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Abstract

This work presents a detailed study of the oxygen-atom kinetics in CO2-O2 glow discharges from both

modelling and experimental points of view. Several parameters are varied: gas pressure (0.4 - 7.5 Torr),

temperature of the tube wall (-20 - 50 °C), discharge current (20, 40 mA) and CO2 fraction in the initial

mixture (0 - 100 %). In the experimental work, two diagnostic techniques are used to determine the oxygen-

atom density and loss frequency: optical emission actinometry and Cavity Ring-Down Spectroscopy. These

two tecnhiques are found to give consistent results. The variation with gas pressure shows that the oxygen-

atom density and loss frequency are controlled by reactions on the surface and that there are two different

working regimes, with a transition at around 1 Torr. Besides, the atomic oxygen constitutes a relevant

part of the mixture, with a contribution of until 21% in O2 plasmas and until 11% in CO2 plasmas.

Regarding the modelling work, a kinetic Monte Carlo code is developed from scratch to describe the heavy

species kinetics, which takes into account inherent statistical fluctuations and correlations. This approach

is validated by comparing the results of the model with the 0-D chemistry solver implemented in the LoKI

(LisbOn KInetics) simulation tool. The model is then used to simulate the discharges performed in the

experimental work. The trends and orders of magnitude of the calculated densities are in good agreement

with the experimental results, although there is an overestimation of the O-atom density in O2 plasmas

and an underestimation of the CO density in CO2 plasmas.

Keywords: low-temperature plasma, CO2-O2 glow discharge, atomic oxygen, plasma-surface interactions,

Monte Carlo

1 Introduction

The increase of the CO2 concentration in the atmo-
sphere is widely established as the main cause for global
warming. One promising solution consists in recycling
the CO2 molecule, using it as a raw material to pro-
duce synthetic solar fuels. In this way, it would be
possible to convert the temporary energy from renew-
able sources into stable chemical compounds [1]. One
important step in this process involves the CO2 disso-
ciation, which must be done in an efficient way in order
to make it economically competitive.

Low-temperature plasmas can be the answer, due
to their strong non-equilibrium nature, which can ef-
ficiently enhance several chemical processes [2]. How-
ever, the elementary kinetic processes occurring in a
CO2 plasma are not yet completely understood. There-
fore, fundamental studies of CO2 plasmas, from both
experimental and modelling points of view, are manda-
tory to find an efficient path for dissociation.

Despite the studies developed in the last years, one
topic is barely understood and requires further atten-
tion: the role of the atomic oxygen in the kinetics of
CO2 plasmas. On the one hand, the O atoms can in-
crease the dissociation by reacting with vibrationally

excited CO2. On the other hand, they can quench the
vibrational excitation of CO2 or oxidize CO back to
CO2, harming the final conversion. Moreover, the O
atoms can simply recombine into O2.

Most of the published works regarding this issue
were done under the subject of spacecraft re-entry into
the atmospheres of Mars or Venus [3, 4]. These studies
were done with large gas flows and with gas tempera-
tures between 1000 K and 4000 K, which should be too
high to take advantage of the non-equilibrium condi-
tions. A recent work regarding the influence of the O
atom in CO2 glow discharges [5] showed that oxygen
atoms are a relevant part of the gas mixture and that
their behavior is deeply associated with surface reac-
tions. The surface processes, in turn, are rather com-
plex because they depend on many surface and plasma
parameters.

The main goal of this work is to understand the
oxygen-atom kinetics in CO2 plasmas. To this pur-
pose, a combined experimental and modelling study
was carried out.

The experimental work, performed at Laboratoire
de Physique des Plasmas (LPP), consists on the study
of the oxygen-atom density and loss frequency in
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CO2-O2 glow discharges. Two diagnostic techniques
are used: actinometry and Cavity Ring-Down Spec-
troscopy (CRDS). The investigation goes beyond the
study of pure CO2 plasmas, by varying the initial CO2

content in CO2-O2 mixtures from 0 to 100%. In this
way, we analyse how the oxygen-atom kinetics in CO2

plasmas differs from the O2 plasmas, for which there
is significantly more published work. Besides the CO2

fraction in the initial mixture, several parameters are
varied in the experiment: discharge current, gas pres-
sure and temperature of the tube wall.

