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Abstract:  

Electrical breakdown by the application of an electric field occurs more easily in hot gases than in cold gases 

because of the extra electron-species interactions that occur as a result of dissociation, ionization and 

excitation at higher temperature. This paper discusses some overlooked physics and clarifies inaccuracies in 

the evaluation of the effective ionization coefficients and the critical reduced breakdown electric field of CO2 

at elevated temperature, considering the influence of excited states and ion kinetics. The critical reduced 

breakdown electric field is obtained by balancing electron generation and loss mechanisms using the electron 

energy distribution function (EEDF) derived from the Boltzmann transport equation under the two-term 

approximation. The equilibrium compositions of the hot gas mixtures are determined based on Gibbs free 

energy minimization considering the ground states as well as vibrationally and electronically excited states as 

independent species, which follow a Boltzmann distribution with a fixed excitation temperature. The 

interaction cross sections between electrons and the excited species, not reported previously, are properly 

taken into account. Furthermore, the ion kinetics, including electron-ion recombination, associative electron 

detachment, charge transfer and ion conversion into stable negative ion clusters, are also considered. Our 

results indicate that the excited species lead to a greater population of high-energy electrons at higher gas 

temperature and this affects the Townsend rate coefficients (i.e., of electron impact ionization and attachment), 

but the critical reduced breakdown electric field strength of CO2 is only affected when also properly 

accounting for the ion kinetics. Indeed, the latter greatly influences the effective ionization coefficients and 

hence the critical reduced breakdown electric field at temperatures above 1500K. The rapid increase of the 

dissociative electron attachment cross-section of molecular oxygen upon rising vibrational quantum number 

leads to a larger electron loss rate and this enhances the critical reduced breakdown electric field strength in 

the temperature range where the concentration of molecular oxygen is relatively high. The results obtained in 

this work show reasonable agreement with experimental results from literature, and are important for the 

evaluation of the dielectric strength of CO2 in a highly reactive environment at elevated temperature. 
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1. Introduction  

Understanding the dielectric properties of a hot gas is required for various practical applications because 

electric breakdown often takes place at elevated temperature. For example, in a circuit breaker, if the hot gas 

between both electrodes that is left behind by the thermally-recovered arc has a lower dielectric strength than 

the applied electric field strength, an electrical breakdown of the hot gas occurs, causing reignition of the arc 

and interruption failure[1]-[3]. Another example where this is important is a gliding arc, which is an 

auto-oscillating periodic discharge between two diverging electrodes, and which is considered as one of the 

most effective and promising plasmas for the conversion of greenhouse gases into value-added chemicals. The 

arc grows with rising interelectrode distance until it extinguishes. At that moment the discharge reignites itself 

at the shortest electrode gap separation, where a residual warm environment facilitates the start of a new cycle 
[4]-[5]. The gas breakdown depends on whether an electron avalanche can be formed for a given electric field. 

The formation of an electron avalanche is determined by the production and loss processes of electrons. 

Electron impact ionization and electron detachment contribute to the production of electrons, while electron 

attachment and recombination with ions are responsible for their loss. A Townsend avalanche usually 

develops from the initiating electron. The total number of electrons in the avalanche initiated at x = 0 from N0 

initial electrons (often N0 = 1) is described by 

0( ) exp( ( ))eN x N K x                                                               (1) 

where the ionization integral K(x) is defined as 

0( ) ( ') 'x
effK x x dx                                                                 (2) 

Here eff  is known as the effective Townsend ionization coefficient, expressed in m-1, and defined as the 

number of electrons produced by one electron per unit length in the direction of the electric field.  

Critical reduced breakdown electric field strengths, at which the production and loss of charged species is 

exactly balanced and the effective ionization coefficient is zero, have been widely studied by both numerical 

calculations and experiments for various gases at room temperature [6]-[17]. However, detailed experimental 

investigations for hot gases have rarely been performed because these phenomena are complicated and 

therefore difficult to treat at elevated temperature. Eliasson and Schade [18]-[19] have reported experimental 

results for the breakdown voltage of hot SF6. Rothhardt et al. have experimentally measured the temperature 

dependence of the breakdown voltage of air, N2 and SF6 up to 3500 K [20]-[22]. Uchii et al. performed 

breakdown voltage measurements inside a circuit breaker which led to an estimate of the gas temperature [23].  

Besides experiments, theoretical studies by means of the Boltzmann equation should be able to provide 

valuable information on the dielectric properties of hot gases and gas mixtures, and they have recently become 

a research hotspot [24]-[33]. In fact, if the ion kinetics is not taken into account, i.e., electron-ion recombination 
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and electron detachment from negative ions are neglected, the effective ionization coefficient is simply 

determined from the Townsend ionization coefficient α and the Townsend electron attachment coefficient η as 

eff                                                                         (3) 

The Townsend coefficients α and η are also expressed in m-1, and they represent the number of electrons 

formed or lost per unit length and normalized per electron, due to electron impact ionization and electron 

attachment, respectively. They can be determined from the ionization and attachment rate coefficients, which 

are calculated from the electron energy distribution function (EEDF) based on the collision cross section sets 

and the number densities of all species present in the dissociated gas. Note that the role of ions becomes 

significant at higher temperature, the electron kinetics alone by formula (3) is not sufficient to obtain reliable 

data on the effective ionization coefficients and on the critical reduced breakdown electric field strength. 

Therefore, the ions kinetics, which play an important role above 1500 K, and which have also not yet been 

considered in the existing literature should be taken into account in the evaluation of hot gas breakdown. 

To our knowledge, all previous calculations of critical reduced breakdown electric field strength have 

neglected the role of vibrationally and electronically excited species and this will definitely bring some 

deviation in the estimated critical reduced breakdown electric field strength. Indeed, the excited species may 

have different interaction behavior with electrons, and their population might even be higher than the ground 

state species, for a certain temperature and gas pressure (see below). Colonna et al. [34] calculated the reduced 

electric fields responsible for electrical breakdown in high temperature air by solving a stationary Boltzmann 

equation including superelastic vibrational collisions, which play an important role in the determination of the 

electron energy distribution function (EEDF). The authors suggest that the calculation can be further improved 

by taking into account the dissociative attachment and ionization from vibrationally excited states, because 

their cross sections have a strong dependence on the vibrational quantum number. Recently, Pietanza et 

al.[35]-[36] performed a Boltzmann equation analysis for pure CO2 plasma, in the presence of superelastic 

vibrational and electronic collisions, as well as electron-electron Coulomb collisions, in both discharge and 

post-discharge conditions. They also found that the influence of superelastic vibrational collisions on the 

EEDF in CO2 is non-negligible.  

