f =v /2p
=915 MHz, and at atmospheric pressure.
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A. Radial distribution of the plasma parameters
and wave field components

Figures 3(a)–3(c) show results for the radial distribution
of the plasma parameters and the radial profile of the electric
field intensity components[normalized touEzsr =0du], as ob-
tained self-consistently from the model for a fixed value of
power densityL=6 W/cm. Figure 3(a) shows that the argon
discharge does not fill the discharge tubesR=3 mmd, i.e., it
is contracted: The electron density falls by two orders of

magnitude from the axis toward the tube wall. Actually,ne
decreases from 4.731014 cm−3 at the discharge axis to 4.5
31012 cm−3 at the wall. The radial distributions of AI and
MI densities are also shown in Fig. 3(a). 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 position[indicated by arrows in
Figs. 3(a) and 3(b)] where the gas temperature exceeds some
value (approximately 1500 K in the present case), in accor-
dance with the explanations provided with Fig. 2. This radial
position corresponds to the radial position at which the AI
density exceeds the MI density[see inset in Fig. 3(a)]. This
shows that the contraction is initiated by the nonuniform
heating of the discharge gas. As can be seen in Fig. 3(b), the
electron temperature is several times higher than the gas tem-
perature everywhere within the discharge volume and varies
slowly over the discharge cross section. The shift of the
maximum ofTe toward the tube wall is due to the increase of
the electric field intensity toward the tube wall[see Fig.
3(c)]. In contrast, the gas temperature is the highest at the
axis and decreases rapidly toward the wall.

Figure 3(c) shows the radial profiles of the electric field
intensity components in the plasma. In the fused silica tube
and vacuum regions[not shown in Fig. 3(c)], the field com-
ponents are well known and can be represented using a com-
bination of Bessel functions[22,31,34,35]. The strong radial
inhomogeneity of the electric field intensity is caused by the
steep radial variation of both the electron density and the
elastic collision frequency. The radial variation of the elastic
collision frequency(n /v increases by more than twice to-
wards the discharge wall[inset in Fig. 3(c)]) acts in an op-
posite way on the axialuEzu and on the radialuEru components
of the electric field intensity. The gradient ofuEzu decreases
while uEru strongly increases as the gradient ofn /v increases,
in the end increasing the gradient of the total field intensity
[Fig. 3(c)]. Therefore, even though the plasma is highly col-
lisional, we observe that the radial increase toward the wall
of the n /v ratio enhances the inhomogeneity of the total
electric field intensity.

B. Influence of the linear power density

Figures 4(a)–4(d) show the radial distribution of the
plasma parameters and the radial profile of the electric field
intensity for successive values of the linear power densityL
(increasing values ofL correspond to increasing values of
axial positionz, z=0 being the end of the plasma column).
Figure 4(a) shows that the electron density profile expands
with increasingL, that is the discharge radial contraction
reduces with increasingL. The maximum of electron density
shifts radially towards the wall at high enough valuessL
ù16 W/cmd of the power density. These features of SWDs
at atmospheric pressure have already been observed experi-
mentally [9]. The shift in the maximum value ofne toward
the wall is due to a smaller penetration of the electric field
intensity in the plasma volume, because the average electron
density increases, as power density is increased.

As shown in Fig. 4(b), the gas temperature increases sig-
nificantly with increasingL and the region over which the

FIG. 3. (a) Radial distributions ofne (full curve), ni1 (dashed
curve), andni2 (dotted curve). The arrow shows the radial position
at which the atomic-ion(AI ) density becomes larger than the
molecular-ion(MI ) density asr decreases. The inset is a magnified
view of the radial variation of the charged-particle densities close to
the discharge wall.(b) Radial distributions of the gas temperature
Tg (dashed curve) and electron temperatureTe (full curve). The
vertical arrow shows the radial position corresponding to the value
of the gas temperature at which the AI density becomes larger than
the MI density asr decreases.(c) Radial profiles in the plasma
region of the radialuEru (dotted curve) and axialuEzu (dashed curve)
components of the electric field intensity and of the total electric
field intensity(full curve) [all normalized touEzsr =0du]. The inset
shows the radial variation ofn /v. Calculations made forf
=915 MHz,R=3 mm, andL=6 W/cm.
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gas is heated is enlarged. In contrast, the electron tempera-
ture depends slightly onL, as shown in Fig. 4(c). The radial
distribution ofTe is mainly determined by the radial profile
of the electric field intensity. Actually, at low values of
L s2–4 W/cmd, the inhomogeneity of the electric field inten-
sity is small andTe has its maximum value at the axis and
decreases toward the tube wall. At high enough values ofL,

