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Abstract. Self-consistent theoretical models have been developed in order to
investigate the early and remote flowing afterglows of a surface-wave Ar-Oy microwave
discharge generated at 2.45 GHz in a 0.5 cm diameter tube at pressures between 1 and
12 mbar. The early-afterglow that occurs downstream the discharge fills up the tube
that connects the discharge region with the large-volume processing reactor, where
the late-afterglow develops. The models provide the time dependent density profiles of
different species along the afterglow and their 3-D spatial distribution in the processing
reactor. Systematic calculations are performed for all mixture compositions from pure
Ar to pure Oq at different pressures.

It is shown that the Ar*, Arj and OF can survive up to 1-10 ms in the early-
afterglow depending on the mixture composition and pressure. In low O content
mixtures the ion densities can increase in the early-aftereglow, depending on the
operating conditions, as a result of Penning ionization involving the Ar(4s) states
and forming Ar™, followed by charge transfer. In pure Ar the UV emitting resonant
state atoms remain up to 0.1 ms in the afterglow, but with Oy addition their lifetime
becomes considerably shorter. The oxygen species important for many applications,
such as O(3P) atoms and Os(a) metastable molecules, survive up to 100 ms, thus
being the main components of the late-afterglow. It is shown that the Oy molecules
are strongly dissociated in the discharge, dissociation being more efficient in high Ar
content mixtures. However, the dissociation degree decreases to a few percent in the
early-afterglow in about 10 ms. In the case of Oz(a) molecules, yields above the
threshold yield for the iodine laser operation are obtained at 12 mbar for afterglow
times up to 10 ms. In the large-volume reactor it has been found that at low pressure
the density of O(*P) atoms decreases about one order of magnitude towards the walls,
while that of Oz(a) changes about 20%, although with pressure the density decreases
become more pronounced. Very similar density distributions are found at different
mixture compositions for O(*P) atoms, while the quasihomogeneous Oz (a) distribution
found in high Ar content mixtures progressively turns into a more inhomogeneous one
with the O9 addition.
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1. Introduction

Ar-O, plasmas contain several important species, such as oxygen atoms O(*P, D),
metastable oxygen molecules Oy(a'Ay, b 'SF ), ozone, and metastable Ar(°*Py, *Pq)
and resonant state Ar(*Py, 'P;) argon atoms [1, 2, 3, 4, 5, 6, 7, 8, 9], which favour
the application of Ar-Oy discharges in numerous fields. The chemically active oxygen
atoms have been found to play a crucial role in plasma based medical sterilization,
e.g. bacteria inactivation [10, 11, 12, 13, 14, 15, 16, 17, 18, 19] and removal of
biological contaminations from surfaces [20, 21, 22, 23|, as well as in synthesis of metal-
oxide nanowires [24, 25|, oxide films deposition [26, 27|, functionalization of polymers
28, 29, 30, 31, 32, 33, 34], removal of organic impurities [35], selective etching of
composites [33, 36|, passivation of metals [37, 38|, wool treatment [39] and surface
activation [3]. The singlet delta oxygen O(a'A,), being a rather active chemical
component due to its low excitation energy 0.98eV [40], is an important agent in
biophysical and biochemical processes [41, 42, 43, 44], can effectively damage cancer
cells [45, 46], and plays as well an important role in degradation of synthetic polymers
[47], in oxygen-iodine laser excitation [40, 48, 49, 50, 51, 52, 53, 54] and in combustion
processes [55]. The energetic Ar™ ion has been shown to be involved in the etching
of hydrocarbons, together with the O-atoms and Oy molecules, through the so called
chemical sputtering process [56, 57]. Here, the defects on the surface induced by the ions
can react with either O, molecules or with O atoms creating volatile compounds, such
as CO and COs. This chemical sputtering has been observed to be a crucial process in
the case of etching of bacteria spores leading to sterilization [16, 58], as well as in the
removal of biological contaminants such as prions, pyrogens and proteins from surfaces
21, 23]. Ar-O, plasmas are also characterized by a rather intense VUV radiation due
to the resonant state Ar(*Py, 'P;) atoms. The VUV /UV photons below 275 nm can
be important in plasma sterilization processes since they have enough energy to break
the bonds of C-C (3.8 V) or C-H (4.5 €V) in a solid and are known to induce strand
breaks in DNA [59]. The role of VUV /UV photons from Ar-O, plasmas in the bacteria
inactivation has been studied by several authors [11, 12, 60, 61, 62]. A synergetic effect
between VUV /UV radiation and the O-atoms [11, 63, 18] and between the UV radiation
and heat [64] has been found in the sterilization processes, as well as in the case of etching
of polyolefins (hexatriacontane - HTC) [29].

The composition of the plasma required by a given application can be controlled by
the discharge conditions and initial gas mixture composition. Further tuning possibilities
are provided by the flowing afterglow of the discharge, since the lifetime of the various
species in the afterglow is very different. In the case of a flowing surface-wave microwave
discharge generated with a surfatron in a typically 5-30 mm diameter tube, the early-
afterglow can be a plasma jet containing excited species as well as ions, while its late-
afterglow is free of charged species and can fill up large reactors [65, 66]. Therefore, this
discharge configuration is favourable for several and diversified applications.

The axial structure of low-pressure argon surface-wave discharges was investigated
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in [67, 68, 69, 70, 71], an axial description of flowing oxygen surface-wave discharges was
performed in [72, 73], whereas the Ar-O, surface-wave microwave discharge was studied
in [74]. The aim of this paper is to extend our previous work [74] in order to determine
the species densities in the early afterglow of an Ar-O, surface-wave microwave discharge,
as well as their distribution in a large reactor at different discharge conditions for all
mixture compositions ranging from pure Ar to pure Os.

2. Experimental data on the afterglow species densities

The afterglows of Ar-O, and O, surface-wave microwave discharges have been
experimentally investigated by numerous groups [34, 75, 76, 77, 78, 79, 80]. One of
the most frequently used methods for the determination of O-atoms density in the
Ar-Oy afterglow is NO titration. With NO titration the density of O atoms can be
determined at the position of NO mixing, quite frequently at the entrance of a post-
discharge reactor. Ricard et al [75, 76, 77| and Belmonte et al [34, 78] have carried out
density measurements in the afterglow of discharges generated in a 5 mm diameter tube
at 2.45 GHz for selected discharge conditions and mixture compositions, as shown in
Table 1.