Therefore, the present aims to evaluate the effective ionization coefficient and critical reduced 

breakdown electric field strength of CO2 and its dissociation products at elevated temperatures from 300 K up 

to 5000 K, and tries to clarify the influence of ion kinetics and excited states on the calculation. This paper is 

organized as follows: Section 2 presents the species composition of hot CO2 gas, which is s a prerequisite to 

obtain the dielectric properties of dissociated CO2 gas when applying an electric field. Section 3 describes the 

electron collision processes for both the ground states as well as the vibrationally and electronically excited 

states considered in this work. The ion kinetics, which plays a significant role in the electron avalanche 

development at elevated temperature, is described as well. Section 4 gives a theoretical determination of the 
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effective ionization coefficients and the critical reduced breakdown electric field strength by taking into 

account both the electron and ions kinetics. The results obtained concerning the physical mechanisms 

responsible for the breakdown are discussed and compared with available experimental data in Sections 5. 

Finally appropriate conclusions are drawn. 

2. Species composition of hot CO2 gas 

The dissociation of CO2 takes place at elevated temperature, and the neutral species composition of the 

gaseous mixture can influence the EEDFs and hence the electron kinetics, as well as the occurrence of 

breakdown, due to the different collision cross sections (see section 3.1 below). Furthermore, at high 

temperature, thermal ionization can also occur, producing ions and electrons, which can also influence the ion 

kinetics and the electron avalanche development (see section 3.2 below). Therefore, determining the species 

composition is a prerequisite to obtain the dielectric properties of dissociated CO2 gas when applying an 

electric field. The various neutral species, positive and negative ions originating from CO2 at elevated 

temperature, included in our model, are listed in table 1. Besides the ground states, we also include several 

vibrational levels and electronically excited levels for the most important neutral species, as shown in table 1. 

The energies of the vibrational levels of the molecular species are calculated using the anharmonic oscillator 

approximation [37]. To have an efficient and not excessively complex model, we include only a limited number 

of vibrational levels, i.e., 8 CO2, 10 CO and 4 O2 vibrational levels, and only a few electronically excited 

states of CO2, C, O, CO and O2, as indicated in table 1, primarily to account for the electron energy losses 

upon excitation to these levels. These excited states are chosen because they have the lowest energy. Electron 

impact excitation of the ground state to these levels is very important and plays a non-negligible role in 

reproducing experimental swarm data. 

For CO2, the different vibrational levels are grouped in 8 effective levels, i.e. the first bending mode 

(010), denoted as CO2v1, the first asymmetric stretching mode level (001), denoted as CO2v8, and 6 mixing 

levels (Fermi resonance levels), represented by v2~v7 (0n0 + n00). The Fermi resonance levels connect 

symmetric stretching and bending mode levels, which have similar energies, and their states are indicated in a 

generic way by (0n0) + (n00). The details are listed in table 2 below. Moreover, we also include two electronic 

excitations with threshold energies at 7.0 and 10.5 eV, respectively. However, the 7 eV threshold energy 

process is considered as a dissociative channel, and for this reason, only one CO2 electronically excited level 

is listed in table 1 and table 2.  

For CO, the first 10 vibrational levels (for which the electron impact excitation cross sections are 

available in the literature) up to an energy of 2.51 eV are included in the model, as well as 5 electronic 

excitations (See details in table 2 below). For O2, the 4 vibrational states with the lowest energy levels are 

taken into account, as well as 5 electronic excitation states, as indicated in table 2 below. For atomic carbon 

and oxygen, we include two electronic excitation states, i.e., C(1D), C(1S) and O(1D), O(1S), with energies at 

1.26 eV, 2.68 eV, 1.97 eV and 4.20 eV, respectively. 
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Table 1 Overview of the species included in the model. Details on the vibrational and electronic states are 

given in table 2. 

Neutral species CO2, CO, C, C2, O2, O3, O 

Positive ions 
2CO , +CO , 2C , 2O , +O , +C  

Negative ions 
3CO , O , 2O , 3O ,  

Vibrational states CO2(8), CO(10), O2(4) 

Electronic states O(2) , C(2), CO2(1), CO(5), O2(5) 

Electrons  e- 

Under the ideal condition of local thermal equilibrium, the chemical equilibrium concentration of each 

species (including ground state and the various vibrational and electronically excited levels ) is calculated as a 

function of temperature and pressure by minimizing the Gibbs energy of the system, which is a standard 

technique in equilibrium chemistry [38]-[39]. Note that the equilibrium composition obtained by using statistical 

thermodynamics through partition functions includes the ground state and various excited states. As it is not 

possible to include all the excited states in the solution of the Boltzmann equation, we consider a condition 

that each species includes the ground state and only a few low lying excited states (as mentioned above) 

which follow a Boltzmann distribution and have a global density equal to the equilibrium value. This 

procedure of parametrizing the concentration of these states equal to the given equilibrium value at a fixed gas 

temperature allows us to understand the role of excited states [40]-[41] although it might give some deviation 

from the actual species concentration. 

 It is worth to mention that the time scale of a single electron avalanche is usually short compared to the 

characteristic time of the neutral kinetics, and thus, the change of the neutral species concentration during the 

breakdown process can be neglected. Therefore, the equilibrium composition can be used for the calculation 

of the electrical breakdown, which is a typical non-equilibrium process with EEDF departing from the 

Maxwellian distribution. Under the equilibrium condition, it is assumed that the forward electron-ion 

recombination rate is balanced with the reverse reaction rate (i.e., for electron-ion pair formation) and the influence 

of electron-ion recombination is therefore not taken into account in the ions kinetics. Note that the equilibrium 

species composition is a rather exceptional case in reality. For example, when a hot gaseous mixture is 

produced by a rapid quenching of the plasma from an elevated temperature, the composition of the hot gas 

may depart from the equilibrium composition. Especially the charged species will be overpopulated because 

the ions and electrons have not enough time to recombine into neutral species, as dictated by the reaction rates. 

In order to account for the influence of this kind of ion overpopulation on the electron-ion recombination, we 

artificially increase the concentrations of the charged species by a factor two compared to the equilibrium 

concentrations (see text below). 
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Table 2 Overview of the vibrational and electronically excited levels of molecular species CO2, CO andO2 

included in the model.  

