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Abstract

Non-equilibrium plasma kinetics of reacting CO for conditions typically met in
microwave discharges has been developed based on the coupling of excited state
kinetics and the Boltzmann equation for the electron energy distribution function
(eedf). Particular attention is given to the insertion in the vibrational kinetics of a
complete set of electron molecule resonant processes linking the whole vibrational
ladder of the CO molecule, as well as to the role of Boudouard reaction, i.e. the
process of forming CO, by two vibrationally excited CO molecules, in shaping the
vibrational distribution of CO and promoting reaction channels assisted by
vibrational excitation (pure vibrational mechanisms, PVM). PVM mechanisms can
become competitive with electron impact dissociation processes (DEM) in the
activation of CO.

A case study reproducing the conditions of a microwave discharge has been
considered following the coupled kinetics also in the post discharge conditions.
Results include the evolution of eedf in discharge and post discharge conditions
highlighting the role of superelastic vibrational and electronic collisions in shaping
the eedf. Moreover, PVM rate coefficients and DEM ones are studied as a function of
gas temperature, showing a non-Arrhenius behavior, i.e. the rate coefficients increase
with decreasing gas temperature as a result of a vibrational-vibrational (V-V)
pumping up mechanism able to form plateaux in the vibrational distribution function
(VDF).

The accuracy of results is in particular discussed in connection to the present
knowledge of the activation energy of the Boudouard process.

1 Introduction

Large attention is presently devoted to the activation of CO, by non-equilibrium
plasmas, leading to the dissociation process

C0,(00v) +M=CO+0+M (1.1)



Different plasma sources are used to reach this goal including microwave MW [1],
DBD [2, 3], repetitive nano-pulsed (NPD) [4] and gliding arc discharges [5, 6]. In
these kinds of plasmas, the initial CO, component is transformed in a complex
mixture where the CO molecule can result the majority component. In these
conditions, the vibrational kinetics of CO should be treated with the same attention
devoted to that one of CO, [7-10]. This aspect is also important for CO plasmas used
in the last years for the production of nanostructures [11, 12].

At the moment, the most complete CO,/CO plasma chemistry model [13-15] has
considered up to 63 vibrational levels of CO [14], limiting them to the first 10 levels
in later papers to reduce computational times. This approximation, good for some
applications, cannot be used when the vibrational distributions of non-equilibrium
plasma conditions present long plateau which, contrary to the CO,, have been
experimentally detected [16, 17]. Moreover, the CO system presents well defined
metastable electronic states, which can affect the electron energy distribution
function (eedf) through the corresponding superelastic collisions [18], a problem also
met in CO, discharges [7-10].

These preliminary considerations justify a re-examination of the CO kinetics under
non-equilibrium plasma conditions, improving the model developed some years ago
in the present laboratory [19, 20] applied only to discharge conditions. In this
context, an attempt to face some of the problems still existing in the kinetics of CO
plasmas is carried out including the investigation of 1) the role of a complete set of
resonant electron-impact cross sections (e-V) coupling the whole vibrational ladder
of CO in competition with the classic V-V (vibration-vibration) and V-T (vibration-
translation) energy transfer processes 2) the role of Boudouard reaction in affecting
reaction rates, vibrational distribution and eedf in the CO system.

In both cases, we will take into account the recent developments present in literature,
in particular, the ab-initio calculation of resonant e-V cross sections of CO performed
by Laporta et al. [21, 22] and the quantum mechanical derivation of the activation
energy of the Boudouard reaction performed by Barreto et al [23].

To show the similarity between CO and CO, discharges, we select typical electrical
conditions considered for the MW case of a CO, plasma in [8-10]. The results will be
presented as in the CO, case emphasizing the role of pure vibrational mechanisms in
activating CO as compared with the corresponding electron impact dissociation
processes. Moreover, the role of superelastic vibrational and electronic collisions in
affecting eedf will be reported anticipating the possible role of these processes when
the CO kinetics will be linked to the corresponding CO, one. Note, however, that the
present study does not consider the V-V’ energy transfer between the formed CO, by
the Boudouard reaction and the CO vibrational distribution. This point, while
justified by the small concentrations of CO, found in the present study, should be
considered for the CO,/CO mixtures when the concentration of CO, i1s the main
component.

The paper is organized in different sections. After the introduction, section 2 reports
the kinetic model detailing the vibrational and electronic states and their cross
sections, the vibrational and electronic kinetics and their coupling with the



Boltzmann equation; section 3 reports the results following the same philosophy of
those discussed for CO, emphasizing their dependence on gas temperature in
particular the non-Arrhenius behavior of the rate coefficients [10, 24, 25] and on the
reduced electric field E/N. Finally, section 5 reports the conclusions.

2 The model

The model is based on the solution of a zero-dimensional time dependent Boltzmann
equation for the electrons coupled to the non-equilibrium vibrational and electronic
excited state kinetics of CO molecule, as well as, with a simple dissociation and
ionization kinetics describing the plasma mixture [8-10].

The electron Boltzmann equation takes into account the effect of the applied electric
field, elastic electron-molecule, electron-electron, inelastic and superelastic
(vibrational and electronic) collisions [26, 27]. The plasma mixture considered is
composed of the following species: CO, CO,, C, O, CO", CO,",C", 0" and ¢".