Ricard et al [75] have determined the [O] density in the afterglow of a 6 mm diameter
discharge tube in Ar-z%0, mixtures, with x varying between 1 and 54, at two different
gas pressures: 1 mbar and 1.3 mbar. The measured densities were between 2x 10 cm ™3
and 1.2x10% e¢cm™2. The uncertainty of the NO titration method was estimated to be
+30%.

Mafra et al [34] presented the [O] density and the O4 dissociation degree [O]/2[Os]
in an Ar-10%0; mixture at different pressure values. While the density increased from
~1.1x10% ecm™2 to 2.25x10% cm™ in the 2-12 mbar pressure range, the dissociation
degree decreased from ~14 to 5%.

The dissociation degree, defined in [77] as n=[0]/2][Ox2]o, where [O4]y is the initial O,
density without plasma, was obtained from NO titration and is presented as a function
of microwave power for two O, percentages, 5.7 and 9.2%, at 2 mbar and 1 Slmin~!
gas flow rate for an afterglow time of ~10 ms. The dissociation degree has been found
to saturate with power, the maximum values obtained for the two Oy percentages were
~45% and ~65%, respectively.

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 Oy(b 'S}, v=0 — X °%_ v'=0) transition [34], and one probe method that relies
on the temperature rise of a catalytic probe due to the atomic recombination on the
probe surface [81, 79]. These methods, in contrast to NO titration, allow local density
measurements in the post-discharge reactor.

Mozeti¢ et al have determined the [O] density and O, dissociation degree — defined
in this case as [O]kT/po,, where po, is the oxygen partial pressure (before discharge
ignition) — in the late-afterglow of an Ar-O, surface-wave microwave discharge as a
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Table 1. Summary of the available density measurements in the afterglow of an Ar-O,
surface-wave discharge generated in a 5 mm tube at 2.45 GHz.

Mixture D Q P [t] (O] Ref.
[mbar] [Slmin=!] [W] [ms] [em™3]
Ar-30%0, 1 0.4 50  ~1  1.1x10% [75]
Ar-9%0, 1.3 0.6 50 ~1  1x10% [75]
Ar-2%0, 35 1.1 60 ~10 7x10 [76]
Ar-10%02 4 1.6 60 ~10 1.5x10% [76]
Ar-10%0, 4 1 100 ~10 1.7x10' [34]
Ar-10%0, 12 1 100 ~10 2.25x10%° [34]
Ar-1.2%05 15 1.07 130 ~10 (2.140.4)x10 [78]

function of the microwave power at an Ar pressure of 2 mbar with addition of different
Oy percentages [79, 80]. At 110 W the highest dissociation degree was found in Ar-
3.9%02 (po, = 0.025 mbar), 80%, while at 160 W the dissociation degree peaked at
75% in Ar-5.7%0 (po, = 0.067 mbar).

Probe measurements have been conducted also in pure O, afterglows by Canal
et al [39] in a reactor used for wool treatment. The O-atoms densities obtained at
300 W microwave power were 1.2x10'° cm™ and 2.8x10'° ¢cm™2 at 0.2 and 0.5 mbar,
respectively. Still in pure Os, the O-atoms density was measured using VUV absorption
spectroscopy by Granier et al [82] downstream a surface-wave discharge generated with
390 MHz in 16 mm diameter tube. Here the decay of the [O] along the flowing afterglow
has been monitored at different pressures. At the discharge exit, the dissociation rate,
defined in [82] as [O]/2[O,], has been found to be in the range from 2 to 5% for
40< P <160 W and 0.5< p <2 Torr.

3. Post-discharge system configuration

The post-discharge systems based on a flowing surface-wave microwave discharge usually
consist of a quartz discharge tube, which is connected to a processing reactor (post-
discharge reactor) through a pyrex tube where the early-afterglow develops, of diameter
comparable to that of the discharge tube [11, 12, 34, 76], as shown in Figure 1. The
surface-wave discharge is generated with a microwave field typically of frequency f=915
MHz or 2.45 GHz in a tube of inner diameter D that satisfies the fD < 4 GHz cm
criterion to obtain a monomode plasma system (the propagation of microwave is limited
to the m=0 mode) [83].

The system investigated here is similar to that of Mafra et al [34] in what concerns
the discharge and early-afterglow region. In particular, the discharge is generated in
a quartz tube of 0.5 cm inner diameter with 2.45 GHz frequency and the discharge
tube is connected to the reactor with a pyrex tube of 2.8 cm inner diameter. For the
post-discharge reactor we consider a parallelepipedic reactor made of aluminium, with
dimensions of 60 cmx30 cmx28cm similar to the one used by the Montréal group
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in plasma sterilization experiments [65, 66]. The reactor has one gas inlet of size
2.8%2.8 cm? located in the middle of the left side wall and one outlet on the bottom.

Late-afterglow

Surfatron
Gas . U
inlet Dlscl}arge Early- Z
TegION  afterglow Y T
region X
Gas outlet

Figure 1. Schematic representation of the basic flowing afterglow system.

4. Model description

As previously described, the post-discharge system has three main parts: (i) discharge
region; (ii) early-afterglow region, which develops downstream from the discharge in the
connecting tube between the discharge and the reactor; and (iii) late-afterglow present
in the large volume reactor, also called post-discharge reactor. The species generated
in the discharge are carried by the gas flow through the early-afterglow region into the
post-discharge reactor. The evolution of the species densities in the different parts of
the system can be followed with three different models.

The creation of the different species in the discharge is described with a zero
dimensional self-consistent kinetic model that is based on the solutions of the electron
Boltzmann equation for the microwave field, coupled to a system of rate-balance
equations for the neutral and charged heavy species. A detailed description of model
is given in Ref. [74], where the gas phase and surface reactions governing the chemical
kinetics of the species Ar('Sy, *Py, *Py, *Po, 'P1), O2(X *%,v), Os(a *A,, b 'SF),
O(®P, 'D), O3, Ar™, Ar,", 0,7, O and O~ are also listed. Since we are interested only
in the flowing afterglow of the discharge, the calculations need to be conducted only for
the value of the critical electron density, corresponding to the end of the plasma column
and determining the density of species leaving the discharge zone. For surface-wave
discharges generated at 2.45 GHz this electron density is 3.74x 10" cm™3.