Species  Notation  Excited state(s) Energy level (eV) 

CO2 

 

CO2v1 (0 1 0) 0.083 

CO2v2 (0 2 0) + (1 0 0) 0.167 

CO2v3 (0 30) + (1 1 0) 0.252 

CO2v4 (0 n 0) + (n 0 0) (a) 0.339 

 CO2v5 (0 n 0) + (n 0 0) (a) 0.442 

CO2v6 (0 n 0) + (n 0 0) (a) 0.505 

CO2v7 (0 n 0) + (n 0 0) (a) 2.500 

CO2v8 (0 0 1) 0.291 

CO2e1 (b)  10.50 

CO 

 

 

COv1 nv = 1 0.266 

COv2 nv = 2 0.528 

COv3 nv = 3 0.787 

COv4 nv = 4 1.040 

COv5 nv = 5 1.300 

COv6 nv = 6 1.540 

COv7 nv = 7 1.790 

COv8 nv = 8 2.030 

COv9 nv = 9 2.270 

COv10 nv = 10 2.510 

COe1 A3Π 6.220 

COe2 A' 3Σ 6.800 

COe3 A1Π 7.900 

COe4 b3Σ 10.400 

COe5 
C1Σ + 

E1Π 
10.600 
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O2 O2v1 nv = 1 0.190 

O2v2 nv = 2 0.380 

O2v3 nv = 3 0.570 

O2v4 nv = 4 0.750 

O2e1 a1Δg 0.977 

O2e2 b1Σg+ 1.627 

O2e3 

A3Σu+ +  

C3Δu +  

c1Σu- 

4.500 

O2e4 B3Σu- 8.400 

O2e5 (c)  9.970 

 

(a) A generic notation “n” for the levels CO2v4-v7 is used, as they are composed of several individual levels. 

(b) The exact notation of the electronically excited level CO2e1 is not known (see ref [42]).  

(c) The exact notation of the electronically excited level O2e5 is not known (see ref [43]). 

 

Fig.1 Calculated species composition of CO2 and its dissociation products (a), as well as the 

corresponding charged particles (b), as a function of gas temperature at atmospheric pressure. The sum of 

ground state and all vibrational and electronically excited levels is plotted for each neutral species. Only the 

most important species are plotted; the ions with negligible densities under the equilibrium conditions are not 

presented here. 
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Fig.2 Calculated molar fraction of the ground state and the various vibrational and electronic states of 

CO2 (a), CO (b), O2 (c), and O and C (d), as a function of gas temperature at atmospheric pressure. For CO2 

and CO, only the vibrational states are presented, because the electronically excited states have a negligible 

molar fraction. For O2, only the two lowest electronically excited states are shown, besides the vibrational 

levels, for the same reason. 
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Fig.3 Calculated CO2, CO, O and O2 molar fractions as a function of gas temperature, at a pressure of 0.1 

atm (solid lines), 1 atm (dashed lines) and 10 atm (short dashed lines). 

Fig.1 shows the calculated molar fractions of CO2 and its dissociation (and ionization) products as a 

function of temperature in the range from 300 K to 5000 K at atmospheric pressure. Above around 2000 K, 

CO2 starts to dissociate into CO and O2. A further temperature increase above 3000 K promotes the 

dissociation of O2 into O atoms. Because the dissociation products of CO2, i.e. CO, O2 and O, have different 

electron kinetics, this might influence the effective ionization coefficients and hence change the critical 

reduced breakdown electric field strength of the gas mixture. The ions are generated above 3500K and their 

concentration increases with rising temperature. Only the dominant ions are plotted in Fig. 1(b); the other ions 

have negligible densities under the equilibrium conditions. The electron fraction is also plotted, and is 

obtained from the molar fractions of the various positive and negative ions, based on electrical charge 

neutrality. 

Assuming a Boltzmann distribution with an excitation temperature identical to the gas temperature, we 

can obtain the molar fractions of the various vibrationally and electronically excited states, as is presented in 

Fig. 2 for CO2, CO, O2, O and C (except for the electronically excited states of CO2 and CO and the highest 

electronically excited states of O2, which have negligible molar fractions). With increasing gas temperature, 

the concentration of the CO2 vibrational levels can even exceed that of the ground state (see Fig. 2(a)). 

Therefore, the electron kinetics of the excited species might also influence the effective ionization coefficients 

of the gas mixture and thus the critical reduced breakdown electric field strength at elevated temperature.  

Finally, Fig. 3 shows the calculated molar fractions of CO2, CO, O and O2 at a pressure of 0.1 atm, 1 atm 

and 10 atm, again in the temperature range from 300K to 5000K. The dissociation of CO2 and thus also the 

concentration of its dissociation products is shifted to higher temperature with increasing pressure.  

From these figures, we can conclude that the gas temperature and pressure can significantly affect the 

concentrations of the dissociation products and of the various excited states and ionic species. Therefore, the 

electron interactions with these species, as well as the ion kinetics, must be taken into account when 

calculating the effective ionization coefficients and the critical reduced breakdown electric field strength, 

which will be discussed in detail in the following sections. 

3. Electron-gas collision cross sections and ion kinetics  

3.1 Electron-gas collision cross sections 

For determining the critical breakdown electric field, we need to calculate the rates of electron 

production and loss, which are determined from the electron impact ionization, electron attachment and 

detachment, and electron-ion recombination coefficients. Thus, we need to calculate the electron energy 

distribution functions (EEDFs), based on the cross sections of all relevant processes. We take into account 

here the interaction of electrons with the ground state and various excited states of the following neutral 
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species: CO2、CO、O2、O and C, as well as with the ground state of O3 and C2. Not all cross section data, 

especially for the interaction between electrons and excited species, are available in the literature. The 

electron-impact momentum transfer, excitation, ionization and attachment cross sections for the interactions 

between electrons and the ground states species are adopted from standard databases (see below and Appendix 

1).  

As explained in previous section, we take into account a simplified CO2 energy ladder, describing the 

excitation from the ground state v0 (000) to eight vibrational levels, including the first bending mode level v1 

(010), the first asymmetric stretching mode level v8 (001), and 6 mixing levels (Fermi resonance levels) v2-v7 

(0n0+n00), as well as one electronic level (e1) with threshold energy at 10.5 eV. The other important 

electronic level with threshold energy at 7.0 eV is considered as dissociative channel, but electron impact 

excitation from the ground state to this electronically excited level is of course also included. This treatment is 

in agreement with those one by Pietanza et al. [35]-[36] although recently Pietanza et al [46] have developed a 

updated database, which substitutes the above mentioned dissociation with the experimental data by Cosby 

and Helm [47]. The relevant cross sections are taken from the database of Phelps and coworkers [42],[44], 

supplemented by the dissociative ionization channels recommended by Itikawa [45].  

