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3 Departamento de Engenharia Fı́sica, Faculdade de Engenharia da Universidade do Porto,
4200-465 Porto, Portugal

E-mail: kutasi@sunserv.kfki.hu

Received 23 November 2009, in final form 10 March 2010
Published 15 April 2010
Online at stacks.iop.org/JPhysD/43/175201

Abstract
A zero-dimensional kinetic model has been developed to investigate the coupled electron and
heavy-particle kinetics in Ar–O2 surface-wave microwave discharges generated in long
cylindrical tubes, such as those launched with a surfatron or a surfaguide. The model has been
validated by comparing the calculated electron temperature and species densities with
experimental data available in the literature for different discharge conditions. Systematic
studies have been carried out for a surface-wave discharge generated with 2.45 GHz field
frequency in a 1 cm diameter quartz tube in Ar–O2 mixture at 0.5–3 Torr pressures, which are
typical conditions found in different applications. The calculations have been performed for
the critical electron density for surface-wave propagation, ne = 3.74 × 1011 cm−3.
It has been found that the sustaining electric field decreases with Ar percentage in the mixture,
while the electron kinetic temperature exhibits a minimum at about 80%Ar. The charged and
neutral species densities have been calculated for different mixture compositions, from pure
O2 to pure Ar, and their creation and destruction processes have been identified. The O2

dissociation degree increases with Ar addition into O2 and dissociation degrees as high as 60%
can be achieved. Furthermore, it has been demonstrated that the dissociation degree increases
with the discharge tube radius, but decreases with the atomic surface recombination
of O-atoms. The density of O− negative ions is very high in the plasma, the
electronegativity of the discharge can be higher than 1, depending on the discharge
conditions.

1. Introduction

Oxygen containing discharges and their afterglows have a
wide range of applications due to the presence of active
O(3P) and O(1D) atoms [1–3], excited O2(a 1�g) molecules
[4–7] and the ground state O2(X 3�−

g , v), which together
with Ar+ have been proven to be able to inactivate bacteria
spores [8]. O2 and Ar–O2 plasmas have been successfully
used for oxide films deposition [9, 10], synthesis of metal
oxide nanowires [11], sterilization and decontamination of
medical instruments [1, 12–15] and polymer surface treatment
[3, 16–18]. Furthermore, the O(1D) atoms present in
Ar–O2 plasma were shown to have the potential for surface
activation [2].

The O2 and Ar–O2 surface-wave microwave discharges
and post-discharges used for different applications have been
experimentally investigated by numerous groups with the aim
of determining the density of active species in the processing
zone. The O-atoms density was determined in the post-
discharge of an Ar–O2 surface-wave microwave discharge by
titration by Ricard et al [19–21] and Belmonte et al [22],
for selected discharge conditions and mixture composition.
Recently, two further techniques have been developed for
the measurement of O-atoms density, one spectroscopical
diagnostic that is based on the emission spectra of the
O2(b 1�+

g , v = 0 → X 3�−
g , v′ = 0) transition [3, 18] and

one probe method that relies on the temperature rise of a
catalytic probe due to the atomic recombination on the probe
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surface [23, 24]. For the case of a pure O2 surface-wave
microwave discharge the O-atoms density was obtained by
VUV absorption spectroscopy downstream of the discharge
by Granier et al [25] for different discharge configurations and
microwave frequencies.

Clearly, experimental measurements can provide very
important information regarding the composition of the
discharge, as revealed by the above-mentioned works.
However, a more complete picture of the complex discharge
can be obtained by complementary modelling techniques.
Discharge models significantly contribute to the understanding
of the elementary processes occurring in the plasma. As
a matter of fact, besides the density of oxygen atoms and
excited molecules, they can give the density of all the species
present in the discharge and its afterglow, as well as provide
all details about the electron and heavy-particle kinetics.
Previous theoretical investigations carried out on surface-wave
microwave discharges generated with the help of a surfatron
focused mostly on pure O2 [25–28] and Ar [29, 30] discharges,
but a detailed study of the Ar–O2 mixture is still missing at
present. Ar–O2 plasmas have been investigated in more detail
in the case of capacitively coupled plasmas (CCPs) [31, 32]
and inductively coupled plasmas (ICPs) [33, 34] operating at
lower pressures in the milliTorr regime with a rather different
electron and molecular kinetics.

The purpose of this work is to develop a self-consistent
kinetic model that allows the description of the Ar–O2 surface-
wave microwave discharges generated in long cylindrical
tubes, such as those launched with a surfatron or surfaguide.
Moreover, the model is systematically used as a tool to acquire
physical insight into the kinetics and the basic properties of the
discharge. The primary system under analysis is a discharge
operating at low pressures, p = 0.5–2 Torr, generated with
a field frequency of ω/2π = 2.45 GHz in a quartz tube
with inner radius R = 0.5 cm, for an electron density equal
to the critical density for surface-wave propagation, ne =
nec = 3.74 × 1011 cm−3. The gas temperature is chosen
to be 1000 K [26, 35, 36]. These conditions are close to the
typical discharge conditions determining the afterglows used
in the experimental plasma sterilization [1, 21] and polymer
treatment studies [3]. Other conditions will be additionally
investigated, in order to better validate the model and to
elucidate the role of heterogeneous processes.

2. Model description

Surface-wave microwave discharges in long cylindrical tubes
at low gas flows can be described with a zero-dimensional
kinetic model that is based on the homogeneous electron
Boltzmann equation, coupled together with the rate balance
equations describing the creation and destruction of the most
important neutral and charged particles. Clearly a zero-
dimensional model solves at each step a given cross section of
the discharge tube, but the axial structure can nevertheless be
obtained from the additional coupling of the wave-to-plasma
power balance equation for the electron density gradient, as
detailed in [37]. Herein we do not address the axial structure of
the discharge, since we are essentially interested in the region

close to the end of the discharge, defining the conditions for
the afterglow. Accordingly, the discharge model is used for
the critical electron density for surface-wave propagation.

The steady-state, homogeneous electron Boltzmann
equation is solved in an Ar–O2–O mixture, using the 2-term
expansion in spherical harmonics. It takes into account the
elastic collisions, electron–electron collisions, superelastic
collisions producing electronic deexcitation from the usually
populated states O2(a 1�g) and O2(b 1�+

g ), as well as the
transitions between these latter two states induced by electron
impact. The present model also includes, in parallel
with electron dissociation and ionization of O2(X), electron
impact dissociation of O2(a) and O2(b) and electron stepwise
ionization from O2(a). Additionally, excitation and ionization
from ground state O(3P) and Ar(1S0) atoms, as well as the
excitation and ionization from the excited Ar(4s) states, are
also considered. The mathematical techniques used for solving
the Boltzmann equation for the case of a microwave field
can be found in [38, 39]. The field frequency ω is assumed
to be sufficiently high so that the electrons do not lose
appreciable energy during a cycle of field oscillation and the
electron energy distribution function (EEDF) can be assumed
stationary. Note that the term of energy gain due to the
electric field depends on the ratio E2/(ν2

c + ω2), where νc is
the electron–neutral collision frequency (which is a function
of the electron energy) and E = E0/

√
2 is the rms field, E0

denoting the field amplitude [38, 39].
The reduced sustaining microwave field (E/N ) for the

plasma in a cylindrical tube is self-consistently calculated
in the model. The continuity and transport equations for
the electrons, different positive ions and O− ions are solved,
in order to describe the charged particle motion to the wall
under the presence of the radial space-charge field. The
reduced electric field is determined using the requirement that
under steady-state conditions the total rate of ionization must
compensate exactly for the rate of electron loss by coupled
diffusion to the wall plus electron–ion recombination. The
rates of electron attachment to O2 molecules and electron
detachment from O− also constitute loss and gain terms,
respectively, in the rate balance equation for electrons.
Furthermore, the presence of negative ions modifies the
charged particles’ radial profiles, with a corresponding
modification of their diffusion characteristics. This effect is
taken into account as detailed in [40].