At this stage, the CO, molecule (and also all the ions, CO", CO,", C" and O") is
considered only in its ground state and its vibrational kinetics, deeply investigated in
our recent papers [7-10], is neglected. This assumption can be justified by the small
concentrations of CO, formed in pure CO discharges at least for the conditions
studied in the present paper. Only in a future improvement of the model, the
vibrational kinetics of CO and CO, will be coupled by taking into account the
vibrational-vibrational (V-V’) energy exchange processes between the two
vibrational ladders.

2.1 Energy level diagrams

The energy level diagrams of CO, C and O are schematically represented in Fig. 1.
The CO molecule has 80 vibrational levels in the ground electronic state (X1XV),
whose energies, calculated in the anharmonic oscillator approximation, have been
taken from the work [21], together with the dissociation energy value of 11.128 eV
(CO —»C(CP)+O(CP)). Besides the ground state, the CO molecule presents several
electronic excited states, divided into singlet and triplet state according to their spin
degeneracy. The following seven electronic excited states are included in the model:
three triplet states, a3l (6.006 eV), a*Z* (6.863), b3X* (10.40 eV) and four singlet
states, A'IT (8.03 eV), B1X* (10.78 eV), C1X* (11.40 eV), E1X* (11.52 eV).

For C and O atoms, only four and five electronic levels are accounted, see Fig. 1 b,
which from now on will be labeled as C(CP), C('D), C('S), C(’S’) and OCP), O('D),
O('S), OCS) and O(CS), respectively. Their energies have been taken from the NIST
database.
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Fig. 1 Schematic representation of the (a) CO and (b) C and O energy level
diagrams.

2.2 Electron impact cross sections for the Boltzmann equation

The electron impact cross sections entering in the Boltzmann equation are those
corresponding to the processes listed in Table 1. For all the plasma species (CO, CO,,
C, O, CO"” C", O") momentum transfer cross sections (MT), taken mainly from the
LXCat database [28], are accounted. For the CO molecule, the cross sections for



ionization from ground state (Ico(0)) and for excitation from ground state of the
excited states (Metco) are accounted and the corresponding cross sections have been
taken from the Itikawa database [29]. The direct dissociation cross section from
ground state (Dgy;(0)), instead, is the experimental Cosby one [30] with threshold
energy 13.5 eV. The cross sections for ionization (Ico(v)) and dissociation (Dgi(Vv))
from each vibrational level of CO have been estimated from the corresponding
ground state cross sections by shifting the threshold energy according to the
vibrational energy of the level, without changing the modulus of the cross sections.
Resonant vibrational excitation cross sections (e-Vges) and resonant dissociation cross
sections (Dges) for the whole CO vibrational ladder have been taken into account for
the first time in a state-to-state CO kinetic model. In these processes, the incident
electron is attached to form a temporary negative ion CO and then vibrational
excitation or dissociation is induced. Laporta et al. [21, 22] provided the complete set
of vibrational state-resolved cross sections for all the vibrational levels of the ground
electronic excited state of CO, which are strongly state-dependent (v;, v¢). In
particular, resonant vibrational excitation cross sections are characterized by
resonance spikes, whose width is related to the lifetime of the unstable, intermediate,
negative ion vibrational level of CO~( *IT) (v;,,;) and the maximum value of the cross
sections at fixed v; usually decreases with the increase of the final vibrational number
v¢ (mono-quantum transitions are more probable than multi-quantum ones). Resonant
dissociation cross section from v=0 is very small but it increases rapidly for higher
vibrational levels.

For C and O atoms, ionization cross sections from C(’P) (Ic and I) and excitation
cross sections linking few electronic levels are accounted (e-C and e-O) and the cross
section taken respectively from [31] for C and [32] for O.

Table 1. Electron impact processes

Process Label | Reference
et+Xeoe+X,X=C000,C0,0"C* 0" |MT |[28][20]
e+ C0(0) ©oe+CO*+e Ico(0) | [29]
e+ CO(v)oe+CO"+e Ico(v) | [29]
e+ C0(0) e+ CO(X), Metco | [29]

X =a’Ml,a’®x*, b32%, A'Il, Bz, Cc 2+ E1x*
e+C00)e+C+0 Dgi(0) | [30]
e+C0(v)oe+(C+0 Dgi(v) | [30]

e+ CO(v;) » CO™(*I) > e+ CO(vy) e-Vres | [22]
e+CO(v;)>CO(*1)->e+C(°P)+0(°P)|Dres |[21]
e+C(*P)oe+Ct I [31]
e+0(°P)oe+0" Io [32]
e+C(°P)oe+C),Xx="D,'Ss, °S° e-C | [31]
e+0(°P)oe+0(),x="D,'s, 35°,°5° |eO |[32]




2.3 CO plasma chemistry
2.3.1 Pure vibrational mechanisms

The Pure Vibrational Mechanisms for CO considers two different reactive channels
assisted by vibrational excitation:

1) Direct dissociation (PVM,)

COwW)+M->C+0+M (2.3.1)
2) Boudouard or disproportionation reaction (PVM;)

CO(v)+CO(w) > CO,+C (2.3.2)

The first PVM mechanism is given by direct dissociation in which the CO molecule
in the vibrational state v by colliding with another molecule that could be CO, C, O
or CO, dissociates producing C and O atoms. The corresponding rate coefficient from
ground state has been taken from [33] and described by the following Arrhenius
expression

K,—o = AT" exp(—6/T) (2.3.3)

with 4 =1.7410"° cm3s71,1=0.19, 8 = 123661 K. The rate coefficients of
dissociation process from all the vibrational level of CO have been calculated
according to the Fridman-Macheret alpha-model [34], as already done for CO, [2, 8,
9]. According to this model, the vibrational energy lowers the activation energy
of the chemical reactions according to the following law,

Kgrect(v) = K,_,exp(aE,/T) (2.3.4)

where o 1s a parameter that determines the efficiency of vibrational energy in
lowering the reaction barrier. It should be noted that, when aE, > 6, K¢t (v) =
K,—o. According to Macheret and Fridman rules, a=1 for strongly endothermic
reactions, as in the case of reaction (2.3.1).