the electric field intensity strongly increases toward the tube
wall, leading to an increase ofTe 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
in Fig. 4(a) at L=16 W/cm. From the above, we conclude
that an increasing radial inhomogeneity of the electric field
intensity reduces the radial contraction of microwave dis-
charges. However, a further increase of the inhomogeneity of
the electric field intensity can result in the filamentation of
the discharge. In Refs.[36,37], the filamentation of SWDs is
theoretically studied at reduced gas pressuresp.10 Torrd,
concluding that the onset of filamentation depends on the gas
temperature.

C. Axial structure of the discharge

In the previous section, we have obtained, self-
consistently, the radial distribution of the plasma parameters
and of the wave characteristics for given values ofLszd, i.e.,
for corresponding plasma slabsz, z+dz, which amounts to
assuming these slabs to be axially uniform. In this local uni-
formity approximation[21,23–25,31], we consider that all
the axial gradients of the plasma parameters are small in
comparison with their corresponding radial gradients. In this
case, the plasma parameters and the wave propagation char-
acteristics rely only on the imposed discharge operating con-
ditions(tube radius, pressure, and field frequency) and on the
local value of the powerL 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
L.

Figure 5 presentsasLd and bsLd, as obtained self-
consistently(the plasma parameters and the wave character-
istics are determined simultaneously) from the model assum-
ing the local uniformity approximation(see Sec. IV B). The
wave can propagate only whena,b. As a practical criterion
in the model, the end of the plasma column is taken as the
position at whicha>b, which corresponds in the present
case toL=1.5 W/cm. Figure 5 shows thatb is almost inde-
pendent ofL whereasa decreases monotonically withL.
Having now in hand the functionalasLd, we can obtain the
axial structure of the discharge using Eq.(11).

FIG. 4. Radial distributions of(a) the electron density,(b) gas
temperature,(c) electron temperature, and(d) the radial profile of
the total electric field intensity at successive values of the linear
power density.

FIG. 5. Wave numberb and space damping ratea as functions
of the linear power densityL.
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Figure 6 shows the calculated axial distribution of the
wave-attenuation coefficientaszd, the linear power density
Lszd, and the electron density averaged over the tube cross
section n̄eszd. As expected in the case of a discharge sus-
tained by a traveling wave[23,31], both Lszd and n̄eszd de-
crease toward the end of the plasma columnsz=0d. At high
enough electron density values, the attenuation coefficient is
constant while it increases rapidly toward the very end of the
column as the electron density decreases. The column ends
whena>b, as shown in Fig. 5.

D. Comparison of the contraction phenomenon
in SW and dc discharges

In addition to the radial contraction, which is common to
both hf and dc discharges, the former discharges are ob-
served to suffer filamentation[8–10]. Filamentation is re-
lated to the limited penetration of the hf electric field in the
plasma volume, commonly known as the electromagnetic
skin effect. In this section, we further examine the influence
of the radial inhomogeneity of the electric field intensity on
contraction as encountered in surface-wave discharges com-
pared to the case of dc discharges where the electric field
intensity is uniform.

