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Summary
Energy storage and transfer in non-equilibrium CO2 plasmas
The steady growth of greenhouse gases in the atmosphere is undoubtedly one
of the major concerns for the 21st century, making their conversion one of the
major scientific and technological challenges nowadays. An efficient storage
of energy in chemical compounds produced from CO2 emissions, in particular
in hydrocarbon-based fuels, which could be straightforwardly integrated into
the existing transport infrastructure, would be extremely interesting from
environmental, economical and societal points of view. In order to do so, CO2
must be captured and recycled and the energy stored as a fuel, using green
electricity all along the transformation process. The combustion of this socalled solar fuel releases the initial CO2 and the stored energy, completing the
CO2 neutral energy loop. Hydrocarbon based fuels of this type would be an
alternative to the conventional fossil fuels, providing the same energy density,
without further increasing the emission of CO2 .
The main task within this strategy is to maximize the energy efficiency
of the CO2 dissociation. This is a strongly endothermic process where nonequilibrium plasma may be useful, providing the possibility to enhance specific
reaction channels and suppress others by controlling the electron density, electron
temperature and gas temperature. The important advantages of non-thermal
plasmas for dissociating CO2 are the high energy efficiency and instantaneous
start and stop of operation, which is relevant considering the intermittency of
renewable sources. By tailoring the electron energy distribution function, the
energy input into the relevant vibrational levels can be maximized while keeping
a relatively low gas temperature. These conditions may favour the up-pumping
of vibrational quanta and enhance dissociation.
This thesis consists on a modeling and experimental investigation of the main
steps involved in plasma decomposition of CO2 , including electron kinetics,
input of energy in the low v-levels by low-energy electrons, up-pumping of
vibrational quanta and coupled kinetics of the discharge under study. The
plasma of our choice is a CO2 glow discharge, operated in a low-pressure regime
(mbar range). Glow discharges are suitable for gaining fundamental knowledge
on plasma kinetics, which is a starting point for further investigation of CO2
activation. The advantage of a glow discharge is the homogeneity of the positive
column, which, together with the ability of using many diagnostics to do timeresolved measurement, allows the investigation of the time evolution of the
vibrational temperatures (and the densities of vibrationally excited states) and
validation of the respective rate coefficients.
The first step of this study is the investigation of the electron kinetics, in
order to understand in detail how the electrons gain energy from the electric
field and how this energy is transferred, through collisions, into CO2 vibrational
i

ii
excitation and dissociation. As a result, an electron-impact cross section set
for CO2 was proposed. The set is validated from the comparison between
the calculated swarm parameters and the available experimental data. The
importance of superelastic collisions with CO2 (010) molecules at low values
of the reduced electric field is pointed out. These cross sections, compiled for
kinetic energies up to 1 keV, are part of the IST-LISBON database with LXCat.
Furthermore, the electron impact dissociation cross section was studied, by
evaluating the available cross sections and proposing a strategy for obtaining
the dissociation rate coefficients.
A vital aspect in the investigation is to understand the role of vibrationally
excited states, which can store energy for long times. They can then be
directly involved in dissociation and other chemical reactions or can be their
precursors. The energy input into low vibrational levels and its redistribution
by V-V and V-T processes is addressed by coupling the rate balance equations
for ≈ 70 CO2 vibrational levels with the electron kinetics. The model is
limited to a low excitation regime, which is sufficient to describe very well
the vibrational temperature dynamics, experimentally obtained in millisecond
pulsed DC glow discharges. The so called ‘single pulse’ experiment is performed
in such conditions that ensure a negligible influence of the dissociation products.
The residence time of the plasma and the off time are chosen in such a way as
to allow the gas to fully renew, leaving the reactor with most of CO and O2
removed. This is suitable for the validation of a model that does not include
species other than CO2 (ν). The results confirm the non-equilibrium nature of a
low-pressure CO2 plasma, with the characteristic temperature of the asymmetric
mode, T3 , well above the vibrational temperature corresponding to the other
two modes and of the gas temperature. The elevation of T3 above the gas
temperature reaches around 500 K in the first millisecond of the discharge, at
the studied conditions (p = 5 Torr, I = 50 mA, ∆t = 5 ms), while the relaxation
of all three vibrational temperatures shows a similar behaviour.
Many processes in plasmas are governed by the gas temperature. The rate
coefficients, as well as the diffusion coefficients and the surface kinetics are
dependent on the temperature value. For this reason, a precise description of
this parameter is pertinent for plasma modeling and plasma characterization. In
this thesis, the calculation of the temporal evolution of the gas temperature in
non-equilibrium CO2 plasmas is performed. The model is based on the solutions
to the time-dependent gas thermal balance equation, coupled to the electron and
vibrational kinetics. The simulation results are compared with experimental
data, obtained in a ms pulsed glow discharge. Very good agreement with
the experimental data confirms the validity of the model and the collisional
data used. The results show that the dominant heating mechanisms are the
vibrational energy exchanges.
The vibrational energy transfer from vibrationally excited N2 to the asymmetric mode of CO2 is well-known from the studies of CO2 -N2 lasing systems.

iii
N2 vibrations can serve as an energy reservoir that can efficiently populate
CO2 vibrational levels. Besides, N2 is an important impurity in most industrial
gasflows, so it can impact the kinetics of CO2 conversion. The influence of N2
admixtures to a CO2 plasma is investigated experimentally by employing in situ
rotational Raman spectroscopy in a ms pulsed glow discharge. The advantage of
the rotational Raman spectroscopy is the ability of detecting numerous Raman
active molecules in the spectral range of a single measurement, which makes this
technique beneficial for investigating gas mixtures. Spatiotemporally resolved
gas temperature and molecular densities are examined, in pure CO2 and in
different compositions of CO2 -N2 . Additionally, the impact of O2 addition is
examined, as O2 is a product of CO2 conversion. It is observed that relative
compositions are nearly constant during the pulse and along the axis of the
reactor. The rotational temperature is shown to be independent on the amount
of N2 present, exhibiting nearly the same temperature profile in all the studied
mixtures. The amount of O2 , however, leads to lower temperature values at
corresponding times. Furthermore, the effect that N2 has on CO2 vibrations
is inspected by examining the ratio between the intensity of even and odd
numbered CO2 peaks in Raman spectrum. It is demonstrated that addition of
N2 has a beneficial effect on CO2 decomposition, which might be interpreted
as an evidence of the vibrational transfer between the excited N2 and CO2
molecules. On the other hand, the addition of O2 had a negative effect on CO2
conversion, which might be attributed to the vibrational quenching of CO2 by
O2 , and/or to the enhancement of recombination with CO producing CO2 .
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General introduction
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1.1. CO2 and climate change

1.1

CO2 and climate change

1 .0

4 4 0
4 2 0
4 0 0

0 .5

3 8 0
3 6 0

0 .0

CO2 (ppm)

Temperature anomaly (°C)

Carbon dioxide (CO2 ) is known, along with other greenhouse gases, for being
important in sustaining a habitable temperature for the planet. Due to the rapid
growth in fossil fuel consumption, the emission of anthropogenic greenhouse
gases has been increasing steadily since the industrial revolution in the early
20th century. This resulted in a planetary warming impact. The heat-trapping
nature of CO2 , along with its increased amount in the atmosphere, is widely
recognized as the reason for many of the observed changes in the climate system.
The atmosphere and ocean have warmed (see figure 1.1), the Greenland and
Antarctic ice sheets have decreased, the global sea level is rising, the acidity of
surface ocean waters has increased, and glaciers are retreating almost everywhere
around the world [1, 2].

3 4 0
3 2 0
1 9 6 0

1 9 7 0

1 9 8 0

1 9 9 0
Y e a r

2 0 0 0

2 0 1 0

2 0 2 0

Figure 1.1: The change in global temperature relative to the 20th century average
(blue curve), and the atmospheric concentrations of the carbon dioxide (orange curve).
The temperature data are retrieved from [3], and the CO2 concentrations data are
taken from [4].

As a response to the ongoing concerns for climate changes, the renewable
energy production has increased drastically in the past decade [5]. Figure
1.2 depicts the change in electricity production by different sources in 2017
compared with the previous year, and the share in global generation. It is
easily seen that renewables accounted for ∼ 50% of the global increase of
electricity generation, whilst their share of total energy generation was 25%,
which is second only to coal in that year. The major contribution comes from
hydropower which, in spite of strong increases in wind and solar PV generation,
is the dominant source of renewable electricity generation, with a share of
65% in overall renewables output [6]. The fraction of energy produced from
3
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renewables increased by 1.3% from the end of 2017 to the same time in 2018,
while compared to the total net production, they accounted for 26.4%. The
highest growth is accomplished in solar energy, 18.2% compared to the same
period of the previous year [7].
C h a n g e in e le c tr ic ity g e n e r a tio n in 2 0 1 6 - 2 0 1 7

E le c tr ic ity g e n e r a tio n in 2 0 1 6 - 2 0 1 7

E le c tr ic ity g e n e r a tio n ( T W h )

4 0 0

3 0 0

2 3 .2 5 %
3 .9 %

3 7 .4 1 %

2 0 0

1 0 .3 1 %
1 0 0

2 5 .1 3 %
0

R e n e w a b le s

C o a l

G a s

O il

N u c le a r

Figure 1.2: Electricity production change (left) and electricity production in 2017
(right) by different sources. Data retrieved from [6].

Despite the satisfactory trend, some challenges intrinsic to renewable energy
have to be addressed. Firstly, it is important to stress that the majority
of renewable sources provide electrical energy, whilst most of the industrial
chemical processes use heat as the source of energy. Therefore, one of the
important steps, that is already being considered worldwide is replacement of
the fossil fuel based equipment [8]. Another drawback of the renewable energy is
its local and intermittent nature. Many of these resources are highly dependent
on weather conditions. The inconsistency of the energy production from solar
energy systems or wind turbines is impractical and does not match the demand
for electrical energy. For this reason, the technology of energy storage is being
reinforced, leading to numerous solutions and to a steady growth in the storage
capacity as the technology progresses [9, 10].
The energy storage technologies can be classified as mechanical, electrical,
thermal and chemical, depending on the type of energy being stored. They
all have different characteristic and their own disadvantages, which makes
it difficult to select a single technology for all applications. However, the
universal challenge is to meet the energy density, storage efficiency, and good
transpontability of hydrocarbon fuels. Among all the approaches, the ones that
stand out are based on conversion of electricity into fuel, which is favorable for
sectors that do not rely on electrical energy directly [11, 12]. For instance, the
scheme in which excess electricity generated by wind or solar power is converted
and stored into non-fossil hydro carbon based fuels would benefit from the
existing infrastructure. The carbon input needed for the fuel synthesis can be
obtained from CO2 captured directly from air and from large-scale sources,
4
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eg. fossil-burning powerplants [13, 14]. Therefore, this “carbon capture and
utilisation (CCU)” scheme considers CO2 as a viable resource rather than a
waste [15–18]. The electrical energy surpluses from renewable resources are
then used to reduce the captured CO2 to CO. This step, the CO2 dissociation,
is the key process of this strategy and there are numerous approaches suggested
in order to find the most efficient way. The next step incorporates the wellestablished Fischer-Tropsch process that creates hydrocarbons from syngas (CO
and H2 mixture) [8]. The combustion of solar fuels releases CO2 and the energy
used to create them, which closes the CO2 -neutral energy cycle [17, 19].

1.2

Plasma-based conversion of CO2

An alternative way to start the Fischer–Tropsch process is to produce syngas
from water and CO2 . In this case, dissociation of CO2 into CO and O2 would
enable synthetic fuel production using water, CO2 and electricity. Due to the
limitations of conventional thermal approaches, new technologies are being
investigated in order to achieve efficient CO2 dissociation. One of them is
the utilization of non-thermal plasma technologies. The main advantage is
linked with its non-equilibrium nature, allowing selective excitation of certain
processes.
The main idea behind plasma assisted dissociation of CO2 is to use lowenergy electrons to introduce energy into the vibrational degrees of freedom,
subsequently pumped up to the dissociation limit [20]. In order to maximize the
storage of energy in CO2 vibrations, a thorough investigation of the complex
interplay between electron and vibrational kinetics must be conducted. This
section gives a brief introduction to non–equilibrium plasma, CO2 vibrations
and main mechanisms of CO2 dissociation in non-equilibrium plasma, which
will be important throughout this thesis.

CO2 vibrations
CO2 is a triatomic molecule with a carbon atom in its center, covalently
double bonded to two oxygen atoms. It has three normal vibrational modes:
the symmetric stretching, the double degenerate bending vibration and the
asymmetric stretching mode, characterized by quantum numbers ν1 , ν2 and ν3
respectively (see figure 1.3). The symmetric mode of vibration corresponds to
motions in which the oxygen atoms oscillate symmetrically with respect to the
carbon, as shown in figure 1.3 a). In this motion the electric dipole moment does
not change, therefore the symmetric mode is inactive in the infra-red (which is
not the case for the bending and the asymmetric mode) but appears strongly
in the Raman spectrum. In vibrations associated to the asymmetric mode, the
carbon atom oscillates along the intermolecular axis with respect to the oxygen
5
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atoms (see figure 1.3 b). The bending mode of vibrations corresponds to the
vibrations in which the carbon atom oscillates along the axis perpendicular to
the intermolecular axis (figure 1.3 c)). Due to the degeneracy of the bending
vibration mode, an additional quantum number l2 , associated with an angular
momentum, is needed to fully describe a CO2 vibrational state. l2 can take
the values l2 = ν2 , ν2 − 2, ν2 − 4, ...1 or 0, depending on the parity of ν2 . The
CO2 vibrational state can then be specified in the form CO2 (ν1 ν2l2 ν3 ), known
as Herzberg’s notation [21].

a)

b)

c)

Figure 1.3: Normal vibrational modes of a CO2 molecule. a) Symmetric stretching
mode, characterized by quantum number ν1 . b) Asymmetric stretching mode of vibration, with quantum number ν3 . c) Bending mode with vibrations in two orthogonal
planes.

To calculate the energy of any CO2 vibrational level, one can simply employ
the formula for the energy of vibrational levels of a molecule with doubly
6
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Table 1.1: Spectroscopic constants used for the calculation of CO2 vibrational energy,
taken from [22].
Constant

Value (cm−1 )

ω1
ω2
ω3
χ11
χ12
χ13
χ22
χ23
χ33
g22

1354.31
672.85
2396.32
-2.93
-4.61
-19.82
1.35
-12.31
-12.47
-0.97

degenerate vibrations:
E
(ν1 , ν2 , ...)
hc



dk
=
ωk νk +
2
k



X
dj
dk
+
χkj νk +
νj +
2
2
k≥j
X
+
gkj lk lj ,
X

(1.1)

k≥j

where c is the speed of light and h is Planck constant. The quantities χk,j = χj,k
are anharmonicity coefficients, whilst ωk are normal frequencies. In this equation
dk = 1 if k refers to a non-degenerate level and 2 in case of a double-degenerate
vibration. For non-degenerate vibrations, the energy coefficients gkj are equal
to zero, as well as lk . As CO2 has three normal modes of vibration, one of which
is double-degenerate, the previous expression can be written in the following
form:

E
(ν1 , ν2 , l2 , ν3 )
hc

=

+

3
X




dk
ωk νk +
2
k=1



3 X
3
X
dj
dk
χkj νk +
νj +
2
2
k=1 j≤k

+

g22 l22 .

(1.2)
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The experimentally obtained values of χ11 , χ12 , χ13 , χ22 , χ23 , χ33 ; the frequencies
ω1 , ω2 and ω3 ; and g22 for CO2 are given by Suzuki [22] and presented in table
1.1.
In some diatomic molecules, such as CO2 , it may occur that the energies of
different vibrational levels are nearly equal, which is in literature referred to
as accidental degeneracy. Fermi has noticed that the interaction between some
vibrations of CO2 with similar energies, more specifically the interaction between
(ν1 , ν2l2 , ν3 ) and ((ν1 − 1), (ν2 + 2)l2 , ν3 ) leads to a perturbation, called Fermi
resonance [23]. These levels, in fact, “repel” each other, meaning that one of
them is shifted up and the other down, thus the actual levels are not accurately
described by the expression (1.2). It is important to note that in a symmetric
molecule, such as CO2 , the Fermi resonance can happen only between levels
with the same quantum number l2 , which arises from the symmetry type of the
eigenfunctions describing these vibrational levels [21, 22, 24]. As a consequence
of a strong perturbation, eigenfunctions corresponding to the perturbing levels
are strongly mixed so that the two observed levels cannot be unambiguously
allocated to each level separately. Therefore, the resulting wave functions are a
linear combination of the original wave functions. More on the calculation of
the energy correction of perturbed levels can be found in the study of Ambert
and Pembert [25] and also in [21, 22].
For this reason, in the following chapters we will treat the groups of Fermi
resonant levels as one single effective level. The vibrational energy of this
effective level is determined through the average of the vibrational energies of
all the individual levels. We introduce the index f that specifies the number of
individual levels within an effective level CO2 (ν1 ν2l2 ν3 f ). This notation is used
in chapters 3 and 4.

Non-equilibrium plasma
Plasma is often referred to as the fourth state of matter. It is a quasi-neutral
ionized gas, meaning that concentrations of negatively charged particles (electrons and negative ions) and positively charged particles are well balanced. By
applying heat or more commonly a strong electric field, a neutral gas is turned
into a highly reactive environment. Plasmas usually constitute of free electrons,
positive and negative ions, atoms, and molecules that can be rotationally, vibrationally or electronically excited. In plasmas, as in neutral gases, temperature
is determined by the average energies of plasma species and their degrees of
freedom. Therefore, as a multi-component system, a plasma can have multiple
characteristic temperatures, e.g. rotational (Trot ), vibrational (Tν ), electron
temperature (Te ), ion (Ti ) and neutral gas “temperature” (T0 ) [20, 26, 27].
Based on the relative temperature related to different species, plasmas can
be classified as thermal and non-thermal (cold). The work presented is this
thesis is concerned with cold plasmas, more specifically with weakly ionized,
8
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low pressure gas discharges In gas discharge plasmas, the chain of various
processes is initialized by the activity of electrons. After being accelerated by
the electric field, electrons transfer their energy in collisions with heavy-particles.
Various processes may occur as a consequence of the inelastic collisions, such
as excitations of the internal degrees of freedom, dissociation and ionization.
Elastic and inelastic collisions between electrons typically and heavy particles
are characterized by the corresponding cross sections [28, 29]. Since their mass
is much smaller, electrons lose only a small fraction of their energy. For this
reason, the electron temperature surpasses the temperatures related to heavy
particles. Non-thermal plasmas do not fulfil the requirements for thermodynamic
equilibrium, so they are also called non-equilibrium plasmas. In gas discharges,
the vibrational temperature can be much higher than the temperature describing
heavy neutrals (usually referred to as translational or gas temperature). The
usual relationship between the temperatures in a non-equilibrium plasma is as
follows [20, 27]:
Te > Tν > Trot ≈ Ti ≈ T0 .
On the other hand, the temperatures in thermal plasmas equilibrate quickly
after the ignition via collisions of different particles. Since in this case local
thermodynamic equilibrium (LTE) is established, thermal plasmas are characterized by a single temperature at each point of space. An example of thermal
plasmas in nature is the solar plasma.

1.3

Dissociation of CO2

Decomposition of CO2 is a strongly endothermic process where a non-equilibrium
plasma can prove advantageous in comparison with other thermal techniques.
The decomposition starts by dissociation of CO2 :
CO2 → CO + O,

∆H = 5.5 eV/mol,

(1.3)

and it is followed by O conversion into O2 either by recombination or by a
reaction with vibrationally excited CO2 *:
O + CO∗2 → CO + O2 ,

∆H = 0.3 eV/mol.

(1.4)

By combining the reactions above, the process of CO2 decomposition and its
enthalpy can be represented as
1
CO2 → CO + O2 ,
2

∆H = 2.9 eV/mol.

(1.5)

The limiting step of CO2 decomposition is dissociation (reaction (1.3)) which
can occur in different reaction pathways in non-equilibrium plasma conditions.
9
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Figure 1.4: The potential energy diagram of CO2 as a function of the O-CO bond
length. Arrows indicate different dissociation mechanisms: two different channels for
direct electron impact dissociation, represented by blue arrows; the ladder-climbing
mechanism is indicated by the orange arrow, together with the vibrational levels of
asymmetric mode; a combination of these two mechanisms is shown by red arrow.

The most effective one incorporates the selective stimulation of vibrational
excitation, specifically of the asymmetric mode of vibrations. This is supported
by the fact that the major fraction of the discharge energy is transferred
to CO2 vibrations by electrons of rather low energy, Te ≈ 1 eV, typical for
non-equilibrium conditions [20, 30, 31].
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Figure 1.4 illustrates the potential energy of a CO2 molecule as a function of the O-CO distance, with mechanisms of CO2 dissociation relevant for
non-equilibrium conditions [20, 32, 33]. As one can see from the figure, the
straightforward dissociation of a vibrationally excited CO2 molecule results in
a creation of an O atom in an electronically excited state O(1 D):
CO2 → CO + O(1 D)

(1.6)

The required electron energy is about 7 eV. A higher dissociation effectiveness
is achieved when the stepwise vibrational excitation results in the transition
CO2 (1 Σ+ ) →CO2 (3 B2 ) at the point of intersection of the corresponding potential curves:

CO∗2 (1 Σ+ ) → CO∗2 (3 B2 ) → CO(1 Σ+ ) + O(3 P).

(1.7)

The activation energy of this process is Ea = 5.5 eV, which is much smaller
than in reaction (1.6). Figure 1.4 shows 21 vibrational levels of the asymmetric
mode with energies up to the activation energy of reaction (1.7). Therefore, the
efficient CO2 splitting predominantly proceeds by electron impact vibrational
excitation of the lowest vibrational levels, followed by vibrational–vibrational
(VV) collisions, gradually populating the higher vibrational levels, which then
lead to dissociation of the CO2 molecule. Due to this stepwise vibrational
excitation process, energy efficiency in non-equilibrium conditions can be very
high without a significant amount of kinetic energy, which makes this the
desirable channel of CO2 dissociation [20].
CO2 dissociation can occur through direct electron impact excitation of
electronically excited states CO2 (1 B2 ) and CO2 (3 B2 ). Direct electron impact
provides the transition from the ground state to CO2 (1 B2 ), according to the
Frank-Condon principle, requiring electron energis of about 7 eV. Subsequently,
the transition to CO2 (3 B2 ) leads to dissociation, creating O atom and CO in
the ground states. Electronic excitation dissociation can occur through different
channels, creating electronically excited O(1 S) [34], or CO(a3 Π) [28], which
requires even higher electron energy, around 12 eV. The CO2 decomposition by
direct electron impact can be dominant in plasmas with high reduced electric
field values, where vibrational excitation is suppressed. However, due to other
processes being stimulated by energetic electrons, such plasmas do not provide
an energetically efficient conversion of CO2 . The energy threshold of electronic
excitation dissociation can be significantly reduced by the prior vibrational
excitation, therefore combining the aforementioned processes.
11
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1.4

Different configurations of gas discharges for CO2
plasma study.

In recent years, plasma–based methods for reduction of CO2 have been the
focus of many studies. Non-equilibrium plasmas offer an immensely different
environment for various processes in comparison with the typical thermal
conditions. The key challenge for practical use is to find the proper regime
and optimal plasma parameters. Many different plasma configurations and
operating conditions were investigated and they all complement the overall
image of the processes occurring in CO2 plasma. Additionally, numerical models
are created to investigate the underlying mechanisms and their dependence on
the discharge parameters.

Dielectric-barrier discharges
Dielectric barrier discharges (DBDs), well-known for its industrial application
for ozone production [35], are investigated in many works on CO2 conversion.
In general they operate at atmospheric pressure and alternating voltage (1100 kV) and a frequency of a few Hz to MHz. The majority of the research was
conducted using coaxial reactors [36–40], which sometimes have beads inside in
order to increase the local electric field (packed bed DBD) [41–44]. Parallel plate
reactors are mostly used in order to be accessible for optical diagnostics [45].
CO2 DBD discharges have a filamentary character. Moreover, a modeling study
has reported that the volume of micro–discharges makes 1-10% of the total gas
volume [46, 47]. For this reason, it is difficult to apply in situ diagnostics, as
the detection volume will most likely not comprise only the ionized gas [48].
Due to the high electric fields, processes in DBD discharges are dominantly
driven by electrons, including dissociation of CO2 [49]. This explains the low
efficiencies that were observed in both experimental and modeling studies [50].

Microwave discharges
Microwave (MW) discharges are very popular plasma sources for the investigation of CO2 conversion, because they can provide a strong non–equilibrium that
stimulates the vibrational ladder climbing mechanism. As the name suggests,
MW discharges are operated by applying microwaves with frequency between
300 MHz and 10 GHz. They can have different configurations, such as cavity
induced plasmas, electron cyclotron resonance plasmas, free expanding atmospheric plasma torches and the ones that are most commonly used for CO2
conversions studies, surface–wave discharges.
An important parameter in MW discharges is pressure, as it highly affects
the dominant set of reactions in the plasma. As a matter of fact, at higher
pressure three body reactions are present and the three body recombination
12
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CO + O + M → CO2 + M is limiting the effective CO2 conversion [51]. This
is seen as a disadvantage of MW discharges, as industrial applications favour
the operation at atmospheric pressure. Operation of a MW plasma is also
affected by its temperature, which is shown to be a critical parameter. Typical
gas temperature in MW CO2 plasmas in the non–equilibrium regime is ∼
1000 − 2000 K, while vibrational temperatures range from 3000 K to 8000 K.
If pressure increases, a MW plasma can evolve to a thermal regime, which
results in a temperature growth up to 14000 K [33]. At these conditions, it
is more likely that thermal splitting is the dominant mechanism instead of
plasma assisted dissociation of CO2 [52, 53]. Modeling studies have also stated
that the temperature should be kept low to prevent vibrational-translational
(VT) energy relaxation, in order to achieve an efficient vibrational-excitation
dissociation [50, 54].
An additional advantage of MW discharges is that they can be made accessible for in situ diagnostics [48]. Various experimental works have investigated
molecular compositions, gas and vibrational temperatures in MW plasmas by
means of FTIR spectroscopy, Rayleigh scattering, or optical emission spectroscopy [33, 52, 53, 55].

