Modeling the input and relaxation of vibrational energy in CO> plasmas
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Abstract: This work contributes towards a detailed CO; kinetic scheme that describes the
input and relaxation of vibrational energy in CO; plasmas. To this purpose, the vibrational
energy exchanges in CO, discharges are investigated through a self-consistent model
describing the time evolution of the population of individual vibrational levels of the
CO,(X*z%). The model was validated by comparing the calculated densities of vibrationally-
excited CO, molecules with experimental data obtained in a pulsed CO; glow discharge.
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1.Introduction

It is well known that the steadily rising atmospheric
concentration of CO; over the past century is contributing
to the greenhouse effect and planetary heating. As a
response to these issues, there is an increasing interest for
technologies that convert CO; into value-added chemicals,
as they can effectively recycle waste into new feedstock [1-
2]. In this context, and given the necessity to achieve an
efficient CO; conversion, non-equilibrium plasma
technologies have gained significant attention [3]. The
great potential of plasma technology for CO, conversion is
due to the presence of energetic electrons that enhance
specific reaction channels which can lead to an efficient
molecular decomposition. This is often associated with the
well-known vibrational ladder-climbing mechanism, in
which the CO. molecules are promoted to higher
vibrational levels through inter-molecular collisions [4].
This subject has been extensively studied in the past years
through different plasma experiments including coronas
[5], radio frequency discharges [6], microwave discharges
[7]. dielectric-barrier discharges [8] and gliding arc
plasmatrons [9]. In what concerns modeling work,
however, there is some lack of research involving a
complete state-to-state model for the vibrational kinetics of
CO3 under non-equilibrium conditions. Recently, Kozak et
al. [10] have developed a CO; kinetic reaction model with
a very complete plasma chemistry, but they have
considered only about 25 CO; vibrational levels. Another
recent study has considered more than 9000 CO;
vibrational levels, but does not include electron kinetics
[11]. Despite the high relevance of these works, the
disparity of formulations raises the question about the
advantages and disadvantages of each approach.

In this contribution, we provide a comprehensive CO,
kinetic scheme that describes the input and relaxation of
vibrational energy in the lowest CO, vibrational levels
under non-equilibrium conditions. To this purpose, we
have solved the rate balance equation for the concentration
of ~ 70 vibrational levels of CO,. The paper is organized

as follows: in Section 2, we review some relevant aspects
of CO; vibrational kinetics which are of special importance
in this work; in section 3, we describe our model, together
with all the assumptions made; in section 4 we present the
results obtained, as well as the comparison with
experimental results; section 5 summarizes this work.

2. Vibrational kinetics in CO2

The CO, molecule is a linear triatomic molecule, and as
such it possesses three normal vibrational modes: the
symmetric stretching, the double degenerate bending and
the asymmetric stretching. These modes are characterized
by the quantum numbers v1, v2, and vs, respectively. The
degenerated bending vibration consists of two component
vibrations which result in a quasi-rotation of the linear
molecule around its principal axis. In order to quantify this
rotational motion, an additional quantum number I, is
necessary. This quantum number can take the values: I, =
V2, V2 — 2, U2 — 4,..1 or 0, depending on whether v, is odd
or even (more details can be found in Ref. [12]). A typical
symbol for a particular vibrational level has the form
CO,(v1v2v3) (also known as Herzberg notation [12]).

There is another special feature of CO, molecules worth
mentioning: the Fermi resonance. Such a resonance
happens because v; and 2v, modes have close vibrational
energies and the same type of symmetry. This interaction
couples the levels CO; (viv2v3) to the levels CO, ((v1 —
1)(v2+2)"v3) to form two new states that are often assumed
to be in local equilibrium. According to the notation used
by Rothman et al [13] these states are differentiated by the
ranking index, r, which is unity for the highest vibrational
level of a Fermi resonating group. More specifically, the
CO, vibrational levels can be written as viv, I, v r, where
the ranking index, r can assume the values r = 1,2,..,v1+1.

In this work, the CO; vibrational levels under Fermi
resonance are always grouped as one effective level.
Therefore, the vibrational energy of this effective level is
determined through the average of vibrational energies
(using the anharmonic oscillator approximation [10]) of the
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individual vibrational states, while its statistical weight is
determined through the sum of the individual statistical
weights. These effective levels are denoted in this work by
the form viv; I, vs r, where r is always taken as vi+1 (see
Table 1).