A surface-wave microwave discharge is a plasma column
with a decreasing electron density profile. At the end of
the plasma column the electron density reaches the value of
the critical density for surface-wave mode propagation in a
homogeneous, cold, collisionless plasma, surrounded by a
dielectric of permittivity εg. The surface-wave mode can
only propagate provided the electron density is larger than
this critical value, obtained from ωpe > ω

√
1 + εg, with ωpe

denoting the electron plasma angular frequency, which for
a quartz tube (εg = 4) gives nec = 3.74 × 1011 cm−3 at
2450 MHz. Our calculations are conducted for this critical
electron density, so that the discharge characteristics, as well
as the species densities, are obtained at the end of the plasma
column. Therefore, they can be used as initial values for
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Table 1. Collisional and radiative processes for argon species as
considered in the model. The rate coefficients of different processes
are taken from [42, 43] or calculated as described in [42] and
references therein. sj denotes the four levels of 3p54s state: two
metastable 3P0, 3P2 and two resonant 3P1,1P1.

R1 Ar(1S0) + e → Ar(4sj) + e
R2 Ar(1S0) + e → Ar∗ + e
R3 Ar∗ → ... → Ar(4sj) + hν
R4 Ar(4sj) + e → Ar(4si) + e
R5 Ar(4sj) + e → Ar(4p) + e
R6 Ar(4p) → Ar(4sj) + hν

R7 Ar(4sj) � Ar(1S0) + hν

R8 Ar(4sj) + wall → Ar(1S0)

R9 Ar(4sj) + e → Ar(1S0) + e
R10 Ar(4sj) + e → Ar+ + 2e
R11 Ar(4sj) + Ar(4si) → Ar(1S0) + Ar+ + e
R12 e + Ar(1S0) → e + e + Ar+

R13 Ar+ + Ar(1S0) + Ar(1S0) → Ar+
2 + Ar(1S0)

R14 Ar+
2 + e → Ar(4p) + Ar(1S0)

afterglow studies, since most of the applications rely on the
early- or late-afterglow (present in a large volume reactor)
of the flowing surface-wave discharge [3, 20, 23, 41]. Take
note that an axial description of a surface-wave discharge can
be achieved by coupling the wave and the electron power
equations. Such an axial description goes beyond the purpose
of the present research, but all details on how to do it can be
found in [37], where a study of the axial structure of a surface-
wave nitrogen discharge was conducted.

In what concerns the heavy-particle kinetics the model
solves the rate balance equations for the following argon and
oxygen species: Ar(1S0, 3P2, 3P1, 3P0, 1P1), O2(X 3�−

g , v),
O2(a 1�g, b 1�+

g ), O(3P, 1D), O3, Ar+, Ar+
2 , O+

2, O+ and
O−. The collisional–radiative module that describes the
excitation and deexcitation of the 3p54s levels in a pure Ar
discharge has been developed according to the collisional–
radiative model of Ferreira et al [29, 42]. A list of the
Ar collisional and radiative processes taken into account is
given in table 1. With O2 addition to Ar further collisional
processes are included, as listed in table 2, which play
an important role in the determination of the Ar ground
state, metastable and resonant states populations and oxygen
dissociation degree. The gas reactions that govern the density
of oxygen species as considered in the model are presented in
table 3.

Besides the gas-phase reactions, a crucial role is also
played by the surface reactions, such as heterogeneous
recombination of O atoms. The recombination of O atoms
on surfaces strongly depends on the surface temperature,
a sharp increase in the surface recombination probability
(γ ) with temperature was observed above 300 K by Macko
et al [56] for a pyrex surface exposed to an oxygen dc
discharge. In the case of air-cooled surfatron generated
surface-wave discharges, tube surface temperatures of about
400 K can be expected. Accordingly, using the results of
[56] we have chosen γO(3P) = 10−2. Furthermore, the
wall deactivation probabilities of O(1D), O2(a) and O2(b)
were taken to be 1, 2 × 10−5 and 2 × 10−2, respectively
[26, 55].

The wall loss process of species is considered as in
[57, 58], with a characteristic time τi , given by

τi = 1

Di

(
R

2.405

)2

+
2R(1 − γi/2)

γi〈vi〉 , (1)

where i denotes the different species, Di is the diffusion
coefficient of species i in the mixture, 〈vi〉 its thermal speed
and γi its destruction probability at the wall. Note that
τ−1
i � γi〈vi〉/2R when γi � 1 and τ−1

i � Di(2.405/R)2

in the limit γi → 1.
The diffusion coefficients Di of species i in the mixture

were calculated from the simplified Wilke’s formula, as given
in [59],

Di = 1 − xi∑
i 	=j

xj

Dij

. (2)

In this expression xi is the relative concentration of species i

and Dij are the binary diffusion coefficients of species i and
j , given by Hirschfelder [60] as

Dij (cm2 s−1) =
1.929 × 1019

√
T [K]

2µ

N(cm−3)σ 2
12[Å2]
(1,1)∗(T ∗)

, (3)

where µ denotes the reduced mass, T ∗ = kT /ε12, σ12 and
ε12 are parameters of the Lennard-Jones interaction potential.
The collision integral 
(1,1)∗ is tabulated in [60], while the
binary potential parameters in equation (3) are obtained from
εij = √

εiεj and σij = (σi + σj )/2. In practice all species
are considered to diffuse in an Ar–O2–O mixture, where
we have taken ε(O)/k = 124 K, ε(O2)/k = 113 K and
ε(O)/k = 124 K, whereas σ(Ar) = 3.42 Å, σ(O2) = 3.43 Å
and σ(O) = 2.60 Å. The binary diffusion coefficients are
calculated from (3), but renormalized whenever possible to
fit the data reported in [10, 42, 61–63]. The values of the
binary diffusion coefficients used are given for p = 1 Torr
and T = 273 K in table 4.

Under the formulation presented here, the model provides
the species densities, the electric field sustaining the discharge,
the electron energy distribution function (EEDF) and all the
information concerning the electron excitation rate coefficients
and transport parameters, as well as all the details concerning
the chemical kinetics of each species.

The model was developed with the aim of studying
discharges operating at pressures of around 1 Torr in tubes
with an inner ratio of the order of 1 cm. Its validity for these
conditions is established in the next section. Nevertheless, it
is interesting to estimate the range of parameters, in particular
the gas temperature, Tg, pressure, p, and reduced electric field,
E/N , for which the model is applicable.

The limitation due to the gas temperature arises only
from the temperature dependence of the heavy-particle rate
coefficients, as several of them were measured and validated
either at room temperature or within a limited range of Tg. We
estimate that our rate coefficients may give reliable results up
to ∼1500 K. For higher gas temperatures, a careful revision of
the reaction rate coefficients is required.

A change in pressure, assuming the remaining parameters
to be the same, does not introduce any major difficulty.
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Table 2. Collisional and radiative processes between argon and oxygen species. The rate coefficients for the two- and three-body reactions
are in cm3 s−1 and cm6 s−1, respectively, and the decay frequencies are in s−1.