Gliding arc discharges
The gliding arc (GA) discharge is a transient type of plasma that provides some
benefits of both thermal and non–thermal systems. While operating at high
currents, GA transforms from a quasi–equilibrium arc to a non–equilibrium
plasma [56]. The GA operates at atmospheric pressure, which is advantageous
for their utilization on large scale. Another benefit is that the conditions in GA
can stimulate dissociation of CO2 through the vibrational excitation [57, 58].
Two main reactor geometries are used for CO2 conversion. The classic
configuration with two planar electrodes treats only a small fraction of the
gas passing through, therefore limiting the conversion [50, 58, 59]. Reverse
vortex flow GAs have been developed in recent years to maximize the energy
and conversion efficiency by permitting longer residence times in the discharge
zone. They are also called ‘gliding arc plasmatron’ (GAP) and are investigated
theoretically and experimentally by numerous works [57, 60–65].

DC glow discharges
DC glow discharges have a very simple design and are the most well known
source of non–equilibrium plasmas. The usual configuration consists of a long
glass tube with the positive anode at one end and a negative cathode at the
other. Although some different reactor designs are more used for processing,
the simple arrangement with a glass tube has a huge advantage of symmetry
and has been well studied. The emission light pattern in a glow discharge tube
13
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Figure 1.5: The cylindrical DC glow discharge reactor.

shows sequences of dark and bright luminous regions. This fact alone shows
that the plasma behaviour is quite complicated. The positive column represents
a weakly ionized non-equilibrium low-pressure plasma.
A dark space near the cathode, called Aston dark space, is produced due to
the low electron energy insufficient to excite molecules and to produce radiation.
When electron gain enough energy for electronic excitation, the cathode glow
is observed. Further acceleration of electrons makes ionization events more
probable, leading to an increase of electron density and a very weak radiation.
The corresponding region is called the cathode dark space or Crookes dark space.
The high electron density provided by ionization in the Crookes dark space
results in a decrease of the electric field and electron energy. Consequently, a
bright layer is created whit strong radiation, called negative glow. The adjacent
region is the Faraday dark space where the electrons do not have the energy
required for radiation, as they are decelerated transiting from the negative glow
region. This is where the cathode layer ends. The length of the cathode layer
is inversely proportional to pressure [20, 27, 66].
The next region is the positive column, a well known example of a nonequilibrium low-ionization plasma. Here, the ion concentration is lower and the
electron energy is around 1-2 eV, which is enough to excite atoms and produce
light emission. The positive column length can be increased by moving away
the electrodes from each other, whilst the anode layer thickness stays the same.
Therefore, at proper conditions and reactor length, the positive column can be
extended so that it almost connects the electrodes. Near the anode, a negative
space charge is created by pulling out the electrons from the positive column
and repelling the positive ions. Sometimes, the anode glow can be observed,
being brighter than the positive column [20, 27, 66].
Some of the advantages of a DC glow discharge that we would like to highlight
here iare their simple geometry and homogeneity of the positive column. This
makes them accessible for many diagnostics, e.g. FTIR, Raman scattering etc
[67, 68]. The experimental results are furthermore very convenient for validation
of 0D self-consistent kinetic models with a large number of reactions and a
14
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complex electron, vibrational and chemistry kinetics. DC glow discharges are
therefore extremelly valuable for fundamental research [69–72].
CO2 glow discharges were studied in the past for the investigation of CO2
lasing systems, exploiting their capability of exciting vibrational levels [73–80].
The results of these works are important for the CO2 reduction research, as they
also benefit from the selective excitation of the asymmetric mode. However,
only the excitation of ν3 = 1 is significant for lasing, therefore these works lack
in the information on the excitation of higher levels.
Chapters 3 and 4 of this thesis benefit from an experiment conducted in a
pulsed DC glow discharge [67, 68], allowing the validation of the results of a 0D
kinetic model of CO2 plasma with the experimental results. The schematic of
the reactor used in the experiment is illustrated in figure 1.5. The cylindrically
shaped reactor is made of pyrex, with a 2 cm inner diameter and a length of
23 cm. The electrodes are 17 cm apart, in a short radial extension opposite
to the inlet and outlet of the gas. The conditions under study, along with the
reactor’s design, are such that the cylindrical part of the plasma corresponds
to the positive column only. The same reactor was used for the experimental
investigation employing rotational Raman scattering in pulsed DC discharges
in CO2 , CO2 /N2 and CO2 /O2 , shown in chapter 6

1.5

Literature overview on modeling of non–equilibrium
CO2 plasmas

Numerical modeling of non–equilibrium plasmas is a powerful tool for understanding the complicated mechanisms and their dependence on discharge
parameters such as reduced electric field, gas temperature, pressure, or electron density. Modeling of CO2 plasmas is nowadays popular in the scientific
community due to its importance in the production of CO2 -neutral fuels and
for aerospace applications. Numerous papers are published involving pure
CO2 [29, 40, 46, 47, 54, 59, 65, 71, 72, 81, 82, 82–91] as well as mixtures with
other gases, such as CO2 -CH4 [92–95], CO2 -N2 [96, 97], CO2 -H2 [98, 99] and
CO2 -H2 O [100] in different discharge conditions.
The first works on CO2 plasma chemistry were motivated by CO2 lasers [101–
103]. One of the first models of CO2 conversion was presented by Rusanov et
al [31]. A 0D kinetic model applied to DBD discharges is presented in [47, 104],
including chemical reaction kinetics and some low lying CO2 vibrational levels
and one effective level accounting for some higher levels of symmetric and
bending modes. A more extensive model applied to DBD and MW plasmas,
that takes into account a few low-lying symmetric stretching and bending mode
levels and 21 levels in the asymmetric mode, up to the dissociation energy
of 5.5 eV, is presented by Kozák and Bogaerts [54, 81]. A similar strategy
was adopted in[49, 84–86], which addresses in detail the dependence of the
15
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electron energy distribution function on the concentration of electronically and
vibrationally excited states. The detailed and very extensive investigation of
vibrational kinetics, motivated by reentering bodies in the Mars atmosphere in
a dissociation-recombination regime by Armenise and Kustova contains several
thousand levels [105–107]. The work by Gordiets et al proposes a division
of vibrational levels into multiplets with an equilibrium distribution of the
levels within each multiplet [108, 109]. In the study presented in [59, 63], a 0D
model was applied to the non–equilibrium region of a GA discharge in specific
operating conditions not accounting for the transport processes explicitly.

1.6

Thesis outline

Numerous works undertaken in the field of CO2 conversion have approached
the topic in different manners aiming to reveal the influences of gas pressure,
flow, temperature, temperature gradients, the ideal reduced electric field for
discharge operation, the precise role of the dynamics of the internal degrees of
freedom, or how to control the shape of the non–equilibrium electron energy
and vibrational distributions in order to increase the energy and conversion
efficiency. The work presented in this thesis presents a fundamental study
providing a physical insight into different elementary phenomena.
Chapter 2 investigates the electron kinetics in CO2 . This is done by solving
the homogeneous electron Boltzmann equation, in the usual two-term expansion
in spherical harmonics, using the numerical code LoKI-B (LisbOn KInetics
Boltzmann solver) [110], already developed by the N-PRiME group of Instituto
de Plasmas e Fusão Nuclear (IPFN). As a result, an electron-impact cross
section set for CO2 was proposed. The set is validated from the comparison
between the calculated swarm parameters and the available experimental data.
These cross sections, compiled for kinetic energies up to 1 keV, are a part
of the IST-LISBON database with LXCat. Moreover, the electron impact
dissociation cross section was studied, by evaluating the available cross sections
and proposing a strategy for obtaining the dissociation rate coefficients.
The aim of the study presented in chapters 3 and 4 is to understand in detail
the interplay between the electron and vibrational kinetics, i.e. the energy
transfers between electrons and the low vibrational levels of the CO2 molecules.
The study involves the coupled solution of the homogeneous electron Boltzmann
equation and a system of rate balance equations describing the time-evolution
of the CO2 molecules in low v-levels, accounting for inelastic and superelastic
electron-vibrational (e-V) energy exchanges, vibration-vibration (V-V) energy
exchanges and vibration-translation (V-T) energy exchanges in CO2 plasmas.
Specifically, a detailed model accounting for the vibrational kinetics of the lower
levels of each vibration mode and of the lower mixed levels has been developed,
with the relevant rate coefficients being validated in sequential steps. First, in
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chapter 3, we have analysed the vibrational relaxation in the afterglow of a DC
pulsed discharge at p = 5 Torr and I = 50 mA and validated the V-T and V-V
rate coefficients used. Then we extended the model from chapter 3 to the active
discharge, in order to investigate the input of vibrational energy in the plasma
and to validate the electron impact cross sections and rate coefficients for the
e-V processes. The model is validated through the comparison of the calculated
time-dependent concentrations of several individual vibrational levels of CO2
with the experimental results obtained in a ms pulsed glow discharge.
Chapter 5 presents the modeling study of the gas temperature evolution
and heat transfer mechanisms in CO2 discharges in non-equilibrium. Gas temperature calculations are based on the solutions of the gas thermal balance
equation under time-dependent situations, coupled to the electron and vibrational kinetics. The simulation results are compared with the time-resolved
temperature measurements obtained in a ms pulsed glow discharge, operating
at low pressure.
In chapter 6, the temperature dynamics of CO2 is investigated by in situ
rotational Raman spectroscopy in the same type of a discharge as in the previous
chapters. Spatiotemporally resolved rotational temperatures and molecular
compositions are obtained in pure CO2 , and in CO2 -N2 and CO2 -O2 discharges.
It is shown that the whole positive column of the glow discharge under study
(figure 1.5) is homogeneous, therefore the time evolution obtained corresponds
to the entire plasma volume. The vibrationally averaged nuclear spin degeneracy
is examined, which provided an insight into the vibrational kinetics of CO2 .
Finally, chapter 7 contains the general conclusions and the main results
obtained in the thesis.
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[68] B. L. M. Klarenaar, M. Grofulović, A. S. Morillo-Candas, D. C. M. van den
Bekerom, M. A. Damen, M. C. M. van de Sanden, O. Guaitella, and
R. Engeln, “A rotational Raman study under non-thermal conditions in
a pulsed CO2 glow discharge,” Plasma Sources Sci. Technol., 27, 045009,
2018.
[69] C. D. Pintassilgo, O. Guaitella, and A. Rousseau, “Heavy species kinetics
in low-pressure dc pulsed discharges in air,” Plasma Sources Sci. Technol.,
18, 025005, 2009.
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Chapter 2

Electron-neutral scattering cross
sections for CO2: a complete and
consistent set and an assessment
of dissociation
This chapter proposes a complete and consistent set of cross sections for electron
collisions with carbon dioxide (CO2 ) molecules, published in the IST-Lisbon
database with LXCat. The set is validated from the comparison between swarm
parameters calculated using a two-term Boltzmann solver and the available
experimental data. The importance of superelastic collisions with CO2 (010)
molecules at low values of the reduced electric field is pointed out. It is argued
that a deconvolution of the cross sections describing generic energy losses at
specific energy thresholds into cross section describing individual processes is
still surrounded by significant uncertainties. An important example of these
uncertainties is with the dissociation of CO2 , for which the total electron impact
dissociation cross section has not yet been unambiguously identified. The
available dissociation cross sections are evaluated and discussed, and a strategy
to obtain electron-impact dissociation rate coefficients is suggested.1

1 The results presented here were published as Electron-neutral scattering cross sections
for CO2 : a complete and consistent set and an assessment of dissociation, Marija Grofulović,
Luı́s L. Alves and Vasco Guerra, 2016 Journal of Physics D: Applied Physics, 49, 395207.
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2.1

Introduction

Carbon dioxide (CO2 ) is an important component of our atmosphere and
a dominant constituent of the atmospheres of Venus and Mars. It has been
extensively studied in the last few years, due to its importance for dry reforming,
and space mission studies and to its effect on climate change [1–3]. The latter
has recently put forward the idea of CO2 conversion as one of the major scientific
and technological challenges nowadays and has set the goals for fundamental
experimental research and plasma modeling [4–10]. In particular, an efficient
storage of energy in chemical compounds produced from CO2 emissions would
be extremely interesting from environmental, economical and societal points of
view. The main task to achieve this efficient storage of energy is to maximize
the energy efficiency of the dissociation of CO2 . Low-temperature plasmas can
promote CO2 dissociation both by direct electron impact and by an indirect
route passing through vibrational excitation [4–7], but the kinetic mechanisms
leading to dissociation are not yet completely understood.
Electron collisions with molecules initiate all the processes in gas discharges,
thus representing the starting point for plasma chemistry. A reliable quantification of a complete set of electron-impact cross section is of immense significance
for the study of the electron kinetics and the calculation of accurate electron
energy distribution functions (EEDFs). In addition, it is desirable to identify the
excited states and mechanisms corresponding to all the cross sections required
to calculate the EEDFs, in order to get a deeper insight into the elementary
processes occurring in plasmas. Electron-impact dissociation of CO2 , in particular, has been of interest for many years. However, despite the numerous works
addressing the question, the cross section for this process remains a missing
piece of the puzzle [11–21]. In fact, there is no consensus on this matter and
the lack of experimental data regarding the dissociation rate coefficient makes
the validation of the electron-impact dissociation cross section of CO2 a very
challenging subject.
To allow the physical interpretation of experiments and meet the demands
of modelling, a comprehensive cross section set with interest for plasma physics
should be more than a simple collection of data. The electron momentum loss, all
the inelastic energy loss processes and electron number changing processes (e.g.,
ionization and attachment), as well as an identification of relevant superelastic
gain processes, should be properly described. A set that provides the aforestated description is said to be complete. An EEDF can be calculated when a
complete set of cross sections is used as input to a Boltzmann solver or to Monte
Carlo/Particle-in-Cell codes. The result depends on the working conditions and
may deviate considerably from a Maxwellian. The transport parameters and
collision rate coefficients can then be calculated from the first two moments of
the Boltzmann equation. An equally important requirement a cross section set
should fulfill is the ability to reproduce measured electron transport parameters
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and rate coefficients. A set that meets this requirement is said to be consistent.
One of the strategies to determine a complete and consistent cross section
set includes adjusting iteratively the magnitudes and/or shapes of an existing
compilation of data (if possible within experimental uncertainty) to improve the
agreement between calculated and measured swarm parameters. This “swarm
derivation” method is very useful and widely used in the low-temperature
plasma community, but undermines the uniqueness of the cross section set and
may complicate the identification of individual collision processes.
The aims of this study are to propose a complete and consistent set of
electron-neutral scattering cross sections for CO2 and to assess the available cross
sections for dissociation. The set is swarm derived, based on the calculations
from the two-term Boltzmann solver BOLSIG+ [22], and is published on the
IST-Lisbon database with LXCat. In addition, the existing dissociation cross
sections are compared and evaluated, leading to a recommended procedure to
calculate the rate coefficients of CO2 dissociation by electron impact.
The organization of this chapter is as follows. The next section is devoted
to the description of the complete and consistent set of electron-impact cross
sections for CO2 . The comparison of the two-term Boltzmann calculation of the
swarm parameters with the existing measurements is presented and discussed in
section 2.3, where the importance of the superelastic collisions at low reduced
electric fields (E/N . 10 Td, where E is the electric field and N is the gas
density; 1 Td = 10−21 Vm2 ) is also pointed out. Section 2.4 evaluates and
recommends cross sections for providing the electron-impact rate coefficients for
CO2 dissociation. Finally, the concluding remarks are summarized in section
2.5.

2.2

The cross section set

This section proposes a swarm-derived complete and consistent set of electronneutral scattering cross sections for CO2 , included in the IST-Lisbon database
with LXCat. The set was compiled mostly from Phelps [11] and it includes 17
cross sections defined up to 1000 eV, describing dissociative attachment, effective
momentum transfer, eleven vibrational excitations energy losses (corresponding
either to the excitation of individual levels or groups of vibrational levels),
superelastic collisions with the CO2 (010) vibrational state, excitation of two
groups of electronic states and ionization. These cross sections are outlined in
table 2.1 and summarized in figure 2.1. They assure a valid prediction of the
swarm parameters when used in a two-term Boltzmann solver and for reduced
electric fields below 1000 Td, as shown and discussed in section 2.3. Note that
other works might contain interesting data for some individual processes, yet
not forming a complete and consistent set of cross sections. This is the case
of Itikawa’s compilation [12], that was not adopted here as starting point for
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defining our dataset because it yields calculated swarm parameters strongly
deviated from the experiments.
A small number of modifications was made in regard to the original set by
Phelps [11]. First, the cross section for superelastic collisions with the first level
of the bending mode was included and should be considered as a part of the
set. As a matter of fact, due to its low energy threshold (∼0.08 eV), this level
presents a non-negligible population even in thermal conditions (see below)
hence influencing the electron kinetics, especially at low values of the reduced
electric field. Second, the cross section for the electronic excitation at 10.5 eV
and the ionization initially limited to 100 eV, were extended up to 1000 eV
and replaced by the total ionization cross section from Itikawa [12], respectively.
Then, as the effective momentum-transfer cross section corresponds to the sum
of the elastic momentum-transfer, the total excitation and the ionization cross
sections, the extension of the inelastic cross sections for electron energies above
100 eV required modifying accordingly the effective momentum–transfer in the
same energy region. Finally, the effective momentum–transfer cross section was
slightly increased for electron energies below 0.1 eV, in order to compensate for
the additional gain of energy associated with the superelastic collisions.
The cross sections include the eight excitations to the groups of vibrational
levels schematically denoted in table 2.1. Electron impact vibrational excitation
and de-excitation between the ground level υ0 and level υ1 ≡ (010) are given
by reactions (3a)–(3b). This dominant de-excitation is the only superelastic
process taken into account in the swarm analysis, although a second superelastic
process can be taken into account for a more accurate calculation of the
transport parameters at low values of the reduced electric field, typically below
∼ 1 Td. Reactions (4a)–(10) correspond to the electron impact vibrational
excitation from the ground level υ0 to the remaining groups of vibrational
levels υi . In principle, processes (3a) to (9b) describe the excitation of the
CO2 vibrational levels with the lowest energy thresholds. The vibrational levels
associated with the energy losses υ1 − υ4 are clearly identified. Notably, the
original cross section for υ2 from [11] corresponds to the sum (020)+(100). In
a recent work, Celiberto et al [23, 24] calculated new cross sections for the
electron-impact resonant vibrational excitation of several transitions of the
symmetric mode, (υi , 0, 0) → (υf , 0, 0), with υi = 0, 1, 2 and υf in the interval
υi ≤ υf ≤ 10. Therefore, we have de-convoluted the cross section for υ2 in
two separate channels, as indicated in table 2.1, by subtracting the excitation
cross section of the symmetric stretching mode (100) given in [23, 24] from the
total excitation cross section by Phelps [11]. These two individual cross sections
associated with υ2 are also considered separately in [13], based on data from
Biagi [25]. Furthermore, by using the spectroscopic constants reported in [4]
and the energy thresholds from Phelps’ set, it is possible to further suggest
that the identification of the vibrational excitation generically indicated in [11]
as (0n0) + (n00) is as follows: υ5 with the excitation of levels (200), (040),
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Figure 2.1: Summary of the IST-Lisbon set of electron–impact cross sections for CO2 ,
as a function of the electron kinetic energy: effective momentum transfer, electronic
excitations and ionization (a) and vibrational excitations and dissociative attachment
(b).
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Table 2.1: Summary of the processes considered in the cross section set proposed.
No.
(1)
(2)
(3a)
(3b)
(4a)
(4b)
(5)
(6)
(7a)
(7b)
(8)
(9a)
(9b)
(10)
(11)
(12)
(13)

Effective momentum–transfer
Dissociative attachment
Vibrational excitation
Superelastic deexcitation
Vibrational excitation
Vibrational excitation
Vibrational excitation
Vibrational excitation
Vibrational excitation
Vibrational excitation
Vibrational excitation
Vibrational excitation
Vibrational excitation
Vibrational excitation
Electronic excitation
Electronic excitation
Total ionization

Heavy–species products

Configuration of final CO2 state

CO2 (υ0 )
CO+O−
CO2 (υ1 )
CO2 (υ0 )
CO2 (υ2a )
CO2 (υ2b )
CO2 (υ3 )
CO2 (υ4 )
CO2 (υ5a )
CO2 (υ5b )
CO2 (υ6 )
CO2 (υ7a )
CO2 (υ7b )
CO2 (υ8 )
CO2 (e1 )
CO2 (e1 )
CO+
2

(000)
(010)
(000)
(020)
(100)
(030) + (110)
(001)
(200)
(040) + (120) + (011)
(050) + (210) + (130) + (021) + (101)
(300)
(060) + (220) + (140)
(0n0) + (n00)

Threshold [eV]

0.083
0.167
0.167
0.252
0.291
0.339
0.339
0.422
0.505
0.505
2.500
7.0
10.5
13.3
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(120) and (011); υ6 with (050), (210), (130), (021) and (101), having energy
thresholds between 0.42 and 0.46 eV; and υ7 with (300), (060), (220) and (140),
having energy thresholds between 0.50 and 0.51 eV, as well as contributions
from other vibrational states with thresholds between 0.54 and 2.5 eV. The cross
sections for the excitation of the symmetric stretching mode with υ5 and υ7
were separated from the cross sections for the other excitation mode, using the
same procedure as for υ2 and the data from [23, 24], as indicated also in table
2.1. An additional deconvolution of processes with υ3 − υ8 and the addition of
cross sections for other vibrational excitations may lead to an improvement of
the swarm analysis and would certainly be significant to get a more complete
insight into CO2 plasmas. On-going work by R. Celiberto, V. Laporta and
co-workers may provide invaluable data to pursue this task [23, 24].
Reactions (11)–(12) generically represent the excitation of electronic states.
We believe that the corresponding cross sections describe various processes,
including CO2 dissociation. Polak and Slovetsky [17] refer to a group of states
3
3
3 −
with energy thresholds ≈ 8 eV, the triplets 3 Σ+
u , Πg , ∆u and Σu and the
1
1 −
1
singlets Πg , Σu and ∆u . The same states are tabulated by Itikawa [12], who
indicates energy thresholds in the range 8.15-9.32 eV as given by [26], although
an energy threshold as low as 4.9 eV is given by Rabalais et al [27] for the lowest
laying state 3 Σ+
u [12]. The same sates are also identified in [28, 29], where an
energy threshold of 7.35 eV is given for the 3 Σ+
u state. A second group of states,
3
with energy thresholds of about 11 eV is identified in [12, 26, 29], 1 Σ+
u , Πu
1
and Πu . The two groups of electronically excited states just described are very
likely included in reactions (11) and (12), respectively, but the separation of
the lumped cross sections into individual processes seems to be beyond reach at
present. Moreover, these cross sections may contain other mechanisms and the
possible role of these states in dissociation is far from clear. An assessment of
dissociation is carried out in section 2.4 and the reader should refer to it for
further details. Notably, in [13] the two electronic excitation cross sections are
assigned in a simplified way to the excitation of the lowest state in each group,
3 +
Σu and 1 Σ+
u.
The non-conservative processes considered are ionization, described by reaction (13), and dissociative attachment, represented by reaction (2). The
maximum value of the dissociative attachment cross section is not very high
(∼ 10−22 m2 ), so in general it does not contribute significantly to CO2 decomposition [13]. However, it may be important for the discharge maintenance, by
affecting the charged particle balance.
It is worth noting that the superelastic process in (3b) is considered using
the Klein-Rosseland relation and the vibrational excitation cross section at
0.083 eV. When the population of the vibrationally excited states is high enough,
the excited molecules can effectively transfer energy back to the electrons. The
low energy threshold of the (010) state makes it important to account for
superelastic collisions even for gas temperatures around room temperature,
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Tg = 300 K, since the relative population of this state is already about 8% in
this case. The energy gained in these processes is especially noticeable at low
reduced electric fields, while for E/N & 10 Td (and Tg = 300 K) the EEDF is
barely affected by superelastic mechanisms (cf. section 2.3).
The cross section set presented in this section is available in the IST-Lisbon
database with LXCat [30]. At present, the IST-Lisbon database includes
complete and consistent sets of electron scattering cross sections for argon,
helium, nitrogen, oxygen, hydrogen, methane and carbon-dioxide, issued by the
Group of Gas Discharges and Gaseous Electronics, now renamed N-Plasmas
Reactive: Modelling and Engineering (N-PRiME) group with Instituto de
Plasmas e Fusão Nuclear, Instituto Superior Técnico, Lisboa, Portugal.