Table 1. Comparison of notations for vibrational energy
states. In this work the levels coupled by Fermi resonance
are always considered as one effective level (see text).

Herzberg [12] Rothman [13] This work
CO, (vvdwz) | COz (viwy lvar) | COy (v1v2 lvar)
€O, (00°) CO, (00001) €O, (00001)
CO, (0110) CO,(01101) CO,(01101)
€O, (0220) C0, (02201) €0, (02201)
€O, (10°) CO, (10001) €O, (10002)

€O, (02°) CO, (10002)
CO0, (20°) CO, (20001) CO, (20003)
€O, (12°) CO, (20002)
CO, (04°) CO, (20003)

3. Model description

In this work, we develop a kinetic scheme to describe the
time-resolved densities of several CO, vibrational levels.
More specifically, the rate balance equations for the
creation and loss of the levels are investigated. The
different processes to be taken into account include
electron-vibration (e-V), vibration-vibration (V-V) and
vibration-translation (V-T) exchanges (see Table 2). We
have assumed a low excitation regime in which only a few
vibrational levels are excited. At this stage, we have
considered v3"®* = v3"®* = 5 which leads to a total of 72
CO; vibrational levels with a vibrational excitation up to
about 2 eV. Note that these 72 vibrational levels include
the effective levels as a result of the Fermi resonance (as
discussed in the previous section). The concentration for
each of these vibrational levels, n,, can then be calculated
from:

dn, v w
dt =N Z Ny, Gy — NNy, Z [ nv[COZ]Pv,v—l
w#v w#v

+nv+1[C02]Pv+1,v + nv—l[COZ]Pv—l,v — Ny [COZ]Pv,v+1

w—-1,w w,w—1
_nvz nW—le,v—l + Ny—1 E nWQv—l,v

w w

-1, w—1
+ Ny+1 ZW nw—1Q1‘;’+1,vW —ny Zw an:;vail ' (1)

where n, and [CO,] are the electron and molecular
densities, respectively, C, P and @ denote the rate
coefficients for e-V, V-T and V-V processes, respectively.
The system (1) shows unambiguously the strong link
between the different kinetics. First, electrons determine
the energy input into the vibrational mode, expressed by
the excitation coefficients CY. This energy is redistributed
among the vibrational manifold through V-V and V-T
exchanges. A decisive step to obtain realistic populations

of vibrationally excited molecules in different levels is the
choice of the collisional data in equation (1). In this work
the V-T and V-V rate coefficients between the lowest
vibrational states are computed using the available rates in
Blauer et al. [14] and Kreutz et al. [15], while the
remaining rate coefficients (for higher states) are calculated
on the basis of the SSH theory [16]. All rates involving V-
T and V-V exchanges have been approximated by:

k (Tgas) =Exp(A+B Tga5_1/3+c Tgas_Z/g)l (2)

where 4, B, C are constants and Ty is the gas temperature.

For the active part of the discharge involving e-V
exchanges, the rate balance equation for the creation and
loss of CO," ions is added to the system. The self-
consistent sustaining electric field can then be calculated as
described in [17]. The electron impact rate coefficients can
also be obtained from the solution of the electron
Boltzmann equation in the usual two-term expansion in
spherical harmonics using the cross sections from [18].
When the electron-impact cross sections are not available,
we calculate the remaining rate coefficients on the basis of
the Fridman approximation [4].

For the reverse processes, i.e. reactions that result from
the de-excitation of molecules, the rate coefficients are
computed through detailed balance, assuming an electron
temperature T, for e-V exchanges, and Ty, for V-T and V-
V exchanges, according to:

CY = CuExp (-2, 3
W = chExp (=) ©)
AEyp p—
Pv—l,v = Pv,v—lEXp (_ #va:)’ (4)
w,w—1 w-1,w AEI‘;‘,}IJ_—liW
Qv—l‘v = Qv_v—1 Exp (_ Tgms)’ (5)

where AE represents the energy difference between the
relevant vibrational states. At the present stage, the model
accounts (including direct and inverse processes) with 530,
1188 and 294 V-T, V-V and e-V reactions respectively.

Table 2. Kinetic processes considered in this work for the
description of CO- vibrational states.