The evolution of the species along the early-afterglow downstream from the
discharge is followed with a system of time-dependent rate-balance equations for
the different species. Here, the same chemical-kinetics scheme is used as in the
discharge region. However, due to the very low electron energies, the electron impact
excitation/ionization processes are omitted. A smooth transition from the ambipolar
to free diffusion regimes in the afterglow has been taken into account, as considered in
(84, 85]. The effective diffusion coefficient for the electrons and for each of the ionic
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species is calculated from

Dy + Nenepie/€o )
“Dy + A2encpie/eo
where, for each species, D, is the ambipolar diffusion coefficient, calculated for the end
of discharge conditions [86], Dy is the free diffusion coefficient, A = R/2.405 is the
characteristic diffusion length for a cylindrical container of radius R, e is the electron

Dy =D

charge, p. the electron mobility and ¢y the vacuum permittivity. Clearly this is only
an approximation, as the expression is derived for electrons and in the discharge, but
it allows to have an estimation of the lifetime of ions and electrons in the flowing
afterglow. The presence of charged particles in the afterglow can be desirable or
undesirable, depending on the applications. The species densities are thus obtained
in the early-afterglow as a function of the afterglow-time (the flight-time of the species
in the afterglow), which can be transformed into afterglow position by knowing the gas
pressure, tube radius and gas flow rate. These time-dependent densities allow us to
determine the density of species at the entrance of the post-discharge reactor.

In the post-discharge reactor the density distributions of the various species are
determined with the help of a three-dimensional hydrodynamic model, comprising (i) the
total mass conservation (2), (ii) the continuity equations for the different species (3), (iii)
the total momentum conservation equation (4), and (iv) the total energy conservation
equation (5):

/pv~ndS:O, (2)
s

/pykv-n dsS —/V(kayk.)-n ds :/mk Sy dv %—/m;€ SPds, (3)
s 5 v s
/puiv-ndS:/ugradui~ndS—/pil--ndS, (4)
s s s

/SpTv-ndS:/SCigde-ndS. (5)
p

Here p denotes the total gas density, v the gas velocity and n the unit vector
orthogonal to the S surface and directed outwards. Further, y; denotes the relative
mass density (yx=pr/p), D and my are the diffusion coefficient and the mass of the
species k, respectively, and SY and S represent the source terms associated with volume
and surface reactions, respectively. Since S represents the surface losses, it is considered
in (3) only on the last grid point at the proximity of the surface. wu; is the velocity in
the 7 direction, p the static pressure, p the dynamic viscosity, 17" the gas temperature,
C, the specific heat at constant pressure and A the thermal conductivity. A more
detailed description of the model is given in Refs. [87, 88]. The transport data used in
the model is presented in Table 2. In what concerns the molecular kinetics, the same
chemical-kinetics scheme is used as in the discharge. However, due to the recombination
of charged species along the early-afterglow region, here we neglect the electrons and
ions.



Active species downstream an Ar-Oy surface-wave microwave discharge 7

Table 2. The viscosity, the thermal conductivity and the specific heat as taken from
[89, 90, 27, 91, 92, 93]. The temperature T is in K and the pressure p in Pa.

p(Ar) = 1.57x 107>+ 3.81 x 10787 Pas

w(02) = (2.72754 + 0.06469T — 1.86515 x 107°57?) x 107 Pas
AMAr) =731 x 1073 +3.71 x 10757 W m~!K~!
A(O2) = (1.05602 + 0.087917 — 8.91227 x 10797?) x 1073 W m~1K~!

Cp(Ar) = 20.79 J mol'K~!
Cp(02) = 28.168 + #%emp(—ﬂ%;;ggﬂ)?) J mol'K~!

One important parameter that changes from region to region is the surface
recombination probability of atoms, because of the surface temperature gradient along
the system and of the use of different wall materials. Wall temperatures as high
as ~400 K are reached in the discharge region, in the early-afterglow they decrease
to ~330 K, while in the post-discharge reactor the wall is at room temperature
~300 K. Furthermore, the discharge and early-afterglow tubes are made of quartz and
pyrex, respectively, while the post-discharge reactor is of aluminium. The temperature
dependent recombination probability of O-atoms () measured by Macko et al [94] for
a pyrex surface exposed to an oxygen dc discharge shows a sharp increase with the
temperature above 300 K, reaching values as high as 2x1072 at 500 K. In accordance
with these measurements for the discharge region we chose yo@p) = 8x 1073, while for
the early afterglow region we take yo@py = 4x107°. In the case of the late-afterglow
present in the aluminium reactor, we use the data of Mozetic [95], vo@p) =2x1072,
determined in a pure O, flowing afterglow at 0.5 mbar and 7y = 300 K. For Os(a)
molecules we take yo,() 5x107* in accordance with the results of Sharpless et al. [96],
while yo,m)= 2x1072 [97].

Another critical input parameter of the model is the gas temperature. However,
its value is not available for different discharge conditions. Although the temperature
depends on the pressure and the O, addition to Ar, due to the lack of data we uses for
all conditions a discharge temperature T, = 500 K and in the early-afterglow 350 K,
in compliance with the measurements of Belmonte et al [98], who found T,=450 K at
4.4 mbar in Ar-10%0..

5. Results and Discussion

The experimental investigations available in the literature, as presented in Section 2,
have been conducted mostly in mixtures with low Os content (<10%) at selected pressure
values in the 1-15 mbar range either in the early or late-afterglow regions. In order to
have a more complete picture of the system we have conducted systematic calculations
by covering the full mixture range from pure Ar to pure O,, for pressures in the interval
1-12 mbar for both the early-afterglow and late-afterglow regions.
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The compositions of the plasma calculated in the early and late-afterglow are
presented in two different sections. For the early-afterglow region the species densities
are presented as a function of the flight-time along this region, which can be transformed
into spatial distributions by knowing the applied gas flow rate. Notice that since a given
flight-time can be achieved with different gas flow rate — tube length combination, these
time dependent results are more general than the spatial distributions. In the case of
the late-afterglow, we present the spatial distribution of the species concentrations in
the processing reactor described in Section 3.