2.3

Swarm calculations

In this section the set of electron–impact cross sections for CO2 proposed here
is validated from the comparison between calculated and measured values of
electron transport parameters, namely the reduced mobility, µN , the characteristic energy, uk = DT /µ (DT is the transverse diffusion coefficient), the
reduced longitudinal diffusion coefficient, DL N , and the reduced Townsend
effective ionization coefficient, αef f /N . The calculations are performed using
the freeware package BOLSIG+, a numerical solver based on the two-term
approximation of the electron Boltzmann equation [22], and are compared with
the measurements available in several databases of the LXCat open-access
website [31–34]. All calculations are made using three sets of cross sections:
the IST-Lisbon set proposed in this work; the Phelps set [11, 35]; and a set
obtained by excluding the superelastic cross section from IST-Lisbon.
Since the current set was developed to be used in a two-term Boltzmann
solver, it should not be used in conditions where the anisotropic corrections
become too significant. In practice, taking into account the precision in the
power balance, the magnitude of the anisotropic correction and the agreement
with the experimental swarm data, the current set can be used safely in any
Boltzmann solver for reduced electric fields lower than 1000 Td and using an
energy grid extending up to 1000 eV. In other cases multi-term expansions
or Monte Carlo methods accounting for the anisotropy of the cross sections
should be used. An example of a freely available software accounting for this
anisotropy is the MagBoltz code by Stephen Biagi [36–38].
In typical conditions of swarm experiments, the electron transport parameters are functions essentially of the local reduced electric field strength, E/N.
However, dependences on the gas temperature, Tg , may be evidenced at low
values of E/N , usually for ∼ 1 − 10 Td and below [39]. As anticipated in the
previous section, this is also the case of CO2 . The dependence is mainly an
outcome of the superelastic collisions with vibrationally excited molecules in the
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Figure 2.2: Measured and calculated reduced electron mobility (a) and drift velocity
(b) in CO2 at Tg = 300 K, as a function of E/N in CO2 . The symbols are experimental
data (see text) and the lines are calculation results obtained using a two–term
Boltzmann solver with the following cross section sets: IST-Lisbon with (———)
and without (- - - - -) the superelastic process included; and Phelps (- - - - -). The
insert in (a) is is a zoom over the peak region of the reduced electron mobility.
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Figure 2.3: Electron energy distribution function in CO2 obtained with the ISTLisbon cross section set for 1 Td (a) and 50 Td (b), with (——) and without (- - - - -)
the superelastic process included.

(010) bending mode, whose population depends on Tg . Notice that swarm experiments correspond typically to conditions of negligible vibrational excitation
by electron impact, so that the populations of the vibrationally excited states
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Figure 2.4: Measured and calculated reduced longitudinal diffusion coefficient in
CO2 at Tg = 300 K, as a function of E/N . The symbols are experimental data (see
text) and the lines are calculations using a two–term Boltzmann solver. The cross
section sets used in the calculations are IST-Lisbon with (——) and without (- - - - -)
the superelastic process included; and Phelps (——).

can be assumed to follow a Boltzmann distribution at the gas temperature.
In any case, at low E/N the plasma tends to a thermal equilibrium situation,
with the electron temperature similar to the gas temperature. The previous
considerations imply that the population of the (010) vibrationally excited state
(with 0.083 eV excitation energy and statistical weight of 2) must be given as
input parameter to the code. For guidance, the Boltzmann relative population
of this level at Tg = 300 K is 0.076.
In principle, the electron swarm parameters may depend on the way the
electron density is changing along the swarm. Since the measurements can
adopt different conditions and configurations, the choice of the growth model
included in the calculations may be relevant for the purpose of comparing
the calculations with the experimental data. The calculations presented in
this work were performed assuming one of the following situations: “steadystate Townsend” (SST), which considers an exponential growth of the electron
current between the electrodes; or “pulsed Townsend” (PT), in which the
spatially averaged electron number density increases exponentially in time.
The SST formulation was used for the calculations of µN , uk and αef f /N .
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Figure 2.5: Measured and calculated characteristic energy in CO2 as a function
of E/N . The symbols are experimental data (see text). The lines are calculation
results obtained using a two–term Boltzmann solver at different temperatures, with
the following cross section sets: IST-Lisbon 195 K (- - - - -) and 300 K with (——)
and without (- - - - -) the superelastic process included; and Phelps 300 K (——).

Conversely, the results for DL N were obtained using the PT model, because
the longitudinal diffusion cannot be measured in SST experiments [40]. At low
E/N the results are unaffected by the choice of the growth model, since in this
case the rate of production of new electrons is sufficiently low and, therefore,
the electron number density is approximately constant. The values of µN , uk
and of αef f /N , calculated using the SST and PT models, differ by 1% and 5%
at 200 Td, respectively, the differences increasing to 10% and 15% for higher
E/N.
Figure 2.2 presents the calculated and measured values of the reduced
mobility and drift velocity υd = (µN )(E/N ), the latter being the parameter
measured in swarm experiments. The measurements are taken from the DUTTON, LAPLACE and ETHZ databases [41–59] and from Korolov et al [60, 61].
All the calculations are in reasonable agreement with the measurements over
the full range of values of E/N. As it can be seen, both IST-Lisbon and Phelps
cross section sets reproduce very well the reduced mobility for the lower values
of E/N , within 1% of the measurements. This is mainly due to the adequate
choice of the effective momentum–transfer cross sections in these sets. The
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influence of superelastic collisions is also clearly visible, revealing that Phelps’
set would give worse results if superelastic collisions would be added to it,
thus suggesting that this complete set was deduced to fit measurements at
Tg = 300 K only. It is also worth noting that the IST-Lisbon calculated peak of
the reduced mobility, at E/N ≈ 20 Td, fits very well the recent measurements
provided by ETHZ [32] and by Korolov et al [60, 61].
The influence of superelastic collisions with CO2 (010) is further illustrated
in figures 2.3 (a) and 2.3 (b), which show the EEDFs calculated at 1 Td and
50 Td, respectively, with and without the inclusion of the superelastic process.
The effect can be seen in both cases, even if superelastic collisions are not very
important at higher reduced electric fields. This is well-known from studies in
other gases, noticeably nitrogen [62], since for high values of E/N the electrons
gain most of their energy from the electric field. A detailed study of the influence
of superelastic collisions in CO2 was recently published in [14, 63].
The reduced longitudinal diffusion coefficient, DL N , calculated and measured, is shown in figure 2.4. The IST-Lisbon cross section set yields good
agreement (within 7%) between the two-term Boltzmann calculations and the
measurements by Wagner et al [55], at low E/N . The inclusion of the superelastic mechanism (3b) is mainly responsible for the differences of ∼ 40% observed
between the results of the various datasets for, E/N <10 Td.
The ratio of the transversal electron diffusion coefficient to the electron
mobility is a measurable quantity with dimensions of energy expressed in
eV, known as the characteristic energy, uk . As it is well-known, when the
EEDF is Maxwellian uk = kT /e, where T is the electron temperature, k the
Boltzmann constant and e the electron charge. In other cases there is no simple
relation between the average and the characteristic energies. Nevertheless,
DT /µ provides a very useful energy scaling, since the average electron energy is
not easily accessible from experiments. The comparison between calculated and
measured values of DT /µ as a function of E/N is shown in figure 2.5, for two
values of the gas temperature, 195 and 300 K. The results strikingly expose the
importance of superelastic collisions. In fact, while the IST-Lisbon cross section
set gives uk in good agreement with the measurements for both values of the
gas temperature, Phelps’ set yields predictions at 300 K that wrongly match
the experimental data measured at 195 K by Warren et al [56]. The same
occurs when superelastic collisions are excluded from the IST-Lisbon set. The
gas temperature affects uk at very low E/N, in a situation where the electrons
gain a considerable amount of energy in elastic and superelastic collisions with
the target molecules. Accordingly, the inclusion of superelastic collisions yields
characteristic energies in significantly better agreement with the measurements.
In the region E/N < 10 Td, the predictions differ from the measurements by
8% at 195 K and by 5% at 300 K. The only available data for E/N > 100 Td,
measured by Schlumbohm [50, 51], deviates significantly (by a factor of 2) from
the calculations made with either sets.
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Figure 2.6: Calculated and measured reduced effective ionization coefficient versus
the reduced electric field (E/N ) in CO2 . The lines are results from two–term Boltzmann
calculations corresponding to the calculations made with the cross sections from ISTLisbon with (——) and without (- - - - -) the superelastic process included; and
Phelps (- - - - -). The symbols are experimental data (see text).

The reduced Townsend ionization coefficient, α/N , is defined as the number
of ionization events per unit distance in the drift direction, normalized to the
neutral number density. Figure 2.6 compares calculations and measurements of
the reduced effective ionization coefficient, defined as αef f /N = α/N − η/N ,
where η is the corresponding attachment coefficient. The contribution of electron
attachment is noticeable only at the lower values of electric field, around 100 Td.
All sets tested here are able to reproduce fairly well the measured αef f /N
(within 2%) for E/N < 200 Td, yielding results that deviate up to 40%, for
higher E/N .

2.4

Dissociation of CO2

The growing interest in the plasma assisted conversion of greenhouse gases
(mainly CO2 and CH4 ) into chemical compounds and liquid fuels has brought to
attention the complexity of CO2 dissociation, since it corresponds to the limiting
step for achieving an efficient energy storage. The dissociation of CO2 is a
strongly endothermic process, which makes non-equilibrium plasma technologies
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promising candidates for defining an energy-efficient reaction path [6, 7]. The
great potential of non-equilibrium plasmas is due to the presence of energetic
electrons that can initiate chemical reactions unattainable by ordinary thermal
mechanisms, e.g. through vibrational ladder-climbing processes. Indeed, an
efficient dissociation path can be induced by electrons with energies of only
∼1 eV, by transferring energy to the asymmetric stretching mode of the CO2
molecule [4]. Under favourable conditions the vibrational quanta can be pumpedup to the dissociation limit during the relaxation process, due to non-resonant
vibration-vibration energy exchanges.
These considerations are at the basis of the considerable work conducted in
the 1970s and 1980s [4, 64–67], aiming to use vibrational energy to achieve the
dissociation process rather than promoting the direct electron impact process,
with the belief that the activation energy of the former is much smaller than that
of the latter. Nevertheless, dissociation through electronic excitation can be a
dominant mechanism in some plasmas, for example in non-equilibrium plasmas
with high values of reduced electric fields, such as dielectric barrier discharges, or
when plasma is generated by degradation of very energetic particles. Either way,
in order to optimize plasma–assisted conversion of CO2 , a profound knowledge
of all dissociative channels is needed, including the direct route by electron
impact. Surprisingly, the CO2 dissociation cross section by electron impact is
poorly known to date. As a matter of fact, the cross sections for the dissociation
of CO2 through electronic excitation are reported by several authors, but they
vary significantly, both in magnitude and shape, and many unknowns regarding
this issue remain.
The cross section set proposed in this work contains two electronic excitation
cross sections, with thresholds at 7 eV and 10.5 eV, both originating from the
Phelps database. Hake and Phelps derived the original cross sections from a
swarm analysis [20], and they were later modified by Lowke and Phelps [11] in
accordance with newer measurements. Since the 10.5 eV cross section in [11] is
limited to 100 eV, we included an extension up to 1 keV, as stated in section 2.2.
To the best of our knowledge, the two electronic excitation cross sections do not
correspond to any specific process, but rather to a combination of mechanisms
3
lumped as a global energy loss, including the excitations of levels 3 Σ+
u , Πg ,
3
3 − 1
1 −
1
1 + 3
1
∆u , Σu , Πg , Σu and ∆u around 8 − 9 eV and Σu , Πu and Πu around
11 eV, as described in section 2.2. These excitation levels most likely represent
dissociative channels, but they may contain more than just dissociation.
Several authors have identified the process with the threshold at 7 eV as
the channel of CO2 dissociation. One recent example is the work of Pietanza et
al [14], which considers the 7 eV cross section from the Phelps database as the
dissociative channel, while the 10.5 eV cross section is assumed to correspond
to electronic excitation without dissociation. This standpoint is also adopted
in the work of Wiegand et al [19], where the measured dissociation rate in the
CO2 laser gas mixture is reported to be in agreement with the measurements of
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Figure 2.7: Cross sections for the electron–impact dissociation of CO2 , proposed by
different authors.

Corvin and Corrigan [15] and the calculations of Nighan [68] performed with the
7 eV Phelps cross section. Capezzuto et al [18] acknowledges the research efforts
by Wiegand and Nighan, considering that the same cross section corresponds
to the electron-impact dissociative excitation
e− + CO2 → e− + CO∗2 → e− + CO + O,

(2.1)

and used it to calculate the rate coefficient of CO2 dissociation. Comparing
the calculations of Wiegand and Nighan to their measurements, Capezzuto
and co-workers conclude that equation (2.1) and the 7 eV cross section cannot
represent the sole mechanism of CO2 dissociation.
Cross sections of CO2 dissociation are also offered by Corvin and Corrigan
[15]. However, what was measured was not the cross section, but the dissociation
rate coefficient. Then, assuming a Maxwellian EEDF, they estimated a cross
section with threshold at 6.1 eV, constructed in order to give a rate coefficient
in agreement with their own measurements.
Cosby and Helm [21] measured the absolute cross section for the dissociation
of CO2 , using electron beam techniques. They found a higher threshold, near
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12.0 ± 0.8 eV, corresponding to two dissociation channels:
CO∗2 → CO(X) + O(1 S)

(2.2)

CO∗2

(2.3)

3

→ CO(a) + O( P).

According to their predictions, O(1 S) and CO(a) represent 73% and 27%,
respectively, of the dissociation products. In his compilation of CO2 cross
sections [12], Itikawa includes the dissociation cross section leading to the
production of O(1 S) measured by LeClair and McConkey [16]. The cross section
is obtained by measuring the radiation of the neutral fragment using a solid Xe
detector. They conclude that besides (2.2) many other channels contribute to
the production of O(1 S). The cross sections compiled by Itikawa are taken as
representative of the total dissociation in [5, 13, 69–73].
In a very thorough work published in 1976, Polak and Slovetsky develop a
method of computing the dissociation cross sections giving rise to the production
of neutral species [17]. Using this method, they calculated the electron-impact
dissociation cross sections for hydrogen, nitrogen, oxygen, nitric oxide, carbon
monoxide, carbon dioxide, methane and other saturated hydrocarbons, stressing
the importance of a complex mechanism involving a multiplicity of channels
leading to dissociation. Regarding CO2 , they address three channels represented
by the following cross sections:
1. cross section of dissociation with formation of the CO(a) molecule;
2. cross section of dissociation by excitation of allowed transitions from
∆E ik = 7 − 9 eV states;
3. cross section of dissociation by excitation of forbidden transitions from
∆E ik = 7 − 9 eV states.
In their work it is stated that about 40% of the cross section (i) corresponds to
the direct formation of CO(a) molecules, the remaining representing cascade
transitions from higher triplet states of the CO molecule, resulting also from
CO2 dissociation. The excitation cross section (ii) of levels to which optical
transitions are allowed, observed at ∆E ik = 7 − 9 eV during light absorption,
are computed from the absorption spectra. In what follows, the cross section
(iii) is ignored, as it is much smaller than (i) and (ii). The total dissociation
cross section from [17] (i.e. the sum of (i), (ii) and (iii)) differs significantly
from Corvin’s cross section, both in shape and magnitude (see figure 2.7).
The work by Polak and Slovetsky gives a very interesting framework to
analyse the problem. On the one hand, dissociation cross sections are calculated
as the result of individual excitations of different electronically excited states, not
through the measurement of excited products (which accounts for only a fraction
of dissociation) or lumped energy losses. On the other hand, their method was
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Figure 2.8: Dissociation rate coefficient of CO2 as a function of E/N, calculated
using different dissociation cross sections. The symbols represent the measurements
by Corvin and Corrigan.

applied to several other molecules with success, which gives some confidence to
use these cross sections as starting point for CO2 . The identification in [17] of
two groups of states, one with energy thresholds around 7 − 9 eV and the other
around 11 eV, may suggest an association of these excitations with the cross
sections at 7 and 10.5 eV from the Phelps and the IST-Lisbon datasets. The
comparison of the cross sections (i) and (ii) with those proposed here for the
electronic excitations is given in figure 2.7, revealing some similarity in shape,
but a much smaller magnitude for the data in [17]. These results give a first
suggestion that the 7 eV and 10.5 eV cross sections probably include more than
just dissociation. For completeness, figure 2.7 depicts as well the cross sections
proposed in [12, 15, 21].
The rate coefficient of CO2 dissociation can be calculated as a function of
the reduced electric field according to

1/2 Z ∞
2
k=
uσ(u)f (u)du
(2.4)
me
0
R∞
where me is the electron mass, f (u) is the EEDF defined so that 0 u1/2 f (u)du =
1 and σ(u) is the cross section for dissociation by electron impact. Herein, the
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dissociation rate coefficient is calculated from (2.4) using the cross sections
reported by Corvin and Corrigan [15], Polak and Slovetsky [17], Cosby and
Helm [21], Itikawa [12] and Phelps electronic excitation [11] (very similar to
ours), with an EEDF obtained using the IST-Lisbon cross sections proposed in
this work. The results are shown in figure 2.8. It can be seen that the 7 eV
Phelps cross section and the Polak and Slovetsky total cross section lead to
rate coefficients with comparable values, especially for E/N ∼ 50 Td. Corvin’s
cross section yields a rate coefficient in reasonably good agreement with their
experimental measurements, but this is of little significance since it just reflects
the way the cross section was derived. It is also interesting to note that the
three cross sections assigned to dissociation with the formation of excited products, the calculations by Polak and Slovetskii (i) and the later measurements
by Itikawa and by Cosby and Helm, all give results within the same order of
magnitude for E/N & 35 Td. This reinforces the idea that the cross sections
from [17] establish an interesting starting point to analyse the question. For
instance, Phelp’s cross section at 10.5 eV clearly overestimates dissociation with
the formation of excited products. Moreover, the 7 eV cross section seems also
to overestimate dissociation at higher values of E/N .
Although the calculations are compared with a single set of experimental
measurements, the results suggest that the 7 eV and 10.5 eV cross sections
are likely to include more than dissociation. To test this hypothesis, the
swarm analysis was repeated for the IST-Lisbon set, but this time replacing the
electronic excitation cross sections at 7 eV and 10.5 eV with those of Polak and
Slovetsky (ii) and (i). The resulting cross section set fails to predict the expected
behaviour of the reduced Townsend effective ionization coefficient, as shown in
figure 2.9. This constitutes an additional confirmation that some electron energy
losses are missing in the cross sections from [17], probably not ascribable to
dissociation, making it delicate to directly assign any of the electronic excitation
cross sections from Phelps or IST-Lisbon datasets to dissociation.
Taking into account the information available to date, namely: a) the
acceptable agreement between the dissociation rates calculated using Polak and
Slovetsky’s cross sections (i) and the later measurements adopted in Itikawa
for the same processes; b) that the cross sections in [17] are based on a theory
that predicts an additional channel which currently remains difficult to assess
experimentally (as the products are not excited); and c) that the theory in
[17] was also applied with success to other molecules; we currently suggest
using the IST-Lisbon set to calculate the EEDF and the electron transport
parameters, and later integrating Polak and Slovetsky’s total cross section with
the calculated EEDF in order to obtain a first estimation for the dissociation
rate. Further theoretical and experimental work is desirable, investigating the
influence of the different cross section sets on dissociation and the validity of
this recommendation.
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Figure 2.9: Calculated and measured reduced effective ionization coefficient in CO2 ,
as a function of E/N. The symbols are experimental data (see text). The lines are
calculation results obtained using a two–term Boltzmann solver with the following
cross section sets: IST-Lisbon (——); IST-Lisbon, replacing the electronic excitation
cross sections at 7 eV and 10.5 eV with Polak’s (i) and (ii) (——).

2.5

Conclusions

This chapter proposes a swarm–derived complete and consistent electron-impact
cross section set for CO2 , which is included in the IST-Lisbon database at
LXCat, deduced from an improvement to the Phelps database [11]. Superelastic
collisions with CO2 (010) molecules are considered in this work, as it is clearly
shown they are important to study the energy transfers between electrons and
CO2 molecules, at low reduced electric fields. Additionally, an effort was made
to deconvolute the original vibrational excitation cross sections.
The new IST–Lisbon set yields accurate predictions of the characteristic
energy giving the correct dependences with the gas temperature; this is very
evident for E/N < 10 Td and is impossible to obtain if superelastic collisions
are not taken into account. The proposed cross sections are able to produce
reduced electron mobilities that are in good agreement with the measured data
within a large range of E/N values, as well as good predictions of the reduced
Townsend ionization coefficient.
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This work addresses as well the problem associated with CO2 dissociation,
reviewing the available electron-impact dissociation cross sections. In particular,
the dissociation coefficient is calculated upon integration of the EEDFs obtained
using the IST-Lisbon set, over the different cross sections associated with
dissociation available in the literature. The results strongly suggest that our
cross sections for electronic excitation, based on Phelps [11] and with energy
thresholds at 7 eV and 10.5 eV, most likely include not only dissociative channels
but also some additional contributions.
Despite the numerous works on CO2 , electron-impact dissociation is still not
completely understood, with different authors making different assumptions and
using different cross sections to calculate the dissociation rates. We consider
that the cross sections calculated by Polak and Slovetsky [17] addressing i) the
formation of O(3P)+CO(a) and ii) the dissociation by excitation of allowed
transitions, and provide a good basis for understanding and analysing the
problems of CO2 dissociation. As a matter of fact, these cross sections give
dissociation rate coefficients through mechanism i) similar to the ones obtained
using the experimental cross section reported in [12] and total dissociation rates
in reasonable agreement with the measurements from [15].
At present, we suggest using Polak and Slovetski’s cross section [17] to
calculate the dissociation rate coefficient of CO2 , upon integration of a previously
calculated EEDF. However, this cross section should not be used in a Boltzmann
solver to calculate the EEDF nor it is part of the IST-Lisbon dataset. The
use of the electronic excitation at 7 eV may provide a simpler and reasonable
alternative to this procedure. Notice that the cross sections from [17] produce
a dissociation rate coefficient comparable to the one calculated with the Phelps
7 eV cross section at E/N ∼ 40 Td, which is the reduced field favouring the
indirect dissociation route through vibrational excitation.
Work is in progress to verify the influence of the different cross sections in
the overall kinetics of CO2 plasmas in different types of discharges, namely by
testing the influence of the cross section set proposed in this work and of the
cross sections for dissociation assumed by different authors in the models of the
PLASMANT group in Antwerpen [74]. Preliminary results seem to indicate
that Polak and Slovetski’s cross section may lead to a too low dissociation
rate and that the 7 eV excitation may provide better results. On the other
hand, very recent experimental results, conducted by the group LPP at Ecole
Polytechnique, show very good agreement with the rates for the electron impact
dissociation calculated with Polak’s cross sections. Detailed descriptions of the
experiment and the results are given in the paper by Morillo-Candas et al [75].
Moreover, the experimental estimation of the electron impact dissociation cross
section obtained by the same group shows a very good agreement with Polak’s
results [76]. Further work is needed in order to clarify this question and to
define a dissociation cross section for CO2 . In addition, a deconvolution of the
current vibrational excitation cross sections and/or the inclusion of additional
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vibrational excitation channels would also contribute to improve our knowledge
of the energy transfer made in CO2 .