Processes Rate coefficients References

R15 Ar(4sj) + O2(X, 0) → Ar(1S0) + O(3P) + O(3P) 0.46 × 2.1 × 10−10a [44, 45]
R16 Ar(4sj) + O2(X, 0) → Ar(1S0) + O(3P) + O(1D) 0.52 × 2.1 × 10−10a [44, 45]
R17 Ar(4sj) + O → Ar(1S0) + O 4.1 × 10−11 [32]
R18 O− + Ar+ → Ar(1S0) + O(3P) 2.8 × 10−7 [33, 46]
R19 Ar(1S0) + O2(X, 0) + O(3P) → Ar(1S0) + O3 3.9 × 10−34 × (300/T )1.9 [10]
R20 Ar(1S0) + O(3P) + O(3P) → Ar(1S0) + O2(X, 0) 5.2 × 10−35 × exp(900/T ) [10]
R21 Ar(1S0) + O2(b) → Ar(1S0) + O2(X, 0) 1.5 × 10−17 [10, 47]
R22 Ar(1S0) + O(1D) → Ar(1S0) + O(3P) 3 × 10−13 [10, 33]
R23 O(3P) + Ar+ → Ar(1S0) + O+ 6.4 × 10−12 [33]
R24 O2 + Ar+ → Ar(1S0) + O+

2 4.9 × 10−11 × (300/T )0.78 [48]
+9.2 × 10−10 × exp(−5027.6/T )

a 2.4 instead of 2.1 for the Ar(3P0) state.

Moving to higher pressure may just call for the inclusion of
a few additional three-body reactions in the kinetic scheme.
However, changing the pressure entails modifications in the
self-consistent values of the electric field, which impose much
more severe restrictions. On the one hand, at low pressure
the electric field increases, and the validity of the two-term
approximation in the electron Boltzmann equation becomes
questionable; as a rule of thumb, one should start worrying if
the reduced effective field [38, 39] goes above ∼200 Td (for
a tube radius of 0.5 cm this means we cannot go much lower
in pressure than the 0.5 Torr used in some calculations in the
next section). On the other hand, at higher pressures the
reduced effective field may become too small for the electron
energy discretization we use (in steps of 0.1 eV). In either
case the structure of the model can remain the same, but we
would have to modify and improve our Boltzmann solver. In
some situations the use of a Maxwellian distribution may be
justified, allowing the straightforward use of the present model
in extreme situations.

3. Results and discussion

This section starts by establishing the overall correctness and
predictive power of our model. To this purpose, we compare
our calculations with some of the few available experimental
measurements for surfatron generated discharges in relatively
well-defined conditions, close to the ones of interest in this
study. Once this benchmarking is accomplished, we proceed
to a detailed analysis of the different kinetics and to the
investigation of the elementary processes occurring in the
discharge.

3.1. Validation of the model

In order to substantiate the validity of the model, different
experimental systems have been modelled, including surface-
wave discharges generated in each of the pure gases and also
in the Ar–O2 mixture. First, we have chosen the surface-
wave discharge system experimentally studied by Granier
et al [25]. There, an oxygen discharge was generated in
a 1.6 cm diameter quartz tube at 1 Torr and at a frequency
of 390 MHz, corresponding to a critical electron density of

9.46 × 109 cm−3. Granier et al have measured the O(3P)
oxygen atomic concentration as well as the O2(a 1�g) singlet
oxygen concentration. According to their measurements the
discharge gas temperature under these conditions is 420 K,
resulting in a total gas density of 2.3 × 1016 cm−3. Due to
this low gas temperature, much lower than that measured in the
case of 2.45 GHz generated discharges, the surface temperature
also becomes lower. As a consequence, in compliance with
Macko et al [56], the atomic surface recombination coefficient
is lower than in the case of the 2.45 GHz generated discharges,
8 × 10−3 compared with 10−2. According to figures 6 and
8 from [25], the measured O2(X 3�+

g ), O2(a 1�g) and O(3P)
densities are 2.1 × 1016 cm−3, 2 × 1015 cm−3 and 1015 cm−3,
respectively. From the experimentally determined densities,
the dissociation degree, defined as [O]/2[O2], is about 2.17%.
Our calculations conducted for the same discharge conditions
yield [O2(X)] = 1.97 × 1016 cm−3, [O2(a)] = 2.4 ×
1015 cm−3 and [O(3P)] = 9.99 × 1014 cm−3, corresponding
to a dissociation degree of 2.17%, in perfect agreement
with the experimentally determined values. Furthermore, a
quasi-perfect match with the experimentally measured O2(a)
density is obtained, 1.98 × 1015 cm−3, if the wall deactivation
probability of O2(a) is increased from 2 × 10−5 to 5 × 10−4.

As a next step we compare our simulations with the
experimental results obtained by de Vries et al [64] in an
Ar surface-wave discharge generated at 2.45 GHz, in a quartz
tube with inner radius 0.3 cm. In [64] electron density and
temperature measurements are reported for different pressures,
ranging from 4.5 to 15 Torr. For the two extreme pressure
values, p = 4.5 and 15 Torr, the experimentally determined
electron densities (ne) are 2.1×1013 cm−3 and 4.1×1013 cm−3,
respectively, while the corresponding electron temperatures
(Te) are 1.24 eV and 1.16 eV, respectively. The errors indicated
by the authors are about 8% for both ne and Te, and further,
in the case of ne an additional systematic error of 8% is
also mentioned. We have conducted calculations for these
two pressure values by using in the model the experimentally
determined electron densities given above. The electron
temperatures obtained in this way are Te = 1.51 and 1.24 eV,
respectively, which reflect the correct pressure dependence
and, taking into account the uncertainties in the ne and Te
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Table 3. Reactions taken into account in the model for the neutral and charged oxygen species. The rate coefficients for the two- and
three-body reactions are in cm3 s−1 and cm6 s−1, respectively, and the decay frequencies are in s−1. σ(ε) denotes an electron impact cross
section to be integrated with the calculated EEDF; the various σ(ε) were taken from [40, 49] and references therein.