The other mechanism of PVM dissociation is called Boudouard or disproportionation
process (see eq. (2.3.2)) in which two vibrational excited CO molecules react forming
CO, and C.

The corresponding state specific rate coefficient can be written in the following way
[17, 19, 34]

Boud T E, 1% ( wco 2
KEUA (0, W) = kg |-+ Ay - fofi [1 — 2] (2.3.5)

Ey+E, wco,



where k; = 3x107"%cm3s™! is the gas kinetic rate at room temperature, T the gas
temperature, S < 1 the steric factor, A4,,, the step function

, if E,+E, >E,

1
AW‘%J@+%<% (2.3.6)

with E,, ed E, the vibrational energies of the two CO molecules, E, the reaction
activation energy, f,, and f,, the normalized CO vibrational level populations, w.o =
2214.24 cm™ and w¢p, = 2226.85 cm™! the vibrational quanta of CO and of CO,

asymmetric mode.
The formed C and O atoms, produced also by electron impact dissociation processes
are allowed to recombine according to the process
C+0+M->CO+M (2.3.7)
the rate coefficient of the process, taken from [13], is
2.14 1072°(T /300)~3%8exp(— 2114/T) cm®s (2.3.8)

2.3.2 Ionization Kkinetics

Electron impact ionization is considered occurring by the following channels

e+CO(v) oe+CO0" +e (2.3.9)
e+C(*P)oe+Ct (2.3.10)
e+0(°P)e+0" (2.3.11)

Their rate coefficients are calculated by integrating the product of the corresponding
cross sections, used for the Boltzmann equation (see Table 1), the electron velocity
and the eedf over the electron energy.

Ion losses occur mainly by the dissociative recombination process

CO*+e—->C+0 (2.3.12)
2.4 CO vibrational kinetics
The CO vibrational distribution function (VDF) is obtained by the solution of the

following coupled system of differential equations, one equation for each vibrational
level,



any, _ (dN,;) (dzv,,) (dN,,) (dzv,,) (dzv,,)
dt at Je_y T at /o—p T at Jo—p t at / pym T at Jy—y t

(), (), Q4.

where e-V, e-D and e-I contributions correspond, respectively, to the electron-impact
resonant vibrational excitation processes (e-Vges), to the two contributions of direct
(Dpir) and resonant (Dges) dissociation processes and to ionization (Ico) processes
listed in Table 1. The PVM term corresponds to the contribution of dissociation
induced by vibrational excitation due to both direct dissociation (eq. 2.3.1) and the
Boudouard process (eq. 2.3.2). The last terms (V-V, V-T and SE) correspond to the
following energy-exchange processes:

1) V-V (vibration-vibration)
COw)+COw) o COv—1)+COw+1)+ Ae (24.3)

2) V-T (vibration-translation) by CO

CO(v) +CO & CO(v—1) + CO + Aey (2.4.4)
3) V-Tby C, O

COw)+Ce=CO(v—1)+CH+ Aer (2.4.5)

CO(v)+0 o CO(w—1)+ 0+ Ag; (2.4.6)

4) SE (spontaneous emission)
CoO(v) & CO(w) + hv,, (2.4.7)

The rate coefficients of the V-V (eq. 2.4.3) and V-T by CO (eq. 2.4.4) processes have
been taken from the works [35, 36] in the framework of the forced harmonic
oscillator approximation (FHO). The corresponding rate coefficients are in
satisfactory agreement with the results obtained by semi-classical calculation by
Cacciatore and Billing [37].

Besides the V-T processes by CO molecules, a strong contribution to the CO
vibrational kinetics is given by the VT deactivation by O and C atoms (eq. 2.4.4),
whose rate coefficients have been taken from [19, 38].

Spontaneous emission processes (see eq. (2.4.7)) for the fundamental, first and
second overtone transitions of the first 30 vibrational levels of CO have been also
included [39].

Fig. 2 shows the resulting V-V and V-T rate coefficients as a function of the
vibrational level at a fixed gas temperature of 500 K.



Jo-el Tgas=500 K V-TC, O g
V-V quasi-resonant \1
"n 10710
(42]
e
o
n _
< 10712
et
O
©
S 10714
[0)
©
10716
V-V non-resonant
10_1 8 1 ] 1 ] 1 ] 1
0 20 40 60 80

Vv

Fig. 2 V-V quasi-resonant, V-V non-resonant, V-T by CO and C, O rate coefficients
at T4,=500 K as a function of the vibrational quantum number v.