51

Chapter 2. Electron-neutral scattering cross sections for CO2

2.6

References

[1] A. Bultel and J. Annaloro, “Elaboration of collisional-radiative models for
flows related to planetary entries into the Earth and Mars atmospheres,”
Plasma Sources Sci. Technol., 22, 25008, 2013.
[2] E. Kustova and E. Nagnibeda, “On a correct description of a multitemperature dissociating CO2 flow,” Chem. Phys., 321, 293 – 310, 2006.
[3] V. L. Kovalev and M. Y. Pogosbekyan, “Simulation of heterogeneous atom
recombination on spacecraft heat shield coatings using the methods of
molecular dynamics,” Fluid Dynamics, 42, 666–672, 2007.
[4] A. Fridman, Plasma chemistry. Cambridge: Cambridge University Press,
2008.
[5] T. Kozák and A. Bogaerts, “Splitting of CO2 by vibrational excitation in
non-equilibrium plasmas: a reaction kinetics model,” Plasma Sources Sci.
Technol., 23, 045004, 2014.
[6] A. Bogaerts, T. Kozák, K. van Laer, and R. Snoeckx, “Plasma-based
conversion of CO2 : current status and future challenges,” Faraday Discuss.,
183, 217–232, 2015.
[7] G. J. van Rooij, D. C. M. van den Bekerom, N. den Harder, T. Minea,
G. Berden, W. A. Bongers, R. Engeln, M. F. Graswinckel, E. Zoethout,
and M. C. M. van de Sanden, “Taming microwave plasma to beat thermodynamics in CO2 dissociation,” Faraday Discuss., 183, 233–248, 2015.
[8] T. Silva, N. Britun, T. Godfroid, and R. Snyders, “Optical characterization
of a microwave pulsed discharge used for dissociation of CO2 ,” Plasma
Sources Sci. Technol., 23, 025009, 2014.
[9] F. Brehmer, S. Welzel, M. C. M. van de Sanden, and R. Engeln, “CO and
byproduct formation during CO2 reduction in dielectric barrier discharges,”
J. Appl. Phys., 116, 123303, 2014.
[10] O. Taylan and H. Berberoglu, “Dissociation of carbon dioxide using a
microhollow cathode discharge plasma reactor: effects of applied voltage,
flow rate and concentration,” Plasma Sources Sci. Technol., 24, 015006,
2015.
[11] J. J. Lowke, A. V. Phelps, and B. W. Irwin, “Predicted electron transport
coefficients and operating characteristics of CO2 –N2 –He laser mixtures,”
J. Appl. Phys., 44, 4664–4671, 1973.
52

2.6. References
[12] Y. Itikawa, “Cross sections for electron collisions with carbon dioxide,” J.
Phys. Chem. Ref., 31, 749–767, 2002.
[13] S. Ponduri, M. M. Becker, S. Welzel, M. C. M. Van De Sanden, D. Loffhagen,
and R. Engeln, “Fluid modelling of CO2 dissociation in a dielectric barrier
discharge,” J. Appl. Phys., 119, 093301, 2016.
[14] L. D. Pietanza, G. Colonna, G. D’Ammando, A. Laricchiuta, and
M. Capitelli, “Electron energy distribution functions and fractional power
transfer in ”cold” and excited CO2 discharge and post discharge conditions,”
Phys. Plasmas, 23, 013515, 2016.
[15] K. K. Corvin and S. J. B. Corrigan, “Dissociation of carbon dioxide in
the positive column of a glow discharge,” J. Chem. Phys., 50, 2570–2574,
1969.
[16] L. R. LeClair and J. W. McConkey, “On O(1 s) and CO(a3 π) production
from electron impact dissociation of CO2 ,” J. Phys. B, 27, 4039, 1994.
[17] L. Polak and D. Slovetsky, “Electron impact induced electronic excitation
and molecular dissociation,” Int. J. Radiat. Phys. Chem., 8, 257 – 282,
1976.
[18] P. Capezzuto, F. Cramarossa, R. D’Agostino, and E. Molinari, “Contribution of vibrational excitation to the rate of carbon dioxide dissociation in
electrical discharges,” J. Phys. Chem., 80, 882–888, 1976.
[19] W. J. Wiegand, M. C. Fowler, and J. A. Benda, “Carbon monoxide
formation in CO2 lasers,” Appl. Phys. Lett., 16, 237–239, 1970.
[20] R. D. Hake and A. V. Phelps, “Momentum-transfer and inelastic-collision
cross sections for electrons in O2 , CO, and CO2 ,” Phys. Rev., 158, 70–84,
1967.
[21] P. C. Cosby and H. Helm, “Dissociation rates of diatomic molecules,” Tech.
Rep. WL-TR-93-2004, Wright Laboratory Report, OH 45433-7650, 1992.
[22] G. J. M. Hagelaar and L. C. Pitchford, “Solving the Boltzmann equation to
obtain electron transport coefficients and rate coefficients for fluid models,”
Plasma Sources Sci. Technol., 14, 722, 2005.
[23] R. Celiberto, V. Laporta, A. Laricchiuta, J. Tennyson, and J. Wadehra,
“Molecular physics of elementary processes relevant to hypersonics: Electronmolecule collisions,” Open Plasma Phys. J., 7, 33, 2014.
53

Chapter 2. Electron-neutral scattering cross sections for CO2
[24] R. Celiberto, I. Armenise, M. Cacciatore, M. Capitelli, F. Esposito,
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Chapter 3

Kinetic study of low-temperature
CO2 plasmas under
non-equilibrium conditions:
relaxation of vibrational energy
A kinetic model describing the time evolution of ∼ 72 individual CO2 (X 1 Σ+ )
vibrational levels during the afterglow of a pulsed DC glow discharge is developed.
The results of the simulations are compared with the experimental results
obtained in a pulsed DC glow discharge and its afterglow at pressures of a
few Torr and discharge currents of around 50 mA by means of in situ Fourier
transform infrared spectroscopy. The very good agreement between the model
predictions and the experimental results validates the kinetic scheme considered
here and the corresponding vibration–vibration and vibration–translation rate
coefficients. In this sense, it establishes a reaction mechanism for the vibrational
kinetics of these CO2 energy levels and offers a firm basis to understand the
vibrational relaxation in CO2 plasmas. It is shown that first-order perturbation
theories, namely, the Schwartz–Slawsky–Herzfeld and Sharma–Brau methods,
provide a good description of CO2 vibrations under low excitation regimes.1

1 The results of this chapter were partially presented in Kinetic study of CO plasmas
2
under nonequilibrium conditions. I. Relaxation of vibrational energy, T. Silva, M. Grofulović,
B. L. M. Klarenaar, A.S. Morillo-Candas, O. Guaitella, R. Engeln, C.D. Pintassilgo, V.
Guerra, 2018 Plasma Sources Science and Technology, 27, 015019.
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3.1

Introduction

The study of CO2 discharges has been a subject of many publications since
the sixties, when the CO2 laser was invented [1]. More recent studies are
motivated by aerospace applications and the production of CO2 -neutral fuels.
Non-equilibrium plasmas are particularly interesting for the later purpose,
where energetic electrons coexist with relatively cold gas molecules. Under
non-equilibrium conditions, the electrons transfer the energy they gained from
the electric field to the excitation of the vibrational degrees of freedom of the gas
molecules, which strongly promotes their decomposition [2–4]. The interest in
space exploration has reinforced the modeling of CO2 discharges because of their
key role in the heat generation on the surface of space-crafts [5], prediction of
gas dynamic parameters on the trajectory of space vehicles during atmospheric
entry [6], oxygen production in Mars [7], etc.
For all the applications, it is of crucial interest to have a comprehensive
model of electron, vibrational, chemical and surface kinetics in CO2 plasmas. To
that end, several such models have been developed in recent years. For instance,
Kozák and Bogaerts [8] have considered a very extensive plasma chemistry that
takes into account the first low-lying symmetric levels and various asymmetric
levels up to the dissociation limit. Armenise and Kustova [6] have developed a
state-to-state relaxation model which takes into account the complete mixing of
the various CO2 vibrational modes, which leads to a total of ∼ 9000 different
CO2 vibrational states and, accordingly, to a very high computational costs.
Despite the high relevance of all of these studies, the discrepancies between
the formulations raises the question on the advantages and disadvantages of
each approach. The comparison between theoretical results and experimentally
measured values is of paramount importance to validate the correctness of
particular approach, and it is unfortunately usually missing in these studies.
In order to understand the energy exchanges in CO2 plasmas, we have
developed a CO2 kinetic model and have validated it against experimental data.
This chapter presents the relaxation of vibrational energy in CO2 plasma taking
into account the V–T and V–V exchanges, while the input of vibrational energy
with the electron impact processes is described in chapter 4. More specifically,
the vibrational energy exchanges in CO2 discharges and post-discharges are
investigated using a detailed self-consistent model describing the time evolution
of the various CO2 (X1 Σ+ ) vibrational levels measured in [9]. Our study is
limited to a low excitation regime involving at most these 72 vibrational levels.
The modeling results are compared with the measurements presented in [9].
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3.2

Description of the model

The kinetic model developed in this work to study low-pressure pulsed DC
discharges and their afterglows is used in two coupled modules, one describing
the discharge and the other the post-discharge. In this chapter, we discuss in
detail the post-discharge module, while the discharge module is presented in
chapter 4. The input parameters to the simulations are the discharge pressure,
current, pulse length and the tube radius, while the gas temperature profile in
the pulse is taken from experiment (cf. section 3.7).
At present, a low excitation regime is assumed, in which only a few vibrational levels are excited, namely the levels corresponding to quantum numbers
up to ν1max = 2 and ν2max = ν3max = 5, where ν1 , ν2 and ν3 denote, respectively,
the vibrational quantum numbers associated with the symmetric stretching,
bending and asymmetric stretching modes, resulting in a total of 72 vibrational
levels. These low excitation conditions can be obtained under the experimental
conditions considered in the present work, with millisecond pulse durations
and a discharge current of 50 mA. Some of the levels included in the model
are effective levels corresponding to groups of vibrationally excited states in
Fermi resonance that are difficult to resolve and, therefore, are observed lumped
together (cf. section 1.2). All the information regarding the vibrational levels
actually used, the grouping into effective levels, notation used and calculation
of V-V and V-T rate coefficients is thoroughly presented in [10] and is briefly
reviewed in section 4.3.
The solutions obtained in the end of the discharge pulse can be used as initial
conditions for the post-discharge module, where the system of rate balance
equations is solved including the same V-T and V-V exchanges, while neglecting
all the electron impact processes. This approximation is justified since, besides
the decay of the electron density, the timescale for electron energy relaxation
is much shorter than the relaxation time of the vibrational energy [4, 11, 12].
Accordingly, electron impact processes are not expected to play any significant
role in the vibrational kinetics of the post-discharge in the ms timescale under
study.

3.3

Estimation of vibrational rates: general overview

The populations of the CO2 vibrational levels are largely controlled by the
V-V and V-T energy exchanges [13]. Therefore, an accurate estimation of the
reaction rates up to the dissociation limit is of utmost interest for the CO2
decomposition applications. However, experimental data for V-V and V-T
energy exchanges in CO2 are limited to lower quantum numbers. Numerous
studies were dedicated to determination of these rates using acoustic methods
[14], shock tube studies [15] and laser-induced vibrational fluorescence analysis
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[16]. Since these studies were focused on understanding of the CO2 laser systems,
they were limited to first six vibrational levels of CO2 molecule and to the
temperature range relevant for the laser systems, i.e. a few hundred degrees
Celsius. This makes the available rates insufficient for a proper description of
CO2 discharges under non-equilibrium conditions with the complex vibrational
kinetics.
There are several theoretical approaches that allow the calculation of the
reaction rates for the vibrational exchanges (see table 3.1). They can be
categorized as follows:
• first-order perturbation theories (FOPTs);
• forced harmonic oscillator (FHO) model;
• quantum–classical trajectory (QCT)
FOPTs are based on collinear collision models, hence they are used in cases
where transition probabilities are much smaller than unity, using the first Born
approximation [17]. This requires the interaction energy to be small compared
with the translational kinetic energy. The most commonly used FOPT method
is the SSH method, developed by Schwartz, Slawsky, and Herzfeld [18, 19].
In short, SSH assumes that strong, short-range, repulsive forces are effective
in producing vibrational transitions. It is a very convenient method since
the expressions for the state-specific relaxation rates are rather simple [3].
However, SSH theory overestimates the vibrational transition probabilities at
high temperatures and/or high quantum numbers [20]. The most extensive SSH
study regarding CO2 vibrational kinetics was conducted by Herzfeld [21, 22],
taking into account many V-V and V-T energy exchanges of the first CO2
vibrational levels. Several papers published by Kozák and Bogaerts [8, 23],
Armenise and Kustova [6], and Sahai et al [24] have used these results, together
with a scaling-law formulation, to describe CO2 vibrational kinetics up to the
dissociation limit. However, it has been noted by Capiteli et al [11] and Silva et
al [10] that in some cases the reaction rates calculated from the SSH theory have
values that are too large for higher vibrational quantum numbers, which leads
to unphysical transition probabilities. Therefore, the prediction of reaction
rates near the dissociation limit should be improved by developing scaling laws
more appropriate than the ones used by the SSH theory.
Another FOPT theory, developed by Sharma and Brau, assumes that vibrational energy exchanges occur due to long-range multipole interactions and it is
applicable to near-resonant processes involving molecules with large moments of
vibrational transitions [25–27] as is the case of V-V transfers on the asymmetric
stretching mode. This theory predicts a possible decrease of the reaction rates
with the gas temperature, contrary to the SSH theory.
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Table 3.1: Summary of different theories potentially applicable to the study of
vibrational exchanges in CO2 discharges and post-discharges.
Method

Multiquantum

Temp.
range

Intermolecular
potential

Ref.

FOPT (SSH)
FOPT (SB)
FHO
QCT

Noa
No
Yes
Yes

Low
Low
High
Any

Repulsive (short-range)
Attractive (long-range)
Anyb
Any

[6, 8, 22, 34, 35]
[25–27, 36]

a
b

[32, 33]

Extended versions of the original SSH theory include two-quantum transitions [35].
This implies the use of steric factors and the limitation of a 1D description [28].

The FHO is a semi-classical analytical method developed from a nonperturbative analytical theory. In this theory, the interaction between particles
is described by a detailed Morse intermolecular potential, meaning that both
short-range repulsive forces and any long-range attractive forces are accounted
for [28]. Studies performed on many systems, such as N2 -O2 , N2 -N2 , and
O2 -O2 have shown that the FHO is able to predict the vibrational rates very
accurately over a wide range of translational temperatures and vibrational
quantum numbers, including multi-quanta jumps [29, 30].
A more general approach is taken in the QCT method which assumes a
realistic intermolecular interaction potential energy surface (PES) [31]. The
QCT is computationally expensive since it employs the Monte Carlo methods of
statstical sampling of the kinetic and internal energy of the colliding particles.
Some works were dedicated to the investigation of energy transfers in CO2 –CO2
collisions [32, 33], however the number of transitions that were studied is
limited and validation against experimental data is somewhat difficult. The
qualitative behavior of the QCT was investigated in [33] by analyzing the
V–T energy transfers associated with the CO2 bending mode, which shown an
underestimation of the SSH probabilities in the lower temperature range.

3.4

Vibration-vibration and vibration-translation energy
exchanges

The vibrational energy transferred to the CO2 molecules in electron impact
processes during the on-time of a pulsed DC glow discharge is primarily redistributed among different V-V and V-T channels. The complete set of V-T
and V-V reactions is the basis of our afterglow kinetic model. First, we take
into account transfers of vibrational energy from one mode into translational
kinetic energy, while the other two modes remain unchanged. These processes
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are denoted as V-T1 , V-T2 and V-T3 in the text below respectively for the
symmetric stretching, bending and asymmetric stretching modes . Similarly, the
vibrational energy may be transferred from one molecule to another within the
same vibrational mode, while the other two modes stay unchanged (V-V1 , V-V2
and V-V3 ). Finally, one can consider the processes that affect simultaneously
two or more vibrational modes. Such reactions are represented as V-T4 and
V-V4 .
The processes considered by our model can be categorised as follows:
a) V-T exchanges:

V − T1 :

CO2 ((ν1 + n)ν2l2 ν3 f ) + CO2 ←→ CO2 (ν1 ν2l2 ν3 f ) + CO2 ,

V − T2 :

CO2 (ν1 (ν2 + n)l2 +n ν3 f ) + CO2 ←→ CO2 (ν1 ν2l2 ν3 f ) + CO2 ,

V − T3 :

CO2 (ν1 ν2l2 (ν3 + n)f ) + CO2 ←→ CO2 (ν1 ν2l2 ν3 f ) + CO2 ,

V − T4 :

CO2 ((ν1 + n)(ν2 + j)l2 +j (ν3 + k)f ) + CO2 ←→
CO2 (ν1 ν2l2 ν3 f ) + CO2 ,

b) V-V exchanges:

V − V1 :

2
CO2 ((ν1 + n)ν2l2 ν3 f ) + CO2 ((µ1 + n0 )µm
2 µ3 f ) ←→
2
CO2 (ν1 ν2l2 ν3 f ) + CO2 (µ1 µm
2 µ3 f ),

V − V2 :

0

CO2 (ν1 (ν2 + n)l2 +n ν3 f ) + CO2 (µ1 (µ2 + n0 )m2 +n µ3 f ) ←→
2
CO2 (ν1 ν2l2 ν3 f ) + CO2 (µ1 µm
2 µ3 f ),

V − V3 :

0
2
CO2 (ν1 ν2l2 (ν3 + n)f ) + CO2 (µ1 µm
2 (µ3 + n )f ) ←→
2
CO2 (ν1 ν2l2 ν3 f ) + CO2 (µ1 µm
2 µ3 f ),

V − V4 :

CO2 ((ν1 + n)(ν2 + j)l2 +j (ν3 + k)f ) +
0

CO2 ((µ1 + n0 )(µ2 + j 0 )m2 +j (µ3 + k 0 )f ) ←→
2
CO2 (ν1 ν2l2 ν3 f ) + CO2 (µ1 µm
2 µ3 f ),

where n, n’, j, j’, k, and k’ represent arbitrary numbers (positive, negative, or
zero).
The data for the V-T and V-V rate coefficients are taken from the report
published by Blauer and Nickerson [34] where the first 14 vibrational levels
of CO2 are considered (with ν1max = 2, ν2max = 5 and ν3max = 1). The
rates given in the report are either experimental or calculated using the SSH
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theory. The calculations made by Blauer and Nickerson take into account the
Fermi resonance. The report provides many rates for the transitions where
the quantum numbers ν1 and ν2 change, while ν3 stays the same. Only a few
transitions are given with the deactivation of the first excited level ν3 . Our
model uses all the rate coefficients published in [34]. Additionally, they are
used to estimate the rates of the transitions in which ν3 changes as well.
The rate coefficients for the transitions involving the modifications of higher
ν3 levels are computed for the fundamental transitions whilst the remaining
ones are scaled using the scaling law described in [3]. A similar approach is
used by Armenise and Kustova [6] and Kozak and Bogaerts [8].
One important vibrational mechanism included in our model that deserves
special attention is the V-V3 exchange
CO2 (000 11) + CO2 (000 11) ←→ CO2 (000 01) + CO2 (000 21).

(3.1)

Reaction (3.1) represents the nearly resonant collisional up-pumping processes
along the asymmetric mode of vibration, that is expected to be important in
non-equilibrium CO2 plasmas. The experimental measurement of the rate for
this transition was determined by Kreutz et al employing diode laser absorption
measurements [37]. Their result yields 1.7 × 10−10 cm3 s−1 at 298 K, which
is very close to the calculated value of 2.1×10−10 cm3 s−1 at 300 K given by
Pack [38]. Since for Tg lower than 1200 K the vibrational energy exchanges
such as 3.1 should be dominated by long-range interactions [3], we used the SB
theory [36] and the results from [37, 38] to obtain a formula of the rate constant
dependent on the gas temperature, Tg . According to the SB theory, the rate
coefficients decrease with the gas temperature. However, one should be careful
when calculating rate constants for higher temperatures (Tg > 1200 K) and
higher quantum numbers, where a mixed contribution of short- and long-range
forces become important and the rate coefficient start to increase with Tg . The
SSH and SB scaling for higher quantum number would give unrealistically
large values for the corresponding rates. A list of the ‘core’ processes and the
corresponding rate coefficients taken from the literature and used in the model
is given in table 3.2.
The kinetic scheme includes 72 CO2 vibrational levels, with approximately
350 V-T and 600 V-V direct reactions. The corresponding rate coefficient for
those reactions are fitted by the following expression
k(cm3 s−1 ) = 1.66 · 10−24 exp(A + BTg−1/3 + CTg−2/3 ),
where A, B and C are fitting constants, given in table 3.2.
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3.5. Spontaneous emission
Table 3.2: Vibrational energy transfer reactions of CO2 used for the scaling of
the similar reactions including higher vibrational numbers, with the corresponding
references. The coefficients A, B, and C are to be used in expression (3.2).
No.
(1)
(2)
(3)
(4)
(5)
(6)
(7)

3.5

Reactions
0

1

CO2 (00 11) + CO2 ←→ CO2 (01 01) + CO2
A = 53.9; B = −407; C = 824
CO2 (000 11) + CO2 ←→ CO2 (100 02) + CO2
A = 54.6; B = −404; C = 1096
CO2 (000 11) + CO2 ←→ CO2 (111 02) + CO2
A = 43.6; B = −252; C = 685
CO2 (000 11) + CO2 (000 01) ←→ CO2 (100 02) + CO2 (011 01)
A = 34.8; B = −88; C = 23
CO2 (000 11) + CO2 (000 11) ←→ CO2 (000 01) + CO2 (000 21)
A = 29.8; B = 22; C = −40; Tg < 1200 K
CO2 (000 11) + CO2 (011 01) ←→ CO2 (000 01) + CO2 (011 11)
A = 30.8; B = 13; C = −23; Tg < 1200 K
CO2 (100 12) + CO2 (000 01) ←→ CO2 (100 02) + CO2 (000 11)
A = 30.8; B = 14; C = −36; Tg < 1200 K

Scaling

Ref.

SSH

[34]

SSH

[34]

SSH

[34]

SSH

[34]

SB

[37]

SB

[38]

SB

[38]

Spontaneous emission

The loss or gain of vibrational quanta may also occur through radiative processes,
contributing to the infrared spectra of CO2 . The model presented here follows
[10] and includes the vibrational transitions ν + 1 → ν within each mode of the
CO2 molecule, by emission of a single photon (3.3).
CO2 ((ν1 + 1), ν2l2 , ν3 , f) → CO2 (ν1 , ν2l2 , ν3 , f) + hν,
CO2 (ν1 , (ν2 + 1)l2 +1 , ν3 , f) → CO2 (ν1 , ν2l2 , ν3 , f) + hν,
CO2 (ν1 , ν2l2 , (ν3 + 1), f) → CO2 (ν1 , ν2l2 , ν3 , f) + hν.

(3.3)

The Einstein coefficients for the spontaneous emission are taken from Blauer
et al. [34] and Rothman et al. [39]. Absorption of radiation is not taken
into account. Note that these mechanisms were found to be negligible for the
discharge pulse under the current conditions and in practice can be disregarded
from the analysis of the discharge phase.

3.6

Rate balance equations for CO2 vibrational levels

The concentrations of 72 vibrational levels of CO2 are determined in this work
by solving a system of 72 time-dependent rate balance equations accounting for
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the corresponding creation and loss molecular mechanisms. A general form of a
rate balance equation for a level ν may be written as:






dnν
dnν
dnν
dnν
=
+
+
.
(3.4)
dt
dt V −T
dt V −V
dt hν
Every term on the right-hand side represents one type of mechanisms included
in the model. They can symbolically be written as follows:



dnν
dt


=
V −T


dnν
dt V −V


dnν
dt hν

X

nw [CO2 ]Pw,ν −

w

=

X

X

nν [CO2 ]Pν,w ,

(3.5)

w
0

nν 0 nw Qw,w
ν 0 ,ν −

ν 0 ,w,w0

X

0

,w
nν nw0 Qw
ν,ν 0 ,

(3.6)

ν 0 ,w,w0

= nν+1 Aν+1,ν − nν Aν,ν−1 .

(3.7)

Here, [CO2 ] denotes the CO2 molecular density, while P , Q and A are the
rate coefficients for the V-T, V-V and spontaneous emission respectively. The
subscripts represent the initial and the final states of the colliding molecules.
The system is closed by assuming that the CO2 gas density equals the sum of
all vibrational states densities:
X
[CO2 ] =
nν .
(3.8)
ν

The gas temperature, gas pressure and the corresponding initial concentrations of the vibrational levels are given as input to our simulations. In sections
3.8 and 4.6, the results of our simulations are compared with the experimental
data. For the initial values of the concentrations of the vibrational levels, we
have taken the measured ones and estimated the rest of the levels by assuming
the Boltzmann distribution at experimentally obtained vibrational temperatures
T1,2 and T3 [9].

3.7

Experiment

The experimental results were obtained by time-resolved in situ Fourier Transform Infrared spectroscopy (FTIR) in a pulsed DC glow discharge, allowing the
determination of the population of the same vibrational levels of CO2 described
in the model [9, 10]. The measurements were performed in flowing conditions,
at pressures between 1 and 5 Torr and pulsed plasma current in the range
10-50 mA. The inner tube diameter of the reactor is 2 cm. The measured
infrared transmittance spectra is then analysed using the algorithm developed
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by Klarenaar et al described in detail in [9]. Additionally, the electric field
was measured with two tungsten probes that are inserted in the discharge
tube 8.5 cm apart and the steady-state value was then compared with the
self-consistent reduced electric field calculated in the model.
Table 3.3: Summary of the experimental conditions in the single pulse experiment
taken as input for the model.
Parameter

Working conditions

Type of discharge
Pressure
Tube radius
Tube length
Discharge current
On-off time
Flow rate

DC pulsed discharge
5 Torr
1 cm
23 cm
50 mA
5-150 ms
166 sccm

Infrared absorption is a line of sight integrated technique, which can bring
some difficulties for the comparison with modeling results. First, part of the
gas along the optical path is not excited by the plasma. This dead volume is
assumed to be at thermal equilibrium in the fitting algorithm and accounts for
about 26% of the total volume of the reactor. The second issue is that slow
processes such as the cumulative dissociation of CO2 over repetitive plasma
pulses can lead to an axial profile along the tube length which relates to an
average molecular density in the absorption measurement results. However,
since in this work we are focusing on the ‘single pulse’ measurement, this last
question does not come into play.
The ‘single pulse’ measurement was made with a gas flow rate of 166 sccm
of CO2 , 5 ms plasma-on time and 150 ms off time, at p = 5 Torr and I = 50 mA
[9, 10]. A summary of the experimental conditions is given in table 3.3. At
these conditions, there is no significant dissociation during a single pulse and
the residence time (∼ 100 ms) is shorter than the off time, allowing the gas to
fully renew, leaving the reactor with most of CO and O2 removed. Accordingly,
collisions of CO2 with CO, O and O2 are expected to play a negligible role in
the CO2 vibrational kinetics. The results of this measurement are, therefore,
suitable for the comparison with the model predictions and confirmation of
both vibrational energy transfers (V-V and V-T) and e-V rate coefficients, since
only e-V processes need to be added to the model where the CO2 -CO2 V-T
and V-V rate coefficients have been validated [10].
The experimental time-resolved gas temperature data is used as an input in
our calculations for all the studied conditions. Figure 3.1 shows the experimental
gas temperature during the post-discharge in the single-pulse measurement
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Figure 3.1: Gas temperature profile during the afterglow of a pulsed DC glow
discharge at p = 5 Torr, I = 50 mA, and ∆t = 5 ms. The symbols represent the
experimental values and the solid line refers to the fit according to formula (3.9).

together with the fitted temperature used in the model, that is described by
the following expression:
Tg (t) = Tc + (T0 − Tc ) exp(−αt),

(3.9)

where Tc , T0 and α are fitting constants. The values of the fitting constants for
the post-discharge in the single pulse experiment, i.e. p = 5 Torr, I = 50 µA,
are Tc = 350.7 K, T0 = 683.9 K and α = 347.7 s−1 .

3.8

Results

This section presents the analysis of the modeling results of post-discharge and
compares it with the experimental data obtained in the FTIR study, briefly
presented in section 3.7.
Figure 3.2 depicts the normalized density of the first vibrational level of
the bending mode during the afterglow of a pulsed DC discharge operating
at p = 5 Torr, I = 50 ms and 5-150 ms on-off cycle. The figure shows three
different sets of results: i) the temperature profile represented by expression
(3.9), which fits the experimental data; ii) constant gas temperature at 300 K
in the absence of the V–V mechanisms; and iii) constant gas temperature at
200 K in the absence of the V–V mechanisms.
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Figure 3.2: Normalized density of the CO2 (011 01) state during the post-discharge at
p = 5 Torr, I = 50 mA, and ∆t = 5 ms. The dashed lines correspond to the calculated
values using constant gas temperature at 200 and 300 K, whilst the solid line represents
the results obtained with the experimental temperature profile. Spontaneous emission
is not considered in these calculations.