Processes Rate coefficients References

R25 e + O2(X, 0) → e + O2(a) σ (ε)
R26 e + O2(a) → e + O2(X,0) σ (ε)
R27 e + O2(X, 0) → e + O2(b) σ (ε)
R28 e + O2(b) → e + O2(X,0) σ (ε)
R29 e + O2(a) → e + O2(b) σ (ε)
R30 e + O2(b) → e + O2(a) σ (ε)
R31 e + O2(X, 0) → e + O(3P) + O(3P) σ (ε)
R32 e + O2(a) → e + O(3P) + O(3P) σ (ε)
R33 e + O2(b) → e + O(3P) + O(3P) σ (ε)
R34 e + O3 → e + O(3P) + O2(X, 0) σ (ε)
R35 O(3P) + O2(X, 0) + O → O3 + O 2.1 × 10−34 × exp(345/T ) [40, 50]
R36 e + O2(X, 0) → O− + O(3P) σ (ε)
R37 e + O2(a) → O− + O(3P) σ (ε)
R38 O− + O2(a) → O3 + e 0.75 × 1.9 × 10−10 [50, 51]
R39 O2(a) + O2 → O2(X, 0) + O2 2.2 × 10−18 × (T /300)0.8 [40, 52]
R40 O2(a) + O → O2(X, 0) + O 7 × 10−17 [40, 52]
R41 O2(b) + O → O2(X, 0) + O 4 × 10−14 [5]
R42 O2(b) + O → O2(a) + O 4 × 10−14 [5]
R43 O2 + O2(X, 0) + O(3P) → O3 + O2 6.4 × 10−35 × exp(663/T ) [40, 50]
R44 O2(a) + O3 → O2(X, 0) + O2(X, 0) + O(3P) 5.2 × 10−11 × exp(−2840/T ) [40, 50]
R45 O2(b) + O3 → O2(X, 0) + O2(X, 0) + O(3P) 1.5 × 10−11 [40, 50]
R46 O(3P) + O3 → O2(X, 0) + O2(X, 0) 0.5 × 1.8 × 10−11 × exp(−2300/T ) [50, 53]
R47 O(3P) + O3 → O2(a) + O2(X, 0) 0.33 × 1.8 × 10−11 × exp(−2300/T ) [50, 53]
R48 O(3P) + O3 → O2(b) + O2(X, 0) 0.17 × 1.8 × 10−11 × exp(−2300/T ) [50, 53]
R49 O2(a) + O2(a) → O2(X, 0) + O2(b) 1.81 × 10−18 × exp(700/T ) × (T /300)3.8 [54, 55]
R50 O(3P) + O(3P) + O2 → O2 + O2(X, 0) 0.5 × 3.81 × 10−30 × exp(−170/T )/T [50, 53]
R51 O(3P) + O(3P) + O2 → O2(a) + O2 0.33 × 3.81 × 10−30 × exp(−170/T )/T [50, 53]
R52 O(3P) + O(3P) + O2 → O2(b) + O2 0.17 × 3.81 × 10−30 × exp(−170/T )/T [50, 53]
R53 O(3P) + O(3P) + O → O2(X, 0) + O 3.6 × 10−32 × (1/T )0.63 [55]
R54 O(3P) + O2 + O3 → O3 + O3 1.66 × 10−34 × exp(T /300) [10]
R55 e + O2(X, 0) → e + O(3P) + O(1D) σ (ε)
R56 e + O2(a) → e + O(3P) + O(1D) σ (ε)
R57 e + O2(b) → e + O(3P) + O(1D) σ (ε)
R58 e + O(3P) → e + O(1D)

R59 e + O(1D) → e + O(3P)

R60 O(3P) + O(1D) → O(3P) + O(3P) 8 × 10−12 [50]
R61 O(1D) + O2 → O(3P) + O2 7 × 10−12 × exp(67/T ) [50]
R62 O(1D) + O2(X) → O(3P) + O2(a) 1 × 10−12 [50]
R63 O(1D) + O2(X) → O(3P) + O2(b) 2.56 × 10−11 × exp(67/T ) [50]
R64 O(1D) + O3 → O2(X, 0) + O2(X, 0) 1.2 × 10−10 [50]
R65 O(1D) + O3 → O2(X, 0) + 2O(3P) 1.2 × 10−10 [50]
R66 e + O2(X, 0) → e + e + O+

2 σ (ε)
R67 e + O2(a) → e + e + O+

2 σ (ε)
R68 e + O+

2 → O(3P) + O(3P) 2 × 10−7 × (300/Te) [52]
R69 e + O+

2 → O(3P) + O(1D) 1.95 × 10−7 × (300/Te)
0.7 [50]

R70 e + O(3P) → e + e + O+ σ (ε)
R71 O+ + O2(X, 0) → O+

2 + O(3P) 2 × 10−11 × (300/T )0.5 [50, 55]
R72 O+ + O2(a) → O+

2 + O(3P) 2 × 10−11 × (300/T )0.5 [50] a

R73 O+ + O3 → O+
2 + O2(X, 0) 1 × 10−10 [52]

R74 O+ + O− → O(3P) + O(3P) 2.8 × 10−7 [33]
R75 O+

2 + O− → O(3P) + O2(X, 0) 9.6 × 10−8 × (300/T )0.5 [50]
R76 O(3P) + wall → 1/2O2(X, 0)

R77 O(1D) + wall → O(3P)
R78 O2(a) + wall → O2(X, 0)
R79 O2(b) + wall → O2(X, 0)

a Temperature dependence assumed in this work.

measurements, also show a very satisfactory agreement with
the experimental results.

Finally, one last comparison is made with the results
from the post-discharge device of Mozetič et al [24].

Here, the atomic oxygen concentrations are measured in
the post-discharge of a surface-wave Ar–O2 microwave
discharge generated in a 0.5 cm diameter quartz tube with
2.45 GHz frequency, for three different mixture compositions
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Table 4. Binary diffusion coefficients at p = 1 Torr and T = 273 K,
in units of cm2s−1.

Diffusing in

Species Ar O2 O

Ar(3P2) 39.74 79.15 200.5
Ar(3P0) 27.78 79.15 200.5
O2(a,b) 79.15 141.3 206.4
O(3P) 200.5 206.4 —
O(1D) 200.5 206.4 321.2

Figure 1. Oxygen dissociation degree in Ar–O2: (——) and (��) at
2.14 Torr, 7% O2; (– – –) and (◦) at 2.22 Torr, 11% O2; (· · · · · ·) and
(�) at 2.54 Torr, 27% O2. Lines represent our calculation results,
and symbols the experimental data taken from [24].

as follows: (i) Ar–7%O2 at 2.14 Torr (ii) Ar–11%O2 at
2.22 Torr and (iii) Ar–27%O2 at 2.54 Torr. Figure 1 shows
the calculated dissociation degrees along the afterglow as a
function of the species flight time in the afterglow, as well
as the experimentally determined values. In the experimental
system the afterglow tube that links the discharge with the
post-discharge reactor is a 60 cm long tube of 2 cm diameter,
the flight time of species through this tube at 1000 sccm
is estimated to be about 10 ms. Taking into account the
uncertainties in the estimation of the afterglow time where
the experiments have been conducted, the calculated and
experimentally determined dissociation degrees are in very
good agreement, as shown in figure 1, which reinforces the
validity of our kinetic model. A detailed analysis of the
afterglow kinetics will be conducted elsewhere.

The comparisons with experiments conducted in this
section have been performed for a relatively wide range of
conditions. As a matter of fact, most discharge parameters
varied, namely the field frequency, pressure, tube radius and
mixture composition. The consistency of our calculations with
the available experimental data for all these different conditions
certifies the global validity of our description, allowing us to
have a good degree of confidence in our results, to be explored
in the rest of this paper.

3.2. Electron kinetics

We start our systematic study with the investigation of the
electron kinetics in the Ar–O2–O mixture. First of all we follow
the evolution of the EEDF with the mixture composition.

Figure 2. EEDF at 150 Td (A) and 550 Td (B) for different Ar–O2

mixture compositions at 2 Torr with [O]/[O2] = 1.

Figure 2 shows the EEDFs calculated for two values
of the reduced electric field, E/N = 15 × 10−16 and
55 × 10−16 V cm2—the former being representative of pure
argon and the latter of pure oxygen at p ∼ 2 Torr—and for
four different mixture compositions. Note that these first
results correspond only to the solution of the homogeneous
Boltzmann equation at imposed electric field and not to the
self-consistently determined discharge sustaining field (which
are presented in figure 5). The same is true for the dissociation
degree, which in the parametric calculations shown in figure 2
is kept constant at [O(3P)]/[O2(X)] = 1.