Figures 7(a) and 7(b) compare the radial profiles ofTesrd
andnesrd, normalized to their values at the discharge axis, for
both types of discharge. The results are for the same and
successive values ofL at R=3 mm. We note from Figs. 7(a)
and 7(b) that for the lowest value of the absorbed power
density L=4 W/cm—which corresponds to the end of the
plasma column in case of a SWD and to a discharge current
I >0.5 A in the case of a dc discharge—both discharges ex-
hibit the same radial electron density profile. The value of
the electron density at the discharge axis(not shown) is,
however, higher in the case of dc discharge for the same
amount of absorbed power density. The electron temperature
profiles are also almost the same for both types of discharge,
except close to the tube wall where, for the SWD,Te exhibits
a weaker radial decrease(due to the radial inhomogeneity of
the electric field intensity). Actually, in both cases, the elec-

tron density profile is determined by the radial gradient of
gas temperature[which presents the same radial variation for
both dc and SWDs; the case of SWDs is shown in Fig. 4(b)].
When increasing the absorbed power densitysL
=12–16 W/cmd, the difference between SWD and dc dis-
charges becomes significant. In both discharges, the electron
density profile expands with increasingL, i.e., the discharge
radial contraction lowers with increasingL. For the dc dis-
charge, the radial profile ofTe is observed to be slightly
dependent onL and the electron density profile keeps the
same radial variation with increasingL: it monotonically de-
creases from the discharge axis toward the tube wall. For the
surface-wave discharge, the value of the electron temperature
is observed to be almost independent ofL [see Fig 4(c)] but
its profile is very sensitive to the radial variation of the elec-
tric field intensity. In SWDs, in contrast to dc discharges, the
shape of the electron density radial profile changes at large
enoughL values, the radial position of the electron density
maximum being shifted from the axis toward the tube wall.
This results in a much less contracted discharge in the case
of SWDs compared to the dc discharges, at the same amount
of absorbed power density. For instance, to obtain an equiva-
lent discharge radius, the absorbed power density for the dc
discharge has to be approximately twice the value of the
power density in SWDsL=12 W/cmd, which corresponds to
an increase of the current from 2.7 to 5.2 A.

E. Comparison between theoretical and experimental results

Optical emission spectroscopy was employed to deter-
mine the electron density and the plasma radius of an argon

FIG. 6. Axial variation of(a) the space damping rateaszd, (b)
the axial variations of the linear power densityLszd and the average
electron densityn̄eszd. The axial positionz=0 corresponds to the
end of the plasma column.

FIG. 7. Radial profiles of(a) the electron temperature and(b)
the electron density, at three values of the absorbed power density,
for a surface-wave discharge(SWD) and a direct-current(dc)
discharge.

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

066405-8



surface-wave discharge sustained at atmospheric pressure at
an applied field frequencyf =915 MHz and in a fused silica
tube withR=3 mm.

Because of contraction, the plasma radius is too small to
obtain the electron density radial distribution, which would
require determining the radial variation of thel
=486.13 nmHb line broadening through Abel inversion. In-
stead, we have determined the average electron density. This
was achieved by determining(1) the radial profile of the
electron density, assuming that it is reflected by the radial
profile of theHb line emission intensity, as obtained through
Abel inversion;(2) the electron density at the discharge axis
along the argon plasma column, using the Stark broadening
of the Hb line [9]. Then, the average electron density is de-
termined using the following expression:

n̄eszd =
nesr = 0d

pR2 E
0

R

IHb
sr,zd2pr dr , s14d

wherenesr =0d is the measured electron density at the axis
and IHb

sr ,zd is the obtained radial profile of theHb line
emission intensity. The average electron density determined
from the model is directly calculated by integrating the elec-
tron density radial distribution over the discharge tube cross
section:

n̄eszd =
2

R2E
0

R

rnesr,zddr. s15d

The plasma radiussRpd is obtained experimentally from
the full width at half maximum of the radial profile of theHb

line emission intensity, while from the model,Rp is deter-
mined as the full width at half-maximum of the electron
density radial profile.

In Fig. 8, we compare the results from the model with the
experimental data. Figure 8(a) shows that there is a good
agreement between the calculated and the measured axial
distribution of the average electron density. A similar agree-
ment is observed between the calculated and measured
plasma radius along the column[see Fig. 8(b)]. In both
cases, the experimental values are slightly higher than the
calculated ones: they differ by a factor 1.5–2. A possible
reason for such a deviation of the average electron density
could be the simplified kinetic scheme used in the model for
the excitation and ionization processes. Other possible rea-
sons are(i) the neglect of the axial gas flow in the model; its
effect on the energy balance could be important, since the
tube diameter is smalls2R=6 mmd and the gas flow rate is
relatively high (0.5 standard liter per minute): (ii ) the as-
sumed value of the gas temperature at the wallfTgsr =Rd
=900 Kg in the modeling.