The first case represents our base model, and shows a very good agreement
with the experimental results. Both the calculations and the experiment show
nearly constant values of the density until ∼ 10−4 s. After that time the
density of CO2 (011 01) exhibits a drop until the moment when the creation and
destruction mechanisms are in equilibrium (∼ 10−2 s). The other two curves
in figure 3.2 show an incorrect prediction of the CO2 (011 01) density evolution.
Since in the scenarios ii) and iii) V-V exchanges are absent, the relaxation of
this level is driven purely by V-T processes, and the only difference between ii)
and iii) is in the gas temperature. Clearly, higher temperature leads to a faster
relaxation, due to the higher values of the V-T rate coefficients according to
the SSH theory.
The temporal evolution of the populations of first four levels of the bending
mode during the post-discharge is shown in figure 3.3, evidencing the good
agreement between the model predictions and the experiment even for higher
vibrational levels. Similarly to CO2 (011 01), the relaxation of each vibrational
level starts at ∼ 10−4 s. The relaxation of the CO2 (055 01) level is not shown
due to the rather noisy experimental data in this case. The good agreement
between the measurements and calculations for these higher levels reinforces
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Figure 3.3: Normalized density of different states of the CO2 bending mode of
vibration, for p = 5 Torr, I = 50 mA, and ∆t = 5 ms.

the validity of the CO2 vibrational kinetic scheme presented in this work. The
steady-state regime at the end of the afterglow is observed starting at ∼ 10−2 s
for the various CO2 levels presented in the figure 3.3. This is the result of
the thermal equilibrium that is established at that time so that the calculated
population of each level corresponds to the Boltzmann distribution. Note that
the experimental data do not reach the region of this thermal equilibrium.
A comparison between the experimental and modeling results for the other
modes of vibration, is shown in figure 3.4; the relaxation of the first level of
the asymmetric mode is shown in panel a), whilst the first two levels of the
symmetric mode, CO2 (100 02) and CO2 (200 03) are presented in the panel b) of
the same figure. It is easily seen that the characteristic relaxation times are of
the same order as observed in figures 3.2 and 3.3. In the first panel, one may
observe some discrepancy between the calculated and measured values at the
end of the post-discharge. The measured data exhibit a slightly faster decay,
than what the model predicts. This comparison can be improved by including
spontaneous emission, as shown later.
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Figure 3.4: Normalized density of a) first CO2 vibrational level of the asymmetric
mode and b) different CO2 vibrational levels of the symmetric mode of vibration. The
experimental conditions are p = 5 Torr, I = 50 mA, and ∆t = 5 ms.

A usual way of describing the degree of vibrational excitation and nonequilibrium of CO2 is by the “temperatures” of each normal mode, calculated
from the populations of the corresponding excited levels. These temperatures
are obtained from the actual densities of the individual CO2 vibrational levels.
For instance, the characteristic temperature of the asymmetric mode, T3 , is
obtained by fitting the calculated densities of the CO2 (000 ν3 1) levels, with
ν3 = 1 − 5, to a Boltzmann distribution. The characteristic temperature of
the effective symmetric (which include the Fermi resonant states) and bending
modes, T1 and T2 , respectively, are also obtained from Boltzmann plots. Indeed,
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Figure 3.5: Vibrational distribution functions calculated for the CO2 asymmetric
stretching mode (dashed line) and the bending mode of vibration (solid line) at
different times in the afterglow, for p = 5 Torr, I = 50 mA.

the calculated vibrational distribution functions of the asymmetric and bending
vibrational modes during the afterglow shown in figure 3.5 are very close to
straight lines. Figure 3.6 illustrates the comparison between the experimental
and modeling results of the characteristic vibrational temperatures, T3 and T12 ,
for different experimental conditions of the pulsed DC glow discharge. Panel a)
shows the temporal evolution of the vibrational and gas temperatures for the
single-pulse experiment. The very good agreement between the simulation and
the experiment is expected, as the individual densities shown in figures 3.2, 3.3
and 3.4 already exhibit the good agreement with the measurements.
Figure 3.6b) presents experimental data corresponding to different operating
conditions. The pressure and current have the same values as in the single-pulse
experiment. However, the flow rate is smaller (7.4 sccm) and the pulse on-off
cycle is 5-10 ms. According to this conditions, it is expected to observe an accumulation of the CO2 decomposition products. For this reason, the experimental
results are compared to the calculations obtained with the CO2 partial pressure,
using the experimentally determined decomposition fraction. The calculations
show a slightly slower relaxation than in the experiment. Therefore, this effect
might be attributed to the influence of CO2 decomposition product and their
contribution to the evolution of the CO2 vibrational population. Figure 3.6
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Figure 3.6: Temporal evolution of the vibrational temperatures T3 and T12 for three
different experimental conditions. a) Single-pulse experiment, detailed in section 3.7.
b) Multi-pulse experiment, with 5-10 ms on-off time and p = 5 Torr. c) Multi-pulse
experiment, with 5-10 ms on-off time and p = 3 Torr. The gas temperature profiles
are represented by cross symbols.

c) shows the values of the temperatures corresponding to a pressure of 3 Torr
and 5-10 ms duty cycle. In this case, the agreement between the experiment
and the modeling results is still fairly good, with slightly slower relaxation of
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Figure 3.7: Normalized density of CO2 (000 11) with and without the spontaneous
emission included. The experimental conditions in a) are p = 5 Torr, I = 50 mA, and
∆t = 5 ms, whilst the pressure is p = 3 Torr for the multi-pulse experiment shown in
b).

the simulation prediction. Nevertheless, it can be seen that even with that
our simplified kinetic scheme (with a correction of the pressure) leads to a
reasonable description of the experimental observations for the afterglow and
can be used as a basis for their interpretation even for a multi-pulse experiment,
where the CO2 decomposition products are present.
The effect of the spontaneous emission was examined by including the
radiative transfer from several CO2 vibrational levels that give rise to the
infrared spectra of CO2 . The absorption of radiation is, however, not considered
in our calculations, so the loss of vibrational quanta by spontaneous emission is
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not compensated by the corresponding inverse reactions. Figure 3.7 shows the
population of the first vibrational level of the asymmetric mode measured in : a)
the single-pulse experiment at 5 Torr, and b) in the multi-pulse experiment, at
3 Torr. The results show that inclusion of the spontaneous emission processes
leads to a slightly faster decay of vibrationally excited states, giving a better
agreement with experimental data. This is a consequence of the rather high
spontaneous emission coefficients for the vibrationally excited levels of the
asymmetric mode of vibration.

3.9

Conclusions

We have developed a kinetic model describing the temporal evolution of several
individual CO2 vibrational levels during the afterglow of a CO2 discharge,
under a low excitation regime. A total of 72 vibrational levels was considered,
corresponding to ν1max = 2, ν2max = 5 and ν3max = 5. The creation and loss
mechanisms for these CO2 vibrational levels were considered, including V-V and
V-T energy exchanges. The modeling results were compared to the measured
densities of CO2 vibrationsl states, presented in the FTIR study of Klarenaar
et al [9]. The good comparison between the experimental data obtained by
time-resolved in situ FTIR spectroscopy in a pulsed DC glow discharge and
the simulation results served as a validation of the model.
By directly comparing the afterglow dynamics of various individual vibrationally excited levels, as pursued in this work, we have established the V–T
and V–V reaction mechanism for the levels taken into account and defined
a set of elementary processes and corresponding rate coefficients validated
against suitable experiments. In this context, with the strength of this model,
future work can be built on the firm bases established here. Despite the good
agreement between the experimental data and our model predictions, there are
still many open challenges and directions to pursue for further investigation.
For instance, the study of higher excitation of CO2 molecules and influence of
CO2 decomposition products on the overall kinetics. This will allow further
applications of the model to realistic plasma conditions. This effort will involve
computation of the rate coefficients for the energy transfers between the collisional partners that are not considered in this model, such as CO2 -CO, CO2 -O,
CO-CO, etc.
The major future challenge is the calculation of the reaction rates related
to highly excited CO2 levels. It was mentioned in this work that first-order
perturbation theories, namely the SSH and SB approaches, are suitable for describing of CO2 vibrations under low excitation regimes. However, an extensive
study related to the scaling of vibrational rates up to the dissociation limit
must be undertaken. Special attention must be paid to the rate coefficients
of the V–V energy exchanges on the asymmetric stretching mode (V–V3 ), a
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process that is critical for the accurate calculation of CO2 dissociation rates,
for two reasons: on the one hand, they quickly become unrealistically large for
higher quantum numbers than those considered here if no correction is made to
the first-order perturbation theories; on the other hand, their dependence is
altered as Tg increases, corresponding to an evolution from a regime dominated
by long-range interactions (described by the SB theory) to one dominated by
short-range interactions (described by the SSH theory).
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[12] V. Guerra, P. A. Sá, and J. Loureiro, “Relaxation of the electron energy
distribution function in the afterglow of a N2 microwave discharge including
space-charge field effects,” Phys. Rev. E, 63, 046404, 2001.
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Chapter 4

Kinetic study of CO2 plasmas
under non-equilibrium
conditions: input of vibrational
energy
This chapter continues the investigation of vibrational energy exchanges in nonequilibrium CO2 plasmas in low-excitation conditions. The previous chapter
addresses a theoretical and experimental investigation of the time relaxation of
∼ 70 individual vibrational levels of ground-state CO2 (X 1 Σ+ ) molecules during
the afterglow of a pulsed DC glow discharge, operating at pressures of a few Torr
and discharge currents around 50 mA, where the rate coefficients for vibrationtranslation (V-T) and vibration-vibration (V-V) energy transfers among these
levels are validated. Herein the investigation is focused on the active discharge,
by extending the model with the inclusion of electron impact processes for
vibrational excitation and de-excitation (e-V). The time-dependent calculated
densities of the different vibrational levels are compared with experimental data
obtained from time-resolved in situ Fourier Transform Infrared spectroscopy.
It is shown that the vibrational temperature of the asymmetric stretching
mode is always larger than the vibrational temperatures of the bending and
symmetric stretching modes along the discharge pulse, the latter two remaining
very nearly the same and close to the gas temperature. The general good
agreement between the model predictions and the experimental results validates
the e-V rate coefficients used and gives confidence that the proposed kinetic
scheme provides a solid basis to understand the vibrational energy exchanges
occurring in CO2 plasmas.1
1 The results presented here were published as Kinetic study of CO plasmas under
2
non-equilibrium conditions. II. Input of vibrational energy, M. Grofulović, T. Silva, B. L. M.
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Klarenaar, A.S. Morillo-Candas, O. Guaitella, R. Engeln, C.D. Pintassilgo, V. Guerra, 2018
Plasma Sources Science and Technology, 27, 115009.
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Introduction

The modelling of CO2 plasmas under non-equilibrium conditions has been the
subject of considerable interest in the past decades, with a significant attention
drawn in the more recent years. The first studies were associated with the
discovery of the CO2 laser [1, 2], while more recent works are mainly motivated
by environmental issues [3, 4], aerospace applications [5–8] and focus on CO2
dissociation. Progress in any plasma technology that uses molecular gases
is indissolubly linked with the understanding of the various kinetics involved
(i.e. electron, vibrational, chemical and surface kinetics) and their coupling.
For plasma-based CO2 conversion, a central piece of the puzzle to be solved
resides in a deep understanding of the detailed mechanisms of the up-pumping
of vibrational quanta along the vibrational ladder [9]. Indeed, the main idea
behind the process of plasma CO2 decomposition is that the non-equilibrium
nature of the plasma provides promising conditions for the energetically efficient
CO2 dissociation. The typical energy of the electrons in the plasma strongly
favours vibrational excitation, promoting the input of vibrational quanta in
low levels and subsequent up-pumping during relaxation [9], while keeping the
gas temperature relatively low and thus limiting the losses into gas heating.
The vibrationally excited molecules can then become more reactive and lead to
dissociation at a low energy cost.
State-to-state kinetic models, where the different vibrational levels are
treated as independent species, constitute a powerful tool to investigate the
vibrational energy transfer and relaxation in molecular plasmas. However, although the ladder climbing mechanism is relatively well understood for diatomic
gases [10], an accurate description and study of vibrational energy exchanges
in polyatomic gases such as CO2 remains very challenging. The underlying
reason is the complex geometry of the CO2 molecule, which has four vibrational
modes (one symmetric stretching mode, two degenerate bending modes, and
one asymmetric stretching mode) resulting in a multitude of vibrational levels
and a large number of reactions. Another difficulty is the lack of knowledge
related to CO2 rate coefficients for energy exchanges between the translational
and vibrational degrees of freedom (V-T transitions) and among the vibrational
levels (V-V transitions). Additionally, there are no cross sections available for
the manifold of electron-impact direct and stepwise excitation of vibrationally
excited states (e-V processes). Therefore, the state-to-state modelling of CO2
discharges is currently impossible without involving approximate theories for
scaling over scarce data to obtain the inaccessible rates.
Several strategies to tackle the problem have been proposed in the last few
years. Kozák and Bogaerts [4] have modelled microwave and dielectric barrier
discharges, taking into account only a few low-lying symmetric stretching and
bending mode levels, whilst the asymmetric mode levels (000 n) are included
up to a dissociation energy of 5.5 eV assuming the energy levels of a Morse
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oscillator (corresponding to n = 21 bound vibrational levels). Despite the
considerable success of this model and the breakthrough it represents, some of
the rate coefficients it considers are disputable [11] and the formulation neglects
to a large extent inter-mode coupling and the increased density of levels near the
continuum, an idealisation of the system that may prove appropriate but requires
further investigation. A similar approach was adopted by the Bari group, which
addresses in detail the dependence of the electron energy distribution function on
the concentration of electronically and vibrationally excited states [3]. The study
of vibrational kinetics in the hypersonic boundary layer of reentering bodies in
the Mars atmosphere in a dissociation-recombination regime by Armenise and
Kustova [6] contains several thousand levels and disregards free electrons. In a
more recent work by Armenise [12] electrons are included in the kinetic scheme,
which nevertheless accounts only a very limited number of electron impact
processes. This very impressive and detailed model is difficult to apply at
present to the description of gas discharges, due to the too extensive vibrational
kinetics and the very simplified electron kinetic scheme. Another possibility,
suggested by Gordiets et al [13, 14], is to divide vibrational levels into multiplets
with an equilibrium distribution of the levels within each multiplet.
In this study we follow a different approach, aimed at understanding vibrational energy transfers in CO2 plasmas. Specifically, we develop a detailed
model accounting for the vibrational kinetics of the lower levels of each vibration
mode and of the lower mixed levels, with the relevant rate coefficients being
validated in sequential steps. In chapter 3 we have analysed the vibrational
relaxation in the afterglow of a DC pulsed discharge at pressures p = 3 − 5 Torr
and discharge current I = 50 mA and validated the rate coefficients used to
describe the vibration-translation (V-T) and vibration-vibration (V-V) energy
exchanges. The simple geometry and homogeneity of pulsed DC discharges
make them accessible to a series of diagnostics and suitable to the development
of 0D self-consistent kinetic models accounting for very complex vibrational and
chemical kinetics. For this reason, they are ideal for fundamental studies, both
experimental [15, 16] and theoretical [10, 17]. We now extend the model to the
active discharge, with the inclusion of electron impact processes of vibrational
excitation and de-excitation (e-V) and ionization, in order to gain insight into
the input of vibrational energy in the plasma by electron impact and to validate
the electron impact cross sections and rate coefficients for the individual e-V
processes taken into account.
The definition of the relevant e-V transitions to consider and the choice of the
respective cross sections is far from straightforward. On the one hand, the cross
sections available from swarm derived sets include only a very limited number
of individual collisional processes. Moreover, most of these cross sections refer
to “energy losses” corresponding to the excitation of lumped levels [18]. It is
therefore necessary to establish procedures to deconvolute the original cross
sections and to calculate the missing ones, such as Fridman’s approximation
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[4, 9]. On the other hand, a set of cross sections for the resonant excitation of up
to 10 vibrational levels in each mode was recently calculated by Laporta and coworkers using R-matrix codes [19]. These new data are very exciting and open
new possibilities for research, but are still difficult to use in state-to-state models.
In fact, although the calculations seem to provide results for the symmetric
stretching mode in good agreement with data from the literature, non-resonant
contributions may be of importance for the bending and asymmetric modes.
The current model couples the electron Boltzmann equation, using the usual
two-term expansion approximation, and a system of rate balance equations
describing the creation and loss of both the low vibrational levels of CO2 and
of CO+
2 ions. The e-V processes’ cross sections are obtained from a direct
deconvolution of the available lumped cross sections according to the statistical
weights of the various levels and the missing cross sections are generated using
Fridman’s approximation. The model is validated through the comparison of
the calculated time-dependent concentrations of several individual vibrational
levels of CO2 with the experimental results obtained in a millisecond pulsed
glow discharge.
The organization of the chapter is the following. Section 4.2 gives a general
description of the kinetic model developed to describe the CO2 plasma in
low-excitation regime and the selection of the collisional data. The details on
vibrational and electron kinetics are presented in sections 4.3 and 4.4 respectively.
A description of the method employed to calculate the maintenance electric
field is given in section 4.5. Section 4.6 presents the comparison between
the measured and calculated time-dependent densities of various vibrationally
excited CO2 levels and the discussion of the results. Finally, the conclusions
are given in the section 4.7.

4.2

Description of the model

The kinetic model developed here studies millisecond pulsed DC discharges
and their afterglows, under low-pressures of a few millibars. The two coupled
modules can be distinguished, one describing the post-discharge and the other
is dedicated to the active discharge study. The post-discharge is analysed in the
previous chapter, while here we are continuing the study of the same type of
discharges during the pulse, by extending the model with additional processes
involving electron kinetics.
The input parameters in the simulations are the discharge pressure, current,
pulse length and the tube radius and gas temperature profile taken from
experiments. The time-dependent electron density profile is estimated from the
measured temporal variations of the discharge current and electric field, while
assuming an exponential growth estimated from the CO2 ionization coefficient
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and ensuring that the self-consistent value obtained for the steady-state current
at the end of the pulse matches the input parameter to the model.
The discharge module couples the solutions to the homogeneous electron
Boltzmann equation and a system of rate balance equations for various individual
vibrational levels of CO2 (X 1 Σ+ ) and for CO+
2 ions. This system takes into
account the processes of excitation and de-excitation of the vibrational levels
by electron impact (e-V processes), vibration-vibration (V-V) and vibrationtranslation (V-T) energy exchanges, electron impact ionization and ambipolar
diffusion to the wall. Using the rate coefficient 6.6 × 10−8 cm3 s−1 reported in [3],
we estimate that the loss rate of charged particles by electron-ion recombination
is about 25–50 times smaller than by ambipolar diffusion.
The model describes CO2 discharges in a low excitation regime, where only
a few vibrational levels are excited, namely the levels corresponding to quantum
numbers up to ν1max = 2 and ν2max = ν3max = 5, where ν1 , ν2 and ν3 are the
vibrational quantum numbers associated with the symmetric stretching, bending
and asymmetric stretching modes,respectively. The low excitation conditions
are met in experiment considered in this work, with millisecond pulse duration
and a discharge current of 50 mA.
The self-consistent reduced electric field is determined from the electron
and ion rate balance equations, using the requirement that under steady-state
conditions the total rate of ionization must compensate the rate of electron loss
by ambipolar diffusion to the wall, under the assumption of a quasi-neutral
discharge. Once the self-consistent sustaining field and electron density are
obtained for a steady-state situation, the system of rate balance equations
for the heavy particles is solved in time for the length of the pulse, using the
electron excitation rates derived for the steady-state case. This is obviously an
approximation, but it has proved very satisfactory in the study of O2 , N2 -O2 and
N2 -CH4 pulsed discharges in previous works [17, 20–22]. As initial conditions
for the system of rate balance equations, the populations of various vibrational
levels are assumed to follow a Boltzmann distribution corresponding to the
experimental initial vibrational temperatures. The solutions corresponding to
the end of the discharge pulse are then used as initial conditions for the postdischarge module. Both modules solve the system of rate balance equations
including the same V-T and V-V exchanges, while taking into account the
electron impact processes in the discharge module.

4.3

Vibrational kinetics

The CO2 molecule in its ground electronic state is linear and possesses three
normal vibrational modes: the symmetric stretching, the double degenerate
bending vibration and the asymmetric stretching. These modes are characterized
by quantum numbers ν1 , ν2 and ν3 respectively. The degeneracy of the bending
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vibration mode requires one more quantum number to fully describe the CO2
vibrational state, l2 , associated with an angular momentum, which can take the
values l2 = ν2 , ν2 − 2, ν2 − 4, ...1 or 0. The vibrational state of the molecule can
then be identified in principle as CO2 (ν1 ν2l2 ν3 ). However, polyatomic molecules,
due to their multidimensional nature, commonly exhibit the so-called “Fermi
resonance,” which refers to an accidental energy degeneracy between certain
vibrational modes. In the case of CO2 , the modes ν1 and 2ν2 have very close
vibrational energies and the same type of symmetry, resulting in a coupling
between the CO2 (ν1 ν2l2 ν3 ) and CO2 ((ν1 − 1)(ν2 + 2)l2 ν3 ) levels to form new
states that are assumed to be in local equilibrium. Note that all the vibrational
levels coupled together have the same orbital quantum number l2 , since those
with different l2 cannot perturb each other [23].
Following [11], in the present model the CO2 vibrational levels under Fermi
resonance are considered as one single effective level. The vibrational energy of
this effective level is determined through the average of the vibrational energies
of all the individual levels in the effective level, calculated using the anharmonic
oscillator approximation [24], while its statistical weight is determined through
the sum of the statistical weights of the individual states. These effective levels
are denoted in this work by CO2 (ν1 ν2l2 ν3 f ), where the ν1 , ν2 and ν3 quantum
numbers correspond to the level with highest ν1 ; the ranking number f is always
equal to ν1 +1 and indicates how many individual levels are accounted for in
the effective level. For instance, the level CO2 (200 03) stands for the coupling of
the three levels CO2 (200 0), CO2 (120 0) and CO2 (040 0).
A detailed description of the vibrational energy exchanges in molecular
collisions requires the knowledge of the corresponding state-specific V-T and VV rate constants, which are available for several vibrational transitions between
the lowest states. This is, however, not sufficient for a full characterization of
the vibrational kinetics, since the rate coefficients of many other transitions
are still missing. For this reason, there has been an extensive effort along the
years to develop theories to calculate unavailable rate coefficients for vibrational
energy transfers [25–29]. In this work, we use the rate constants for the lowlying levels given in the survey of Blauer and Nickerson [30], while for the
higher levels and missing transitions we have used the scaling laws based on
the Schwartz-Slawsky-Herzfeld (SSH) [25] and Sharma-Brau (SB) [27] theories.
Despite its limitations, the SSH theory provides a fairly simple expression
for the rate constants and it is commonly used in many kinetic models with
evident success [3, 4, 6, 7]. The current low-excitation conditions do not
involve transitions with too high probabilities and the first order perturbation
approaches of the SSH and SB theories were shown to be valid [11]. The situation
is different regarding collisions of highly vibrationally excited molecules and/or
high gas temperatures (Tg >1500 K), as pointed out in [11]. The thorough
analysis of the vibrational energy relaxation in the CO2 post-discharge is
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Figure 4.1: Fraction of electron energy transferred to different channels of vibrational
excitation, electronic excitation, dissociation and ionization of CO2 , as a function of
the reduced electric field (E/N ), calculated from the corresponding cross sections of
the electron impact reactions.

presented in the previous chapter, where the rate constants for the V-T and
V-V energy exchanges used here have been validated.