Among other information, these results allow us to
understand how the discharge sustaining field changes with
the mixture composition. Figure 2 shows that the addition
of a relatively small content of oxygen into pure Ar can be
enough to significantly alter the EEDF and, consequently, the
electron ionization and excitation rate coefficients. The effect
is especially remarkable at low values of the electric field. It
can also be observed that the high-energy tails of the EEDFs
are less populated as oxygen is added to the mixture, as a result
of a higher global cross section in oxygen, as shown in figure 3.
This explains why for constant electron density the discharge
sustaining electric field should be higher near pure oxygen than
near pure argon. It can also be noticed the very different shape
of the EEDFs in pure Ar and in pure O2. In very simple terms,
this is a consequence of the fact that in pure oxygen the first
energy loss is at about 0.2 eV, whereas in pure argon it occurs
only at 11.5 eV, see figure 3. The ‘barrier’ at energies about
11 eV in pure argon is clearly seen in figure 2.

Let us now discuss the electron kinetics in an Ar–O2

surface-wave microwave discharge as obtained from our
self-consistent discharge model. Figure 4 presents the
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Figure 3. Total inelastic (——) and ionization (— — —) cross
sections for Ar, O and O2.

Figure 4. Reduced sustaining electric field, E/N , as a function of
mixture composition.

self-consistently determined reduced sustaining electric field
as a function of mixture composition, for p = 2 Torr and
ne = 3.74 × 1011 cm−3. This figure confirms, as previously
concluded in the analysis of figure 2, that the reduced electric
field decreases continuously with the argon content in the
mixture.

The corresponding self-consistent EEDFs are represented
in figure 5 (cf as well figure 7). The high-energy tails of the
EEDFs at energies above ≈20 eV clearly reflect the decrease
in the sustaining field with Ar percentage. However, it is
interesting to note that in the region close to the ionization
thresholds of O2 and Ar (≈12–16 eV) the EEDF is actually
less populated the higher the oxygen fraction is, even if E/N

is increasing. This is a consequence of the marked change in
shape of the EEDF when oxygen is added into the mixture.
As oxygen has a lower ionization threshold than Ar, a slightly
less populated EEDF in oxygen at energies near the ionization
threshold can result in the same total ionization rate. Since
the electron density is not changing, the total ionization rate
necessary to sustain the discharge should be about the same.
However, in fact, the total ionization rate slightly increases
with the percentage of O2, as the total density of positive ions

Figure 5. Self-consistent EEDFs calculated at p = 2 Torr, for
different Ar contents in the mixture.

Figure 6. Electron kinetic temperature, Te = (2/3)〈ε〉, as a function
of the mixture composition, for different values of pressure: 0.5 Torr
(——), 1 Torr (— — —), 2 Torr (· · · · · ·), 3 Torr (— · —).

must balance the (constant) electron density and the increasing
fraction of negative ions.

Finally, one last interesting effect occurs with the electron
kinetic temperature, Te = (2/3)〈ε〉, as illustrated in figure 6.
Due to the pronounced modifications in the EEDF with the
addition of oxygen into argon, for low fractions of O2 in the
mixture Te sharply decreases with O2, in spite of the fact that
E/N is increasing. Take note that Te is representative of the
electrons of the body of the distribution, and a zoom of the
EEDFs in the region of energies ε < 10 eV, as depicted in
figure 7, completely elucidates the phenomenon. Evidently,
these effects are the outcome of a non-Maxwellian EEDF,
demonstrating that a kinetic treatment of the electrons is
mandatory in the system under investigation. In particular,
popular fluid models where the electron excitation and
ionization coefficients are obtained from values tabulated as
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1

Figure 7. Zoom of figure 5 for ε < 10 eV.

(a)

(b)

Figure 8. Density of ions as a function of the Ar percentage in the
mixture at 0.5 Torr (a) and 2 Torr (b): O+

2 (——), O+ (— — —),
O− (· · · · · ·), Ar+ (— · —) and Ar+

2 (— · · —).

a function of the mean average energy are likely to introduce
some errors.

3.3. Concentration of ions

As mentioned in the previous sections, the calculations are
conducted for the critical electron density, nec = 3.74 ×
1011 cm−3, which does not change with the discharge operating
conditions. Furthermore, the sustaining electric field is
determined imposing that the total ionization rate must exactly
balance the total electron loss rate, together with the quasi-
neutrality condition.

Figure 8 shows the calculated densities of the different ions
considered as a function of the Ar percentage in the mixture,

for two values of the pressure, 0.5 and 2 Torr. As revealed
by figure 8(a), the dominant ion at 0.5 Torr and in mixtures
with up to 60% of Ar is O+. However, Ar+ becomes dominant
at higher Ar content. Moreover, the concentrations of O−

and O+
2 are comparable and within about a factor of 5 lower

than the density of O+. On the other hand, the density of Ar+
2

is several orders of magnitude lower than the densities of the
other ionic species. At the higher pressure of 2 Torr, figure 8(b)
demonstrates that the Ar+

2 density increases several orders of
magnitude, although it is still negligible when compared with
the population of Ar+. Besides, at this pressure Ar+ becomes
the dominant ion only at the highest Ar content mixtures, i.e.
for Ar percentages larger than about 85%. In contrast, for the
lower Ar content mixtures the dominant ion is now O+

2, while
the density O− is only a factor of 2 lower than that of O+

2.
We start the analysis of the ion creation and loss

mechanisms with the lower pressure case, p = 0.5 Torr.
For low Ar percentages, such as 20%, O+

2 is created
mostly by electron impact ionization of O2(X) (70%) and
O2(a) (20%). Additional significant contributions come from
the charge transfer processes between O2(X) and O+ and
Ar+. At the same conditions the atomic ions, O+ and Ar+,
are predominantly formed by electron impact ionization of
the respective ground state atoms. In what concerns the
negative ions, they are created by two processes with almost
equal contribution, namely dissociative electron attachment of
O2(X) (56%) and O2(a) (43%), respectively.

In the case of higher Ar content in the mixture, such
as 90% Ar, an important role in the creation of Ar+ is also
played by electron impact stepwise ionization from the 4s states
(about 12%, which can go up to 21% in pure argon), while the
contribution of the charge transfer processes between O2(X)
and Ar+ to the creation of O+

2 increases to 14%. As for O−, the
contribution of dissociative electron attachment of O2(a) to its
creation decreases with Ar percentage.

In all conditions the positive ions are predominantly lost
by ambipolar diffusion to the walls. In the case of a low
Ar content mixture O− is mostly destroyed by recombination
with O+ (60%). Other loss partners are O2(a) (21%) and Ar+

(12%). At higher Ar percentages the role of O2(a) becomes
negligible, O− being mainly lost in ion–ion recombination with
Ar+ (80%).

As the pressure increases to 2 Torr, significant changes can
be observed in the ion composition, O+

2 gaining preponderance
over O+ and Ar+. This is a consequence of the diminution of
the dissociation degree (cf section 3.5), with the corresponding
lower relative production of O+ by direct electron impact and
higher destruction of O+ and Ar+ through the charge transfer
processes in collisions with O2 resulting in O+

2. This can be
confirmed by looking at the creation mechanisms of O+

2. In low
Ar content mixtures, the contribution of charge transfer from
O+ increases from 6% to 22% with pressure. On the other
extreme, at high Ar content, in particular for 90% Ar, the role
of the charge transfer processes that involve Ar+ ions increases
with pressure, in the case of O+

2 production from 14% to 45%,
while in the case of O+ from 2% to 15%. Another ionic species
whose kinetics vary with pressure is the negative ion O−. For
low Ar percentages the principal creation process becomes
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Figure 9. Electronegativity as a function of the mixture composition
at different pressures: 0.5 Torr (——), 1 Torr (— — —), 2 Torr
(· · · · · ·), 3 Torr (— · —).

dissociative electron attachment of O2(a) (55%), while O− is
now predominantly lost in detachment with O2(a) (80%).