5.1. Farly-afterglow

5.1.1. Positive 1ons As suggested by the experimental investigations, a number of
applications, such as biological decontamination of surfaces [21, 23], nanostructure
deposition [25] and surface treatments [37, 29, 35, 30, 31], may call for the presence
of ions. The calculations conducted for the discharge region (end of the plasma column
at critical electron density for the surface-wave propagation) have shown that the charge
composition of the plasma depends on the initial gas mixture composition, as well as
on the gas pressure (Figure 8 in [74]). Regarding the afterglow, the most important
information is how long the different species can survive. Therefore, in this section
we discuss the lifetime of several charged species, for different initial discharge mixture
compositions and gas pressure values.

At ———Art-----
2

et a) 100% Ar b) 95% Ar 30% Ar

10"
' 9
510
< 40

10"

0.0010.01 0.1 1 0.001 0.01 0.1 1 0.0010.01 0.1 1 0.0010.01 0.1 1
t[ms] t[ms] t[ms] t[ms]

Figure 2. Positive ions and electron densities along the early afterglow as a function
of the afterglow time, at 1 mbar, for different mixture compositions.

Figure 2(a)-(d) shows the densities of various charged species as a function of the
afterglow flight-time, at 1 mbar and for different initial mixture compositions. In the
case of pure Ar, Figure 2(a), the dominant ions are Ar™, as expected, which at this
pressure can survive up to ~1 ms. The electrons are lost in the afterglow at about
0.01 ms, which favours the longer survival of ions, helped also by the creation through
the metastable-metastable ionization process (often denoted by pooling or Penning
ionization), Ar(4s;)+Ar(4s;) — Ar('Sp)+Art+e. Indeed, the decrease of electron-ion
recombination losses and the dominance of Penning ionization is marked by an increase
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in the concentrations of the positive ions, taking place after 0.01 ms. At the maximum
densities in the afterglow, the difference between the populations of the atomic and
molecular argon ions is about two orders of magnitude. The density of these two ionic
species is correlated through the Art+Ar(!Sy)+Ar(!1Sy) — Ary +Ar('Sy) associative
charge transfer process. A small addition of Oy to Ar, such as 5%, changes considerably
the charge composition of the afterglow plasma, as illustrated in Figure 2(b). After the
electron disappearance, O becomes the dominant ionic species. The concentrations of
O3 and O* pass through a maximum in the afterglow, similar to the one calculated for
Art and Arj in pure argon, which is due to the charge transfer mechanisms O(3P)+Ar™
— Ar('Sp)+O0" and Oy+Art — Ar('Sp)+03, helped by the creation of Art ions
by Penning ionization. The effect is less pronounced than in pure argon, as the O-
atoms and O, molecules also quench the Ar metastables contributing to ionization very
efficiently through the Ar(4s;)+02(X,0) — Ar(*So)+O(*P)+O(*P), Ar(4s;)+0,(X,0)
— Ar('Sp)+O(®P)+0O('D), and Ar(4s;)+0O — Ar('Sy)+0O processes. In this case, Ar™
and O™ ions disappear by about 0.1 ms, while the O5 ions survive up to ~0.4 ms. With
further oxygen addition the quenching of the Ar metastables by O and Oy makes the
creation of Ar™ ions by Penning ionization negligible. The lifetime of the dominant ion,
O3, becomes very long as shown in Figure 2(c) for a 60%Ar-40%0, mixture and in
Figure 2(d) for a 30%Ar-70%0, mixture. The differences in the charge composition of
the afterglow plasma for these two discharge mixtures is minor, although small changes
in the lifetimes can be observed.

10"

10"
§ 10° Y
IE. 108 \\‘

Fae b) Ar*
10 T TTTTITIT T T TTTTT T T lll"m] TTIT
0.001 0.01 0.001 0.01 0.1 1 0.001 0.01 0.1 1
t[ms] t[ms] t[ms]

Figure 3. Densities of (a) electrons, (b) Art and (c) Arj, considering: the transition
from ambipolar to free diffusion regimes in the afterglow (——); ambipolar diffusion
only (= — —); free diffusion only (- - - - ); eliminating reaction Art+Ar(1Sg)+Ar(1Sy) —
Ary +Ar(*Sp) (— - —); and eliminating reaction Ar(4s;)+Ar(4s;) — Ar(1So)+Art+e
(),

The influence of the transition from the ambipolar to free diffusion regimes in the
early-afterglow can be evaluated in Figure 3, which reveals as well the importance of
the Penning ionization and charge transfer processes. As expected, if only free diffusion
is considered in the early-afterglow, electrons and positive ions disappear much faster
and slower, respectively, as compared to the base calculations [notice that the curve
corresponding to the electron density if free diffusion is assumed to prevail in the early-
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afterglow does not appear in Figure 3a), because n, becomes vanishingly small for times
of the order of 1078 s]. The reverse is true if ambipolar diffusion is considered all along
the afterglow. Therefore, an adequate treatment of diffusion is important if the lifetime
of ions and electrons in the afterglow is to be estimated. It is also interesting to quantify
the effects of the Penning ionization mechanism Ar(4s;)+Ar(4s;) — Ar(*Sp)+Art+e and
of the associative charge transfer reaction Art+Ar(*Sy)+Ar(1Sy) — Ary +Ar(!Sy). To
this purpose, Figure 3 depicts as well the densities of the ionic species when each of the
processes is not included in the calculations and the transition from ambipolar to free
diffusion is considered. As it can be seen, these two reactions are the responsible for
the unfamiliar enhancement of the concentrations of Ar* and Arj ions in the afterglow.
A similar effect has been observed experimentally by Kang et al in the afterglow of a
pulsed ICP discharge, where a peak in the recombination radiation was registered at
0.1 ms afterglow time [99].

——2mbar — - -4 mbar ----- 6 mbar —-—- 8 mbar —---- 10 mbar ------ 12 mbar
= 1012
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\}"“\
\:\ ,‘\
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\}' “\
W
0.001 0.01
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Figure 4. Densities of different positive ions (a) Ar™ and Ary, (b) OF and (c) OF
for the 90%Ar-10%02 mixture at different gas pressures.