4.4

Electron kinetics

The electron energy distribution function (EEDF) is self-consistently calculated
by solving the steady-state, homogeneous electron Boltzmann equation in
the two-term expansion approximation. The electron Boltzmann equation is
solved taking into account elastic and inelastic collisions between electrons
and CO2 (X 1 Σ+ ) molecules, including vibrational excitation energy losses
(corresponding either to the excitation of individual levels or of groups of
vibrational levels), superelastic collisions with CO2 vibrational excited states,
excitation of two groups of electronic states and ionization. The complete and
consistent cross sections set used for calculation of EEDF is available at the
IST-Lisbon database published at LXCat and is described in detail in chapter
2.
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Superelastic collisions with vibrationally excited molecules in the discharge
do not affect noticeably the current results due to the low degree of vibrational
excitation in the conditions under investigation. The same conclusion has
been drawn recently by Pietanza et al [31]. Moreover, it has been shown that
superelastic collisions with electronically excited states of CO2 can have a strong
influence in shaping the EEDF in the early instants of the post-discharge [3, 31].
However, electron impact processes in the afterglow are not expected to give
any significant contribution to the results in the present conditions, as discussed
in section 3.2, and are neglected in our simulations.
Once a validated electron impact cross section set is available, an important
step in the study of the electron kinetics is to understand in depth how the
energy gained by the electrons from the electric field is transferred through
collisions into the different channels. Regarding CO2 conversion, the most
relevant pathways for electron energy transfer are CO2 vibrational excitation
and dissociation [9]. In low-pressure discharges, the initial energy input necessary
for vibrational excitation of stable CO2 molecules is provided by electrons of
energies ∼1 eV. Figure 4.1 illustrates the fraction of energy transferred from
the electrons into the different channels of CO2 excitation and ionization, as
a function of the reduced electric field, E/N, in a pure CO2 discharge. The
fractional power losses to the different CO2 excitation channels are calculated
as the ratio between the electron energy transferred per unit time and volume,
using the cross sections for the corresponding electron-impact reactions [18],
and the total power per unit volume gained from the field. The results are
in agreement with the literature [9, 31, 32], showing that the major portion
of the discharge power is transferred from the plasma electrons to vibrational
excitation of CO2 molecules when the electron temperature is around 1-2 eV,
or, equivalently, for reduced electric fields of about 40-80 Td. At higher reduced
electric fields, the electronic excitation, dissociation and ionization channels are
activated.
Another crucial information provided after the calculation of the EEDF is
the value of the various electron-impact rate coefficients. Regarding the e-V
excitation from a state i to a state j, the corresponding coefficient is given by
r Z ∞
2
Cij =
u σij (u)f (u) du
(4.1)
m 0
where σij is the corresponding cross section, m is the electron mass, u the
electron
energy, and f (u) the EEDF, normalized according to the condition
R∞
√
f
(u)
udu = 1. As the cross section set used in this work to calculate the
0
EEDF includes only a limited number of cross sections corresponding either
to the excitation of individual levels or groups of vibrational levels from the
ground level [18], two very challenging steps are the choice of cross sections for:
i) the excitation of each individual level that is included in the model from the
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ground state; and ii) the transitions between vibrationally excited levels, while
keeping the compatibility with [18].
In order to deconvolute the cross sections presented in [18] (used to obtain
the EEDF) into the individual cross sections for the levels included in the
heavy-particle rate balance equations [11], it is assumed that the electron energy
is equally distributed amongst the levels lumped inside each of the cross sections
considered in [18], weighted by the statistical weight of the excited states. The
statistical weight of a CO2 (ν1 ν2l2 ν3 ) level depends only on the l2 quantum
number, being 1 for l2 = 0 and 2 (corresponding to two possible directions of
rotation) otherwise. The statistical weight of a CO2 (ν1 ν2 ν3 ) level (i.e., including
all possible values of l2 compatible with ν2 ) depends only on the bending mode,
gν1 ν2 ν3 = ν2 + 1. In practice, if C0j is the rate coefficient for the excitation
of the individual level j from the ground-state and Co is the rate coefficient
calculated from the original cross section of the IST-Lisbon data set containing
the required process, the individual electron impact rate coefficient is obtained
from
gj
C0j = Co ,
(4.2)
go
where gj and go are the corresponding statistical weights, go corresponding to
the sum of the statistical weights of all the individual levels contained in the
original cross section. As an example, the rate coefficient for the excitation
of the CO2 (111 02) level, containing the two degenerate levels CO2 (111 0) and
CO2 (031 0), with statistical weight g111 02 = g031 0 + g111 0 = 4, is calculated as
C111 02 = 46 Cυ3 , where the rate coefficient Cυ3 is calculated using the original
cross section denoted as CO2 (υ3 ) in [18], corresponding to the energy loss at
0.252 eV and accounting for the total excitation of the levels (030) and (110)
(regardless of the quantum number l2 ), with statistical weight go = g030 + g110 =
4 + 2 = 6 (or, equivalently, go = g033 0 + g031 0 + g111 0 = 2 + 2 + 2 = 6). The
full list of vibrational excitation processes by electron impact considered in this
work is given in the table 4.1, accounting for 32 excitations of the ground-state
CO2 (000 01) molecules and 115 stepwise excitations, as well as the corresponding
original cross sections and the fractions gj /go .
For the transitions from the ground state to the higher vibrationally excited
levels that are not included in any of the cross sections from the data set [18],
i.e., j = 2, 3, 4, 5 and i = 0 in the asymmetric mode, we have used the Fridman
approximation [9], based on the semiempirical formula
Cij =

exp[−α(i − j − 1)]
C01 .
1 + βi

(4.3)

This expression allows us to scale an excitation rate coefficient Cij for any
transition between vibrational levels i and j, provided that the rate coefficients
C01 is known. The magnitude of the rate coefficient is altered depending on
the parameters α and β, specific of each plasma species. In the case of CO2 ,
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Table 4.1: Electron impact reactions included in the model. The rate coefficients are calculated using the cross sections (and
notation) presented in [18].

No
1a
1b
2a
2b
3a
3b
4a
4b
5
6a
6b
6c
6d
7a
7b
7c
7d
8a
8b
8c
8d
9a
9b

Reaction
e + CO2 (000 i1) → e + CO2 (011 i1)
e + CO2 (0j j 01) → e + CO2 (0(j + 1)(j+1) 01)
e + CO2 (000 i1) → e + CO2 (022 i1)
e + CO2 (0j j 01) → e + CO2 (0(j + 2)(j+2) 01)
e + CO2 (000 i1) → e + CO2 (033 i1)
e + CO2 (0j j 01) → e + CO2 (0(j + 3)(j+3) 01)
e + CO2 (000 i1) → e + CO2 (044 i1)
e + CO2 (011 01) → e + CO2 (055 01)
e + CO2 (000 i1) → e + CO2 (055 i1)
e + CO2 (0ii 01) → e + CO2 (0ii 11)
e + CO2 (1k k 02) → e + CO2 (1k k 12)
e + CO2 (2mm 03) → e + CO2 (2mm 13)
e + CO2 (000 j1) → e + CO2 (000 (j + 1)1)
e + CO2 (0ii 01) → e + CO2 (0ii 21)
e + CO2 (1k k 02) → e + CO2 (1k k 223
e + CO2 (2mm 03) → e + CO2 (2mm 23)
e + CO2 (000 j1) → e + CO2 (000 (j + 2)1)
e + CO2 (0ii 01) → e + CO2 (0ii 31)
e + CO2 (1k k 02) → e + CO2 (1k k 32)
e + CO2 (2mm 03) → e + CO2 (2mm 33)
e + CO2 (000 j1) → e + CO2 (000 (j + 3)1)
e + CO2 (0ii 01) → e + CO2 (0ii 41)
e + CO2 (1k k 02) → e + CO2 (1k k 42)

Cross section
υ1
υ1
2/3 υ2a
2/3 υ2a
1/3 υ3
1/3 υ3
1/5 υ5b
1/5 υ5b
1/8 υ6
υ4
υ4
υ4
υ4
Eq. (4.3)
Eq. (4.3)
Eq. (4.3)
Eq. (4.3)
Eq. (4.3)
Eq. (4.3)
Eq. (4.3)
Eq. (4.3)
Eq. (4.3)
Eq. (4.3)

Notes
i = 0, 1, 2, 3, 4, 5
1≤j<5

k = 0, 1, 2, 3
m = 0, 1

9c
9d
10a
10b
10c
11a
11b
12
13
14
15
16

e
e
e
e
e
e
e
e
e
e
e
e

+
+
+
+
+
+
+
+
+
+
+
+

CO2 (2mm 03) → e + CO2 (2mm 43)
CO2 (000 11) → e + CO2 (000 51)
CO2 (0ii 01) → e + CO2 (0ii 51)
CO2 (1k k 02) → e + CO2 (1k k 52)
CO2 (2mm 03) → e + CO2 (2mm 53)
CO2 (000 i1) → e + CO2 (100 i2)
CO2 (100 02) → e + CO2 (200 03)
CO2 (000 i1) → e + CO2 (200 i3)
CO2 (000 i1) → e + CO2 (111 i2)
CO2 (000 i1) → e + CO2 (122 i2)
CO2 (000 i1) → e + CO2 (133 i2)
CO2 (000 i1) → e + CO2 (211 i3)

Eq. (4.3)
Eq. (4.3)
Eq. (4.3)
Eq. (4.3)
Eq. (4.3)
υ2b
υ2b
υ5a +2/10 υ5b
2/3 υ3
2/5 υ5b
1/4 υ6
3/8 υ6

4.5. Maintenance electric field
α = 0.5 for the asymmetric mode and the value of β is unknown [9], which in
our case is irrelevant, since Fridman’s approximation is used only when i = 0.
For the cross sections for the stepwise excitation of levels j from i > 0,
we have chosen a different strategy, due to the unknown β parameter, which
would be necessary for the Fridman approximation. Alternatively, we have
used a simple threshold reduction, by keeping the magnitude and shape of
the 0 → (j − i) cross section, but with a shift in the threshold to account for
the anharmonicity of the oscillator. This approach has been used for nitrogen
in [10] and compared with other hypotheses and more accurate cross section
calculations in [33]. Despite the differences between the different approaches,
the results and discussion by Colonna et al [33] strongly suggest that this simple
approximation is appropriate in the present context.
Different scaling laws can be used to obtain the unknown cross sections
and the determination of the best choice of cross sections for electron collisions
involving transitions between vibrational levels of CO2 is still subject to large
uncertainties. This subject will be further investigated in the future.
The rate constants for superelastic collisions are obtained from the KleinRosseland relation
σji (u) =

gi u + Eij
σij (u + Eij ) ,
gj
u

(4.4)

which represents the microscopic reversibility of the collision processes.

4.5

Maintenance electric field

The value of maintenance reduced electric field during the pulse is obtained
by solving the continuity equations for the positive ions CO+
2 , coupled to the
system of equations for vibrational levels and adopting the quasineutrality of
the discharge. The crucial requirement is that under steady-state conditions
the total rate of ionization must compensate exactly for the rate of electron loss
by ambipolar diffusion to the wall. In the presence of n species of positive ions,
the ambipolar diffusion coefficient for a certain species i, Da,i , reads
Pn+1
j=1

nj Dj

j=1

nj µj

Da,i = Di − µi Pn+1

i = 1, ...., n + 1,

where Di and µi are the free diffusion coefficient and the mobility for the species
i and the species with index n+1 corresponds to electrons [10]. Accordingly,
the values of Dn+1 and µn+1 are negative, as well as the value of the electron
density nn+1 = −ne . In the present case, the only positively charged particles
included in the model are CO+
2 ions and the expression above simplifies to the
usual expression [9]. In the calculation of the ambipolar diffusion coefficient we
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use the mobility of CO+
2 in CO2 given in [34], whilst the corresponding free
diffusion coefficients is calculated using the Einstein relation, as suggested in
[35].
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Figure 4.2: The electron density profile estimated from the temporal evolution of
the discharge current and electric field.

4.6

Results and discussion

This section presents and discusses the results of the model, together with the
comparison with pertinent experimental data reported in [15]. All the results
shown here correspond to the active part of the ‘single pulse’ measurement,
i.e., p = 5 Torr, I = 50 mA for a pulse of 5 ms and 150 ms off time (see
section 3.7), during the active part of the discharge. The calculated value of
the reduced electric field in these conditions is E/N = 55 Td, in excellent
agreement with the measured value at the end of the pulse, which is around
54 Td. Except otherwise noted, the measured time-resolved gas temperature
profile from [15] (reproduced in figure 4.9) is used as an input to the model,
while the electron density profile is estimated from the temporal evolution of
the discharge current and electric field, as discussed in section 3.2. To facilitate
the discussion, this set of conditions is hereafter referred to as the “reference
model.” The time-dependent electron density profile is shown in figure 4.2.
The steady-state value ensures the self-consistent calculation of the discharge
current to match the experimental value I = 50 mA.
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Figure 4.3: Normalized density of the CO2 (000 11) and CO2 (000 21) states during
the active part of a pulsed DC discharge at p = 5 Torr, I = 50 mA, ∆tpulse = 5 ms,
as a function of the discharge on-time. The symbols correspond to the experimental
values, whilst the solid lines correspond to the simulation results.

The temporal evolution of the calculated and measured normalized populations of the first two vibrationally excited levels of the asymmetric stretching
mode are presented in figure 4.3. Both the calculations and the experimental
data show a fast growth of the CO2 (000 ν3 1) populations in the first millisecond
of the pulse. Subsequently, the gas heating enhances the energy exchanges to
the translational degrees of freedom, leading to a population drop at about
1 ms. This can be confirmed by inspection of figures 4.4 and 4.5.
Figure 4.4 shows the time-evolution of the population of the CO2 (000 11)
level calculated from our reference model and when constant values of gas
temperature along the discharge pulse are considered. The results reveal a
higher population for this level at lower gas temperatures, in accordance with
the results from [8], demonstrating the importance of cooling down the gas for
an effective excitation of the asymmetric mode. Furthermore, the calculations
made at constant Tg do not exhibit a local maximum of the population at 1 ms
on-time, indicating that this effect is dominated by the modification of the V-V
and V-T rate coefficients with the gas temperature.
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Figure 4.4: Normalized density of the CO2 (000 11) states for the same conditions
as in figure 4.3. Closed black symbols correspond to the experimental values, while
the lines represent the simulation results calculated with different values of the gas
temperature.

Figure 4.5 shows the net contribution of the dominant populating and
depopulating mechanisms of the first level of the asymmetric mode, where
the full and dashed lines correspond, respectively, to net creation and net
loss mechanisms (i.e., the dashed lines are multiplied by -1). In the early
instants of the discharge, this level is mainly created by electron impact from
the ground-state,
e + CO2 (000 01)

e + CO2 (000 11) .

Once the population of the second asymmetric level becomes large enough,
V-V reactions within the asymmetric mode depopulating ν3 = 2 become the
dominant creation mechanism,
CO2 (000 21) + CO2 (000 01)

CO2 (000 11) + CO2 (000 11) .

Finally, as the gas temperature increases V-T deactivation to the bending and
symmetric modes starts to play an important role,
CO2 (000 11) + CO2
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-1 in the plot.

justifying the decrease in the population for on-times around 1 ms.
Panels a) and b) of the figure 4.6 show the time-dependent populations
of the first two levels of the symmetric mode and the first three levels of
the bending mode, respectively. The simulation results are in generally good
agreement with the experimental data, albeit predicting a slightly slower growth
of the populations as compared with the experiment. It can be observed from
the figures that the discrepancy is more prominent with the increase of the
quantum number. The reasons for this difference are not yet clear. Possible
explanations may involve more complex deconvolution procedures of the lumped
cross sections and/or an influence of vibrational transfers from the asymmetric
mode in collisions involving oxygen molecules or excited atoms. Ongoing
investigation should cast light into this question. Preliminary results point
towards a higher likelihood of the latter mechanisms, but at this stage it is
premature to draw definitive conclusions.
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Figure 4.7: Time-resolved vibrational distribution function of the lower vibrational
levels of the asymmetric mode, normalized to the ground-state density, a) in the active
CO2 discharge; b) during the post-discharge, for the same conditions as in figure 4.3.
Red dashed lines indicate the energies of the first five levels of the asymmetric mode.
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Figure 4.8: Time-resolved vibrational distribution function of the lower vibrational
levels of the bending mode, normalized to the ground-state density, a) in the active
CO2 discharge; b) during the post-discharge, for the same conditions as in figure 4.3.
Red dashed lines indicate the energies of the first five levels of the bending mode.
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Figure 4.7 shows the calculated vibrational distribution function (VDF) of
the levels in the asymmetric mode during the discharge a) and afterglow b).
Clearly, the VDF deviates from a Boltzmann distribution during the discharge,
in contrast with the afterglow regime, where a Boltzmann distribution is quickly
established, although a complete thermalisation only takes place at times
∼ 10−3 − 10−2 s. On the other hand, the VDF of the bending mode exhibits
a Boltzmann distribution both during the active discharge and the afterglow
regime, as shown in figures 4.8a) and 4.8b), respectively. The excitation of
the bending mode during the pulse is slower than what is observed in the
asymmetric mode, whilst the behavior in the post-discharge is similar for both
modes with comparable thermalization times.
The degree of vibrational excitation and non-equilibrium of CO2 can be
characterised by the “temperatures” of each normal mode, calculated from the
populations of the corresponding excited levels. In particular, the characteristic
temperature of the asymmetric mode, T3 , is obtained by fitting the calculated
densities of the CO2 (000 ν3 =1-5) levels to a Treanor distribution, while the
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characteristic temperature of the effective symmetric (which include the Fermi
resonant states) and bending modes, T1 and T2 , respectively, are obtained from
simple Boltzmann plots. Figure 4.9 shows the time evolution of the calculated
three temperatures along the discharge pulse, together with the values for
T3 and T1,2 , obtained experimentally, where T1,2 is a common temperature
assumed for the symmetric and bending modes [15]. The simulation results
confirm the validity of the assumption that the temperatures T1 and T2 are
nearly the same, associated with the Fermi resonance between the symmetric
and the bending modes of vibration and with the similarity of the energies
and rate coefficients involving Fermi and non-Fermi bending levels. Therefore,
the two characteristic temperatures T1,2 and T3 suffice for a simple description
of the extent of vibrational excitation. For the conditions under analysis, T3 ,
exhibits a fast elevation of 500 K above Tg and T1,2 in good agreement with the
measurements, confirming the preferential excitation of the asymmetric mode
and the strong non-equilibrium nature of the discharge.
The influence of the electron density temporal profile (ne ) used as input
to our simulations can be asserted by inspection of figure 4.10, showing the
measured and calculated effective temperatures of the asymmetric mode, T3
using the reference model and three different values of ne kept constant along
the full duration of the pulse. Inspection of the figure confirms that considering
the constant steady-state value of the electron density along the pulse yields
the correct final result for T3 , as it should, but leads to an overestimation
of the temperature up to times of the order of 10 ms. On the other hand,
the simulation performed with an electron density of 2.5 × 109 cm−3 leads
to the same predictions as the reference model for times up to ∼ 5 × 10−4 s,
but produces underestimated values of T3 at the end of the discharge pulse.
Naturally, taking a constant value ne = 5 × 109 cm−3 results in an intermediate
situation as compared to the two extreme cases. Figure 4.10 shows that a good
qualitative description can be made assuming a constant electron density along
the discharge pulse, but that quantitative analysis must take into account more
realistic temporal profiles for ne .

4.7

Conclusions

The present work studies the state-to-state kinetics of the first 72 low-lying
levels of CO2 plasma during the active discharge, corresponding to ν1max = 2,
ν2max = 5 and ν3max = 5 with energies up to about 2 eV. The model was validated
by comparing the calculated populations with the time-resolved in situ FTIR
measurement realized in a pulsed DC glow discharge [15]. Mechanisms related
to the V-V and V-T energy exchanges were previously examined in the study
of the CO2 afterglow presented in chapter 3. To describe the active discharge,
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a detailed set of electron-impact excitation and de-excitation processes is added
to the list of reactions taken into account previously in the post-discharge.
The very good agreement between the model predictions and the experimental results validates the correctness of our description, despite some differences
persisting in the time-evolution of the populations of the symmetric and bending excited states. The present results confirm the non-equilibrium nature of
low-pressure CO2 plasmas, with a characteristic temperature of the asymmetric
vibration mode, T3 well above the vibrational temperatures of the other two
modes and of the gas temperature, Tg . T3 exhibits a maximum during the
discharge pulse, which for the conditions under study (pressure p = 5 Torr and
discharge current I = 50 mA) occurs at about 1 ms on-time, strongly connected
with the gas heating along the pulse and the increased contribution of V-T
deactivation with Tg .
The investigation further corroborates the validity of the often made assumption of equality of the vibrational temperatures of the symmetric and bending
modes, T1,2 . This opens the possibility of using a state-to-state approach to
benchmark and establish domains of validity of three-temperature (Tg , T12 and
T3 ) macroscopic descriptions of CO2 plasmas trying to capture some essential
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features of non-equilibrium phenomena, as it has been done for the case of nitrogen [36]. If the appropriate conditions are met, such semi-empirical approaches
can be useful for reducing the computational cost of handling a large number
of elementary processes
Future work will analyse in detail some of the assumptions made here,
such as the procedure for deconvolution of lumped cross sections, Fridman’s
approximation and the scaling laws for missing electron-impact processes, the
assumptions regarding the electron density profile, or the utilisation of the
vibrational resonant excitation cross section from [19]. Work is in progress to
extend our investigation to higher excitation regimes, in order to study both
electron impact and vibrational dissociation of CO2 , which do not play a relevant
role in the conditions studied in this work. This task involves many challenges.
For instance, electron impact collisions with all dissociation by-products must
be included, as well as vibrational energy exchanges between different partners
(CO2 -CO, CO2 -O, CO-CO, etc.). The effect that the extended vibrational
ladder will have on the EEDF should also be taken into account, following, e.g.,
the procedure described in [37]. Another complex endeavour is to validate the
scaling methods for the calculation of V-V and V-T rate coefficients appropriate
for the higher excitation, since the first-order perturbation theories used in
this work, namely SSH and Sharma Brau, do not provide a valid description
of these exchanges at high temperatures and high vibrational numbers. Such
a comprehensive model will offer a valuable insight into fundamental reaction
mechanisms in CO2 plasmas.
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Chapter 5

Modelling of the time-dependent
gas temperature in low-pressure
CO2 discharges and
post-discharges
This chapter presents a modelling study of the time-dependent variation of
the gas temperature in a millisecond DC pulsed discharge and its afterglow in
CO2 . A self-consistent model is developed based on the solutions to the timedependent gas thermal balance equation under the assumption of a parabolic
gas temperature profile across the discharge tube, coupled to the electron and
vibrational kinetics. The calculations are validated through a comparison with
experimental data obtained before by time-resolved FTIR in pulsed DC glow
discharges at p = 5 Torr and I = 50 mA. Additionally, modelling results are also
compared with the gas temperature measured in this work by rotational Raman
spectroscopy in continuous DC CO2 discharges at pressures p = 1 − 5 Torr
and current I = 40 mA. The very good agreement with the experimental data
confirms the validity of the model and of the reaction mechanism proposed.
The results show that the dominant gas heating mechanisms are the vibrational
energy exchanges.
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5.1

Introduction

Gas temperature and heat transfer mechanisms in plasmas are important for
fundamental research and many applications. In fact, small variations in the gas
temperature may greatly affect the processes therein, since the rate coefficients
of chemical reactions and diffusion coefficients are strongly dependent on this
parameter [1]. Moreover, the gas temperature has an indirect impact on the
value of the reduced electric field (E/N ) at constant pressure [1, 2].
Many works have been dedicated to the determination of gas temperature
in plasmas, developing different theoretical approaches [3, 4], experimental
methods [5–8] or both [4, 9–13], focusing on different systems such as nitrogen
[3, 9, 13], air [3, 11, 14–16], argon [4, 17], hydrogen [5] etc. Modelling of energy
transfer in plasmas is particularly important for understanding the gas heating
mechanisms. According to the plasma system under study, gas temperature
calculations can be based on the solutions to the gas thermal balance equation
under steady-state [9, 10, 17, 18] or time-dependent situations[11–13, 15]. For
the formulation of the gas thermal balance equation it is important to determine
the main gas heating mechanisms for a given plasma discharge. These processes
include volume heating sources from elastic collisions between electrons and
heavy particles, electron-ion recombination and exothermic reactions between
heavy particles. The presence of the wall can also affect greatly the heat
transfers. In principle, one should consider the diffusion of metastable states,
neutralization of ions and atomic recombination at the wall. The contribution
of different processes is determined by the plasma operating conditions and
gaseous composition. While in some plasmas heating is dominated by the
processes at the wall, as in microwave discharges in argon [17], in microwave
and glow discharges in pure N2 the main sources of gas heating are vibration-tovibration (V-V) and vibration-to-translation (V-T) energy exchanges involving
vibrationally excited molecules [9] or both, as in air plasmas [11, 19].
To the best of our knowledge, only a few studies have been dedicated to the
calculation of the temperature dynamics in CO2 plasmas. In recent years, CO2
plasmas have been extensively studied, motivated by the ongoing interest in
novel solar fuels [20, 21]. The ultimate aim of widening the understanding of
different kinetic mechanisms involves the detailed knowledge of the heat transfer
mechanisms in CO2 plasmas. Furthermore, the surface kinetics is highly affected
by the temperature near the wall and the neutral density in the plasma depends
directly on the temperature, for a given pressure [22]. This chapter presents
a modelling study of the time-dependent evolution of the gas temperature in
a CO2 millisecond pulsed DC glow discharge, extending the model presented
in chapters 3 and 4 of this thesis. The discharge is produced in a cylindrical
tube of radius R = 1 cm at low pressures (p = 5 Torr) and current I = 50 mA.
The modelling results are compared with experimental data obtained by in situ
infrared absorption spectroscopy (presented in chapter 3). Additionally, the
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model is validated through a comparison with the new measurement presented
in this chapter, employing rotational Raman spectroscopy in a continuous DC
discharge at p = 1 − 5 Torr and I = 40 mA.
The next section is devoted to the formulation of the time-dependent heat
transfer equation. The details of the model are presented in section 5.3, together
with the relevant data on the thermal conductivity and heat capacity for CO2 ,
which are input to the model. The main mechanisms taken into account are
detailed as well. The results of our simulation are analyzed in section 5.4,
including the self-consistent calculations of the gas temperature during the
pulse and the afterglow. The temporally resolved gas temperature is validated
through a comparison with the experimental data. Finally, the main conclusions
are summarized in section 5.5.

5.2

Heat transfer equation

Under isobaric conditions and assuming that heat conduction is the predominant
cooling mechanism, the gas temperature T (r, t) is described by

nm cp

∂T
= λg ∇2 T + Qin ,
∂t

(5.1)

where cp is the molar heat capacity of the gas at constant pressure, λg is the
thermal conductivity, nm is the molar density and Qin is the total net power
per volume unit transferred to gas heating [11].
In the discharge under study, the plasma is axially homogeneous. Therefore,
the model considers a radially averaged gas temperature, Tg (t), given by

Tg (t) =

1
πR2

Z

2π

Z

R

T (r, t)r dθdr,
0

(5.2)

0

where R represents the tube radius.
A further assumption usually considered for the discharges under study is
that the gas temperature has a parabolic radial profile of the form

T (r, t) = T0 (t) − (T0 (t) − Tw )

 r 2
R

,

(5.3)

where T0 (t) and Tw denote the gas temperature at the tube axis and at the
wall, respectively. Taking this into account, equation (5.2) reduces to
Tg (t) =
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1
(T0 (t) + Tw ) .
2

(5.4)

5.3. Model details
Now we can write the derivative in equation 5.1,


∂T
4λg (Tw − T0 )
1 ∂
.
r
=
λg ∇2 T = λg
r ∂r
∂r
R2

(5.5)

Replacing T0 from equation (5.4), we have
nm cp

∂Tg
8λg (Tw − Tg )
=
+ Qin .
∂t
R2

(5.6)

Under steady state conditions, this expression takes the form
Qin =

5.3

8λg (Tw − Tg )
.
R2

(5.7)

Model details

From the previous discussion, it is clear that the first step in finding the solutions
of the heat balance equation is to identify the required input thermodynamic
data: the thermal conductivity and the heat capacity. Next, it is crucial to
include all the relevant heating and cooling mechanisms.
The subject under study here is the discharge that was investigated in
chapters 3 and 4 with the same reaction kinetics, but with one additional
differential equation for the gas temperature, coupled with the rest of the
system. Whilst in 3 and 4 the measured temporally resolved gas temperature
was given as an input to the model, here the Tg (t) is calculated from (5.1),
together with the densities of different vibrationally excited states of CO2 .