From the theoretical point of view, we aim to sim-
ulate and understand the discharges used in the exper-
imental work, in order to find the O-atom role in these
plasmas and to predict the best framework in glow dis-
charges. To this purpose, we developed a kinetic Monte
Carlo code from scratch to describe the heavy species
chemistry, which calculates the time variation of the
species densities in a stochastic way, taking into ac-
count inherent statistical fluctuations and correlations
[6]. This model, coupled with the electron Boltzmann
solver implemented in LoKI [7], enables a detailed anal-
ysis of these discharges.

2 Experiment

This section presents the experimental study of the
oxygen-atom density and loss frequency in CO2-O2

plasmas, ignited in a DC glow discharge and vary-
ing several parameters: gas pressure (0.4 - 7.5 Torr),
discarge current (20, 40 mA), wall temperature (-20
- 50°C) and CO2 fraction in the initial mixture (0 -
100%). Before discussing the experimental setup and
results, the diagnostic techniques used in this work are
introduced.

2.1 Actinometry

Actinometry is a well-established emission spec-
troscopy technique used to determine the ground-state
density of a neutral species [8–10]. The density of the
reactive species is obtained through the ratio of the
emission intensity from an excited state of the probed
species to that from a rare gas (actinometer), which
is present in a small amount in the gas mixture. It
assumes that the observed emitting electronically ex-
cited states are mainly populated by electron impact
from the ground state. In this case, the observed emis-
sion intensity may be written as [5]:

IX = CX hνXij k
X
e ne

AXij∑
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X
ik +

∑
Q k

X
Q [Q]

[X], (1)

where CX is a constant dependent on the detection
system, AXij is the Einstein coefficient for the measured

transition, hνXij is the energy of the emitted photons,
ne is the electron density and [X] is the density of the
ground-state species. kXe is the excitation rate coeffi-
cient, which is given by:

kXe =
(2e

m

)1/2 ∫ ∞
εth

σi(ε)f(ε)εdε, (2)

where σi(ε) is the collision cross section with threshold
energy εth for the excitation of the level i and f(ε) is
the electron energy distribution function (EEDF), nor-
malized by

∫∞
εth
f(ε)ε1/2dε = 1. kXQ [Q] represents the

non-radiative de-excitation processes, where kXQ is the
rate coefficient for collisional quenching by species Q.

In the case of oxygen-containing plasmas, dissocia-
tive excitation can also be a significant source of emit-
ting atoms. This can be taken into account by sub-
stituting the term kXe [X] in equation (1) by kXe [X] +
kOde[O2], where kOde is calculated using expression (2)
with the corresponding cross section. Rearranging the
terms of equation (1) and using Ar as actinometer, the
oxygen-atom density may be obtained with the follow-
ing expression [5]:
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where DX =
∑
k A

X
ik +

∑
Q k

X
Q [Q] corresponds to the

sum of the de-excitation rates of the species X. This
formula was applied to two oxygen emission lines -
O(3P-3S) 777 nm and O(5P-5S) 845 nm. For argon,
it was used the Ar(2p1-1s2) 750 nm transition. The
use of two different oxygen line transitions is impor-
tant to evaluate the consistency and the reliability of
this method. If the densities obtained by analysing two
different processes are similar, then we get confidence
that this technique is correct. ¡

2.2 Cavity Ring-Down Spectroscopy

Cavity Ring-Down Spectroscopy is a versatile high sen-
sitivity absorption technique and is frequently used for
spectroscopic and trace detection purposes [11]. In this
technique, a monochromatic tunable laser pulse is cou-
pled into a high-finess optical cavity through one of the
two highly reflective mirrors, which also serve to con-
fine the plasma chamber. The laser beam trapped in
the cavity travels back and forth between the two mir-
rors and its intensity decays exponentially in time. The
time evolution of the light intensity inside the cavity
is monitored by measuring the intensity decay of the
light exiting through one mirror of the cavity.

The intensity of the light inside a mirror cavity may
be written as follows [12]:

I(t) = I0 exp
[
−
( 1

τe
+ cα

)
t
]

= I0 exp
(
− t

τ

)
, (4)
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where τe is the empty-cavity decay time, which is al-
most frequency independent, α is the absorption coeffi-
cient of the cavity medium at the laser wavelength and
τ is the total decay time, also known as the ring-down
time.