In Figure 4 we present the pressure dependence of the ion populations in the case
of 90%Ar-10%0,, a mixture that is preferred in several experimental investigations
[34, 76]. For the argon ions, we can observe in Figure 4(a) a faster disappearance of the
atomic ions with pressure, while the density of Arj increases, as well as their lifetime,
which reaches 10 ms at 12 mbar. Regarding O, pressure has a minor effect on both its
density and lifetime, as seen in Figure 4(b). As for the molecular O ions, a considerable
increase of density and lifetime is obtained with the pressure, at 12 mbar it can survive
more than 10 ms. The main loss of O3 is the electron and O~ recombination, while it
is created by the charge transfer process OT+04(X,0) — OF +O(?P).

5.1.2. UV radiation The UV radiation in the Ar-O, system is provided by the Ar
resonant states Ar(°P;) and Ar(*P;), whose densities are strongly correlated to the
density of metastable atoms Ar(®Pg) and Ar(®Py) [74, 100, 101]. Figure 5 (a)-(d) shows
the evolution of the metastable and resonant state atoms in the afterglow for different
initial mixture compositions at 1 mbar. In pure argon, Figure 5(a), the metastable
atoms can survive up to 1 ms, while the resonant atoms Ar(*P;) and Ar('Py) to 0.1 ms
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and 0.03 ms, respectively. With addition of Oy to Ar the lifetime of metastable and
resonant state atoms decreases considerably in the afterglow, due to their quenching
by Oy and O-atoms. With 5% of O, in the mixture, the metastable and the radiative
Ar species disappear in less then 0.1 ms, see Figure 5(b), while in 60%Ar-40%0 their
lifetimes are less then 0.01 ms, Figure 5(c).

AW
d) 30%Ar .\
l\\

T llllllll T TTTTT

0.01 0.1 1 0.001 0.01 0.1 0.001 0.01 0.001 0.01
t[ms] t[ms] t[ms] t[ms]

¢) 60%Ar

Vo B
a) 100%Ar | ! b) 95%Ar

Figure 5. Densities of metastable and resonant state argon atoms along the early
afterglow as a function of the afterglow time, at 1 mbar, for different mixture
compositions.

Figure 6(a)-(d) presents the density of metastable and resonant state atoms along
the afterglow at different pressures in the 90%Ar-10%0, mixture. Here, the lifetimes of
both radiative and non-radiative atoms are typically few times 0.001 ms in the afterglow,
derceasing markedly with pressure. This is essentially a consequence of the increase of
the quenching rates as the pressure increases. Note that there is as well a reduction of
the effective electric field in the discharge with pressure [74], which leads to a smaller
population of the excited states in the beginning of the afterglow.
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Figure 6. Densities of different Ar atomic states (a) Ar(*Py), (b) Ar(®P1), (c) Ar(*Py)
and (d) Ar(3Pg) for the 90%Ar-10%0, mixture at different gas pressures.

5.1.3. Active neutral species Besides Ar metastable atoms, Ar-O, discharges also
contain several active oxygen species that play a crucial role in numerous applications
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(¢f. Section 1). Figure 7 shows the evolution of the Oy(X °X), Oz(a 'Ay), Oa(b 'E}),
O(®*P) and O('D) densities in the afterglow, for different initial gas mixture compositions

at 1 mbar.
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Figure 7. Densities of oxygen species along the early afterglow as a function of the
afterglow time, at 1 mbar, for different mixture compositions.

In the afterglow of a high Ar content discharge, such as 95%Ar, the O(*P) density
stays constant up to about 10 ms when it starts to decrease, while the excited O('D)
atoms disappear within 0.1 ms, as shown by Figure 7(a). Concerning the excited
molecules, Os(a) survives longer than 100 ms, while the density of Oy(b) decreases
2 orders of magnitude within 10 ms of afterglow time. With higher O, addition into
Ar (from Figure 7(a) to (d)) the depletion of O(*D) becomes faster, because its volume
quenching by Oy is significantly stronger than by Ar [74], whereas the lifetimes of the
other species do not change appreciably. The Oz density is orders of magnitude lower
than that of Os molecules, although its density increases strongly with the O, percentage
in the initial mixture. The evolution of Oz in the afterglow is shown for the 30%Ar-
70%09 mixture presented in Figure 7 (d). The ozone can survive for a long time, up
to 100 ms, although its density shows a minimum around 1 ms. The increase of the
O3 density in the afterglow after 1 ms occurs due to the decrease of the losses through
the Oq(b) + O3 — O2(X) + O2(X) + O(®P) process after the depletion of Oq(b), while
the sources due to the O(®P) assisted processes (O(*P)+05(X,0)+0O — 03+0 and
09+02(X,0)+0(®P) — O3+0,) keep quasi constant. The second decrease of the O3
density, after 10 ms, occurs as a result of the decrease of the sources from the processes
mentioned above, following the depletion of the O(*P) density.

Figure 8(a)-(c) shows the evolution of the oxygen species in the afterglow at different
pressures for the 90%Ar-10%0, mixture. The lifetime of O(®P) atoms is relatively
independent of the value of the pressure, as it can be seen in Figure 8(a). With pressure
we can observe just a slight increase in the O(*P) recombination rate. On the other
hand, the excited O(*D) atoms, Figure 8(b), disappear considerably faster with pressure,
although the initial densities are higher at higher pressures. This reflects the fact that
O(®P) atoms are essentially destroyed by wall recombination, while O('D) is destroyed
by quenching in volume. The Oy(b) concentration starts to decrease slightly earlier in
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Figure 8. Densities of (a) O(®*P), (b) O(!D) and O2(b), (c) Oz(a) along the early-
afterglow for the 90%Ar-10%02 mixture at different gas pressures.

the afterglow when the pressure is increased, Figure 8(b), since its volume quenching
by oxygen atoms is only moderately efficient and wall losses remain expressive [74].
The Oq(a) density profiles, Figure 8(c), show a slight increase at around 0.1 ms, which
becomes more pronounced at higher pressures and is a consequence of the quenching of

O4(b) by oxygen atoms, Oy(b)+0 — Oy(a)+0O [74]. After that they stay quasi constant
up to 100 ms.

dissociation [%)]

Figure 9. O(®P) density (a) and dissociation degree (b) along the early-afterglow as
a function of the afterglow time, at 4 mbar, for different mixture compositions. The

symbols in (a) represent the experimental data for the mixture with 90%Ar taken from
[76] () and [34] (O).