Thermodynamic data
The thermal conductivity λg and the molar heat capacity cp are both input
to equation (5.6) and at the same time are dependent on the gas temperature.
Different data can be found in the literature, obtained theoretically [24, 27, 30,
31] or experimentally [23]. Usually the calculated parameters do not account
for the non–equilibrium nature of plasma. However, many works focused on the
heat transfer in plasmas have described the temperature dynamics very well by
using the simple thermal conductivity and heat capacity without including the
contribution from the vibrational and electronic degrees of freedom [11, 13, 32],
as these contributions are expected to be small in the usual discharge conditions.
Moreover, under the conditions studied in this work, λp and cp are reported
to be pressure independent [30, 33]. A general formulation for non-equilibrium
conditions is given in [27, 34].
Figure 5.1 illustrates the thermal conductivity of CO2 as a function of the
gas temperature, published in different works. It is easily seen that for the
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Figure 5.1: Thermal conductivity of CO2 as a function of the gas temperature
according to Gupta [23], Vesovic et al [24], Kozák and Bogaerts [25], NASA technical
report [26] and Kustova and Nagnibeda [27].
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Figure 5.2: Temperature dependence of the molar heat capacity of CO2 according
to the Engineering ToolBox [28], Kozák and Bogearts [25] and NASA technical report
[29].

temperature range important for this work (up to 1000 K), there is a good
agreement among different sources. For instance, the work published by Vesovic
et al [24] shows the spread of data obtained by different authors covering the
temperature range between 186 K and 1350 K. The data were recently fitted to
the expression
λg = 0.071 Tg − 2.33 [10−5 Wcm−1 K−1 ],
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and used for calculating the heat transfer mechanisms in CO2 plasmas in [32].
A very extensive set of transport property data for various gases and their
mixtures is documented in [26], providing coefficients to calculate the thermal
conductivity given by the formula

ln λg = A ln Tg +

B
C
+ 2 + D [Wcm−1 K−1 ],
Tg
Tg

(5.9)

obtained by fitting the data. The fitting parameters for a large temperature
range are given in table 5.1. The calculations of Kustova and Nagnibeda [27]
apply to strongly non–equilibrium conditions, therefore they include various
contributions to thermal conductivity, i.e. λ(Tg ) = λtr + λrot + λvib,12 + λvib,3
corresponding to the translational, rotational, and vibrational degrees of freedom.
The corresponding thermal conductivity shown in figure 5.1 represents their
results in the case of thermal equilibrium, i.e. Tg = T12 = T3 , which are in
a satisfactory agreement with the other sources. In highly non–equilibrium
plasmas the contributions of vibrational degrees of freedom depend not only on
the gas temperature, but also on the vibrational temperature, and may affect
greatly the total thermal conductivity [27, 34].
The molar heat capacity cp , retrieved from [28, 29, 32] is depicted in figure
5.2. It can can be seen that the theoretically obtained data from the Engineering
toolbox [28] and NIST-JANAF [29] databases match very well. The NISTJANAF thermochemical tables provide a large amount of data for different
gases. In case of CO2 , the molar heat capacity can be described by the Shomate
equation,
cp = A + B · t + C · t2 + D · t3 + E/t2 [Jmol−1 K−1 ],

(5.10)

where t = Tg /1000 and the coefficients A, B, C and D are given in table 5.1.
The heat capacity used in the work of Kozák and Bogaerts [32] represents the
modified data from the NIST-JANAF report in such a way that the contribution
due to translational and rotational degrees freedom, as well as the vibational
symmetric mode levels are taken into account [32, 35].
In the present work, the radially averaged gas temperature is always below
700 K, and above the room temperature. Therefore, we may conclude from
figures 5.1 and 5.2 that in that temperature range no distinction can be made
between the different sources analysed and any of them can be used. However,
for modeling different plasma configurations where higher temperatures are
reached, one should consider carefully the contributions of the internal degrees of
freedom and undertake a thorough analysis of the data available in the literature
for higher temperature range. Here we have used the thermal conductivity from
[32] and the molar heat capacity from [29].
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Table 5.1: Thermal capacity and specific heat retrieved from different sources.
λ [10−5 Wcm−1 K−1 ]
0.071 Tg − 2.33

Reference

Temperature (K)

[24, 32]

200 - 1350

exp(0.0514 ln Tg − 47.445/Tg + 3129.593/Tg2 + 0.341)

[26]

300 - 1000

exp(0.0675 ln Tg − 11.284/Tg − 6913.262/Tg2 + 0.204)

[26]

1000 - 5000

−10.05 + 9.04 · 10−2 Tg − 13.58 · 10−6 Tg2

[23]

373 - 1350

[29]

298 - 1200

58.17 + 2.72 · t − 0.49 · t2 + 0.039 · t3 − 6.45/t2

[29]

1200 - 6000

16.25 + 81.18 · t − 62.88 · t2 + 17.65 · t3 + 0.16/t2

[32]

300 - 1200

5839 − 2.59 · t + 1.39 · t2 − 0.26 · t3 − 4.82/t2

[32]

1200 - 3000

b

[28]

250 - 2000

cp [Jmol−1 K−1 ]
a

24.997 + 55.19 · t − 33.69 · t2 + 7.95 · t3 − 0.14/t2

61.23 − 40.92 exp(−T /560.18)

a

t=temperature (K)/1000.
The data are retrieved from [28] where they cover the range of 175 - 6000 K. For
convenience, the data are fitted in this work to the expression in the table, covering the gas
temperature range of 250 - 2000 K.
b

Heat transfer mechanisms in CO2
The time-evolution of Tg in a plasma is governed by different elementary processes. For millisecond pulsed discharges, the populations of CO2 vibrational
levels become important, leading to energy exchanges that contribute significantly to the gas temperature increase during the discharge and to its relaxation
in the afterglow. Our simulations are based on a 0D kinetic model that determines the solutions of a coupled system of time-dependent rate balance
equations for ∼70 vibrational levels of CO2 . The collisional data used in this
work are detailed in [36, 37] and references therein. Once the solutions are
known for some pulse duration, they are used as initial conditions for the same
system of equations to obtain the solutions corresponding to the afterglow, with
the assumption that electron impact processes are negligible.
In the present work, the term Qin in equation (5.6) includes: i) the power
transferred from the electrons to the heavy particles in elastic collisions; and ii)
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the power consumed or released in heavy particle reactions. The only heavy
particle interactions considered in the model are vibration–translation (V-T)
and vibration–vibration (V-V) energy exchanges, including the non-resonant
V-V processes. The contributions i) and ii) may be calculated in the following
way.
The elastic collisions of electrons with CO2 molecules, Qel , is calculated
from the average energy transferred to CO2 molecules, Pel :
Qel = ne [CO2 ]Pel ,

(5.11)

where ne and [CO2 ] are the densities of electrons and CO2 , respectively, and Pel
is calculated from the integration of the electron energy distribution function
(EEDF) over the electron energy and the electron cross section for momentum
transfer. The EEDF is calculated using the two-term Boltzmann solver LoKI
[38].
The heating contribution originating from the interactions between vibrationally excited CO2 molecules may be represented in a general form
X
QV T = [CO2 ]
kV T [CO2 (ν)]∆EV T ,
(5.12)
ν

and
QV V =

X

kV V [CO2 (ν)][CO2 (ω)]∆EV V ,

(5.13)

ν,ω

where kV T and kV V represent the rate coefficients for the corresponding vibrational energy exchanges, and ∆EV T and ∆EV V are the energies released in a
single reaction, i.e. the difference between the energies of the reaction products
and the energies of the reactants, CO2 (ν) and CO2 (ω) present generic CO2
vibrational levels. The full list of processes taken into account in (5.12) and
(5.13) is given in chapters 3 and 4.

5.4

Results and discussion

FTIR study: single-pulse experiment
This section analyses the calculated time-resolved gas temperature in a lowpressure CO2 plasma. The results of the simulations are validated by comparing
the calculated gas temperature with the experimental data obtained from timeresolved in situ Fourier transform infrared spectroscopy (FTIR) in a pulsed DC
glow discharge, with 5 ms plasma-on time and 150 ms off time, at p=5 Torr
and I =50 mA. The inner tube diameter of the reactor is 2 cm. The experiment
is detailed in [8]. Due to a high flow rate and a long off time, all dissociation
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Figure 5.3: Temporal evolution of the radially averaged gas temperature Tg for a
pulsed discharge in CO2 at a pressure of 5 Torr with a pulse duration of 5 ms and
a current of 50 mA and the corresponding afterglow. The solid line represents the
modelling results, whereas the symbols are experimental data.
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Figure 5.4: Heating rates of the V-V and V-T mechanisms in a 5 ms pulsed discharge
in CO2 at pressure of 5 Torr and current of 50 mA and the corresponding afterglow.

products leave the reactor between two subsequent pulses. For this reason, the
experiment is suitable for the comparison with the present model that does
not include chemical kinetics and species other than electrons and vibrationally
excited CO2 [36, 37, 40].
The calculated temporal evolution of the radially averaged gas temperature
is shown in figure 5.3 together with the measured data. For the reduced electric
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Figure 5.5: Time-resolved gas heating rates of the most important mechanisms in a
5 ms pulsed discharge in CO2 at p = 5 Torr and I = 50 mA.
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Figure 5.6: Temporal evolution of the fractional power transferred to gas heating
during the pulse of a CO2 DC discharge, operated at p = 5 Torr and I = 50 mA.

field, we have used in our simulation the measured value of E/N = 55 Td. The
wall temperature, Tw , which is an input parameter to our model (see equation
(5.6)), is assumed to have a constant value of 350 K. Clearly, the calculated gas
temperature compares very well with the experiment, with some observable
discrepancies in the active part, especially during the last 2 ms of the pulse.
The good agreement of the predictions with the measured data implies that
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Figure 5.8: Temporal evolution of the radially averaged gas temperature Tg in CO2
during the active discharge. The different curves correspond to calculations made
imposing different wall temperature values as input: (—) 500 K; (- - -) 350 K; (– · –)
dependence on Tg from [39]. The symbols represent the experimental data.

the role of vibrational kinetics is paramount in gas heating mechanisms in CO2
plasma under the studied conditions.
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The contributions of V-T and V-V mechanisms to gas heating are plotted in
figure 5.4 during the pulse and the afterglow. As seen in the figure, the heating
rates increase steadily in the first ∼ 2 ms of the pulse, when a saturation is
reached. The elastic collisions between electrons and CO2 molecules contribute
insignificantly to gas heating with ∼ 1%.
Heating rates of the most important reactions for gas heating during the
pulse and the afterglow are reported in figure 5.5. Clearly, the highest gas
heating rates correspond to the vibrational energy exchanges involving the
bending and symmetric vibrational modes. In the first instants of the pulse,
the dominant contribution to gas heating is due to the following reaction
CO2 (011 0) + CO2

↔ CO2 (000 0) + CO2 ,

(5.14)

with a relative contribution of ∼ 60% at the very beginning. After t = 1 ms the
dominant reaction for gas heating is
CO2 (011 0) + CO2 (033 0)

↔ CO2 (000 0) + CO2 (022 0),

(5.15)

contributing with ∼ 30% to the total heating rates.
The fractional power spent on gas heating, ηR , obtained as the ratio between
the total gas heating rate and the discharge power, i.e. the power gained by
the electron from the applied field, is reported in figure 5.6. The power that
electrons gain from the electric field is obtained using the Boltzmann solver
LoKI [38], whilst the electron density used in the model is reported in chapter
4. The figure shows that ηR grows in the first ∼ 2 ms, after which its value
remains in the range of 30-35%.
Figure 5.7 plots the time-dependent variations of the absolute densities of
the vibrational ground state CO2 (X 1 Σ+ ) and of the first vibrational states
of the different vibrational modes. During the pulse, the concentrations of
CO2 (100 0) and CO2 (011 0) increase steadily, with a slightly faster growth in the
first millisecond of the discharge. The very high density of CO2 (011 0) has an
impact on the gas heating rates, as it can be seen by the high contributions from
reactions (5.14) and (5.15). The characteristic behavior of the first asymmetric
level of excitation, as reported in chapter 4 is also evident in our current
calculation. Its population increases rapidly during the pulse and at t ∼0.7 ms
it reaches the highest value, decreasing afterwards. A detailed analysis of this
phenomenon is given in [37, 40].
To test the sensitivity of the model to the value of Tw , we have performed
calculations for the active part of the discharge using different values for the
wall temperature, Tw = 500 K (full curve) and Tw = 350 K (dashed curves), as
well as assuming a temporal evolution of Tw dependent on the gas temperature,
as suggested in some recent works [22, 39]. The results are shown in figure 5.8.
It can easily be seen that using Tw = 500 K, we obtain a very good agreement
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Figure 5.9: Calculated temporal evolution in CO2 for pressures of 1 Torr (green)
and 5 Torr (blue). The wall temperature in both cases is 350 K and the pulse duration
is 5 ms.

with the experiment up until t = 4 ms. However, this value seems unrealistically
high. Calculations made with the Tw dependent on the gas temperature as
suggested in [39] yield overestimated values of Tg for later times of the discharge.
This approach is, however, rather attractive, especially for time-resolved studies
as it models the wall temperature more realistically, describing its dependence
on Tg .
The calculated temporal evolutions of Tg in CO2 at two different pressures,
1 and 5 Torr, are shown in figure 5.9. As expected, at 5 Torr the gas gets much
hotter, 200 K higher at the end of the pulse. The relaxation in both cases shows
a similar behavior, being slightly slower at higher pressure, as expected.
The modeling results for longer afterglow times are shown in figure 5.10. It
is easily seen that a complete relaxation takes place at ∼35 ms. Additionally, we
have calculated the temperature as a function of time for two hypothetical cases:
i) the afterglow where only the heat conduction is taken into account, meaning
that the term Qin is discarded from equation (5.6); ii) Tg calculated only for
the active discharge for longer times. We can observe that the temperature
decay becomes faster when only the heat conduction is included, which is due to
the neglected heat transfers originating from the vibrational energy exchanges.
Figure 5.10 also shows that the temperature becomes constant after 20 ms of
the pulse duration, meaning that at that time the vibrational kinetics reaches
steady-state conditions.
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Figure 5.10: Radially averaged gas temperature Tg in a CO2 discharge with p =
5 Torr and I = 50 mA during a 5 ms pulsed plasma and the corresponding afterglow
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conduction is taken into account in the afterglow (black dashed–dotted curve); (3) The temporal evolution of Tg during the active part, shown for times longer than the
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Figure 5.11 depicts the cooling rate as a function of time, in the pulse and
the corresponding afterglow. Clearly, the shape is very similar to the modeling
results shown in figure 5.10. The cooling rate depends on λg and the gas
temperature relative to the temperature at the inner wall. For this reason, it
shows the same behavior, increasing in the active part, and decreasing in the
afterglow.

Rotational Raman scattering measurements: Continuous DC
discharge
To extend the study of the gas temperature dynamics in a CO2 discharge,
we have measured rotational Raman spectra in continuous CO2 plasmas at
pressures of p = 1 − 5 Torr, and I = 40 mA, at constant flow of 7.4 sccm.
The CO2 glow discharge was ignited in a cylindrical Pyrex tube with a 2 cm
inner diameter and 23 cm length. Raman scattered light is collected from the
focal point of a pulsed Nd:YAG laser (532 nm, 100 mJ/pulse, 100 Hz), focused
inside the reactor. Rayleigh scattered and stray light is removed by using a
volume Bragg grating, after which the remaining light enters a spectrometer
and is detected by an ICCD camera. The rotational Raman spectra are fitted
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Figure 5.11: Cooling rate by heat conduction in a 5 ms pulsed discharge in CO2 at
pressure of 5 Torr and current of 50 mA and the corresponding afterglow.

to determine the rotational temperature. The setup is described in previous
publications [6, 41], dedicated to the Raman study in similar discharges operated
in a pulsed regime.
The main difference between the continuous plasma and the single-pulse
experiment lies in the influence of the chemical kinetics. Indeed, in the singlepulse experiment the conditions are tailored in such a way to ensure the absence
of dissociation products. On the other hand, in continuous plasma there is a
noticeable dissociation of CO2 , typically of the order of 20% [6], so that O, O2
and CO are present. Therefore, a fully accurate description of a continuous
CO2 plasma should include the collisions between electrons and CO2 , CO and
O2 ; all the V-V and V-T energy exchanges in a CO2 /CO/O2 system; and the
kinetics of O atoms. Although our model is lacking the full kinetics of such
plasma, it is of interest to compare the simulation results to the measurements,
in order to estimate the significance of the processes included in the model,
namely, the role of the vibrational kinetics of CO2 .
The gas temperatures are determined for several pressures from the range
of 1-5 Torr, as shown in figure 5.12. The modeling results are obtained for the
experimental conditions of current and pressure, which are input parameters in
our calculations. As expected, the temperature rises as the pressure increases.
It can be seen that the model predicts very well the gas temperature in a
continuous CO2 plasma. The good agreement obtained despite the fact that
the model does not account for the amount of CO, O2 and O present in the
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discharge in CO2 , operated at p = 1 − 5 Torr and I = 40 mA. The measured values
are represented by the orange symbols. Calculation are performed using Tw = 350 K
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discharge, suggests the dominance of the V-V and V-T mechanisms in the heat
transfers to the gas. In fact, the excess of CO2 in our modelling system seems
to compensate almost exactly for the missing processes.

5.5

Conclusions

This chapter presents a self-consistent model that provides the time-dependent
radially averaged gas temperature both in a millisecond pulsed and in a continuous CO2 discharge. The model is based on the coupled solutions to the
gas thermal balance equation, the electron Boltzman equation and a system
of rate balance equations for ∼70 CO2 vibrational levels. The calculations are
made for a cylindrical geometry. The temperature dependence of the thermal
conductivity and the heat capacity is taken into account and a modest overview
of these parameters available in the literature is included.
The validation of the model is done through a comparison with two different
experiments. The first one is an in situ FTIR study in a millisecond pulsed
DC discharge, whilst the second experiment is a rotational Raman study in a
continuous plasma. A very good agreement between modelling predictions and
measurements is obtained in the first case, where the temporal evolution of the
gas temperature matches very well the measured data. The good agreement
127

Chapter 5. Modelling of the time-dependent gas temperature in CO2
implies that the vibrational kinetics dominates the energy transferred to gas
heating in the single-pulse experiment and confirms the reaction mechanism
proposed in [36] and [37].
The second experiment corresponds to a different plasma, containing dissociation products, therefore, including the influence of the corresponding chemical
kinetics, that is excluded in our model. However, a very good agreement between the measurements and the simulation is still obtained. This implies the
importance of the V-V and V-T processes for the heat transfers in a CO2 plasma.
Moreover, it suggests the validity of using the present simplified model as a tool
to calculate the gas temperature in CO2 operating in more complex conditions.
Future work should include the dissociation of CO2 molecules and chemical
kinetics in a CO2 /CO/O2 /O system, including the corresponding vibrationally
excited states and energy exchanges between them in order to accurately describe and to fully understand the heating mechanisms in a non-equilibrium
CO2 plasma.
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Chapter 6

A rotational Raman study under
non-thermal conditions in pulsed
CO2-N2 and CO2-O2 glow
discharges

This chapter employs in situ rotational Raman spectroscopy to study the effect
of N2 and O2 addition to CO2 in pulsed glow discharges in the mbar range.
The spatiotemporally resolved measurements are performed in CO2 and 25%,
50% and 75% of N2 or O2 admixture, in 5-10 ms on-off cycle, 50 mA plasma
current and 6.7 mbar total pressure. The rotational temperature profile is
not affected by adding N2 , ranging from 400 K to 850 K from start to end
of the discharge pulse, while the addition of O2 decreases the temperature
at corresponding time points. Molecular number densities of CO2 , CO, O2
and N2 are determined, showing the spatial homogeneity along the axis of
the reactor and uniformity during the cycle. The measurements in the N2
containing mixtures show that CO2 conversion factor α increases from 0.15 to
0.33 when the content of N2 is increased from 0% to 75%, demonstrating the
potential of N2 addition to enhance the vibrational pumping of CO2 and its
beneficial effect on CO2 dissociation. Furthermore, the influence of admixtures
on CO2 vibrations is examined by analysing the vibrationally averaged nuclear
spin degeneracy. The difference between the fitted odd averaged degeneracy
and the calculated odd degeneracy assuming thermal conditions increases with
the addition of N2 , demonstrating the growth of vibrational temperatures in
CO2 . On the other hand, the addition of O2 leads to a decrease of α, which
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might be attributed to quenched vibrations of CO2 , and/or to the influence of
the back reaction in the presence of O2 .1

1 The results presented here are published as A rotational Raman study under non-thermal
conditions in pulsed CO2 -N2 and CO2 -O2 glow discharges, M. Grofulović, B. L. M. Klarenaar,
O. Guaitella, V. Guerra, and R. Engeln, 2019 Plasma Sources Science and Technology, 28,
045014.
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Introduction

Reduction of carbon-dioxide for solar fuels production is a matter of large
scientific and industrial interest [1]. Non-thermal plasmas are a promising
candidate to achieve efficient dissociation of CO2 , as they offer a selective
activation of certain chemical processes [2]. Vibrational excitation, for instance,
may lead to the dissociation of CO2 molecules without a significant amount of
kinetic energy. A large number of publications have addressed this issue, both
experimentally [3–5] and theoretically [6–11], often highlighting the relevance of
the selective excitation of the asymmetric stretch vibration of CO2 . Furthermore,
N2 addition might be interesting per se, as it can have a positive repercussion
on CO2 dissociation.
Some recent works have studied CO2 -N2 mixtures, motivated mostly by
reentry problems [12, 13] and by their application to CO2 conversion [14–17].
In the latter case, the reason for considering the effect of N2 is twofold. Firstly,
N2 is the main impurity in most industrial gasflows, so the influence it may
have on the kinetics and chemistry of a plasma has to be considered. Secondly,
the vibrational energy transfer from vibrationally excited N2 to the asymmetric
mode of CO2 can be beneficial for vibrational dissociation of CO2 . Vibrationally
excited N2 serves as an energy reservoir due to a high degree of vibrational
excitation that can be easily reached and very slow relaxation, which may
strongly affect the plasma properties [18]. The effect it has on CO2 vibrations
is well-known from the studies of CO2 -N2 maser/laser systems in the 60’s
[19–22], reporting that the selective excitation of the asymmetric mode of CO2
by nearly resonant vibrational energy transfers from N2 enhances lasing power.
Current research on plasma-based CO2 conversion in presence of N2 is done
with dielectric barrier discharges (DBD)[14–16] and microwave plasmas (MW)
[17], with the main focus on increasing the CO2 conversion rate and energy
efficiency.
This work addresses the experimental investigation of a pulsed glow discharge
in CO2 -N2 in the mbar range. The investigation is further extended to CO2 -O2
mixtures, since the effect of O2 is relevant for CO2 conversion, given that O2
is a product of CO2 dissociation. Despite having fairly low conversion and
energy efficiencies, glow discharges are easily accessible for different diagnostics
and proved to be very convenient for validation of complex numerical models
[6, 23, 24].
The study conducted in the present work employs rotational Raman spectroscopy, which provides spatiotemporally resolved rotational temperatures
(Trot ) and number densities of heavy particles in the plasma. Utilization of
rotational Raman spectroscopy has been demonstrated for measuring rotational
temperatures in CO2 in DBD discharges [25, 26]. In a recent work by Klarenaar
et al [4], this technique was performed in a CO2 glow discharge in the mbar
range. The obtained Trot and composition were shown to be in good agreement
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Figure 6.1: a) Schematic representation of the Raman setup. Raman scattered light
is collected from the focal point of a pulsed Nd:YAG laser, focused inside the reactor.
Rayleigh scattered and stray light is removed by using a volume Bragg grating, after
which the remaining light enters a spectrometer and is detected by an ICCD camera.
b) The clock of the laser is used for triggering of the plasma power supply and the
intensifier (figure courtesy of B. L. M. Klarenaar).

with the FTIR study [3] and to have good spatial homogeneity over the length
of the reactor. The present study is performed on the same reactor, under equal
operating conditions and using the same experimental setup as in [4]. The
ability of detecting numerous Raman active molecules in the spectral range
of a single measurement makes rotational Raman spectroscopy pertinent for
investigating gas mixtures. Furthermore, rotational Raman spectroscopy is used
to gain insight on vibrational excitation of CO2 . Vibrations of CO2 molecules
affect its nuclear degeneracy, which can be expressed by a ratio between the
intensity of even and odd numbered CO2 peaks [4, 27]. Hence, this ratio is used
to inspect the effect of N2 addition on CO2 vibrations.
The organization of this chapter is the following. Section 6.2 gives a general
description of the experimental setup and measurement procedure employed
in this work. The analysis of the rotational temperature and relative gas
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composition in different gas mixtures is presented in section 6.3. Section 6.4
discusses the observed impact of admixtures on vibrational excitation and
dissociation of CO2 . Finally, the conclusions are given in section 6.5.