In particular, we have reported V-V rate coefficients of the quasi-resonant process of
the kind

COw)+COwv)»COv—1)+CO(v+1) (2.4.8)
and of the V-V non-resonant process

Co(1)+Co(w) - Cco(0)+Co(v+1) (2.4.9)
together with the V-T monoquantum transition rate coefficients by C, O and CO. The
interplay between V-V and V-T rate coefficients as well as the disproportionation

reaction rate coefficients will be responsible of the form of VDF, in particular of the
plateau extension in the VDF.

2.5 Boudouard process: activation energy values

The rate coefficient of the Boudouard process depends on the activation energy value
(E,) entering in eq. (2.3.5). The first estimation proposed by Rusanov and Fridman
was 6 eV [40]. This value, used by Gorse et al [18], was too low to explain the
experimental vibrational distributions reported by De Benedictis et al [16]. Many



years after, Essenigh et al [17] obtained an activation energy of 11.6 eV by an
indirect experimental method based on egs. (2.3.5) and (2.3.6), on the experimentally
determined vibrational distribution function of CO and the experimental production
of CO, 1n a laser pumped experiment. To justify the very high deactivation energy of
11.6 eV, very near to the dissociation energy of the molecule, Essenigh et al [17]
suggested that the reaction proceeds via breaking one of the C-O bonds in the
transition state complex. Note that accepting this high value, the Boudouard reaction
can occur only in collisions of two very highly vibrationally excited CO molecules.
Very recently, a third estimation of E, has been proposed by Barreto et al [23],
suggesting an intermediate value of 8.3 eV (a similar value of 8 eV was also found by
Martin et al [41]). The 8.3 eV value was obtained by a quantum mechanical
calculation of the energies of reagents, products and transition state in the reactive
path [23]).

Fig. 3 shows the PVM rate coefficients of both direct and Boudouard mechanism
(calculated at the three E, values of 6, 8.3 and 11.6 e¢V) as a function of the
vibrational level at gas temperature equal to 500 K. The rate coefficient of the
Boudouard dissociation mechanism and thus its contribution both to global
dissociation and to the shape of the CO VDF depend on the value of the chosen
activation energy. The lower the activation energy, the higher the disproportionation
reaction rate coefficient, the shorter the V-V plateau in the CO VDF. The same trend
is expected by the action of carbon atoms, which present very large VT deactivation
rate coefficients. In section 3.2, the results obtained by changing the activation
energy value of the Boudouard process will be compared and discussed. On the other
hand, as it can be seen from Fig. 3, the direct process (PVM,) is characterized by a
higher activation energy and will affect only the tail of the CO VDF distribution (for
v>60), which, however, will be strongly deactivated by VT processes, thus its net
contribution to CO dissociation will be less important than the Boudouard
dissociation mechanism.
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Fig. 3 PVM, and PVM,, rate coefficients at three different activation energies (6, 8.3
and 11.6 €V) at Ty,=500 K as a function of the vibrational quantum number v.

3 Results

In this section, the results obtained by applying the self-consistent model to the CO
mixture will be presented. In particular, in section 3.1, the results obtained in a MW
test case study will be shown. After that, in section 3.2, 3.3 and 3.4 the dependence of
VDF, PVM and DEM rate coefficients on, respectively, the activation energy of the
Boudouard process (sect. 3.2), the gas temperature (sect. 3.3) and the E/N value (sect.
3.4) will be investigated. Finally, the effect of adding a more refined kinetics of the
metastable electronic excited state a’IT will be shown (sect. 3.5).

3.1 MW test case

The MW test case study is characterized by the following values of pressure, gas
temperature, pulse duration and reduced electric field value: P=5 torr, Ty,=500 K,
Tpuise=2.5 ms, E/N=60 Td. At the beginning of evolution (t=0), all CO molecules are
in the v=0 level, while the ionization degree is 10°. In this test case, the intermediate
value of 8.3 eV is used for the activation energy of the Boudouard process. The

results obtained for a pure CO mixture follow the presentation of pure CO, mixture
[8-10].



Fig. 4 a and b show, respectively, the time evolution of electron and CO vibrational
temperature and of the molar fractions in the test case study.
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Fig. 4 a and b Time evolution of electron and CO vibrational temperatures (a) and of
the molar fractions in the MW test case.

The electron temperature is calculated from the mean electron energy 7.=2/3*E,,¢rage»
while the vibrational temperature from the first two levels of the VDF by imposing a
Boltzmann distribution. The time dependent behavior is governed by the
characteristic e-V, V-V and V-T relaxation times, respectively T,_y, Ty_y and Ty_r
by CO and by C, O. Table 2 shows their estimation performed at the end of the pulse,
together with the 7,45, Which represents the characteristic time for reaching quasi-
stationary values in the eedf after the reduced electric field is applied. As it can be
seen from Table 2 such relaxation times are calculated from the corresponding rate
coefficients linking the ground and the first vibrational level.

Table 2 a Characteristic times evaluated at the end of the pulse (Tpyse = 2.5 ms)

from the corresponding rate coefficients linking the ground and the first vibrational
level.