In a region of the spectrum where there is no ab-
sorption due to rotational and vibrational features, the
absorption coefficient in a plasma can be written as a
sum of two contributions: the absorption coefficient
due to ion photo-detachment processes, αp, and the
absorption coefficient due to absorption lines, αl. Sim-
ilarly to the mirror losses, the ion photo-detachment
is almost frequency independent over a reasonable fre-
quency range [13]. We can write the intensity of the
light exiting the cavity as a function of these coeffi-
cients:

I(t) = I0 exp
[
−
( 1

τ0
+ cαl

)
t
]
, (5)

where we introduced τ0, obeying 1
τ0

= 1
τe

+ cαp, which
gathers the frequency independent terms. Thus, if we
measure the ring-down time τ and subtract the fre-
quency independent contributions, we can obtain the
absorption of a given line [12]:

αl =
1

c

(1

τ
− 1

τ0

)
. (6)

Knowing the absorption cross section σa of this line,
the density of the absorbing species (na) may be cal-
culated [13]:

na =
αl
σa

=
1

σac

(1

τ
− 1

τ0

)
. (7)

The atomic line chosen to determine the oxygen-
atom density corresponds to the transition of the lowest
energy level of the ground-state triplet 2s42p4 3P to the
excited state 2s42p4 1D. The measured oxygen density
regards only the first level of the triplet. However, af-
ter doing a Boltzmann correction with the temperature
calculated through the Doppler profile of the absorp-
tion line, it is possible to obtain the total oxygen-atom
density in the ground-state triplet.

2.3 Experimental set-up

2.3.1 Discharge reactor

The configuration of the discharge reactor is similar
to the ones described in Morillo-Candas et al [5] and
Booth et al [10], and its scheme is shown in figure 1a.
A DC glow discharge in CO2-O2 mixtures (with the
addition of 5 % Ar) is ignited in a pyrex tube of 2 cm
inner diameter and 67 cm length. The tube is double-
walled, in order to control the surface temperature,
by circulating a water/ethanol mixture connected to a
thermostatic bath. The wall temperature was varied
from -20 to +50 °C.

The discharge is ignited between two metallic elec-
trodes situated in perpendicular side tubes and 53 cm
apart. The anode is connected to a DC high-voltage
power supply through a 68 kΩ non-inductive ballast re-
sistor and the cathode is connected to ground through
a 15 kΩ non-inductive ballast resistor.

The pressure inside the tube was varied between 0.4
and 7.5 Torr, with a constant total gas flow of 7.4 sccm
using gas from bottles of CO2, O2 and Ar. The frac-
tion of Ar in the initial gas mixture was kept constant
and equal to 5%, and the fraction of CO2 relatively to
O2 was varied from 0 to 100%.

The measurements were taken with two discharge
currents (20 and 40 mA), working in continuous,
partial-modulation or full-modulation regimes. The
partial modulation regime consists on the periodic
short-circuit of the 15 kΩ resistor, connecting the cath-
ode to ground. This originates a square modulation
with a current variation around 15 % (depending on
the plasma resistance). The period of the modulation
(50% duty cycle) was fixed to 392 ms.

2.3.2 Actinometry set-up

The actinometry set-up is schematically shown in fig-
ure 1b. The atomic oxygen (777.4 nm and 844.6 nm)
and argon (750.4 nm) emission intensities were col-
lected perpendicularly to the tube axis by a lens with
focal point at the center of the discharge tube. The
collimated beam was guided by mirrors and focused
into the input slit of a spectrometer. The light at the
output slit was detected by an IR-sensitive photomul-
tiplier and acquired by a data acquisition card. The
time evolution of the intensity of the emission lines,
plasma current, voltage and electric field was recorded
with a Labview program.

2.3.3 CRDS set-up

The CRDS implementation used in this work is also
represented in figure 1b and is very similar to the one
used by Romanini et al [12]. Here, a single-frequency
CW laser is used to build up the intracavity power and,
after interrupting the laser beam, the ring-down signal
may be observed.