The cross sections for the electron interactions with the ground state of the other neutral species, CO, O2, 

O3、C2、O and C are based on reference [43],[48]-[58]. The detailed reaction set for the electron interactions with 

neutral species, as well as the references where the cross section data are adopted from, is tabulated in table 3 

in the Appendix. Calculations show a strong dependence of dissociative attachment on the vibrational 

quantum number for molecular oxygen [59]. Therefore, we include the most recent cross section sets calculated 

by Laporta et al.[49],[53] for the dissociative electron attachment with the vibrationally excited states of CO and 

O2. It is found that the dissociative electron attachment cross section of vibrationally excited molecules of CO 

and O2 increases rapidly with the increasing of vibrational quantum number. This can influence the electron 

attachment rate and hence the critical reduced breakdown electric field (see section 5.3). The ionization cross 

sections of vibrationally excited O2 molecules, which are available via the website of the Phys4Entry project 
[60], are from the calculation of Kosarim et al.[52]. Kosarim et al.[52] also performed a calculation of the 

ionization cross section of electronically excited O2 molecules, however, the full data set is not available to us. 

Therefore, for the electronically excited states O2e1 (O2(a1Δg)) and O2e2 (O2 (b1Σg+)), the ionization cross 

sections are approximated by a threshold shift following a similar treatment as in reference [61]. Our calculation 

shows that for the cases considered in this work, the role of the electronically excited states of molecular 

species is minor in the ionization process due to their quite small concentrations. For the ionization of 

electronically excited O atoms, we take into account the cross section set evaluated by Pandya et al. [62]. 

The interaction cross sections between electrons and the other excited species are not completely 

available in the literature and different approximation methods were used in literature to evaluate the influence 

of excited states on the electron kinetics [63]-[65]. One approach is to assume that all the vibrational states may 
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be ionized and excited with a cross section identical to that for ionization and excitation from the ground state 
[50]. On the other hand, some scaling laws can also be used to estimate the cross section sets of excited states 
[64]-[65]. In our work, the electron impact excitation cross sections σnm for excitation from CO2v(n) to CO2v(m) 

at each vibrational mode (i.e., n = 1-6; m = 2-7) were obtained by the Fridman approximation [64] from the 

known cross section σ01 for excitation from the ground state to the first vibrational state:  

01 01
exp( ( 1)( ) ( )

1nm nm
m n E E

n
                                          (4) 

where E01 = E1 − E0 and Enm = Em − En are the corresponding excitation threshold energies. Thus, the Fridman 

approximation shifts the cross sections on the energy scale to account for the change in the threshold energy 

and it scales the magnitude of the cross sections according to two parameters, α and β. For CO2, we use α = 

0.5 and β = 0 as suggested in [64] , i.e. the cross section σ12 has the same magnitude as σ01. This approach is a 

kind of semi-empirical approximation for multi-quantum vibrational excitation. The parameters chosen here 

yield good agreement with experimental work [44] for the cross section data of electron impact excitation to the 

lower asymmetric mode vibrational levels. 

The vibrational cross section sets for electron impact excitation from the lower to higher vibrational 

states of CO and O2 are obtained by a similar scaling and shifting using Fridman’s approximation. For 

inter-mode vibrational excitations of CO2v(n) to CO2v(m) (i.e., n = 1-7; m = 8 or n = 8; m = 1-7), we assume 

that these processes have the same cross section value as from the ground state. 

For the elastic collisions, we assume that the interactions between electrons and excited species have the 

same cross sections as for the ground states. Similarly, electron impact ionization of the vibrational levels and 

excitation from (vibrationally or electronically) excited states to other electronically excited states is likely to 

proceed to another vibrationally excited state of the correspond ion or excited molecule (according to the 

Frank–Condon principle) and thus we assume no effect of the vibrational energy on these types of reactions, 

i.e., the same cross sections as for the ground state reactions are used. In contrast, as vibrational excitation is 

most effective in lowering the energy barrier for dissociation and dissociative ionization and attachment 

reactions, the threshold energy of the cross sections for these processes is lowered by the vibrational energy of 

the levels. Finally, for electron impact excitation and ionization of an excited atomic level, we also utilize the 

cross sections of the ground state and again shift the energy dependence by the energy of the excited level.  

By means of these approaches to estimate the missing cross sections for interactions between electrons 

and excited species, we can investigate the influence of the excited states on the electron impact ionization 

and attachment kinetics and hence on the critical reduced breakdown electric field strength. We should stress 

that the accuracy of the calculated breakdown electric field strength largely depends on the used cross section 

set. Although we tried to include the most reliable cross sections derived by reproducing the experimental 
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swarm transport properties through a Boltzmann analysis or theoretical calculation, the present results might 

still be subject to improvement, because some approximations are used in the establishment of the electron 

impact cross sections with the vibrationally and electronically excited states. In order to develop an improved 

database, experimental work is of great significance to help validate the theoretical evaluation. 

3.2 Ion kinetics  

The critical breakdown electric field will be higher when the electron avalanche is limited, by removing 

electrons, e.g., due to electron-positive ion recombination or electron attachment, while it will be lower when 

the electron avalanche is enhanced, e.g., by ionization or electron detachment from negative ions. Thus, the 

ion kinetics must be taken into account [27]. Therefore, the ion kinetics including electron-ion recombination, 

electron detachment from these negative ions, charge transfer reaction, as well as ion clustering reactions, 

which also play an important role as electron kinetics in electrons production and loss, should be taken into 

account in the evaluation of hot gas breakdown. 

The electron-ion recombination reactions gradually become more important at elevated temperature, 

because of the higher ionization degrees (cf. Figure 1 above). The rate coefficients of the electron-ion 

recombination reactions are listed in table 4 in Appendix 2, and their backward rate coefficients (i.e., for 

electron-ion pair formation) are computed by the detailed balance principle based on an equilibrium constant 

defined by the partition functions of the reactants and reaction products.  

It is known that a plasma in gas mixtures containing electronegative gases (i.e., from which negative ions 

are readily produced) often exhibits markedly different behavior from a plasma in electropositive gases [66]. 

In the gas mixture of CO2 and its dissociation products, electron attachment reactions with CO2 and atomic 

oxygen produce O  ions, while electron attachment with O2 and O3 produce either O or 2O  ions (see 

table 3 in Appendix 1). The electron attachment with CO is quite weak and therefore ignored in our work. 

Vice versa, the (associative) detachment of electrons from O   and 2O , mainly upon reaction with 

CO, O2, O3 or O, which are the dominant dissociation products of CO2, has a high reaction rate coefficient 

(depending on the collision partner; see table 4 in Appendix 2) and can thus influence the breakdown behavior 

at sufficiently high concentrations of these species. This process turns out to be especially important for CO, 

due to its relatively high concentration (see Figure 1). 