Teedf Te-v = Lo Ty-y = Lo Ty-T (co) = Ty-T () =
= (neoKo) ™t | = MKy )™ | = (MeoKip)™h | = (ngoK T(CO)) = (ncK T(C)) !
1.02107 s 733 10" s 6.66 10° s 8.46 s 8.00 107 s

The electron temperature increases due to the effect of the electric field and reaches a
quasi-stationary condition in times of the order of few nanoseconds (see Teeqr in
Table 2). This quasistationary condition corresponds to the cold gas approximation,
i.e. when the vibrational distribution is not appreciably populated. Only on longer




time scale (7,_y), e-V processes are able to transfer energy into the vibrational
ladder, increasing the vibrational temperature as well. The quanta introduced into the
vibrational ladder are very soon redistributed among the vibrational ladder on the
time scale 7,_,, forming the V-V plateau. Once the vibrational temperature is
sufficiently high, superelastic vibrational collisions of the kind

e (e)+Co(w)»e (e+4,,)+COWw) (3.1.1)

with v>w and A, = E, — E,,, are responsible of the further increase of the electron
temperature just before the pulse end. The CO vibrational temperature reached at the
end of the pulse is comparable to that obtained in the MW test case of pure CO, [8-
10]. When the pulse is turned off, the electron temperature suddenly decreases and
consequently also the vibrational temperature start decreasing. At much longer times,
the vibrational temperature and the electron temperature, relax toward the gas
temperature due to V-T deactivation processes firstly by C and O atoms, occurring on
a shorter time scale (see Ty_r(¢)) and later by CO (Ty_r(co)) (see Table 2).

The time evolution of molar fraction shows that, at these conditions, the CO
dissociation 1s small and that the prevalent dissociation mechanism is the Boudouard
process leading to higher concentration of C and CO, than O one, after the pulse.
Electron molar fraction does not appreciably change during the discharge, while it
firstly decreases of nearly two order of magnitude in the post discharge due to
dissociative recombination of CO’, reaching later a stationary value linked to the
ionization of C atoms.

Fig. 5 a and b show the CO VDF in discharge (a) and post-discharge (b) conditions.
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Fig. 5 aand b CO VDF as a function of the vibrational quantum number v during the
discharge (a) and the post-discharge (b) in the MW test case.



During the discharge, the VDF is heated as a result of e-V processes acting over all
the vibrational ladder and by V-V processes. At the end of pulse (tpu=2.5 ms), a
plateau appears extending up to v=30 as a result of V-V processes. The plateau is
maintained in the post discharge up to 5 ms starting to be deactivated from 8 ms on.
The length of the V-V plateau depends on the competition between V-V up-pumping
mechanism and the most relevant deactivation processes in CO plasma, the
Boudouard process and the V-T deactivation by C and O atoms. By changing the
activation energy of the Boudouard dissociation process, the depletion zone will
move and the length of the plateau will change: the higher the activation energy, the
longer the V-V plateau.

Fig. 6 a and b, instead, show the corresponding EEDF time evolution in discharge (a)
and post-discharge (b) conditions. The corresponding Boltzmann solver is discussed
by [7-10].
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Fig. 6 a and b EEDF time evolution in discharge (a) and post-discharge (b) conditions
in the MW test case.

During the discharge, the EEDF increases due to the effect of the electric field and
reaches very soon (107 ps) the quasi-stationary distribution. At longer time (t> 1 ms),
the eedf still increases due to the effect of superelastic (vibrational) collisions (see eq.
3.1.1), which transfer vibrational excitation to the electrons.

When the pulse is turned off, the EEDF cools down quickly showing, as in the case
of CO, [8-10], the characteristic peaks due to superelastic processes involving the

metastable electronic excited states a3Il, a’3X*, A'Il, B3

e(e) + CO(aN) — e(s+ Ag; = 6eV) + CO (3.1.2)



e(e) + CO(a’32) » e(e + 4s, = 6.8eV) + CO (3.1.3)
e(e) + CO(A) - e(e + Ae; = 8.03eV) + CO (3.1.4)
e(e) + CO(Bz*) - e(e + 4e, = 10.78€eV) + CO  (3.1.5)

creating several peaks in the EEDF at the corresponding electronic excited state
energies, i.e. 6, 6.8, 8 and 10.78 eV. Moreover, each peak appears with the
periodicity of such energies, i.e. for the a1, see also [42, 43])

e(e +A4g)) + CO(a3M) - e(e + 24¢,) + CO  (3.1.6)

The magnitude of the peaks depends on the concentration of the electronic excited
states, which in our model is calculated only by considering electron-impact
excitation and de-excitation processes (see Metco process in Table 1) and certainly
overestimated, due to the neglect of deactivation mechanisms, such as quenching
processes and radiative processes. The results reported in Fig. 6 a-b characterize a
situation where the optical allowed transitions are optically thick and therefore
completely reabsorbed.

In Fig. 7 a and b, the PVM and DEM rate coefficients are displayed as a function of
time in (a) discharge and (b) post-discharge conditions with the corresponding
vibrational temperature values, displayed on the second x-axis. In the figures, we

report the upper limit value of PVM (K éulPVM) and chulPVM) (all)), the electron
impact dissociation rate coefficient DEM of Cosby cross section and of resonant
dissociation cross sections, both from ground (k4 (0)¢, k;(0)®) and by including all
the CO vibrational levels (DEM® and DEMY), and finally the two PVM dissociation
rate coefficients due to direct (PVM,) and Boudouard one (PVM,).
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Fig. 7 a and b PVM and DEM rate coefficients as a function of time in discharge (a)
and post-discharge (b) in the MW test case. The second x-axis reports the
corresponding vibrational temperature values.