As we have just seen the discharge contains a high density
of O− ions. Figure 9 shows the electronegativity parameter,
α = n−/ne, as a function of the Ar percentage in the
mixture, for different values of pressure. The electronegativity
increases with pressure, e.g. in pure O2 from 0.4 at 0.5 Torr
to 0.87 at 3 Torr. However, we should bear in mind that the
electron density does not change with pressure. Moreover,
the electronegativity decreases with the Ar percentage, as
expected. A similar value of electronegativity, namely α =
0.6, was found in an O2 ICP discharge at 0.1 Torr at low
power (100 W), with an electron density of 2 × 1010 cm−3,
by Gundmundsson et al [31].

3.4. Concentration of argon species

In this section we study the evolution of the densities of the
argon neutral species with the mixture composition. The
population of the four levels of the 3p54s configuration, i.e.
the two metastable 3P0 and 3P2 and the two resonant 3P1 and
1P1 states, is followed together with that of the 1S0 ground state.
The Ar atoms in resonant states give rise to VUV radiation in
the 104–107 nm range, thus playing an important role in several
applications, such as plasma sterilization [1, 14, 41, 65], light
sources, as well as in the case of etching of polyolefins
(hexatriacontane—HTC) [66]. Take note that the 4p states
are taken into account in the model as well (cf table 1).

Figure 10 shows the densities of the Ar atoms in different
states as a function of the mixture composition, for two values
of pressure. The densities of ground and excited state atoms
naturally decrease with O2 addition into Ar. The same is true
with the relative density of excited states, relative to that of
ground state atoms. The decrease in the relative density of
metastable and resonant state atoms is very sharp with a small
O2 addition. A similar effect has been observed by Rauf and
Kushner in a CCP in the 0.1–1 Torr range [67]. However, this
decrease becomes more moderate at about 30% O2 in the case
of 0.5 Torr and 15% O2 at 2 Torr. In mixtures with oxygen
percentages higher than 30%, the excited atoms densities at
0.5 Torr become about four orders of magnitude lower than

(a)

(b)

Figure 10. Density of the different Ar atomic states as a function of
Ar percentage in the Ar–O2 mixture, at 0.5 Torr (a) and at 2 Torr (b):
Ar(1S0) (——), Ar(3P2) (— — —), Ar(3P1)(· · · · · ·), Ar(3P0)
(— · —), Ar(1P1) (— · · —).

that of ground state atoms, while at 2 Torr this difference is
of five orders of magnitude. The most populated excited state
is the Ar(3P2) metastable, while the lowest concentration is
obtained for the Ar(3P0) metastable.

It is interesting to study the importance of the different
processes in the population and depopulation of the metastable
and resonant states. In pure Ar and at pressure p =
0.5 Torr, the Ar(3P2) metastable is mostly created by electron
excitation of the ground state Ar(1S0) (30%), and through three
further reactions which give similar contributions: electron
deexcitation of the Ar(3P1) (17%) and Ar(3P0) (18%), and
radiative deexcitation of the 4p states (25%). The electron
deexcitation from the Ar(1P1) resonant state contributes with
about 8% to the Ar(3P2) formation. The latter state is
depopulated due to electron excitation to the resonant states
(20–20%), to the 3P0 metastable state (20%) and also to the 4p
states (30%).

The Ar(3P0) metastable is predominantly created by
excitation from Ar(3P2) (61%) and radiative deexciation of
the 4p states (25%). Direct excitation from ground state
Ar contributes with about 11% to Ar(3P0) creation. This
metastable is mostly depopulated through electron-induced
deexcitation creating Ar(3P2) metastable (54%) and excitation
to the 4p states (39%).

The resonant states, Ar(1P1) and Ar(3P1), are formed by
three processes giving almost equal contributions: (i) electron
excitation from the ground state, (ii) stepwise excitation from
the Ar(3P2) metastable and (iii) radiative decay of the 4p states.
The main loss channel of Ar(1P1) is radiative deexcitation
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(65%)—a very significant loss in the ensemble of the 4s
states—, further important contributions are additionally given
by the electron-induced deexcitation to Ar(3P2) (11%), and
excitation to the 4p states (20%). In the case of Ar(3P1), the
highest contribution to its destruction comes from the electron
excitation to the 4p states, while the other two processes have
an almost equal contribution of about 26%.

The analysis in the previous paragraphs reveals that the
kinetics of all the 4s states are strongly coupled. Indeed,
the total population of these states is essentially determined
by their electron impact excitation from the ground state,
Ar(1S0), and by the direct excitation of the higher states with
their ensuing radiative decay, on the side of creation, and by
the radiative decay of the resonant states, from the side of
destruction. The electron-induced processes among the 4s
states, which appear as major source and loss terms in absolute
values, essentially redistribute, very effectively, their relative
populations. Nevertheless, they do not constitute actual losses
from this group of states.

As pointed out earlier, with the addition of a small amount
of oxygen a fast decrease in the excited atoms’ relative density
(relative to the ground state Ar atom) occurs. This is due
to the strong quenching of these atoms by O2 and O(3P),
reactions (R15)–(R17). With 10% of O2 in the mixture,
these processes have a total contribution of about 2–4% to
the depopulation of the 4s states. However, if we do not count
the re-distribution among the 4s states as effective destruction
mechanisms, the quenching by O2 and O represents about 25%
of the destruction of the 4s states. This number is significantly
larger at p = 2 Torr, reaching a value higher than 60%.
Evidently, with further oxygen addition the importance of these
processes still increases and consequently the production and
destruction pathways of excited state atoms change. At 90%
of O2 in the mixture, the dominant process for the creation of
metastable and resonant states becomes the electron excitation
from the ground state, with a contribution of about 70% to their
sources. The exception is the Ar(3P0) metastable, 46% being
created by stepwise electron excitation from Ar(3P2).

3.5. Concentration of oxygen species

In this section we turn our attention to the oxygen species
present in an Ar–O2 surface-wave microwave discharge.
Figure 11 shows the density of the different oxygen species
as a function of the Ar percentage in the Ar–O2 mixture, for
pressures of 0.5 and 2 Torr. At the lowest pressure investigated,
p = 0.5 Torr, the dominant oxygen species is the O(3P)
atom for any mixture composition, followed by the O2(X)

molecule, see figure 11(a). The difference between the two
densities increases from a factor of 2 to a factor of 4 with
the Ar percentage. The density of excited O(1D) atoms is
more than two orders of magnitude lower than that of the
ground state atoms in the case of low Ar content mixtures.
However, at mixtures with Ar percentages higher than 50%
the density of O(1D) decreases slower than that of O(3P) with
Ar percentage. Similar results have been obtained in a CCP at
0.1 Torr by Kitajima et al [2]. In what concerns the excited
O2(a) and O2(b) molecules, their densities relative to the

(a)

(b)

Figure 11. Density of the different oxygen species as a function of
Ar percentage in the Ar–O2 mixture, at 0.5 Torr (a) and at 2 Torr (b):
O2(X) (——), O2(a) (— — —), O2(b) (· · · · · ·), O(3P) (— · —),
O(1D) (– – –), O3 (— · · —).

ground state O2(X) molecule decrease with the Ar percentage
in the mixture, reaching densities one order of magnitude lower
than that of O2(X) in mixtures with Ar percentage higher than
98% in the case of O2(a) and 80% in that of O2(b). Finally, the
lowest density is the one of the O3 molecule, whose density
relative to the O(3P) density decreases from 10−4 to 10−6 with
Ar percentage.