6.2

Experiment

The reactor used in the experiment is made of pyrex. It is cylindrically shaped
with a 2 cm inner diameter and a length of 23 cm, while the electrodes are
placed 17 cm apart (see figure 6.1a). It is operated under flowing conditions
using CO2 , N2 and O2 inflows, controlled at 7.4 sccm total flow rate and a
constant pressure. Unless otherwise noted, the pressure is kept at 6.67 mbar
with a discharge current of 50 mA. All the measurements were performed with
5 ms plasma-on time and 10 ms off time.
A complex optical setup is used to focus the light of a pulsed Nd:YAG laser
(532 nm, 100 mJ/pulse, 100 Hz) inside the plasma reactor resulting in a beam
waist of 70 µm. Rayleigh scattered and stray light is removed by using a volume
Bragg grating, which acts as an ultra-narrow-band notch filter. The light is
then focused onto the 50 µm entrance slit of the spectrometer (Jobin-Yvon, HR
640, equipped with a Horiba, 530 15 Holographic Grating, 2400 l/mm, blazed at
400 nm), after which the spectrally resolved light is detected with an intensified
camera (ICCD). The frequency range of this spectrometer- ICCD combination
is 183 cm−1 with a resolution of 0.143 cm−1 . The spectral broadening is
determined to be Voigt shaped with a FWHM of 1.55 cm−1 , with an equal
Gaussian and Lorentzian contribution. The wavelength sensitivity of the full
detection branch is determined using the black-body radiation of a W-ribbon
lamp and used for calibrating the measured spectra.
The power supply for the plasma reactor and the gating of the intensifier are
triggered by using the laser clock. In order to match the 10 ms laser cycle with
the 15 ms plasma cycle, every third laser pulse is used to trigger two consecutive
plasma cycles, controlling the phase difference by setting a delay between laser
clock and the start of the two plasma pulses (see figure 6.1b).
The gate of the intensifier is triggered by one in every three laser pulses with
the gate duration of 70 ns, which is long enough to collect the laser light and too
short for plasma emission to be recorded. For every time resolved measurement
the position of the detection arm is fixed at the center of the reactor, i.e. at
8.5 cm, while the selection of time points (0.0, 0.7, 1.4, 2.0, 3.0, 4.9, 5.2, 6.0, 7.5,
10.0, and 12.5 ms) is made by varying the laser pulse phase with respect to the
plasma cycle. Each measurement has accumulation time of 45 min resulting in
averaging 90,000 laser pulses per measurement. Possible pressure fluctuations
during such a long measurement are addressed by using a scroll pump and
a pressure gauge with feedback to an automated valve, which maintains the
pressure constant. Laser focal point could change its position over time due to
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Figure 6.2: Rotational Raman spectra (Stokes only) measured at 8.5 cm, in the
center of the reactor. The measurements are taken at a) 0.0 ms, in CO2 -25%N2 , b)
4.9 ms, in CO2 -25%N2 and c) 4.9 ms in CO2 -75%N2 . Solid black line represents the
fit on the data, while the contributions of CO2 , CO, O2 and N2 peaks are indicated
by colored lines.

heating of the laser, which is monitored by a camera and actively corrected with
a feedback loop to a kinematic mirror mount. The influence of the fluctuations
in the laser power are considered by continuously monitoring in order to adjust
the intensity of the Raman spectra. Spatially resolved measurements are done
by translating the reactor along the axis with respect to the laser focal point
while keeping the phase constant.
Before starting a series of measurements, it is necessary to calibrate the
wavelength axis by measuring a Raman spectrum in pure N2 gas. The N2
spectrum is also used for calibrating the intensity which is required to obtain
molecular number densities. For every series of measurements, a background
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measurement is taken with covered fiber opening in the detection branch.
ICCD settings are kept the same during the calibration, background and the
measurement series.
The measured spectra are analyzed by using an algorithm which calculates spectrally broadened rotational Raman spectra for mixtures of different
molecules. The total spectrum is calculated as a sum of the individual spectra
of the molecular species present in the system, including the spectral broadening
in a form of Voigt profile. This algorithm and the underlying theory are detailed
in the work of Klarenaar et al [4].
The spatiotemporally resolved number densities obtained in the experiment
are then utilized for the analysis of the conversion of CO2 , characterized by the
CO2 conversion factor α [3, 4, 28],

α=

[CO]
[CO]
=
,
[CO2 ]i
[CO] + [CO2 ]f

(6.1)

where [CO] and [CO2 ] are the number densities of CO and CO2 , respectively. It
is assumed here that the difference between [CO2 ] before and after the discharge
equals to [CO], i.e. [CO2 ]i − [CO2 ]f = [CO], where the indexes i and f refer to
initial (before the discharge) and final (after the discharge) concentrations. It
is assumed here that no carbon deposition occurs, which has been checked by
looking at the carbon balance with FTIR measurement downstream a similar
plasma [28]. As the determination of [CO] is subject to some uncertainty (see
section 6.3), α is additionally calculated by substituting the density of CO by
twice the density of O2 . This introduces the assumption that the amounts of O
atoms and NOx species created in the discharge are negligible. The conversion
factor α presented is the weighted average from the two calculations.
For CO2 -O2 mixtures the CO density cannot be simply replaced by twice
the density of O2 , as there is an initial amount of oxygen. An alternative
way of calculating α can be derived from expression (6.1), assuming that
[O2 ]f = [O2 ]i + [O2 ]diss and [O2 ]diss = 1/2[CO] is being produced by the
dissociation of CO2 :

α=

CO2
CO2
2
2
FO
− FO
i /Fi
f /Ff
CO2
2
1/2 + FO
f /Ff

,

(6.2)

CO2
2
2
2
where FO
are the final, and FO
and FCO
are the initial molecular
i
i
f and Ff
fractions of O2 and CO2 relative to the total number density. α is then
represented as weighted average of the calculations made by both of this
expressions.
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6.3

Results

Rotational Raman spectra
Figure 6.2 displays three different examples of rotational Raman spectra, corresponding to different time points and/or different initial gas composition. All
the spectra are measured in the center of the reactor at 0.0 ms - panel a) and at
4.9 ms - panels b) and c). Accurate description of the data (presented by orange
circles) is evident from the good comparison with the total fit, represented by
the solid black line. Contributions of the lines corresponding to CO2 , CO, O2
and N2 is depicted by the lines of different colors, while gray circles show the
data excluded due to deformation by the notch-filter.
Panels a) and b) show spectra measured in the same mixture, i.e. CO2 25%N2 , at the beginning and at the end of the pulse, respectively. Clearly, the
temperature growth relates to the higher scattering intensity of the peaks at
larger wavelengths. Contribution of N2 , CO and O2 peaks in panels a) and b)
is more explicit at larger wavelengths where the intensity of CO2 peaks is lower.
O2 and N2 peaks, however, are significant at smaller wavelengths as well. For
instance, it is easy to observe their contributions at 533.7 nm, 534.1 nm and
534.4 nm. Since CO peaks are explicit mostly at larger wavelengths, fitting of CO
density is generally less accurate. Panel c) shows the spectrum corresponding to
CO2 -75%N2 with more dominant N2 lines, affecting the spectrum significantly
even at small wavelengths (see the peak at 532.3 nm) due to a larger amount of
N2 in the plasma. The contribution of odd rotational peaks of CO2 is readily
observed in the panels b) and c) as a reduced depth of the minima of CO2
peaks.

Temperature profile
Temperatures determined from the time-resolved measurement are shown in
figures 6.3a) and 6.3b) in mixtures containing CO2 and different amounts of
N2 and O2 , respectively, including a 95% fitting uncertainty. The rotational
temperature measured in pure N2 is shown in 6.3a). The black dashed lines in
both panels represent the temperatures obtained in the measurements in pure
CO2 at the same conditions, previously presented in [4]. It can be observed in
figure 6.3a) that the presence of N2 up to 75% in the mixture does not affect
the Trot evolution: the initial temperature of ∼ 400 K quickly increases at
ignition and reaches ∼ 830 K at the end of the plasma pulse. On the other
hand, a higher amount of O2 results in lower temperatures at corresponding
times (see figure 6.3b). The temperature in pure N2 is ∼ 300 K lower than the
temperature in CO2 and CO2 -N2 discharges at the end of the pulse. In the
afterglow, Trot exponentially decreases towards the initial temperature with the
similar relaxation times in all cases.
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Figure 6.3: The rotational temperature versus time for different initial gas mixtures
containing CO2 and a) 25%, 50% and 75% of N2 ; and b) 25%, 50% and 75% of O2 .
The grey dashed line depicts the rotational temperature measured in N2 , whilst the
black dashed line represents the rotational temperature in pure CO2 , reported in [4].
The total pressure is p=6.67 mbar, I =50 mA and pulse duration is ∆t=5 ms.

In complex media, such as CO2 , N2 and O2 plasmas, understanding of the
gas heating requires a thorough investigation of the interplay between electron,
vibrational and chemical kinetics and surface processes. The contribution of
the heat conduction, for instance, which is the dominant cooling mechanism
during the afterglow, is estimated using the values of thermal conductivity
and molar heat capacity presented in [29] and is very similar in N2 and O2 .
This indicates that different temperature profiles in CO2 -N2 and CO2 -O2 are
due to some heat transfer mechanisms other than conduction, and can most
likely be attributed to the different vibrational kinetics in N2 and O2 . As it
is well known, in N2 and N2 -O2 discharges operating in conditions similar to
those under study, the electrons transfer their energy very efficiently to the
nitrogen vibrational states [30], which results in a highly populated vibrational
distribution function (VDF) of N2 (X,v) [24, 30, 31]. This is in sharp contrast
with O2 , where only a small fraction of the electron energy is transferred to the
vibrational states [32] and the VDFs of O2 (X,v) are much less populated [31].
The difference between the Trot profiles in pure N2 and in CO2 -N2 indicates
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Figure 6.4: Fitting results from the time-resolved rotational Raman measurements
in 25% N2 and 75% CO2 initial plasma composition. a) Absolute molecular number
densities of CO2 , N2 , CO and O2 . b) The gas composition, assuming that species
other than CO2 , N2 , CO, and O2 are not present in significant amounts. The total
pressure is p=6.67 mbar, I =50 mA and pulse duration is ∆t=5 ms.

that vibrational energy exchanges between CO2 and N2 play an important role
in heat transfer mechanisms.

Molecular number densities
The temporally resolved fitted number densities of CO2 , N2 , CO, and O2 are
shown for the CO2 -25%N2 mixture in figure 6.4a), including a 95% fitting
uncertainty. The presence of other rotationally active species was not indicated
by the rotational Raman spectra, hence it is assumed that plasma does not
contain significant amounts of molecules other then CO2 , N2 , CO, and O2 only.
A certain amount of atomic oxygen, which is not rotationally active, might be
formed. However, at the studied conditions it is expected to be relatively low
[33].
All number densities change significantly with time during a plasma cycle:
they decrease as the plasma heats up during the on time, and increase back
to the initial value as the temperature drops in the afterglow. However, the
relative gas compositions are nearly constant during the cycle, which is shown
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Figure 6.5: Fitting results from the time-resolved rotational Raman measurements
in CO2 -25%O2 . a) Absolute molecular number densities of CO2 , CO and O2 . b) The
gas composition, assuming other species than CO2 , CO, and O2 are not present in
significant amounts. In both panels diamonds indicate the results from the spatiallyresolved measurements shown in figure 6.6, measured at t = 4.9 ms at the center of
the reactor.

in figure 6.4b). They are obtained as a ratio between the number density and
the total gas density at each time point. The important point to note here is
that the amount of N2 remains 25% during the discharge, proving that there is
no observable conversion of N2 at these conditions. Some small amounts of NOx
are most likely created. However, taking the results on N2 -O2 discharges from
[34, 35] as a reference, their concentrations are expected to be small and seem
to be below the detection limit. To fully investigate this issue, some of high
sensitive detection methods should be used, e.g. the infrared tunable diode laser
absorption spectroscopy (TDLAS) [36, 37] or quantum cascade laser absorption
spectroscopy (QCLAS) [38].
Similar plots show number densities and relative composition of CO2 , CO,
and O2 in figures 6.5a) and b) for the CO2 -25%O2 mixture. Clearly, the number
densities vary between different time points in accordance with the ideal gas law,
as in the previous case, while the relative composition is nearly constant with
time. Figure 6.6 depicts the spatially resolved number densities and relative
composition for CO2 -25%O2 , measured at the very end of the discharge, i.e.
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Figure 6.6: Fitting results from the spatially-resolved rotational Raman measurement
in CO2 -25%O2 , corresponding to the end of the pulse, t = 4.9 ms. Absolute molecular
number densities of CO2 , CO and O2 are shown in panel a) and relative gas composition
assuming other species than CO2 , CO, O2 , are not present in significant amounts is
shown in panel b). In both panels diamonds indicate the results from the time-resolved
measurements shown in figure 6.5, measured at the same timing in the center of the
reactor.

4.9 ms. The diamonds in figure 6.5 indicate the fitted values obtained from the
spatially resolved measurements. Similarly, diamonds in figure 6.6 indicate the
results from the time-resolved measurement at equal time and position. The
agreement between time- and spatially-resolved measurements at corresponding
times and positions in both figures shows good reproducibility over different
experimental sessions, demonstrating the reliability of the diagnostic technique
and the obtained results. The spatial homogeneity of the discharge shown in
figure 6.6 is stimulated by the diffusion and convection due to the gas flow,
as discussed in [4]. Therefore the whole positive column can be considered
homogeneous and the time evolution measured is reflecting the change of the
whole plasma volume and not only of the evolution at one given position.
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6.4

CO2 conversion

The CO2 conversion factor α, calculated by employing expressions (6.1) and
(6.2), is plotted in figure 6.7a) as a function of the N2 and O2 fractions. The
results show that an increase of the N2 fraction leads to a higher value of α,
which demonstrates its beneficial influence on CO2 conversion. The physical
mechanism responsible for the N2 induced enhancement of CO2 dissociation
may reside in the vibrational energy transfer from N2 (v) to CO2 molecules.
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Nearly resonant fast vibrational transfer between vibrationally excited N2 and
the asymmetric ν3 mode of CO2 is well-known from the studies of processes
important for CO2 -N2 lasers [19–21], and is assumed to be a pathway for an
efficient excitation of the levels in the asymmetric CO2 mode. A high degree of
vibrational excitation of this mode would then facilitate dissociation [2].
Despite having an increase of α with the addition of N2 , the amount of CO
produced in the discharge does not change significantly by varying the amount
of N2 between 0 and 75%, as shown in figure 6.7b). This is due to the smaller
fraction of CO2 initially present in the gas mixtures, compensating to some
extent the enhancement of the CO2 dissociation caused by the presence of N2 .
To investigate the vibrational excitation of CO2 in different mixtures, we
can examine the fitted vibrationally averaged nuclear degeneracy of the odd
rotational levels of CO2 . The vibrations of the CO2 molecule affect its nuclear
degeneracy, which in practice can be observed from the variations in the ratio
between the intensity of even and odd numbered CO2 peaks in the rotational
Raman spectra [39, 40]. Elevations of the odd vibrationally averaged nuclear
degeneracy, hgJ,o i, above the degeneracy calculated for thermal conditions at
Trot = T12 = T3 , hgJ,o ith , are an indication of non-thermal conditions in the
plasma [4]. This is shown in figures 6.8a) and b) for CO2 -25%N2 and CO2 75%N2 , respectively. Evidently, both panels show that during the on time
hgJ,o i is above hgJ,o ith , with higher elevations for CO2 -75%N2 . During the
post-discharge, hgJ,o i and hgJ,o ith are nearly equal at corresponding times when
there is a smaller amount of N2 present, which is in contrast with what we
observe in CO2 -75%N2 , where the elevations of hgJ,o i above hgJ,o ith indicate
that the plasma did not thermalise during the afterglow. Panel c) of the
same figure displays the difference between the fitted odd averaged degeneracy
and the degeneracy calculated for thermal conditions, hgJ,o i − hgJ,o ith , for
different gas mixtures. This difference is larger during the discharge than it
is in the post-discharge, when CO2 vibrations relax, as shown in panels a)
and b). Moreover, hgJ,o i − hgJ,o ith increases with N2 content, indicating higher
vibrational temperatures of CO2 . Figures 6.8b) and c) show that the vibrational
excitation of CO2 still persists in the post-discharge in the case of CO2 -75%N2 ,
due to the V − V 0 exchange process [41]
CO2 (000 ν) + N2 (υ) ↔ CO2 (000 (ν + 1)) + N2 (υ − 1).
The work by Heijkers et al [17], focused on modeling and experimental investigation of MW discharges in CO2 -N2 mixtures, reports that the dissociation of
vibrationally excited CO2 by collisions with heavy particles in the plasma is the
dominant channel for the destruction of CO2 in mixtures having more than 30%
of N2 . Electron impact dissociation from ground state and from vibrationally
excited states is found to be important only in the MW discharge containing
smaller fractions of N2 , giving a contribution of 25% and 42%, respectively.
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Studies performed on DBD discharges have also reported that dissociation of
CO2 is enhanced by the addition of N2 , however the physical mechanism behind
it is driven by the electrons. Addition of N2 decreases electron attachment rates,
which leads to higher current pulses in DBD and enhances electron impact
dissociation [14, 16, 42], while reactions with metastable N2 (A3 Σ+
u ) molecules
with CO2 are dominant at large fractions of N2 [16].
Contrary to N2 , an increase of the O2 fraction is observed to have a negative
impact on CO2 dissociation, as shown in figure 6.7. One reason might be
the quenching of vibrationally excited CO2 by O2 molecules, resulting in a
decrease of dissociation involving vibrationally excited CO2 molecules. Another
possibility is the enhancement of recombination with CO producing CO2 ; this
“back reaction” is very slow at room temperature [8], but it is not unreasonable
to consider that its rate coefficient can be significantly higher if the reaction
involves vibrationally excited CO molecules. To fully understand the processes
responsible for the observed effects, it is necessary to model these plasmas
and to further study the kinetics of O atoms and O2 molecules in mixtures
containing large amounts of oxygen.

6.5

Conclusions

In this work, rotational Raman spectroscopy was used to investigate spatiotemporally resolved rotational temperatures and number densities in CO2 -N2 and
CO2 -O2 gas mixtures excited by a pulsed dc discharge. Spectra are recorded at
different times during the discharge pulse and attributed to the contributions
of CO2 , O2 , CO and N2 , where the contribution of CO2 peaks originates from
even and odd rotational levels. Moreover,the vibrationally averaged nuclear degeneracies, related to the vibrational excitation of CO2 , are studied in presence
of different fractions of N2 and O2 .
The rotational temperature is observed to have the very similar profiles
with 25%, 50% and 75% of N2 admixtures as in pure CO2 plasma, reaching
850 K at the end of the pulse. In CO2 -O2 plasmas, Trot decreases with a higher
fraction of O2 . The observed temperature difference between CO2 -25%O2 and
O2 -75%CO2 at the end of the pulse reaches 250 K.
Number densities and relative compositions of CO2 , N2 , CO, and O2 are
determined for different admixtures of N2 and O2 . It is observed that the
relative compositions are nearly constant during the pulse and also along the
axis of the reactor. The fitted number densities are utilized for the analysis
of the CO2 conversion factor α. It is demonstrated that addition of N2 has
a beneficial effect on CO2 decomposition. In CO2 -N2 α is determined to
amount to 0.17, 0.23 and 0.33 for 25%, 50% and 75% of N2 in its mixtures,
respectively, which might be interpreted as an evidence of the vibrational
energy transfer between vibrationally excited N2 and CO2 molecules and its
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Figure 6.8: The fitted odd vibrationally averaged nuclear degeneracy of CO2 (—–)
and the calculated odd degeneracy assuming thermal conditions, calculated using
the fitted rotational temperature (- - -), for a) CO2 -25%N2 and b) CO2 -75%N2 . c)
The difference between the fitted odd averaged degeneracy and the calculated odd
degeneracy assuming thermal conditions in different compositions of CO2 -N2 .

importance of vibrational excitation of CO2 on dissociation. This is supported
by the fact that the difference between the fitted odd averaged degeneracy
and the calculated degeneracy for thermal conditions at Trot increases with
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higher amounts of N2 present in plasma. However, the interplay of electron
and vibration kinetics, complex chemistry as well as the presence of metastable
states has to be considered for a comprehensive and unambiguous interpretation
of the observed results. Further investigation demands a detailed kinetic model
to fully understand the relevant processes occurring in CO2 -N2 and CO2 -O2
glow discharges.
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Chapter 7

Conclusions
This final chapter summarizes the most relevant results obtained in the PhD
project. The general conclusions are highlighted and some recommendations
for future work are proposed.
• The first task within the project was the investigation of the electron
impact cross sections for CO2 , presented in chapter 2. As a result, a swarm–
derived complete and consistent set was proposed, which is currently part
of the IST–LISBON database at LXCat. It is concluded that the inclusion
of superelastic collisions with CO2 (010) is important for an accurate
prediction of the swarm parameters at low reduced electric fields. More
specifically, it is shown that the calculated values of the characteristic
energy are correct only when the superelastic collisions are taken into
account, which is very evident for E/N < 10 Td.
• Different electron impact dissociation cross sections available in the literature are reviewed and discussed. The analysis strongly suggests that the
cross sections with energy thresholds at 7 eV and 10.5 eV from our set
most likely include more than dissociative channels. The calculated cross
section given by Polak and Slovetsky is considered as a good basis for
studying direct electron impact dissociation. We have therefore proposed
a strategy for obtaining electron impact dissociation rate coefficients.
Polak’s cross section should be used upon integration of a previously
calculated EEDF, although it should not be used in a Boltzmann solver
for obtaining the EEDF.
Uncertainty around the electron impact cross sections for CO2 is still
present, especially considering the direct electron impact dissociation.
Further work is needed to deepen the knowledge on the electron impact
processes in CO2 plasmas. The inclusion of additional excitation to
high vibrational levels is highly important for the investigation of plasma
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assisted CO2 conversion to CO, which can diminish the uncertainty
inherent to the usual scaling formulas used for the estimation of unknown
vibrational excitations.
• Chapters 3 and 4 present a kinetic model describing the time evolution
of ∼ 70 individual vibrational levels of CO2 (X 1 Σ+ ) in a pulsed DC glow
discharge. First, the V-V and V-T reaction mechanisms are validated
through a comparison with experimental data in chapter 3, where the
post-discharge is analysed.
Next, the model is extended in chapter 4 with the electron impact processes
in order to describe the active discharge. A very good agreement with the
experiment is again observed, despite some differences in the evolutions
of the populations of the symmetric and bending excited states, which
serves as a validation of our kinetic model.
The results show a rapid growth of the CO2 (000 ν3 1) populations during
the first millisecond of the pulse. The subsequential gas heating enhances
the V-T mechanisms, leading to a drop of asymmetric mode’s populations.
The characteristic temperatures associated with each vibrational mode
are calculated from the corresponding populations. It is confirmed that
the usual assumption of T1 and T2 being nearly equal is valid. Therefore,
the two characteristic temperatures, T1,2 and T3 are sufficient for a simple
description of vibrational excitation of CO2 . As expected, T3 exhibits a
fast growth at the same time as the associated populations. The elevation
of T3 reaches ∼ 500 K above above T12 and Tg at about 1 ms of the pulse
under the studied conditions (p = 5 Torr and I = 50 mA), which is in good
agreement with the measurements. This confirms the non-equilibrium nature of CO2 plasmas under low-pressures and the preferential excitation of
the asymmetric stretching mode. The populations of different vibrational
levels during the afterglow show a similar behaviour, with the relaxation
of each vibrational level starting at ∼ 10−4 s, while the beginning of the
steady state regime is observed from ∼ 10−2 s.
• One of the major challenges for future work is the calculation of the
reaction rates for vibrational energy transfers related to the higher CO2
vibrational levels, were the SSH and SB theories are no longer suitable.
Furthermore, the inclusion of CO2 decomposition products and higher
vibrational excitation in the overall kinetics is an important and complex
direction for future work. It will involve the energy exchanges between
different collisional partners, such as CO2 -CO, CO2 -O2 , CO2 -O, etc. The
influence of the high-v levels upon the EEDF should also be considered.
• Chapter 5 presents a self-consistent model based on the coupled solutions to the gas thermal balance equation and a system of rate balance
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equations that provides the temporal evolution of the radially averaged
gas temperature in low-temperature CO2 plasmas. The very good agreement between the modeling results and the two different experiments
is observed. The first one is the single-pulse experiment, also used for
the validation of the modelling results in chapters 3 and 4, specifically
tailored to match the kinetics involved in the model, which excludes the
dissociation products. The second experiment corresponds to a continuous
DC discharge, where there is noticeable dissociation of CO2 . However, a
very good agreement between the experiment and the modeling results is
still obtained, implying the significance of the V-V and V-T transfers for
the gas heating.
Future work should include the dissociation of CO2 and the corresponding
chemical kinetics of a CO2 /CO/O2 /O system.
• An experimental investigation of the time-resolved gas temperature and
molecular densities in CO2 -N2 and CO2 -O2 pulsed discharges is presented
in chapter 6 by employing rotational Raman spectroscopy. The measured
rotational temperatures are shown to have very similar profiles for different
amounts of N2 , whilst the larger amounts of O2 lead to a decrease of
the temperature. The relative compositions are observed to be nearly
constant during the pulse and along the axis of the reactor. The measured
densities are utilized to determine the conversion factor, α, in order to
estimate the influence of N2 and O2 additions on CO2 decomposition. In
CO2 -N2 α amounts to 0.17, 0.23 and 0.33 for 25%, 50% and 75% of N2 .
This could be interpreted as an evidence of the vibrational energy transfer
between vibrationally excited N2 and CO2 molecules and its positive
effect on CO2 dissociation. The examination of the difference between
the fitted odd averaged degeneracy and the calculated degeneracy for
thermal conditions at Trot showed an increase when a higher amount of
N2 is present in plasma, confirming the relation between the amount of
N2 and the vibrational excitation of CO2 .
To fully describe the systems studied in the experiment, it is necessary
to perform a modelling study of CO2 -N2 and CO2 -O2 glow discharges
including the details of the underlying kinetics.
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prolazio kroz svaki korak mojih studija zajedno sa mnom, delio sve probleme i
radosti. Bez tebe ova teza ne bi bila ista (možda bolja?). Hvala!
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Marija Grofulović was born on 05-01-1990 in Bor, Serbia. After finishing the
Specialized physics program for gifted students in 2009 at “Svetozar Marković”
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