Finally, clustering of the O  ions with either CO2 or O2 will lead to the formation of 3CO  or 3O , 

which are stable negative ions. This process is especially important for the formation of 3CO , due to the high 

concentration of CO2. The destruction of this cluster ion is more difficult due to its high electron affinity 

and/or the greater cluster bond energy [66]. In addition, this clustering reaction occurs at a time scale which is 

much faster than for typical electron detachment reactions. Thus, three-body clustering reactions can very 
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rapidly convert the initial negative ions (i.e., mainly O ) to more stable cluster ions at high enough CO2 

concentrations. Therefore, the two ion reactions mentioned above, i.e. associative detachment and cluster 

stabilization, compete with each other as destruction channels for O , to produce either new electrons or 

stable 3CO  cluster ions, respectively. To complete the ion kinetics in our model, one more ion reaction is 

included, i.e., ion conversion from O2
- to O- (see table 4 in Appendix 2). 

In the low temperature range, when the dissociation of CO2 is weak, the concentration of CO, which is 

mainly responsible for the detachment reactions, is low, and hence the effective detachment rate is low. In this 

case, the influence of detachment processes on the electron formation and hence on the effective ionization 

coefficients is quite limited, while cluster stabilization plays an important role in the conversion of the 

negative ions O  (generated by electron attachment) into stable cluster ions. Thus, the balance of electron 

generation and loss is mainly controlled by electron impact ionization and electron (dissociative) attachment 

of (mainly) CO2.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

However, when the gas temperature increases, the dissociation degree of CO2 gradually increases as well, 

and the reaction rate of cluster ion formation decreases. At the same time, the destruction rate of the negative 

ions O  upon collision with CO, leading to electron detachment, will increase. At a certain gas temperature, 

the concentration of CO is sufficiently high, so that the electron detachment reaction upon collision with CO 

can effectively compete with the ion cluster formation. In this case, the negative ions (mainly O ) produced 

by electron (dissociative) attachment can almost instantaneously be lost by associative electron detachment. 

Thus, the net contribution of electron (dissociative) attachment on the electron loss will become zero and the 

balance of electron generation and loss will be mainly controlled by electron impact ionization and 

electron-ion recombination. These considerations stress the importance of including the ion kinetics when 

calculating the effective ionization coefficients and the critical reduced breakdown electric field from the 

balance between electron production and loss. 

The above mentioned ion kinetics, and their effect on the electron production and loss, is schematically 

summarized in the following diagram. The electron attachment and detachment reactions are indicated with 

blue and red arrows, respectively, while the ion cluster reactions of O- and the charge transfer reaction from 

O2
- to O- are presented with green and pink arrows respectively. Finally, recombination and ionization are just 

written in black. 
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4. Determination of the effective ionization coefficients and the critical reduced breakdown electric 

field strength 

In our work, we take into account both the electrons and ion kinetics described in previous section, and 

we apply a similar theoretical model as proposed by Verhaart and van der Laan [67]. Four different species are 

involved in the determination of the effective ionization coefficient: electrons (e-), positive ions (p), unstable 

negative ions (nu) and stable negative ions (ns). The stable negative ions in our case are 3O  and 3CO , while 

the unstable negative ions are -O  and 2O . The latter have a relatively short lifetime and are able to either 

release their electron (i.e., electron detachment), or to be converted into stable ions (including the charge 

transfer reaction from O2
- to O-, which is then further converted into stable ions) within the ion transit time. 

The development of an avalanche of electrons, unstable and stable negative ions and positive ions can thus be 

expressed as 

e
e e nu e

N
N N N N

x
                                                         (5) 

nu
e nu nu

N
N N wN

x
                                                             (6) 

ns
nu

N
wN

x
                                                                       (7) 

np
e e

N
N N

x
                                                                   (8) 

where α, η, γ, δ, ω are the Townsend coefficients of electron impact ionization, electron attachment, 

electron-ion recombination, electron detachment and conversion of unstable to stable negative ions, 

respectively. They are again expressed in m-1, and they represent the number of “events” of the above 

processes, per unit length and normalized per electron. Considering that the electrons have a much higher drift 

velocity than the positive ions, we can ignore the drift of positive ions during the electron avalanche 

development, which has a quite short time scale, in the evaluation of the electron-ion recombination rate. 

To determine the effective ionization coefficient , we solve this system of equations, and express the 

electron avalanche in the following form: 
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0 exp( )e e effN N x                                                                     (9) 

Substituting the latter into the above system of equations and limiting ourselves to the solution of  

0eff [68], we obtain the following expression for the effective ionization coefficient (See Supporting 

Information): 

2( ) ( ) 4 ( ) ( ) / 2eff             (10) 

When electron-ion recombination is ignored, this expression reduces to equation (11), which was derived 

in [67] and [68].  

2( ) ( ) 4 ( ) / 2eff                             (11) 

Under the condition that electron-ion recombination is weak (γ=0), it is easy to check that α-η ≤ αeff ≤ α 

(See Supporting Information).   

In order to clarify the influence of the ion kinetics on the effective ionization coefficients and on the 

critical breakdown electric field, we will perform calculations using as initial value two different 

concentrations of all charged particles appearing in the system as we mentioned above. The first one is the 

equilibrium species composition at each gas temperature, as depicted in Figure 1 above and it is assumed that 

the forward recombination rate is balanced with the reverse reaction rate (i.e., for electron-ion pair formation). 

This is the same treatment as in ref. [67]-[68]. The other set of calculations is performed with an 

overpopulated ion composition by artificially increasing their concentrations by a factor two compared to the 

equilibrium concentrations. Note that these differences only influence the electron-ion recombination 

coefficient γ and will not change the other Townsend coefficients α, η, δ, ω. Therefore, unless mentioned 

otherwise, the results in the following sections related to these Townsend coefficients will be obtained using 

the equilibrium species composition as input. This corresponds to a condition that the electron-ion 

recombination processes are ignored (γ=0) for ions overpopulation condition. 

The critical reduced breakdown electric field (E/N)cr corresponding to a zero effective ionization 

coefficient ( effα / 0crE N ), is defined by the following formula (See Supporting Information): 

( ) ( ) 0                                                              (12)   

Equation (12) can be reduced to  = 0 when the electron detachment processes are negligible 

( 0 ), and it can be reduced to = 0, when electron attachment is negligible ( 0 ), or in other 

words, when electron detachment is very important so that it effectively compensates for electron attachment, 

and the net loss by electron attachment is zero.  

If not specifically mentioned, equations (10) and (12) are used in the next section to determine the 
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effective ionization coefficients and the critical reduced breakdown electric fields. 