By increasing the pressure the O2(X) density, relative
to that of O(3P), increases as well. As a result, at 2 Torr
pressure O2(X) has become the dominant oxygen species in
mixtures with Ar percentages lower than 80%, as revealed by
figure 11(b). In what concerns the other oxygen species their
densities show very similar behaviour to that observed at the
lower pressure, with slight changes in their relative densities
compared with the 0.5 Torr case.

One important characteristic of oxygen discharges is
the dissociation degree of O2 molecules. As we have
just seen, under certain conditions O(3P) atoms can be the
dominant species in the discharge, such as in the case of
p = 0.5 Torr described in figure 11(a). Figure 12 depicts
the dissociation degree ([O(3P)]/2[O2in]), [O2in] denoting the
oxygen concentration entering the discharge, as a function of
the Ar percentage in the mixture, at four different pressures.
The highest dissociation degree is obtained at the lowest
pressure, 0.5 Torr. This is a consequence of the decrease in
the electron impact dissociation rates with pressure, related to
the decrease in the electron kinetic temperature illustrated in
figure 6. At constant pressure the dissociation degree shows
a monotonic increase with the Ar content, as a result of the
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Figure 12. Dissociation degree as a function of the Ar percentage in
the mixture for different values of pressure: 0.5 Torr (——), 1 Torr
(— — —), 2 Torr (· · · · · ·), 3 Torr (— · —).

increasing importance of the Ar(4s) induced O2 dissociation
((R15) and (R16)). These processes become important at the
higher Ar percentages, the dissociation degree thus increasing
with a higher rate at Ar percentages higher than about 80%.

In pure O2, O(3P) is predominantly created by electron
impact dissociation of O2(X), O2(a) and O2(b) ((R31)–(R33),
(R55)). An addition of Ar into the mixture such as 50%
does not influence considerably the role of the creation and
destruction processes observed in pure O2. The contribution
of Ar(4s) induced O2 dissociation ((R15) and (R16)) to the
O(3P) creation is negligible at this condition, less than 2%
for both pressures. However, with further Ar addition the
importance of these processes increases and changes more
remarkably the molecular kinetics. For instance, at 90% Ar
in the mixture, the contribution of the Ar(4s) induced O2

dissociation to the formation of O(3P) is nearly the same as
electron impact dissociation of O2(X) (R31). The main loss
processes of O(3P) are recombination at the wall and electron
excitation to the 1D state. Nevertheless, this latter process
is in good part compensated by the deactivation processes of
O(1D) that result in O(3P), such as wall deactivation (R77) and
quenching by O(3P) (R60) and O2 ((R61) and (R63)), thus wall
recombination is the key destruction mechanism determining
the final concentration of O atoms.

In what concerns excited O(1D) atoms, their kinetics is
strongly correlated with the one of ground state O(3P) atoms.
As a matter of fact, the former are predominantly created by
electron impact excitation of the latter (R58), with a relative
contribution of the order of ∼70%. The contribution of
dissociation from the Ar(4s) states is essentially negligible,
except for the higher percentages of Ar in the mixture. For
instance, with 90% Ar in the mixture it still contributes
only about 5% to the total creation of O(1D). On the other
hand, O(1D) is destroyed by quenching to the ground state in
collisions with O(3P) (R60), O2(X) ((R61)–(R63)), Ar (R22)
and at the wall. Of particular importance is the quenching by
O2 leading to the formation of O2(b) molecules (R63). As the
rate of reaction (R22) with Ar is lower than the rates of the
reactions involving O2, the total quenching due to gas-phase
collisions decreases with Ar addition, making wall deactivation

more important in these conditions and justifying the quite
flat profile of O(1D) with the Ar content. Evidently, the
contribution of the latter process is higher at the lower pressures
(52% and 6% in pure O2 at p = 0.5 and 2 Torr, respectively,
and 82% and 29% for the same pressures and a mixture with
90% of Ar).

The kinetics of the O2 excited states is strongly coupled,
as the electron impact processes involving transitions among
the group of states O2(X, a, b) are very significant. O2(a) is
mainly populated by electron impact collisions with O2(X)

(R25) and O2(b) (R30), their relative importance depending
on pressure and mixture composition. For the conditions
investigated, the joint contribution of these two reactions to
the total production of O2(a) molecules is always larger than
85%. Other minor contributions are given by the quenching
of O(1D) by O2(X) (R63) and O2(b) by O atoms (R42).
The role of the latter reaction can be important near pure
oxygen and at the higher pressures, reaching 9.4% in pure
O2 at 2 Torr. The metastable state O2(a) is destroyed also
by electron impact, in collisions leading to the formation of
O2(X), O2(b) and to dissociation. It is worth emphasizing that
the destruction mechanism forming two oxygen atoms, which
accounts for about 50% of the total destruction of O2(a) at
0.5 Torr and 30–40% at 2 Torr, further couples the kinetics of
the molecular metastables to the atomic kinetics, and forms an
effective removal channel of the ensemble of molecular excited
states.

As for the second metastable state, O2(b), it is formed by
electron impact on O2(X) (R27) and O2(a) (R29), as well as
by the important quenching of O(1D) with O2 (R63). This last
process is dominant in the creation of O2(b) for a broad range of
conditions (it accounts for 75% and 66% of the total creation
of O2(b) in pure oxygen at 0.5 Torr and 2 Torr, respectively,
and 55% and 68% for a mixture containing 90% of Ar, for
the same pressures). From the side of destruction, the most
important mechanisms are electron impact collisions forming
O2(a) and leading to dissociation, and the quenching at the
wall. A minor contribution is given by electron superelastic
collisions to the ground state (R28), whereas the quenching
with O atoms ((R41) and (R42)) becomes somewhat important
at higher pressures and mixtures with high oxygen content
(contributes 13% in pure O2 and at p = 2 Torr).

Finally, O3 is created in the discharge due to the
recombination of O− with O2(a) (R38), for all conditions
under study. It is lost through electron dissociation (R34)
and dissociation induced by O(3P) ((R46)–(R48)), O(1D)
((R64) and (R65)), O2(b) (R45) and O2(a) (R44). However,
the relevance of the different destruction processes changes
considerably with the mixture composition and pressure. For
instance, at p = 0.5 Torr and 90% Ar in the mixture,
electron dissociation is the dominant process (66%), while
the contribution of dissociation in collisions with O(1D) is
20% and the one of collisions with O2(b) a mere 2%. These
numbers are modified to 25%, 26% and 15%, respectively, in
pure oxygen at the same pressure, and to 20%, 30% and 20% at
2 Torr in mixture with 90% Ar. At the higher pressure and high
oxygen content, destruction in collisions with O2(b) becomes
the dominant O3 destruction mechanism.
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Figure 13. Dissociation degree for two different tube radii: 0.25 cm
(——) and 0.5 cm (— — —), at 2 Torr.