One important parameter regarding oxygen atoms, besides their absolute densities,
is also the dissociation degree, here defined as [O]/2[Os]g. Figure 9 depicts the
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absolute O(®*P) concentration and the dissociation degree for different initial gas mixture
compositions at 4 mbar, corresponding to one of the preferred pressure values in
sterilization and surface treatment experiments [34, 76]. With O, addition to Ar the
O(®P) density rises fast in the discharge up to the mixtures with 70%Ar, from where
the density increase becomes more moderate, Figure 9(a). In the afterglow the O(*P)
destruction in different mixtures occurs with a very similar rate, which is due to the fact
that O(3P) is lost predominantly through surface recombination. As a result, within
15 ms in the afterglow a decrease of about a factor of 5 is obtained. A comparison
with the experimental data presented in Table 1 is also shown, for the 90%Ar-10%0,
mixture at 10 ms. The calculated O(*P) density is about 2x10% c¢cm™3, in excellent
agreement with the experimental measurements, 1.5x10' cm™ [76] and 1.7x10" cm™
[34], respectively. In what concerns the dissociation degree, contrary to the absolute
O(®P) density, it decreases with the O, percentage in the initial mixture composition. In
mixtures with 95%Ar dissociation degrees as high as 38% are obtained in the discharge,
decreasing to 9% at 15 ms afterglow time. In turn, for a discharge in pure oxygen the
dissociation degree is less than 20% and it decreases below 1% within 15 ms in the
afterglow.

The pressure dependence of the dissociation degree is investigated in the 90%Ar-
10%05, mixture for pressure values in the 1-12 mbar range. Figure 10 shows the
dissociation degree as a function of the afterglow time for different pressures. In the
domain of pressures here investigated the highest and the lowest dissociation degrees
have been obtained at 1 mbar and 4 mbar, respectively, as also illustrated by the inserted
panel of Figure 10 for 10 ms afterglow time.
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Figure 10. Dissociation degree as a function of the afterglow time in case of a 90%Ar-
10%03 initial mixture composition. The inserted panel shows the dissociation degree
as a function of pressure at 10 ms afterglow time.

The O3(a) molecules, as discussed in Section 1, besides their chemical activity, play
an important role in the excitation of the oxygen-iodine laser [40, 48, 49, 50, 51, 52, 53,
54]. The I* upper laser state is populated by the Og(a)+1 —Oq(X)+I* process. Due
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to this excitation mechanism, a population inversion in the iodine atom can take place
when the Oy(a) concentration satisfies the condition [Os(a)]/[O2(X)]=Y > (1/2)K,,,
where [O9(X)] is the concentration of ground state oxygen molecules, the equilibrium
constant K,=0.75exp(402/T") [49] is the ratio of rate constants of forward and backward
processes, and Y is the Oy(a) yield . Hence, in order to achieve a positive gain, the
yield of Os(a) should be at least equal to the threshold yield, Yy,=(1/2)K,,, which at
400 K is 24% [54].
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Figure 11. Og(a) density (a) and Oz(a) yield (b) along the early-afterglow as a
function of the afterglow time, at 4 mbar, for different mixture compositions.

Figure 11 shows the Oy(a) density and yield along the afterglow at 4 mbar for
different mixture compositions. This figure reveals that the absolute Oq(a) density
increases with Oy addition to Ar — the density increases about one order of magnitude
when the initial mixture composition is changed from 90%Ar-10%05 to pure O, — and it
stays constant in the afterglow for times longer than 50 ms, independently of the mixture
composition. On the other hand, the Oy(a) yield decreases in the afterglow after passing
through a small maximum at about 1 ms, as it can be seen in Figure 11(b), consistent
with the formation of Oy(a) from the quenching of Oy(b) and the concentrations shown
in Figure 8c). The different behaviors of the Oy(a) density and yield are mostly related
to the Oy(X) density, which is correlated with the dissociation degree presented above.
In fact, the atomic recombination leads to the decrease in the dissociation degree seen
in Figure 10, with a corresponding increase in the Oy(X) density. In turn, as the the
Oy(a) concentration stays approximately constant for long times in the afterglow, the
yield decreases. At this pressure, yields slightly higher than the threshold yield can be
sustained only up to about 2-5 ms.



Active species downstream an Ar-Oy surface-wave microwave discharge 16

Previous investigations have shown that the Oq(a) yield increases with pressure in
the 10-100 mbar range [54]. Figure 12 shows the evolution of the yield with pressure for
the 90%Ar-10%0, case, a mixture that provides a high dissociation degree, for pressures
between 1 and 12 mbar. While at 1 mbar the yield at the end of the discharge is much
lower than the threshold yield and at 4 mbar it is just slightly higher than that, at
12 mbar yields as high as 34% are obtained. Moreover, at this pressure yields above the
threshold can be sustained up to 10 ms.
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Figure 12. Os(a) yield as a function of afterglow time at different pressures in case
of 90%Ar-10%05 initial mixture composition.

5.2. Late-afterglow

The late-afterglow can be present in a large volume processing reactor, as the one
described in Section 3. For several applications it is important to know the three-
dimensional distribution of the active species in the whole reactor, as it allows an
evaluation of the processing efficiency in different parts of the reactor. The 3-D
hydrodynamic model presented in Section 4 has already been tested in N,-O4 systems,
where a very good agreement has been obtained between the calculated emitting species
density distributions and the corresponding experimentally measured emission intensity
distributions [66]. The model is now used to investigate the Ar-Oy system.

In the late afterglow only the neutral species are followed, since the ions that do not
recombine in the early-afterglow and manage to enter the reactor will disappear quickly
in the reactor in the vicinity of the entrance. Similarly, as shown by the early-afterglow
results, the Ar metastable and resonant state atoms do not survive long when O, is
added to Ar. The present 3-D calculations confirm that, even if these species would
enter the reactor right after the end of the discharge, they would recombine near the
entrance. As a consequence, our results will concentrate on the oxygen species density
distributions at various discharge conditions, in particular pressure and initial mixture
composition, and system configurations, i.e., different positions of the reactor relative
to the end of the discharge. In the present calculations the gas flow rate is set to
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1000 scem, while the inlet gas and the wall temperatures are taken to be 500 K and
300 K, respectively.