The laser’s output was passed through an acousto-
optic-modulator (AOM), which created diffracted
beams of several modes. The 0 mode was guided to
a wavelength meter and the +1 mode was used as
the source. The +1 mode was then sent to a mode-
matching optics, in order to obtain a well defined Gaus-
sian beam. The mode-matching optics was focused to
match the TEM00 transverse mode of the ring-down
cavity. The laser was then sent through the radial
center of the cavity. The time variation of the laser
intensity was detected with a photomultiplier located
closely to the opposite mirror.
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(a) (b)

Figure 1: Scheme of the discharge reactor (fig. a) and of the set-up used for actinometry and CRDS (fig. b).

(a) O density (b) O fraction

Figure 2: Oxygen-atom density and fraction as a function of the gas pressure for O2 and CO2 plasmas.

2.4 Experimental results

2.4.1 O-atom density

The oxygen-atom density was measured for several dis-
charge conditions, using mainly actinometry. We start
by presenting the actinometry results as a function of
the different experimental parameters. In figure 2a,
we present the O-atom density as a function of the
gas pressure for O2 and CO2 plasmas with a fixed
Twall = 50°C. The agreement between the densities
calculated with the two different oxygen lines (O777
and O845) is remarkable, which indicates that consid-
ering the average density of these two lines is a good
approach. However, for O2 discharges the density cal-
culated with O845 is systematically higher than the
one calculated with O777, with a difference of 14% in
the worst case. Despite this slight disparity, in the fol-
lowing plots we present only the average density values.
Regarding the O-density trend, in both O2 and CO2

discharges there is a fast increase with pressure for low
pressures and a saturation for high pressures.

The most relevant parameter to understand the O-
atom kinetics is its fraction in the mixture, because it
cancels the effect of the gas density. This quantity is

plotted in figure 2b for the same conditions as in the
previous plot. As expected, the O fraction is greater
for 40 mA, because the electron-impact dissociation
is stronger, due to a larger electron density. More-
over, the fraction of this atom is larger in an O2 dis-
charge, due to the lower energy threshold for electron-
impact dissociation of O2 compared with CO2. Inde-
pendently of the wall temperature, there are two pres-
sure regimes: in the low-pressure regime (≤ 1 Torr)
[O]/N increases steeply with pressure; in the high-
pressure regime (> 1 Torr) [O]/N decreases moderately
with pressure. These two regimes are deeply associ-
ated with the surface kinetics. Briefly, the low-pressure
regime is probably related with the enhancement of O-
atom recombination due to the creation of adsorption
sites by ion bombardment [10] (stronger for lower pres-
sures → lower atom fraction), and the high-pressure
regime is mainly ruled by the usual Eley-Rideal recom-
bination mechanism [5] (stronger for higher pressures
due to the higher gas temperatures→ lower atom frac-
tion).

The influence of the wall temperature on the
oxygen-atom density was analysed by varying it be-
tween -20 °C and +50 °C for fixed pressure and current.
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Although not presented here, the Twall variation re-
veals a different response for the two pressure regimes:
while in the low-pressure regime the O fraction de-
creases with the wall temperature, the behaviour in the
other regime is completely opposite. At this moment,
it is not clear why this difference appears.

The effect of the CO2 content in the initial gas mix-
ture was studied by measuring in fixed conditions the
O-atom fraction for 5 different CO2-O2 mixtures: 0,
25, 50, 75 and 100 %CO2. In figure 3 we present the
experimental results for a fixed Twall = 25°C and a cur-
rent of 40 mA. The shape of the pressure variation is
identical for the different gas mixtures and the O-atom
fraction varies oppositely with the CO2 content in the
initial gas mixture.

Figure 3: Oxygen-atom fraction as a function of the
gas pressure and the CO2 fraction.

Finally, we performed measurements with CRDS
for some conditions to compare this technique with
actinometry. In figure 4 the O-atom fraction is rep-
resented as a function of the gas pressure for a fixed
Twall = 25°C. The agreement for gas pressures above
2 Torr is rather good. Nonetheless, for lower pres-
sures the CRDS oxygen fractions are notably higher
than in actinometry. This difference can be caused
by several factors. First, we should emphasize that
these two techniques measure the oxygen-atom density
in two different regions of the discharge tube (see fig-
ure 1b): while the actinometry measurements are done
at the axial center of the discharge tube and are ra-
dially averaged, the CRDS measurements are done at
the radial center of the discharge tube and are axially
averaged. Actually, as the laser passes in the “dead”
volume of the discharge tube, the CRDS oxygen val-
ues also take into account this part of the tube, which
may have totally different loss and production kinetics.
Another possibility to explain this divergence is related
with the electron cross sections used to calculate the
actinometry density values. If these cross sections are
not well described for high electron energies, the cal-

culation of the oxygen density values should be less
accurate for lower pressures, where the reduced elec-
tric field is higher. Even with this overestimation of
the oxygen values for low pressures, CRDS seems very
consistent with actinometry and reinforces the signifi-
cance of the presented measurements.