The upper limit values of PVM are defined in [8-10] and are proportional to the rate
coefficient of e-V resonant vibrational excitation of the transition 0-1 (K, (0 = 1))
and 0-v (K, (0 = v))

JQupvM) _ 1
d

K,y (0 > 1) (3.1.7)

max

KSPYM gl = =Y v Ky (0 5 v)  (3.1.8)

VUmax

where vy 1s the CO maximum quantum vibrational quantum number.

They give an estimation of dissociation rate coefficients induced by vibrational
excitation supposing that all the vibrational quanta introduced at the bottom of the
vibrational ladder climb up to the dissociation limit without being lost as translational
energy (V-T deactivation processes are neglected). DEM rate coefficients from
ground state (k5(0),kZ(0)) instead are calculated by integrating the product of the
corresponding electron impact dissociation cross section from ground state (a5, o)
with the eedf (f (€)) over the electron energy axis, i.e

k5(0) = [v(e)ag (e)f (e)de (3.1.9)
kR(0) = [v(e)aR (e)f (e)de (3.1.10)



By including the contribution of dissociation rate coefficients from all the vibrational
levels of CO (see process Dgi(v) and D, of Table 1), the following more refined
DEM rate coefficients can be defined by summing over all the vibrational levels

DEMC — ZU kg(v)(E/N, fv,in,xe,xC,xo,XC+,X0+)fv (3.111)
DEMR = Zv kg(v)(E/N; fv;in;xeer;xO;xC"';xO"')ﬁ) (3112)

where k§(v) and k& (v) are the rate coefficients for direct and resonant dissociation
from the v level, fv the VDF, xg. the concentration of CO electronic excited states,

Xo, X, X, Xc+, Xo+ are, respectively, the electron, C, O, C' and O" molar fractions.
The two PVM rate coefficients for direct dissociation and Boudouard process can be
calculated by

PYMy = =25, kET () (@ Tyas) fi (3.1.13)
PVM, =%, k3™ (0, W) (Ba Tyas) fo fu (3.114)

where k47t (v) and kB4 (v, w) are the rate coefficients of eq. (2.3.4) and (2.3.5),
which depend on the gas temperature and on the o coefficient for the direct
dissociation and on the activation energy E, for the Boudouard process.

The dominant PVM and DEM rate coefficients correspond, respectively, to the
Boudouard dissociation mechanism (PVM,) and to the Cosby electron impact
dissociation (DEM®). Direct heavy particle dissociation (PVM;) and resonant
electron impact dissociation (DEM®) rate coefficients are much smaller.

Moreover, PVM, rate coefficients overcome DEMC ones for t>1.5 ms (T,> 3000 K)
in discharge and for t>4 ms (T,> 3000 K) in the post discharge, showing that
vibrational excitation due to V-V up pumped VDF can be very important also for the
pure CO system.

Finally, it is interesting to note that DEM" rate coefficient due to electron impact
resonant dissociation calculated by taking into account all CO vibrational ladder
differs from that one calculated from only the ground state kZ(0), the difference
strongly increases with the vibrational temperature.

Such behavior is not shown for the DEM® and the corresponding k5 (0) by Cosby.
This is due to the fact that resonant dissociation cross sections strongly increase by
increasing the vibrational quantum number, while, for our model assumptions,
Cosby’s ones have only a threshold energy shift with v. This aspect puts in evidence
the need of more refined calculations of vibrational-state resolved direct electron
impact dissociation cross sections for CO.

Before ending this section, we want to underline that the present results qualitatively
reproduce those reported by [19, 20] for discharge conditions characterized by



E/N=60Td, P=5 torr and n.=10""cm™. Differences up to orders of magnitude are
observed for the vibrational distribution of CO mainly due to the activation energy of
6 eV used in these papers.

3.2 Effect of activation energy of the Boudouard process.

In this section, the dependence of VDF, molar fractions and PVM rate coefficients on
the activation energy value used for the Boudouard process is investigated.

Fig. 8 a-c show the VDF in the MW test case of sect. 3.1 at the end of the discharge
(a) t= 2.5 ms and at two different times during the post-discharge, (b) t= 3 ms and (c)
t= 10 ms, calculated by using the different activation energies previously discussed.
As expected, a lower activation energy (E,=6 eV) results in a more deactivated VDF
plateau, the reverse being true for the highest used value of 11.6 eV. The E,=8.3 eV
case, instead, is intermediate between the previous two. The corresponding PVM,
rate coefficients largely depend on the choice of the activation energy, as shown in
Fig. 9 a-b.
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Fig. 8 a-c VDF in the MW test case at three different times (a) t=2.5 ms, (b) t=3 ms,

(c) t=10 ms calculated by assuming three different values of the PVM, activation
energy E.=6¢V,83¢V,11.6 eV
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During the discharge phase, lower activation energies result in higher PVM, rate
coefficients, while in the post discharge regime (Fig. 9 b) the rate coefficients
calculated with E,=6 eV and 8.3 show a similar behavior, being both much higher
than the 11.6 eV case. In the early post discharge regime (2.5 ms <t< 3 ms), the rate
coefficients depend on the high lying vibrational levels. In particular, a more
extended plateau is present in the vdf for E,=11.6 eV in this temporal regime (see Fig.
8 a-b), causing the temporary increase of the PVM, rate coefficients (see Fig. 9 b),
although the vibrational temperature, calculated from the first two vibrational levels,
is decreasing (see Fig. 4 a).