The above results show that the present model correctly
predicts the observed experimental trends even though the
radial variation of the EEDF due to the effect of electron-
electron collisions has been neglected in the calculations.
Actually, the assumption of a Maxwellian EEDF at atmo-
spheric pressure is sound. To support this assumption, we
have estimated the various channels for electron energy
losses relevant to the behavior of the EEDF, namely, elastic

collisions with heavy particles for momentum transferdn
and inelastic collisions for excitationnp, and compared them
to the electron-electron collision frequencynee. We have
found that

nee@ dn . np. s16d

For instance, at the discharge axis the frequency of electron-
electron collisionssnee=1.831010 s−1d is four orders of
magnitude higher than the frequency of elastic collisions be-
tween electrons and heavy particlessdn=1.53106 s−1d;
close to the wall,nee is almost two orders of magnitude
higher thandn. According to Ref.[41], inequality (16) as-
sures the Maxwellization of the EEDF, at least within its
bulk. As for its tail, because of the strong energy loss in
excitation collisions, it could deviate from a Maxwellian
EEDF. However, electron-electron collisions are there to re-
fill this tail. As such, they directly influence the excitation
frequency. Therefore, assuming a Maxwellian EEDF results
in overestimating the excitation frequency and thereby the
population of excited states. However, recall that in our
model, there are two main population mechanisms of the
excited levels, electron impact on ground state atoms and
dissociative recombination. As discussed in Sec. II D 1, the
population of the 4s block of excited states is mainly deter-
mined by the dissociative recombination, which is controlled
by the radial distribution of the gas temperature. Therefore,
taking into account the effect of electron-electron collisions
on the EEDF in our model should only slightly influence the
radial contraction of the discharge.

FIG. 8. Calculated and measured axial distributions of(a) the
average electron densityn̄eszd and (b) the plasma column radius
Rpszd.
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V. CONCLUSION

We have developed a model for atmospheric-pressure
plasmas in the electron density range over which radial con-
traction of the plasma column can be observed, namely,
1012–1015 cm−3. At densities higher than 1015 cm−3, the con-
traction phenomenon tends to disappear. Contraction in rare-
gas discharges was shown to be related to the presence of
molecular ions, the concentration of which is determined by
the local value of the gas temperature. Therefore, we con-
clude that contraction is due to nonuniform gas heating.

An important feature accounted for by the model is the
influence exerted on discharge contraction by the radial non-
uniformity of the electric field intensity. The more nonuni-
form is the electric field intensity, the less contracted is the
discharge(at least until filamentation occurs). This is why
microwave-sustained discharges are less contracted than dc
discharges, given the same power density level.

The model was compared with experimental data ob-
tained with surface-wave-sustained discharges, showing a
good agreement on many aspects of discharge contraction.
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APPENDIX: EXPRESSIONS FOR THE RATE
COEFFICIENTS OF THE COLLISIONAL AND
TRANSPORT PROCESSES INVOLVED IN THE

MODELING OF THE ARGON DISCHARGE

The frequency for direct ionization[Eqs. (5) and (7)] is
[31]

ni = a0iN = 1.273 10−8ÎTe seVdexph− fUi seVdg/fTe seVdgj

3fN scm−3dg, sA1d

where a0i is the rate constant for direct ionization andUi
=15.76 eV is the ionization energy of the argon atom.