Figure 4: Oxygen-atom fraction as a function of the
gas pressure for O2 and CO2 plasmas with Twall =
25°C, comparing actinometry (full curves) and CRDS
(dashed curves).

2.4.2 O-atom loss frequency

The O-atom loss frequency is a key subject to under-
stand the role of the oxygen atoms in CO2-O2 plas-
mas. This property can be measured if we perturb
somehow the discharge from an equilibrium condition
and acquire the time evolution of the oxygen density.
In this work, we use the method proposed by Lopaev
and Smirnov [8] which consists on a partial modula-
tion of the discharge current (square modulation, with
a current variation around 15 %). With this approach,
the gas composition and the flux of the species towards
the surface are only slightly modulated during the cy-
cle, allowing to determine the O-atom lifetime under
plasma exposure. The variation of the oxygen density
can be monitored through the time evolution of the
line-emission intensities ratio IO/IAr.

The measured loss frequencies are presented in fig-
ure 5 as a function of the gas pressure for O2 and CO2

discharges. As expected, the loss frequency trend is
very well correlated with the O-atom fraction (com-
pare with figure 2b), because when the loss frequency
is higher the O-atom fraction is lower. Besides, we find
that the loss frequency is clearly higher for larger cur-
rents, which shows that the plasma current enhances
the surface recombination, due to the higher gas tem-
perature and ion flux. Similarly to the O-atom frac-
tion, we can differentiate two regions. First, the loss
frequency decreases with pressure, passes through a
minimum around 1-2 Torr and then increases moder-
ately with pressure. The transition between these two
regions occurs for a higher pressure in CO2.
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Figure 5: Oxygen-atom loss frequency as a function
of the gas pressure for O2 and CO2 plasmas with
Twall = 50°C.

The variation of the O-atom loss frequency with
Twall also exhibits a different response for the two pres-
sure regimes, but in the opposite direction of the O-
atom density.

As we observe in figure 5, the loss frequency is
clearly higher for an O2 discharge. In fact, if we look
to figure 6, we note that for a given condition the loss
frequency decreases monotonically with the CO2 frac-
tion in the initial gas mixture. The reason for this
behaviour is not obvious. One possible explanation is
that the CO molecules from the discharge are also re-
acting with the atomic oxygen adsorbed on the surface
(CO + Oads → CO2), competing with the oxygen re-
combination (O + Oads → O2). Other possibility is
that the CO and/or CO2 molecules are adsorbed on
the surface, which leads to a diminution of the num-
ber of adsorbed O atoms and, consequently, reduces
the O-atom recombination. However, usually it is as-
sumed that these molecules interact very weakly with
the surface and are not adsorbed.

Figure 6: Oxygen-atom loss frequency as a function of
the gas pressure and the CO2 fraction in the initial gas
mixture.

3 Chemistry in a LTP: Kinetic
Monte Carlo description

Typically, the chemical calculations in low-
temperature plasmas are performed by solving a set
of 0-D rate balance equations. This approach is deter-
ministic and regards the time evolution of the species
as a continuous process which is governed by a set of
coupled, ordinary differential equations.

In this work, we adopt a stochastic approach where
the time evolution of the species is a random-walk pro-
cess which is governed by a single-difference equation,
the master equation. The adopted method takes into
account inherent fluctuations and correlations that are
ignored in the deterministic formulation and it never
approximates infinitesimal increments dt by finite time
steps ∆t. When the fluctuations and correlations play
no role, this method stands as an equivalent alternative
to the traditional deterministic approach. In addition,
it can be the basis of a self-consistent and unified for-
mulation of electron, chemical and surface kinetics. In
the next section we summarize the main ideas of the
implemented algorithm.