Reaction

e-V | e+ CO;(v) <> e+ CO,(w); Example:

e+ C0O,(00001) ¢ &+ CO,(00011)

V-T CO; (v) + CO, <> CO, (v — 1) + COy; Example:

CO,(01101) + CO, <> CO,(00001) + CO,

V-V | CO;(v) + CO; (W) <> COz(v — 1) + CO, (w + 1); Example:
CO,(00011) + CO, (00011) <> CO,(00001) + CO,(00021)

4.Results

The solutions from the rate balance equation (1) are
shown in this section. As initial values for the
concentrations of the various vibrational states we have
imposed two vibrational temperatures through Boltzmann
distributions. More specifically, the changes in the vs mode
relate to one vibrational temperature T;, while the v, and



vo modes are assumed to be in equilibrium at the same
vibrational temperature, i.e. T, = T, = T;,. Fig.1 shows a
typical distribution of the CO, molecules among energy
levels assuming T; =1500 K (determined by the slope of
the solid lines) and T;, = 300 K (determined by the slope
of the dashed lines).
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Fig.1. Boltzmann distributions of the CO, molecules with

T; =1500 K and T;, = 300 K. Some of the CO, vibrational

levels are indicated. N, and g, represent the ground state

density and statistical weigh of the level v.

4.1 — Limit case: only V-T and V-V exchanges

As a first step to verify our calculations, we have
analyzed the solutions of (1) under the limit case which
neglects all the electronic collisions. In other words, the
first and second terms of (1) are omitted and only V-T and
V-V exchanges are considered. In practice, this limit
should approximate an afterglow regime where the
electron temperature/density decays rapidly, resulting in
drastic decrease in the rates involving electron impact
collisions. This situation is illustrated in Fig. 2 where an
equilibrium of vibrational temperatures (in our case
represented by T;, and T;) with the gas temperature can be
observed after about 102s.
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Fig.2. Vibrational temperatures calculated from the

solution of the rate balance equations (1) in the absence of

electronic collisions. T,,, = 300 K and pressure =5 Torr.

4.2 — Comparison with the experiment
In order to validate our model, the calculated

concentrations of the CO; vibrational levels were
compared with the experimental densities (obtained via
time-resolved in situ Fourier Transform Infrared
spectroscopy) in a pulsed CO; glow discharge under low
excitation conditions. The system under analysis operates
with pressure p = 5 Torr, current | = 50 mA and a pulse
width of 5 ms. For more details about the experimental
setup, see [19].

In what concerns the model input, it is worth mentioning
that the gas temperature profile, as well as the initial values
of T3 and T, are always taken from the experimental data.
Fig.3 shows the calculated and measured results relative to
the density of the first excited CO, asymmetric state (i.e.
v1 = 12 = | = 0 and v3 = 1) during the off-time of the
discharge. Only V-V and V-T exchanges were considered
in these calculations. As one can see, there is an excellent
agreement between the calculated and experimentally
determined densities.
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Fig.3 Normalized density of the first excited CO;
asymmetric state during the afterglow of a pulsed DC
discharge for p = 5 Torr and | = 50 mA. Open symbols
represent the calculation results, while close symbols the
experimental data.

For the active part of the discharge, we solve the system
(1) with the complete set of e-V, V-V and V-T exchanges,
as well as the rate balance equation for CO,* ions. The
electron density used in these calculations (~ 4.5 x10° cmr
%) is estimated based on the experimental current and the
calculated electron drift velocity [18]. At the same time, the
calculated maintenance reduced electric field is 63 Td,
which is in excellent agreement with the experimental
measurements. The actual comparison between calculated
and measured results in the active part of the discharge is
shown in Fig.4 for the first excited CO, asymmetric state.



As one can see, the calculated and measured densities have
the similar trend during the on-time of the plasma pulse,
which reinforces the validity of our CO; kinetic scheme.
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Fig.4. Normalized density of the first excited CO;
asymmetric state during the active part of a pulsed DC
discharge for p = 5 Torr and | = 50 mA. Open symbols
represent the calculation results, while close symbols the
experimental data.

5.Summary

In this work, we have developed a kinetic model that
describes the input and relaxation of vibrational energy in
CO; discharges. More specifically, we have investigated
the rate balance equations for the manifold of several CO»
vibrational levels including the processes of electron-
vibration, vibration-vibration and vibration-translation
energy exchanges. The model was validated from the
comparison of the calculations with the experimental data
obtained in a pulsed CO; glow discharge. The modeling
work is in progress in order to: (i) extend our research to
higher vibrational excitations up to the dissociation limit of
CO; and (ii) include other species (CO, O, etc.) that play
an important role in the chemistry of CO; discharges.
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