The Townsend ionization and attachment coefficient are calculated from EEDF and the latter is obtained 

here from the Boltzmann transport equation, solved for a uniform, zero-dimensional space with the BOLSIG+ 

code [69]. It is known that electron–electron collisions cause the EEDF to tend towards a Maxwellian 

distribution function [69]
. The influence of these collisions depends essentially on the ionization degree (n/N) 

and is known to become significant for n/N > 10−6, which corresponds to about 5000 K at atmospheric 

pressure in our current work (see Figure 1). Therefore, we take into account the influence of electron–electron 

collisions in the solution of the Boltzmann transport equation, and the cross section is adopted from ref. [70]. 

5. Results and Discussion  

5.1 Electron Energy Distribution Functions (EEDFs) 

 
 Fig.4 EEDFs calculated in pure CO2 , i.e., at a temperature of 300K, when dissociation is negligible, at 

different vibrational excitation temperatures, and at atmospheric pressure and a reduced electric field of 25 Td, 

with vibrational kinetics treated with the Fridman approximation. 
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 Fig.5 EEDFs calculated for pure CO2, CO, O2 and O at an excitation temperatures of Tex = 0 K, a gas 

temperature of 300 K, atmospheric pressure and a reduced electric field of 25 Td. 

Fig.4 presents the EEDFs calculated for pure CO2 with different vibrational excitation temperatures, at 

atmospheric pressure and 300 K, and a reduced electric field of 25 Td, using the Fridman approximation to 

estimate the cross sections for vibrational excitation from the vibrational levels. The term ‘vibrational 

kinetics’ refers to the electron impact vibrational excitation and de-excitation processes between different 

vibrational states which are treated as independent species. With increasing vibrational excitation temperature, 

the molar fraction of the vibrational states increases and thus the superelastic vibrational collisions become 

more important, and this increases the average electron kinetic energy. Indeed, in a superelastic collision, a 

low-energy electron collides with an excited species, resulting in loss of the internal energy, leading to 

de-excitation of the neutral species and an increase in the kinetic energy of the electron. Thus, the EEDF 

becomes broader with a gradually decreasing peak value at low energy.  

These results do not yet take into account the influence of the dissociation reactions, because CO2 

dissociation is negligible below around 2500 K (see Fig. 1 above). At higher temperatures, CO2 starts to 

dissociate, and the shape of the EEDF curve will be markedly changed, which is attributed to the change of 

species composition and the associated energy exchange processes. This can be observed from Fig.5, where 

the EEDFs of the dominant dissociation products, i.e., CO, O2 and O, are presented, together with the EEDF 

of pure CO2. Compared with the EEDF of CO2, the EEDF of CO is much more narrow, corresponding to a 

lower average electron energy, while O2 and O yield a much broader EEDF under the same conditions. This is 

the direct result of different electron energy loss processes with these different species. Therefore, we can 

conclude that for temperatures above 2500 K, when CO2 splitting starts to become important, the gas 

temperature will influence the dissociation products and hence this will affect the overall shape of the EEDF.  

The latter is indeed observed from Fig.6, showing the influence of the gas temperature, as well as of the 

reduced electric field strength, on the EEDFs in (partially dissociated) CO2 at atmospheric pressure. Note that 

three different approaches are used to calculate the EEDFs, i.e., (1) neglecting the role of the vibrationally and 

electronically excited states, (2) including the vibrational levels but treating them with the same cross sections 

as for the ground states, and (3) including the vibrational levels and treating them with modified cross sections, 

as described by the Fridman approximation (see section 3.1 above). Note that in case 2 and 3, the 

electronically excited levels of the molecules and atoms are also included, following the treatment described 

in Section 3.1, but their effect is minor when the excitation temperature is equal to the gas temperature. 

However, they might become important at higher electronic excitation temperature, as will be illustrated 

below (see Fig. 7 below).  

By comparing the EEDFs at 2500 K with those at 3500 K and 4500 K, we see a large deviation of the 

shape due to the gradually more significant role of the dissociation products (mainly CO; see Fig. 1 above), 



18 
 

making the EEDF more narrow. This is most apparent at E/N = 25 Td, when neglecting the effect of the 

vibrationally excited levels. 

 
(a)                                      (b) 

 
(c)                                        (d) 

 
(e)                                       (f) 

 Fig.6 EEDFs calculated in CO2 (and its mixture of dissociation products) at a gas temperature of 2500 K, 

3500 K and 4500 K, at atmospheric pressure, and reduced electric fields of 25 Td and 75 Td. (1) Neglecting  
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the role of vibrationally and electronically excited levels of all species; (2) Including vibrational levels but 

treating them with the same cross sections as for the ground state (so-called ground state approximation); (3) 

Including vibrational levels and treating them with modified cross sections, as obtained from the Fridman 

approximation (see section 3.1). Electronically excited levels of the various molecules and atoms are also 

included in cases (2) and (3), but are of minor important in this case; see text below. The excitation 

temperature for all species is equal to the gas temperature. 

With increasing reduced electric field at a fixed gas temperature, the fraction of electrons with higher 

energy drastically increases, which is logical because the electrons are more accelerated by the electric field. 

Similarly, the vibrationally excited states greatly affect the EEDF, especially at low E/N (left figures) and high 

gas temperature, which is obvious when comparing in each figure curves 2 and 3 with curve 1, obtained when 

neglecting the excited states. Indeed, when considering the vibrationally excited states, the fraction of 

electrons with higher energy increases as a result of the contribution of superelastic collisions, as was also 

clear from Fig. 4, and from [34]-[36]. At higher E/N (right figures), the deviation between the EEDFs 

calculated when neglecting the vibrational levels and when including them, assuming either the same cross 

sections as for the ground state or the Fridman approximation, is much lower. The reason is that the fraction of 

energy consumed by the vibrational excitation channels, which have a relatively low energy threshold, is 

decreasing, while the fraction of energy loss due to electronic excitation and ionization is increasing. 

Furthermore, in all cases, the EEDFs calculated when considering the same cross sections for the vibrational 

levels as for the ground states (i.e., curves 2, in red) are somewhat broader than when assuming the Fridman 

approximation (i.e., curves 3, in blue). Indeed, the former does not take into account the shift in threshold 

energy and hence underestimates the vibrational excitation rates and the corresponding energy losses. Note 

that the curves 1 (in black) neglect the vibrationally and electronically excited levels, and thus the superelastic 

collisions (leading to broadening of the EEDF), but they still account for excitation to these levels, leading to 

energy loss, the same as for the curves 2 and 3.  