3.1 Kinetic Monte Carlo algorithm

Consider a system that may undergo reactions R =
R1, ..., RM characterized by transition rates a =
a1, ..., aM . The simulation of the stochastic time evo-
lution of the system is no more than the repeated gen-
eration of “when”and “what”. The main steps of the
kinetic Monte Carlo algorithm are presented below [6]:

1. Set the simulation time t = 0 and define the initial
numbers of particles per species Xi (i = 1, ..., N);
2. Calculate the transition rates aν (ν = 1, ...,M) and
the total transition rate a0 =

∑
ν aν ;

3. Generate two random numbers between 0 and 1:
one for “when”(r1) and another for “what”(r2);
4. Calculate the time interval at which the next reac-
tion will occur: τ = 1

a0
ln 1
r1

;

5. Find the reaction µ for which
∑µ−1
ν=1 aν < r2a0 ≤∑µ

ν=1 aν ;
6. Update the numbers of particles Xi according to
the selected reaction Rµ and set t = t+ τ ;
7. If t > tstop, stop the simulation; else, return to step
2.

Note that the time is calculated according to the prob-
ability density function P1(τ) = a0 exp(−a0τ) and
the random integer is generated according to P2(µ) =
aµ/a0.
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3.2 Kinetic Monte Carlo versus rate-
balance equations

The presented kinetic Monte Carlo (MC) algorithm
was validated previously by Gillespie [14] through a
comparison of the MC results with a deterministic de-
scription. However, this comparison was performed for
very simple chemical systems with few species and re-
actions. In this work, we use a real and more com-
plex system for the validation of the implemented al-
gorithm: the neutral species kinetics in an O2 glow
discharge.

To describe the system, we used the oxygen kinetic
scheme developed by Annušová et al [15]. Here, we
do not take into account any vibrational kinetics and
we do not consider reactions involving charged species.
Ignoring the charged species kinetics should not affect
significantly the neutral species description, because
in the conditions of the discharge used for simulation,
the density of the charged species is very small com-
pared with the neutrals. However, E/N cannot be self-
consistently calculated in this case, so that it is taken
from experiment and used as an input to the simula-
tion.

In order to compare the two methods (Monte Carlo
and deterministic), we performed calculations with the
same simulation conditions and kinetic scheme using
the 0-D chemistry solver of LoKI (LoKI-C) [16]. The
results of these two approaches were extensively com-
pared in several simulation conditions and they are
in very good agreement. To illustrate this agreement
here, we do a deep analysis of the simulation results in
a fixed discharge condition: p = 1 Torr, E/N = 47.46
Td, Tgas = 396.25 K and ne = 6.48 × 1015 m−3. The
presented input simulation conditions were taken from
the experimental results in an O2 glow discharge with

fixed Twall = 50°C.

A substantial factor for the accuracy of a MC simu-
lation is the initial number of molecules in the system.
Obviously, the more molecules we use in the simula-
tion, the larger is the “resolution” of the results. To
analyse this effect, we performed simulations with the
same input conditions but with a different number of
particles. In figure 7, we show the temporal evolution
of the most abundant species in the discharge (O2(X),
O2(a) and O(3P)), comparing MC and LoKI. For 103

particles, we see that the inherent statistical fluctu-
ations can be up to 25% of the species fractions. For
104 particles, the fluctuations are much smaller and for
105 particles, the time evolution of the species agrees
almost perfectly with LoKI.

Naturally, to describe correctly the less prevalent
species in the discharge, we need more particles in the
simulation. For example, by examining the time evo-
lution of O2(b) presented in figure 8a, we see that we
need around 106 particles to describe it accurately, al-
though the order of magnitude is correct since 104 par-
ticles. Another way to improve the accuracy of MC
results is to average the results over several realisa-
tions of the system. In figure 8b, we find that, af-
ter averaging 100 runs with 104 particles, the statisti-
cal fluctuations around the average value of O2(b) are
strongly reduced and comparable with those obtained
with 104 × 100 = 106 particles. This approach may be
interesting from a computational point of view because
the simulations may be launched at the same time in
different computer cores. Although the total CPU time
does not change, the real time to obtain a given result
decreases significantly. A similar conclusion was drawn
in [17] regarding the application of kinetic Monte Carlo
to describe surface kinetics.

(a) (b)

Figure 7: Temporal evolution of O2(X), O2(a) and O(3P ), comparing MC and LoKI.
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(a) (b)

Figure 8: Temporal evolution of O2(b), comparing MC and LoKI. In figure a), we present the MC results for
three different initial numbers of molecules in the simulation, and in figure b) we present the results for a fixed
initial number of molecules and three different numbers of runs.