The PVM, rate coefficients, instead, are indirectly affected by the E, choice only
through the corresponding change of the VDF, see eq. (3.1.13).

Fig. 10 a and b show the PVM;, rate coefficients calculated in (a) discharge and (b)
post-discharge conditions at the three E, values.



10719

—

o
N
~

—

o
L
©

—

Q
\V]
g

PVM; rate coefficients (cm®s™)
o
3
1

1 1 1 1 1 1 1 1 1111l 1 1111l

0.5 1.0 1.5 2.0 2.5 101 102 103
time (ms) time (ms)

Fig. 10 a and b PVM, rate coefficients as a function of time calculated in (a)
discharge and (b) post-discharge conditions at the three values of PVM,; E,.

—
<
o B
o

Under discharge conditions (Fig. 10 a), the PVM; rate coefficients depend on the E,
choice only for the last 0.5 ms of the discharge, i.e. at higher vibrational temperature.
A similar behavior is observed in the post discharge conditions (Fig. 10 b) although
in this case the dependence of PVM, rate coefficients on E, 1s much important.

Fig. 11 reports the behavior of the molar fraction on E, for (a) CO and (b) formed
COs; as a function of time. The results show the dependence of CO, molar fraction on
the E, choice, the 6 eV giving the higher yield. In any case, the maximum of CO, is
of the order of 107, much lower than the corresponding CO molar fraction. This
justifies the neglect of the coupling between the vibrational kinetics of CO, and CO,
that will be necessary in the presence of higher concentrations of CO,.
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Fig. 11 a and b Time evolution of CO and CO, molar fractions calculated by using
the three different values of E, for the PVM,.

3.3 Effect of gas temperature

Fig. 12 a-d show, respectively, (a) the VDF as a function of v and (b) the PVM, and
PVM, rate coefficients, (c) the DEM and kj(0) for Cosby and resonant dissociation
and (d) the IEM and k;(0) rate coefficients as a function of 1/T,, in the MW test
case of sect. 3.1 for different T, values in the range 500-3000 K. In all the figures,
the reported values correspond to the values at the end of the pulse, i.e. t=2.5 ms.
The k;(0) and IEM rate coefficients are obtained as the k,(0) and DEM ones (see
eq. (3.1.9), (3.1.10) and (3.1.11) and (3.1.12)), by substituting the dissociation cross
section with the ionization one

ki(0) = [v(e)a;(e)f (e)de (3.3.1)

IEM = Y, kj(W)(E/N, fy, X, Xe) Xc) X0, Xc+) X0+ ) fo (3.3.2)
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Fig. 12 a-d (a) VDF as a function of v, (b) PVM, and PVM, rate coefficients, (c)
DEM and kj, (0) for Cosby (DEMS, k§(0)) and resonant dissociation (DEM®, kX (0))
and (d) the IEM and k; (0) rate coefficients as a function of 1/T, for T, in the range
500-3000 K, 1n the MW test case.

As shown in Fig. 12 a, the increase of gas temperature depopulates the VDF as a
result of the corresponding increase of V-T deactivation rates especially the V-T by C
and O atoms as well as of the decrease of the V-V up pumping mechanism. As a
consequence, the PVM,; and PMV, rate coefficients present a non-Arrhenius
behaviour as a function of 1/T,,, 1.€. the rate coefficients decrease with the increase
of the gas temperature, due to the non-equilibrium character of the VDF. The
decrease of the plateaux in the reported VDF is not compensated by the



corresponding increase of the rate coefficient. This behaviour was observed also for
the pure CO, plasma [10]. Only, in the range from 2000 K to 3000K, an increase of
PVM, and PVM, rate coefficients with the increase of Ty, 1s observed, showing an
Arrhenius type behavior, since, for Tg>2000 K, the VDF i1s a quasi-thermal
distribution.

Electron impact dissociation rate coefficients (see Fig. 12 c), i.e. k5(0), kX(0),
DEMC, DEM® (direct and resonant), present a nearly flat trend as a function of 1/T gas,
showing a weak non-Arrhenius behavior as a function of 1/Tg,,. This occurs since
electron impact dissociation rate coefficients, see for example k5(v) and kE(v) of
eq. (3.1.9) and (3.1.10), are only indirectly influenced by the non-equilibrium
character of the VDF through the corresponding change in the eedf. The non-
Arrhenius character increases especially for resonant dissociation rate coefficients
when processes involving vibrationally excited states are included (DEMY). The
ionization rate coefficients ki(0) and IEM reported in Fig. 12 d present a non-
Arrhenius behavior due also to the influence of the E, choice on the tail of the eedf.
To conclude this section, we want to point out that the increase of gas temperature
tends to minimize the V-V up pumping mechanism forming a quasi-Boltzmann
vibrational distribution for T>1000 K. This behavior should be present in the
microwave discharges operating at atmospheric pressure when high translational gas
temperatures can be found (T>2000K).