In summary, Fig. 6 clearly illustrates the importance of including the vibrational levels, with the more 

realistic cross sections as obtained from the Fridman approximation, especially at low E/N values, as well as 

including the CO2 dissociation products, especially at higher gas temperatures, for an accurate calculation of 

the EEDF. 
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Fig.7 EEDFs calculated in CO2 (and its mixture of dissociation products), at a gas temperature of 4500 K, 

at atmospheric pressure and a reduced electric field of 25 Td. (1) Neglecting the role of vibrationally and 

electronically excited levels of all species; (2) Including vibrationally and electronically excited levels of all 

species using the Fridman approximation, and Tex=Tgas; (3) Neglecting electronically excited levels of atomic 

species (C and O) , and Tex=Tgas; (4) Neglecting electronically excited levels of molecular species (CO2, CO 

and O2), and Tex=Tgas. The EEDF calculated with an electronic excitation temperature Tex=10,000K (see text) 

for both the atomic species and molecular species is also presented for comparison (see cyan symbols), while 

the vibrational excitation temperature is still equal to the gas temperature. 

To illustrate the influence of the electronically excited levels on the EEDF, we compare in Fig. 7 the 

EEDFs calculated when neglecting both the vibrationally and electronically excited levels, with the case when 

including both levels, as well as with the case when the vibrationally excited levels are included, but either the 

electronically excited levels of the molecules or of the atoms are neglected. The energy levels of the 

vibrationally excited species start at energies of 0.083 eV for CO2, 0.266 eV for CO, and 0.190 eV for O2; see 

Table 2 above. Furthermore, the electronically excited levels of the C and O atoms and of the O2 molecules 

are also at relatively low energies (i.e., starting at 1.26 eV and 1.97 eV for C and O, and at 0.977 eV for O2), 

while the electronically excited levels of CO2 and CO start at 10.5 eV and 6.22 eV, respectively (not taking 

into account the 7 eV level of CO2, which is treated as dissociative level). The electronically excited levels are 

also assumed to follow a Boltzmann distribution, with the excitation temperature assumed to be equal to the 

gas temperature, i.e. Tex=Tga. 

Our calculations predict that superelastic collisions of the excited C and O atoms, in addition to those 

considered for the vibrationally excited molecules, result in a slightly larger population of high-energy 

electrons at higher gas temperature above around 4000 K. This is depicted in Fig. 7. Indeed, when assuming 

Tex=Tga, the EEDF presented by curve (3), which corresponds to the case when the vibrationally and 

electronically excited levels of the molecules are included, but the electronically excited levels of the atoms 

are neglected, is slightly narrower than the EEDF presented by curve (2), which includes all vibrationally and 
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electronically excited levels, and the latter coincides with curve (4), which only neglects the electronically 

excited levels of the molecules. Thus, Fig. 7 illustrates that the electronically excited levels of the molecules 

have a negligible effect on the EEDF, while the electronically excited levels of the atoms have some effect, 

but the major effect in broadening the EEDF is due to the vibrational levels, under the condition that the 

excitation temperature is equal to the gas temperature.  

On the other hand, it is well possible that the electronic excitation temperature reaches a higher value 

than the gas temperature [79]-[80], for example in case of a strong electric field, which yields a large electron 

impact excitation rate. Therefore, we also present in Fig. 7 the influence of a higher electronic excitation 

temperature (Tex=10,000K) for both the atoms and molecules on the EEDF (cyan symbols). A significant 

deviation can be observed when comparing this curve with the EEDF obtained using an electronic excitation 

temperature equal to the gas temperature (i.e., curve 2). The much broader EEDF is again attributed to the 

important role of electronic superelastic collisions, especially for the atomic species, as their concentration is 

higher than those of the electronically excited molecules at a gas temperature of 4500 K. 

5.2 Effective ionization coefficient 

 
(a)                                      (b) 

Fig.8 Reduced ionization coefficient (α/N; solid lines) and attachment coefficient (η/N; dashed lines) of 

CO2 (and its mixture of dissociation products), as a function of reduced electric field strength at a gas 

temperature of 2500 K (a) and 4500 K (b) and atmospheric pressure. (1) Neglecting the role of vibrationally 

and electronically excited levels of all species; (2) Vibrational kinetics with ground state approximation; (3) 

Vibrational kinetics with Fridman approximation. The critical reduced electric field strengths at which the 

curves of the reduced ionization coefficients cross the curves of the reduced attachment coefficients (i.e., 

considering only the electron kinetics) are also indicated with vertical dotted lines. In figure (b), the reduced 

electron-ion recombination rate coefficient using an overpopulated ion composition (see text) is also presented 

for comparison (see dash-dotted lines), and likewise, the critical reduced electric field strengths at which the 

curves of the reduced ionization coefficients cross the curves of the reduced recombination coefficients (i.e., 
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considering also the ion kinetics; see text) are also indicated with vertical dotted lines. The excitation 

temperature for all species is assumed equal to the gas temperature. 

 
(a)                                        (b) 

Fig.9 Effective reduced ionization coefficient (αeff/N) of CO2 (and its mixture of dissociation products), 

defined by formula (10), as a function of reduced electric field strength at a gas temperature of 2500 K (a) and 

4500 K (b) and atmospheric pressure. (1) Neglecting the role of vibrationally and electronically excited levels 

of all species; (2) Vibrational kinetics with ground state approximation; (3) Vibrational kinetics with Fridman 

approximation. The effective reduced ionization coefficient considering simply the balance between ionization 

and recombination using an overpopulated ion composition, instead of calculating it with formula (10), is also 

presented with symbols in figure 9(b). 

In literature, the effective ionization coefficient is typically obtained by balancing the ionization and 

attachment coefficient, thus neglecting the role of the ion kinetics [25]-[33]. In this section, we investigate how 

the ion kinetics affect the effective ionization coefficient, as calculated with formula (10) above, compared to 

the simple balancing between ionization and attachment coefficients, besides studying the effect of including 

the vibrational levels. 

To evaluate the difference between the effective ionization coefficient including the ion kinetics and the 

simple balancing between ionization and attachment coefficient, we plot in Figure 8 the variation of the 

reduced ionization and attachment coefficients, as a function of reduced electric field at a gas temperature of 

2500 K and 4500 K and atmospheric pressure, with and without including vibrational excitation, i.e., the same 

approximations as used in Fig. 6. In Fig. 8(b), also the reduced electron-ion recombination coefficient is 

shown, considering an overpopulated ion composition by artificially increasing the ion concentration by a 

factor 2. The latter is done because an equilibrium ion composition would yield the same rate for electron-ion 

recombination as for the reverse process, i.e., electron-ion pair formation, so that there is no net effect of 

electron-ion recombination. This might happen when the plasma experiences very rapid quenching and the 

electrons and ions may not have enough time to recombine into neutral species. Under these conditions, the 

ion composition is larger than their equilibrium composition. These are the conditions we generally meet in a 
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circuit breaker [24],[81] and a gliding arc plasma [5] where the temperature cooling rate is often very high, i.e., up 

to 5 × 108 K s−1. In this case, there will be a net effect of electron-ion recombination as electron loss 

mechanism. Below, we will discuss in more detail the difference between assuming an equilibrium ion 

composition vs an overpopulated ion composition. 