4 Modelling versus Experiment

4.1 General structure of the model

In this section we present the general structure of the
model developed to study DC discharges. The nec-
essary inputs for the model are the following: i) gas
pressure (p); ii) discharge current (I); iii) gas tem-
perature (Tgas); iv) reduced electric field (E/N); v)
total entering flow; vi) entering mixture; vii) oxygen
recombination probability (γO(exp)); viii) radius (R)
and length (L) of the reactor tube. All these parame-
ters are taken from experiment. The developed model
comprises the following steps.

1. First, we have to assume a given set of initial
species fractions. We opt by considering that the ini-
tial mixture is equal to the entering mixture.
2. Then, with the assumed initial gas mixture and
with the values of Tgas and E/N obtained from the
experimental work, we calculate the electron energy
distribution function (EEDF) using the LoKI Boltz-
mann solver.
3. Having the EEDF, we calculate various electron
parameters, like the drift velocity (vd), the electron
temperature (Te) etc. With the calculated drift veloc-
ity, we compute the electron density: ne = I/(eπR2vd),
where e is the electron charge. Moreover, we use the
calculated EEDF to obtain the electron-impact rate co-
efficients that will be used in the chemistry solver.
4. Using the defined p, Tgas, flow, entering mix-
ture and γO(exp), together with the calculated ne and
assumed initial mixture, we run the Monte Carlo chem-
istry solver until a steady-state solution is reached (cf.
chapter 3).
5. If the final and initial mixtures are equal (accord-
ing to the convergence criteria), we stop the simulation.
Else, we set the initial mixture = final mixture calcu-
lated in the previous iteration and we return to step 2.

For the modelling of CO2-O2-Ar discharges we use
the entire kinetic scheme developed by Silva [18]. This
scheme was compared with experimental results in
CO2-Ar low-pressure glow discharges and revealed a
good agreement. After excluding the reactions with
heavy charged species, the species included in the ki-
netic scheme are the following:

• O2(X), O2(a), O2(b), O(3P), O(1D), O3(X) and
O3(exc);

• CO2(X), CO(X), CO(a), C(X) and C2O(X);

• Ar(1S0), Ar(3P2), Ar(3P1), Ar(3P0), Ar(1P1) and
Ar(4p).

4.2 Modelling results

In this section we focus on the simulation results of
CO2 discharges. The simulations of O2 discharges were
also performed, but the results are not presented here.
The results in O2 discharges describe well the O-atom
trends, although the modelling values are systemati-
cally higher than the experimental ones. This problem
may be related with an overestimation of the cross sec-
tion for electron-impact dissociation of O2, as already
noticed by Annušová et al [15].

In figure 9 we present the oxygen-atom density and
fraction as a function of the gas pressure in CO2 dis-
charges. In this case, the model describes remarkably
well the oxygen-atom kinetics, apart from some points
at low pressure. We should emphasize that the O
atom represents a significant part of the mixture (until
11%) and, thus, a detailed study of this atom in CO2

discharges is in fact required. Regarding the mecha-
nisms of destruction and production of the O atom,
the most relevant destruction path is the oxygen re-
combination at the wall and the production is mainly
ruled by electron-impact dissociation of CO2.
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The CO fraction and density are also shown in fig-
ure 9. Although the trends are similar, the CO val-
ues from the model are systematically lower than the
experimental ones. In these discharge conditions, it
is expected that the CO production is mainly caused
by electron-impact dissociation of CO2. The electron
cross section describing this process is taken from Po-
lak [19]. A recent unpublished work concerning the
electron-impact dissociation of CO2 shows that the
cross section from Polak [19] describes notably well the
experiment [20]. Thus, considering that the electron-
impact dissociation is well described, there should be
another mechanism of CO2 dissociation which is not
being contemplated in the used kinetic scheme. One

possible explanation for the underestimation of the CO
production in the model is that the dissociation involv-
ing vibrationally excited levels, for instance in a ladder
climbing mechanism and/or stepwise electron-impact
dissociation, is playing an important role in these dis-
charge conditions. Another possibility is that there
is an overestimation of the loss mechanisms, which in
our discharge conditions are mainly ruled by CO re-
combination at the wall. Thereby, the use of a more
complex kinetic scheme involving vibrational kinetics
is required to test if the deviation between the exper-
imental and model results is due to vibrational disso-
ciation mechanisms or due to an overestimation of the
CO recombination at the wall.