3.6. Effect of the discharge tube radius and atomic surface
recombination

As shown in the previous section, oxygen atoms are primarily
lost due to their recombination on the discharge tube walls.
Therefore, it is expected that the size of the tube radius can have
a significant influence on the density of atoms in the discharge.
On the other hand, ions and electrons also predominantly
recombine on the walls and, as is well known, because of this in
a lower diameter tube a higher electric field is needed in order to
sustain a quasi-neutral plasma with the same electron density.
Evidently, the variation of the sustaining field influences all
the electron impact processes, including dissociation. That
being so, these two effects have an impact on dissociation in
opposite directions. Indeed, when the tube radius is increased
the atomic losses are smaller, leading to an increase in the
dissociation degree, whereas the lower electric field tends to
reduce the dissociation degree.

Figure 13 presents the dissociation degree for two different
tube radii as a function of the mixture composition. The
changes occurring in the dissociation degree are due to the
competition between the two different effects just mentioned.
According to the calculations, the atomic concentration is
higher for the larger diameter tube, so that the direct influence
of atomic recombination is the dominant effect. Besides,
the profiles of the dissociation degree with Ar are very
similar when the tube radius changes, showing that the overall
influence of Ar on the dissociation kinetics is quite independent
of the tube radius.

The modification of the ion loss rates due to the variation
of the discharge tube radius influences the charge composition
of the plasma, since negative ions, which recombine only
in the gas phase, are also present. Figure 14 shows the
electronegativity as a function of mixture composition for
two different tube radius values. The results show that the
density of negative ions is higher in the smaller diameter tube.
According to the calculations, the reduction in the negative
ions is due to the decrease in the rate of O− creation through
electron dissociative attachment of O2(X) with the tube radius.

Finally, the importance of surface recombination of atoms
can also be altered if the recombination probability changes.

Figure 14. Electronegativity for two different tube radii: 0.25 cm
(——) and 0.5 cm (— — —), at 2 Torr.

Figure 15. Dissociation degree as a function of the recombination
probability for the 0.5 cm radius tube, in a 95%Ar–5%O2 discharge
at 2 Torr.

Therefore, we investigate additionally the effect of the value
of surface recombination probability of atoms on the atomic
density. For a given material, the heterogeneous recombination
depends on the state of the surface as well as on the surface
temperature. In the case of surfatron generated surface-wave
discharges, wall temperatures higher than 400 K are often
achieved, depending on the effectiveness of the cooling (forced
air or water cooling) applied through the surfatron body. Here,
we study the influence on the O-atoms density of the surface
recombination probability, γ , as the surface temperature varies
in the range 400–500 K. The values of γ are taken from
Macko et al [56], who have shown (figure 15 from [56])
that γ increases sharply with the wall temperature in this
region, by more than a factor of 3. Figure 15 shows the
dissociation degree for several values of γ . In the temperature
range considered, the increase in the recombination probability
induces a decrease in dissociation degree by a factor of 2,
demonstrating the importance of an accurate treatment of the
heterogeneous processes.

4. Conclusions

In this work we have developed a kinetic model to study
low pressure surface-wave Ar–O2 discharges. The working
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conditions were chosen to be close to those found in the
plasma sterilization [1, 21] and polymer treatment studies [3],
namely a surface-wave plasma generated at 2.45 GHz in a
1 cm diameter quartz tube, operating at pressures in the range
0.5–3 Torr. The model was validated from the comparison
of the calculations with available experimental data both for
the electron and the heavy-particle kinetics. The very good
agreement between the model predictions and the experimental
results, for a diversified range of conditions, substantiates the
correctness of our description.

It was shown that the EEDF is strongly non-Maxwellian,
its shape changing markedly when O2 is added into an Ar
discharge. Therefore, a kinetic description is necessary and
analyses based on electron average energies must be handled
with extreme care. For instance, although the reduced electric
field sustaining the discharge continuously decreases with the
Ar content in the mixture, the modifications in the shape of the
EEDF lead to a minimum of the electron temperature for Ar
percentages around 80%.

It was further concluded that the ion composition changes
with pressure. Except for discharges near pure argon, where
Ar+ is the dominant positive ion, O+ is the major positive ion
at the lower pressures, O+

2 becoming predominant at the higher
pressures. Besides, negative O− ions are largely present in the
discharge. The electronegativity of the discharge can exceed
one, and accordingly, any accurate calculation of the electric
field has to take the effects of negative ions into account.

Oxygen is strongly dissociated, the dissociation degree
reaching values as high as 60%, as a result of electron impact
collisions with ground state and metastable O2 molecules, as
well as in heavy-particle collisions of O2 with the Ar(4s) states.
The latter mechanisms contribute to making the dissociation
degree larger in mixtures containing large amounts of Ar
than at low Ar content. The substantial dissociation degree
observed indicates that the relative concentration of oxygen
species also changes with pressure, oxygen atoms being the
most populated species at the lower pressures and ground state
O2(X) molecules at higher pressures.

The kinetics of the Ar(4s) states is strongly coupled, as
the electron inelastic and superelastic collisions among these
states are very effective. Together with the stepwise excitation
of the (4p) levels with their subsequent decay back to (4s), they
efficiently redistribute the total population of these states. A
major loss of the ensemble of the Ar(4s) states is due to the
radiative decay of the Ar(1P1) resonant state.

A quite similar situation takes place with O2(a, b) and
O(3P, 1D). Electron impact reactions among these states are
very significant, including dissociation from the molecular
metastable states a 1�g and b 1�+

g . An important gas-phase
reaction among heavy-particles is the quenching of O(1D) by
O2(X) leading to the formation of O2(b), O(1D) + O2(X) →
O(3P)+O2(b), which, in addition to electron impact processes,
ensures a strong coupling between the atomic and molecular
oxygen kinetics.

The role of surface processes is very important, affecting
the overall kinetics of the discharge. Therefore, the influence
of the tube radius and the atomic recombination probability
at the wall has also been investigated. It is verified that the

dissociation degree increases with the discharge tube radius,
while it decreases with the atomic surface recombination of
O atoms. An optimization of atomic oxygen production can
then be achieved by a careful choice of the wall material
and temperature, which directly affect the recombination
probability, and the tube dimensions. These characteristics
may have a significant influence on the degree of homogeneity
of O atoms on sterilization afterglow reactors, for instance, as
previously pointed out in [68] for the case of N2–O2.

Work is in progress to extend our investigation to the early
and remote afterglow regions, as well as to the study of the very
promising ternary mixture Ar–O2–N2. This mixture has all the
advantages of Ar–O2 mixtures and provides additionally the
strong UV radiation from the NO(A) and NO(B) molecules.
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[24] Mozetič M, Vesel A, Cvelbar U and Ricard A 2006 Plasma
Chem. Plasma Process. 26 103

[25] Granier A, Pasquiers S, Boisse-Laporte C, Darchicourt R,
Leprince P and Marec J 1989 J. Phys. D: Appl. Phys.
22 1487

[26] Pinheiro M J, Gousset G, Granier A and Ferreira C M 1998
Plasma Sources Sci. Technol. 7 524

[27] Pinheiro M J, Gordiets B F and Ferreira C M 1999 Plasma
Sources Sci. Technol. 8 31

[28] Tristant P, Gousset G, Régnier C and Desmaison J 2002
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Petrović Z Lj and Makabe T 2009 J. Phys. D: Appl. Phys.
42 145206
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