1 mbar 10 mbar
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Figure 13. O(®P) density distribution in the z — 2z vertical symmetry plane with
y=15 cm at different pressures for two reactor positions, for a 90%Ar-10%0O5 initial
mixture composition. The densities are given in units of 10'* cm=3.

From the point of view of the applications, the most important species are the
O(®P) atoms and O(a) molecules, since the excited O(!D) atoms recombine very fast
in the reactor. As it was shown in Figure 8(a), the concentration of O(*P) atoms starts
to decrease pronouncedly around 10 ms. Here we investigate two different cases in what
concerns the position of the reactor relative the end of the discharge: (7) ¢;,=0 ms, i.e.,
the reactor’s entrance is positioned right at the end of the discharge column (beginning
of the afterglow); and (ii) t;,,=10 ms. Figure 13 shows the O(*P) density distribution
in the © — 2 vertical symmetry plane with y=15 cm at different values of pressure and
for the two reactor positions, in case of a 90%Ar-10%05 initial mixture composition.
At 1 mbar (left column of Figure 13) very similar distributions are obtained for the
two reactor positions, i.e. the density decreases about one order of magnitude from the
entrance — we note that the gas enters the reactor on the left plane (z=0) through the
inlet positioned at z=14 cm — to the walls that are not in the flow direction. The O(°P)
density distribution in the reactor at this pressure is mostly influenced by the surface
recombination (we recall that yo on Alis 2x1072). With increasing pressure the density
distribution in the reactor becomes more inhomogeneous. For instance, at 10 mbar and
tin = 0 (right column of Figure 13(a)), the density decreases more than one order of
magnitude from the entrance to the reactor walls. This reflects the augmentation of
the role of volume reactions as the pressure raises. It can also be verified that the
differences between the density distributions obtained at ¢;,=0 ms and 10 ms become
more pronounced as the pressure increases.



Active species downstream an Ar-Oy surface-wave microwave discharge 18

10 ms

5.3 1
3.1 3.6 4.7 s
<7
0 : o.&%\( 3.6\_/ 0.3
rFTrrrrrrrrvlrrTTrTrvTrrTr T Tl T T TrTIrT
0 10 20 30 40 50 600 10 20 30 40 50 600 10 20 30 40 50 60
x[cm] x[ecm] x[cm]

Figure 14. Os(a) density distribution in the & — z vertical symmetry plane with

y=15 cm at different pressures, for a 90%Ar-10%05 initial mixture composition. The

densities are given in 10'* cm ™3 units.

In what concerns the Os(a) molecules, as shown in Figure 8(c), the density does
not change considerably during the first 100 ms in the afterglow. The 3-D calculations
conducted in the reactor show that there are no differences between the density
distributions obtained for ¢;,=0 ms and 10 ms, respectively. Figure 14 shows the Os(a)
density distribution in the z — 2z vertical symmetry plane at different pressure values
for t;,=10 ms in case of 90%Ar-10%0, initial mixture composition. At 1 mbar we can
observe the slight increase of the Os(a) density also shown at around 10 ms by the 0-D
calculations conducted in the early-afterglow tube, see Figure 7(a). At higher pressures
this density increase shifts to lower afterglow times, see Figure 8(c), therefore it occurs
still before the reactor entrance. With increasing pressure, more inhomogeneous density
distributions are obtained in the reactor. This results first of all from the decrease
of sources due to the O(*P)+O(*P)+03—05(a)+0, process. The O(*P) population
decreases considerably in the reactor, see Figure 13 and consequently increases that of
O3(X)). Then it follows an increase of the losses by the Os(a)+O2(X)—09(X)+04(X)
process.
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Figure 15. Density distribution of O2(X), O2(b) and Os in the vertical x—z symmetry
plane, for a 90%Ar-10%05 initial mixture composition at 1 mbar.

The calculations conducted in the early-afterglow tube have shown that the Oj
density is very low comparing to the other oxygen species, although it can slightly
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increase in the afterglow, while the Oy(b) density drops orders of magnitude between 1
and 10 ms afterglow. Therefore, these species can play a role in the reactor only if the
entrance of the reactor is very close to the end of the discharge column. Figure 15
shows the density distributions of O2(X), Oy(b) and Oz at 1 mbar, for a 90%Ar-
10%0, initial mixture composition and in the case t;,=0 ms. As already mentioned, the
O4(X) density increases towards the walls due to the O(*P) recombination (first column
of Figure 15), while the Oy(b) density decreases more than one order of magnitude,
mainly due to the strong gas phase quenching processes, but also to the surface losses.
In what concerns Ogz, the lowest density occurs in the middle of the reactor, the
increase of the Oy(X) density towards the walls helping the production of Oz via the
O02(X)+02(X)+0(®P)—03+04(X) process.
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Figure 16. Density distribution of (a) O(®*P) and (b)Os(a) in the vertical z — z
symmetry plane for different initial mixture compositions, at 1 mbar and for t;, =
10 ms.

At a last step we investigate the evolution of the density of the most important
oxygen species in the reactor, O(*P) and Oz(a), at different initial mixture compositions.
The pressure was set to 1 mbar and three different mixtures were considered: (i)
90%Ar-10%0,, (i1) 50%Ar-50%0, and (i17) 10%Ar-90%0,. The calculated density
distributions are shown in Figure 16 for the x — z vertical symmetry plane for t;,=10 ms.
In the case of O atoms, Figure 16(a), similar distributions are obtained for all mixture
compositions, i.e., the density decreases about one order of magnitude from the entrance
to the top and bottom walls. This also shows that at this pressure the O-atoms density
is governed by the surface reactions. As for the Oy(a) molecules slightly, different
distributions are obtained depending on the mixture composition. In the 90%Ar-10%0,
mixture a small increase of the density can be observed in the flow direction, as discussed
in the previous paragraphs. With 50% O, in the mixture the density increase towards
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the right wall vanishes and the concentration of Oy(a) stays constant along the flow,
while for further Oy addition a density decrease appears already along the flow. At each
mixture composition the density decreases from the entrance towards the walls that

are not in the flow direction, although the distribution remains quite homogeneous,
changing only about 20%.
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Figure 17. Distribution of (a) the dissociation degree and (b) Oz(a) yield in the

vertical x — z symmetry plane for different initial mixture compositions, at 1 mbar and
for ¢;, = 10 ms.