The process of step ionization requires the density of the
4s excited states, which is determined by the steady-state
balance equation of the 4s block:

DsDjNjd + a0jneN + rdrneni2 − a j0neNj − a jineNj = 0.

sA2d

The 4s block (Fig. 1) is populated by electron collisions on
the ground state atom(with rate coefficienta0j) and by dis-
sociative recombination(with rate coefficientrdr). Depopu-
lation of the 4s block occurs through diffusion(with coeffi-
cient Dj), through electron-collision deexcitation to the
ground state(with the coefficienta j0), and through ioniza-
tion (with rate coefficienta ji). Then, Eq.(A2) yields the
density of the 4s block as

Nj =
a0jneNt j + rdrni2net j

1 + sa j0 + a jidnet j
, sA3d

where t j =L j
2/Dj is the diffusion time with characteristic

length L j =R/2.4 and diffusion coefficientDj scm2/sd=1.0

31017ÎTg sKd / fN scm−3dg [38]. Using Eq. (A3), the step-
ionization rate entering Eqs.(5) and (7) can be expressed in
the form

nsine = a jineNj =
rsine

2 + rrkni2ne
2

1 + hne
, sA4d

where

rsi scm3/sd = a0ja jiNt j = 1.14

3 10−33fN2 scm−3dgfR2scmdgfTe seVdg
ÎTg sKd

3expS−
Ui seVd
Te seVd D sA5d

is the rate coefficient for the step ionization due to the popu-
lation of the 4s block from the ground state and

rrk scm6/sd = rdra jit j sA6d

is the rate coefficient for step ionization accounting for the
population of the 4s block due to dissociative recombination
wherea ji =1.37310−7ÎTe seVdexpf−sUi −Ujd /Teg is the rate
coefficient for ionization from the 4s block [31] and

h scm3d = sa j0 + a jidt j

> 2.383 10−25fN scm−3dgfR2 scmdgÎTe seVd
ÎTg sKd

3expS−
fUi seVdg − fUj seVdg

Te seVd D sA7d

is the coefficient accounting for the saturation of the various
step-ionization processes.

The rate coefficient for dissociative recombination is[39]

rdr scm3/sd = 1.043 10−6STe sKd
300

D−0.67

3
h1 − exps− 418/fTg sKdgj

h1 − 0.31 exps− 418/fTg sKdgj
, sA8d

and the rate coefficient for the three-body recombination
reads[28]

rtr scm6/sd = 8.753 10−27fTe seVdg−9/2. sA9d

The rate coefficient for the conversion of atomic ions into
molecular ions is[40]

k1 scm6/sd = 2.253 10−31hfTg sKdg/300j−0.4. sA10d

The rate coefficients for the dissociation of molecular ions
by electron and by atom impacts are in the same form as
given in Ref.[29]. They are, respectively,

k2 scm3/sd = 1.113 10−6expF−
2.94 − 3hfTg seVdg − 0.026j

Te seVd G
sA11d

and
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k3 scm3/sd =
5.223 10−10

Tg seVd
expS−

1.304

Tg seVdD . sA12d

In Eqs. (1), (3), (10), (12), and (13), the elastic collision
frequency is the sum of the frequencies for electron-neutral
and electron-ion elastic collisions, i.e.,n=nea+nei. The fre-
quency of electron-neutral elastic collisions for argon is[41]

nea ss−1d = 1.843 10−8fTe
3/2 seVdgfN scm−3dg, sA13d

while the frequency for electron-ion elastic collisions[42] is

nei ss−1d >
4.8fne scm−3dg

Te
3/2 sKd

lnS Te
3/2 sKd

1.213 10−4Îne scm−3d
D .

sA14d

The total excitation frequency entering Eq.(3) is [41]

np = 1.043 10−8ÎTe seVdexp

3h− fUp seVdg/fTe seVdgj 3 fN scm−3dg, sA15d

whereUp=11.548 eV for argon.
The transport coefficients for energy and particles are as

follows. The gas thermal conductivity[Eq. (1)] is obtained
from Ref.[43]. In the temperature rangeTg=300–6000 K, its
coefficient can be expressed as

xg sW/mKd = 3.53 10−4fTg
0.68 sKdg. sA16d

The electron thermal conductivity[Eq. (3)] is obtained from
the electron diffusion coefficientDe and it reads

xe sW/mKd =
5

2
neDe. sA17d

The data for the mobility of argon atomic ionsbi1 and argon
molecular ionsbi2 were taken from Ref.[44].
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