3.4 Dependence on E/N values

In this section, the dependence of DEM and PVM dissociation rate coefficients on the
reduced electric field E/N value is investigated. Fig. 13 a-c show DEM® (Cosby) and
the two PVM rate coefficients as a function of the vibrational temperature for three
reduced electric field values, (a) E/N=30 Td, (b) E/N=50 Td and (c¢) E/N=60 Td. One
can note that, only at E/N=60Td, appreciable PVM rate coefficients are obtained. In
particular, the PVM, ones, always higher than PVM,, overcome DEMC from a given
vibrational temperature on (see Fig. 13 ¢). On the other hand, the cases at 30 and 50
Td show a predominance of DEM® mechanism, because the selected time-pulse
(t=2.5 ms) at 30 and 50 Td does not allow a formation of non-equilibrium VDF. Only
at the 60 Td case, a well-developed non-equilibrium VDF is created as can be
appreciated in Fig. 14, where the VDF is reported as a function of vibrational
quantum number for the three values of the electric field, at the end of the pulse. The
formation of the plateau is such to increase the PVM, rate coefficients, allowing the
predominance of this mechanism over the other ones.

For E/N>60 Td, the DEM mechanism should prevail on PVM, one because of the
corresponding increase of average electron energy, which increases the electron
impact dissociation mechanism having less influence on PVM, mechanism. In this
contest, the E/N value of 60 Td in combination with high vibrational temperatures of
CO should be an ideal condition for processes aided by vibrational excitation.
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3.5 a’TT metastable electronic excited state kinetics

In this section, we discuss an attempt to insert in the present approach a more
complete model to describe the kinetics of the a’IT metastable state. To this end, we
add to the excitation/deexcitation of the metastable state by electron impact (see also
Metco processes of Table 1)

e + C0(0) & e + CO(aI) (3.5.1)

a quenching of the state by heavy particles. During the quenching reaction one can
pump vibrational energy in the products according to eqgs. (3.5.2) and (3.5.3)

co(a*l, w=10)+C0 > CO(v=27)+CO (3.52)0r
co(a®M, w=0)+C0 - CO(v=10)+CO (3.5.3)

Moreover, one can also consider a formation of the metastable through the following
reaction

co(v>27)+C0 - CO(a®, w=0)+CO (3.54)

The rate coefficient of processes (3.5.2) and (3.5.3) has been estimated as KJ,, =
1071%m3s~1 by [45, 46] with the first experimental measurements of quenching
rates. On the other hand, the rate coefficient of the process (3.5.4) has been estimated
by K& = 10"3cm3s~! by [44]. The new kinetic scheme for the a’Il electronic
excited state can be written in the following way

an

a3 { .
% = nenco(vzo)kglr(o —a’M) - nenco(a3n)kénv(0 —a’ll) —
nCO(a3n)ncoK§lea + NeoKvg Yv>27 Ncow) (3.5.5)

where k2 (0 — a®I) and k2™ (0 — a®I1) are the direct and reverse rate coefficients
of processes in eq. (3.5.1).

This new kinetic scheme modifies the VDF and to a minor extent the eedf of the CO
plasma. In particular, the VDF is strongly affected by the fate of the quenching
process in populating the vibrational level of the product (eq. (3.5.2) or (3.5.3)), as it
can be appreciated by looking to Fig. 15 a-d, which reports the VDF calculated by
considering the kinetic scheme of eq. (3.5.5), including in it the quenching process
pumping the v=27 (eq. (3.5.2)), see Fig. 15 a-b, or the v=10 (eq. (3.5.3)), see Fig. 15
c-d. Inspection of the figure shows that the pumping of the v=27 strongly enlarges the
VDF with respect to the v=10 case, both in discharge and post-discharge conditions
with large effects on the PVM rate coefficients. At the moment, it is very difficult to



decide about the choice of egs. (3.5.2) and (3.5.3) to be inserted in the vibrational
kinetics. Both the possibilities derive by indirect considerations, the v=27 choice can
be considered as representing the upper limit of the vibrational pumping through the
quenching process, the v=10 level representing a quasi-lower limit.
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Fig. 15 a-d VDF calculated by considering the kinetic scheme of eq. (3.5.5), by
including the quenching process pumping (a-b) the v=27 (eq. (3.5.2)) or (c-d) the
v=10 (eq. (3.5.3)), in discharge ((a) and (c)) and post-discharge ((b) and (d))
conditions and by considering E,=11.6 eV.



4 Conclusions

The results reported in the present paper follow those presented by our group for the
CO, system, emphasizing the importance of pure vibrational mechanisms in the
dissociation of CO competitive with the corresponding DEM ones. Moreover, the
role of superelastic electronic and vibrational collisions in affecting eedf under
discharge and post discharge conditions results more important than the similar
effects found in pure CO,. All the results indicate the need to consider the kinetics of
CO system with the same accuracy of the CO,, when inserted in the CO,/CO mixture.
As a consequence, future attention should be given to the implementation of the V-V’
coupling of CO and CO, systems in the whole vibrational ladders.

On the other hand, the introduction of the CO vibrational kinetics into the CO, one
needs the implementation of a more complete plasma-chemistry model containing
also formation and destruction channels of O, and C, molecules and 1ons, with O,
vibrational kinetics. This point should consider an improved kinetics of electronic
excited states of CO, O, C, including quenching reactions and optical reabsorption
kinetics to better quantify their role in modifying the eedf of CO plasmas [32, 41, 46,
47], as well as the CO,/CO plasma mixture. Validation of the whole code with
experimental results for pure CO, and CO systems and their mixtures will become
essential for transforming the numerical code in a predictive form useful to indicate
the best conditions for the activation of CO/CO, species by cold plasmas.
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