(a) O fraction (b) O density

(c) CO fraction (d) CO density

Figure 9: Simulation results as a function of the gas pressure in CO2 discharges with Twall = 50°C.

5 Conclusions

In this work, the oxygen-atom kinetics was studied in
detail in CO2-O2 glow discharges, pursuing both exper-
imental and modelling approaches. Several parameters
were varied: gas pressure, temperature of the tube wall,
discharge current and CO2 fraction in the initial mix-
ture.

Two experimental diagnostic techniques were used
to determine the oxygen-atom density and loss fre-
quency: optical emission actinometry (using Ar as
actinometer) and Cavity Ring-Down Spectroscopy
(CRDS). These two techniques were found to give con-
sistent results. The variation of the oxygen-atom den-
sity with gas pressure reveals two different regimes,

with a transition around 1 Torr. The measurements
of the oxygen-atom loss frequency under plasma ex-
posure showed that this behaviour is associated with
a change in the oxygen-atom loss mechanisms, which
are ruled by surface reactions in our experimental con-
ditions. Moreover, the response to the wall tempera-
ture variation is different for the two pressure regimes.
Finally, the oxygen-atom density and loss frequency
decrease proportionally with the CO2 content in the
initial gas mixture. The decrease of the O-atom den-
sity is associated with the higher energy threshold for
electron-impact dissociation of CO2, comparing with
the one of O2. The decrease of the loss frequency with
the CO2 content should be caused by the increase of
the competitive recombination of CO at the wall.
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To complement the experimental investigation, we
developed a kinetic Monte Carlo code to solve the
heavy species chemistry, which is more general than the
traditional 0-D rate-balance equations approach. The
developed code was validated by comparing the model
results with the ones of the 0-D rate-balance equations
implemented in LoKI. The developed chemistry code
was coupled to the electron Boltzmann solver LoKI-B,
in order to model the CO2-O2 glow discharges used in
the experimental work. The kinetic scheme was inte-
grally taken from Silva [18], since it gave quite good
agreement with experiment in CO2-Ar discharges. The
model results in O2 plasmas show a good agreement
with the experiment in terms of trends, albeit there
is a systematic overestimation of the O-atom density.
This is probably associated to an overestimation of the
cross sections for electron-impact dissociation of O2,
as already suggested by Annušová et al [15] and Ionin
et al [21]. The oxygen atom is very well described in
CO2 plasmas, because the main mechanism of O pro-
duction is electron-impact dissociation of CO2, and not
of O2. However, there is a systematic underestimation
of the CO densities relatively to the experiment, for
which there are two probable explanations: there is an
important dissociation mechanism which we are not
considering, e.g. ladder climbing dissociation or step-
wise dissociation; there is an overestimation of the CO
destruction processes, probably related with the CO
recombination at the wall, which is very important in
these discharges and poorly understood.

The current work can be extended both in the ex-
perimental characterization of CO2-O2 discharges and
in the development of the kinetic Monte Carlo descrip-
tion of the systems. Regarding the experimental work,
the experimental determination of the CO loss fre-
quency in glow discharges should be done in the fu-
ture, in order to understand the role of the CO recom-
bination at the wall. Moreover, as it was seen that the
cross sections for electron-impact dissociation of O2 are
probably overestimated, an assessment of these cross
sections should be attempted, based on existing and
new measurements and quantum calculations, includ-
ing, if possible, the direct measurement of the dissocia-
tion cross sections. Concerning the modelling work, the
implementation of the diffusion of charged particles to
the wall is imperative, in order to describe correctly the
heavy charged-particle kinetics and to self-consistently
calculate the reduced electric field. Furthermore, in the
future we should use a different kinetic scheme to model
the CO2 discharges, which includes vibrational interac-
tions, so as to verify if the underestimation of the CO
densities is related with the missing role of vibrational
states in dissociation. Finally, a very interesting and

challenging goal is to formulate the electron, chemi-
cal and surface kinetics in a self-consistent and unified
way, using as basis the kinetic Monte Carlo approach
presented in section 3.
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