As already pointed out, for various applications it is important to determine the
O, dissociation degree and the yield of Oy(a) molecules, defined as [O]/2[0s]y and
[O2(a)]/[O2(X)], respectively. It is interesting to notice that in high O content mixtures,
higher than 50% very similar dissociation degree distributions can be obtained in the
reactor, Figure 17(a). This could also be predicted from the early afterglow results, cf.
Figure 8. In what concerns the Oy(a) yield, very similar distributions are obtained in
the reactor at 1 mbar for each mixture composition, decreasing about a factor of 3 from
the reactor entrance to the walls.

6. Conclusions

In this work we have investigated the flowing afterglow of an Ar-Oy microwave surface-
wave discharge. The system under analysis is composed of a surface-wave discharge
generated at pressures between 1 and 12 mbar in a long cylindrical tube of 0.5 cm
diameter, an early afterglow developing in a 2.8 cm diameter tube connecting the
discharge region with a processing reactor, and a late afterglow taking place in the large
volume 60x30x28 cm?® processing reactor. Similar systems have been used in plasma
sterilization experiments [12, 76, 77, 65, 66] and surface treatments [27, 76, 29, 34],
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the system having further potential in biomedical and nanotechnological applications.
To this purpose, we have built a self-consistent kinetic model describing the discharge
zone, previously analysed in [74]. The model includes the electron Boltzmann equation
and the rate balance equations describing the creation and destruction of the most
important active species, namely Ar(*Sy, *Pa, *Py, Py, 'P1), O2(X 3. ,v), Os(a 'Ay,
b'¥), O(°P,'D), O, Ar*, Ar,™, 0,7, O and O~. The same system of time-dependent
equations is solved in the early afterglow, where the concentrations calculated in the
end of the discharge are taken as initial values for the afterglow. The system is solved
as a function of “afterglow time”, which can be converted into afterglow position by
knowing the gas pressure and flow rate. A smooth transition from the ambipolar to
free diffusion regimes is taken into account, in order to evaluate the lifetime of electrons
and positive ions in the afterglow. The 3-D hydrodynamic model for the late-afterglow
provides the three-dimensional distribution of the different species in the reactor, by
solving the total mass conservation, continuity, total momentum conservation and total
energy conservation equations. Systematic calculations have been conducted to study
the behaviour of the system with the mixture composition, ranging from pure Ar to
pure Os, and with pressure.

The evolution of the ions in the afterglow was investigated first. It was found that,
for discharges in pure argon or with a small oxygen addition, the populations of Ar™,
Ary, O or O may exhibit a maximum in the early afterglow at around 10! ms.
This phenomenon is the result of a combination of different factors. First, there is
a transition from ambipolar to free diffusion. When it takes place, the electrons are
removed very quickly and the positive ions start to diffuse slower. Second, Ar" ions
are formed by Penning ionization, Ar(4s;)+Ar(4s;) — Ar(*Sp)+Art+e. Finally, the
other positive ions are created by the charge transfer processes Art+Ar('Sp)+Ar(!Sy)
— Arg+Ar(*Sp), OCP)+Ar" — Ar(*Sp)+O™" and O(2)+Art — Ar(*Sg)+03. When
the concentration of oxygen in the mixture increases the phenomenon disappears, as
the Ar(4s) states responsible for the Penning ionization are strongly quenched by O and
O,. Furthermore, OF is the dominant ion in the early afterglow for a large range of
conditions, its lifetime increasing significantly with pressure, reaching times as long as
10 ms at 12 mbar. This value should be kept in mind when tailoring a system for a
particular application, both in case the presence of ions is desirable and undesirable.

The discharge manifests a high degree of dissociation, which is higher at large argon
content in the mixture, and is very effective in creating other active species [74]. Argon
metastable and resonant states do not survive long in the early afterglow, their role in
late afterglow conditions being thus questionable. The same is true for O(*D) excited
atoms, which are quenched in volume by molecular oxygen, their lifetime being reduced
as the pressure increases. On the contrary, oxygen O(*P) atoms and Os(a) molecules
remain in the afterglow for very long times, so that they can be used in processing.
Ground-state O(*P) atoms can survive up to 10-50 ms, although the dissociation degree
decreases to a few percent at about 10 ms afterglow time. At pressures above 4 mbar
a high yield of Oy(a) can be achieved, above the threshold yield for the iodine laser
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operation [54], which at 12 mbar can be sustained for afterglow times up to 10 ms.

The late afterglow present in the large-volume reactor was investigated for different
gas mixtures, working pressures, and position of the processing reactor in the system.
The dominant species have been found to be O(®P) atoms and Oy(X) and Os(a)
molecules. The calculations have shown that large and rather homogeneous density
distributions can be achieved for the active O(*P) and Os(a) species, especially
concerning Oq(a) metastables, which is a desirable result for most applications. A
more homogeneous distribution of atomic oxygen can be attained by using other wall
materials, corresponding to different recombination probabilities. Work is in progress
to quantify this issue.

For the aluminium reactor studied here, at low pressure the density of O(*P) atoms
decreases about one order of magnitude towards the reactor walls, while that of Oq(a)
changes about 20%. However, the density decreases become more pronounced with
pressure. Very similar density distributions are found for O(®P) atoms at different
mixture compositions. A quasi-homogeneous Oy(a) distribution is found in high Ar
content mixtures, which becomes more inhomogeneous with the O, addition.

In what concerns the O dissociation degree, its distribution is similar to that of
O(®P) atoms, decreasing from about 10% to less than a 1% at the walls for any mixture
composition. Besides, the Os(a) yield does not follow the Oy(a) density distribution,
since it is also influenced by the Oy(X) concentration. The latter has an increasing
distribution towards the walls, due to the atomic recombination and the corresponding
decrease of the dissociation degree. As a result, the Oy(a) yield distribution in the
reactor is more inhomogeneous than the distribution of Os(a), decreasing about a factor
of 2 from the entrance to the walls.

Other species, such as Oy(b), O3, O(*D) and the VUV emitting Ar(4s) resonant
states, have a shorter lifetime and can only pay a relevant role in processing if the
reactor is placed close to the end of the discharge. Therefore, applications requiring a
strong UV/VUV emission may benefit from the promising ternary Ar-Oo-No mixture,
rich in active species and providing NO(A) and NO(B) as additional UV/VUV sources.
This mixture will be investigated in the near future.
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