The reason why we add the reduced electron-ion recombination coefficient to Fig. 8(b) is because at this 

high temperature (4500 K), the ions and the ion kinetics play a non-negligible role. As mentioned in section 4 

above, depending on the exact ion kinetics, when electron detachment is more important than ion clustering, 

the electron attachment rate can be effectively balanced by the detachment rate from the negative ions, so that 

the main loss process for the electrons is electron-ion recombination. This represents one extreme situation of 

including the ion kinetics. The other extreme situation is when electron detachment is less important than ion 

clustering, so that the electron attachment rate is not balanced by the detachment rate, and in this case, 

electron attachment will be the main loss process for the electrons. This result also corresponds to the case 

when the ion kinetics are simply neglected. Thus, the curves for the reduced attachment coefficients and 

reduced electron-ion recombination coefficients in Fig. 8(b) represent the two extreme situations as electron 

loss mechanisms. Depending on the ion kinetics, the reality can also be a mix of both. Note that in Fig. 8(a) 

the curves for electron-ion recombination are not included, because this process plays a negligible role at 2500 

K. 

As discussed above, at a fixed gas temperature, considering the vibrational kinetics broadens the EEDF 

due to the effect of superelastic collisions of the vibrational levels, and this yields somewhat higher values of 

the reduced ionization and attachment coefficients, compared to the results obtained without vibrationally 

excited levels, especially at low reduced electric fields; see Fig. 8. As explained in Fig. 6, the ground state 

approximation underestimates the vibrational excitation rates and the corresponding electron energy losses. 

Therefore, this yields a somewhat broader EEDF and hence slightly overestimates the reduced ionization and 

attachment rate coefficients when compared with the results by the Fridman approximation, although the 

effect is minor.  

It is clear from Fig. 8 that the reduced electron attachment coefficients increase more drastically than the 

reduced ionization coefficients when considering the vibrational kinetics, and thus the reduced electric field 

values at which the curves of the reduced ionization coefficients cross the curves of the reduced attachment 

coefficients become higher when considering the vibrational kinetics (see the vertical dotted lines in Fig. 8). 

Hence, the vibrational levels do affect the balance between ionization and attachment. This is attributed to the 

fact that the presence of vibrationally excited O2 molecules increases the dissociative electron attachment 

more than the ionization upon rising vibrational quantum number. 

In contrast, the electron-ion recombination coefficient, which is also plotted in Fig. 8(b), decreases when 

considering the vibrational states, due to an increased electron temperature as a result of the broader EEDF, 

and thus, the value of the critical reduced breakdown electric field strength, when it is determined by the 
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balance between ionization and recombination (see above), drops to lower values when including the 

vibrational levels (see the other vertical dotted lines in Fig. 8b, which indicate the position where the curves of 

ionization and recombination cross each other). This shows the importance of the vibrational levels in the 

determination of the reduced breakdown electric field strength when the ion kinetics is non-negligible, and 

when electron-ion recombination is important as electron loss process (see below). 

Figure 9 shows the effect of the vibrational kinetics on the effective ionization coefficient, as calculated 

with formula (10), thus considering the entire ion kinetics, and using an overpopulated ion composition by 

artificially increasing the ion concentration by a factor 2 (see above, and see also further below). It is clear 

from comparing Fig. 9(a) with Fig. 8(a) that the effective ionization coefficient is not just the balance between 

ionization and attachment coefficients, because the position (i.e., reduced electric field value) where the latter 

curves cross (i.e., around 103.5 Td; indicated by the vertical dotted lines in Fig. 8(a)) does not coincide with 

the position where the effective ionization coefficient reaches zero (i.e., at about 91.5 Td). This is because 

electron detachment reduces the importance of electron attachment as electron loss mechanism, thus affecting 

the effective ionization coefficient. 

Likewise, by comparing Fig. 9(b) with Fig. 8(b), it is clear that the effective ionization coefficient, as 

calculated with formula (10), is different from the simple balance between ionization and attachment, but it 

coincides quite well with the balance between ionization and recombination, as presented by the symbols in 

Fig. 9(b). This indicates that under these conditions the effective ionization coefficient, and thus also the 

critical reduced breakdown electric field, are determined by both the electron and ion kinetics, and that 

electron-ion recombination is the main electron loss mechanism. 

Finally, it is clear from Fig. 9 that the vibrational kinetics do affect the effective ionization coefficient, 

when fully accounting for the ion kinetics. This is most apparent from Fig. 9(a), where curve 1 does not 

coincide with curves 2 and 3. The ground state or Fridman approximation for the vibrational kinetics, however, 

yields more or less the same results for the effective ionization coefficient (see curves 2 and 3). The reason 

why the vibrational kinetics affect the calculation of the effective ionization coefficient at 2500 K, in spite of 

the negligible role of electron-ion recombination, is due to the superelastic collisions which broaden the EEDF 

(see Fig. 6) and increase the ionization and attachment coefficients (see Fig. 8(a)), and thus also the difference 

between both. Moreover, the dissociative attachment cross section of vibrationally excited O2 molecules 

increases more than the ionization cross section upon rising vibrational quantum number. This leads to an 

enhanced electron loss rate and therefore, the position at which the effective ionization coefficient becomes 

zero (i.e., where the ionization and attachment coefficients exactly balance each other), and thus the value of 

the critical reduced breakdown electric field is shifted to a higher value if the vibrational kinetics is taken into 

account (see also below). At 4500 K (Fig. 9(b)), the vibrational kinetics also affect the effective ionization 

coefficient, and in this case, there is a difference between the ground state and Fridman approximation as well. 
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Moreover, in this case, the position where the effective ionization coefficient reaches zero, and thus the value 

of the critical breakdown electric field, are also affected by the vibrational kinetics (see also below).  

In the rest of this section, we will show the results obtained with vibrational kinetics included, according 

to the Fridman approximation. We will now investigate the effect of assuming an overpopulated ion 

composition on the effective ionization coefficient, and also compare the results with and without including 

the ion kinetics. 

 
(a)                                      (b) 

Fig.10 Effective reduced ionization coefficient (αeff/N) of CO2 (and its mixture of dissociation products), 

as a function of reduced electric field strength at a gas temperature of 2500 K (a) and 4500 K (b) and 

atmospheric pressure, including the vibrational kinetics with the Fridman approximation. (1) Including ion 

kinetics with equilibrium composition; (2) Including ion kinetics based on an overpopulated ion composition; 

(3) Neglecting ion kinetics, so the effective reduced ionization coefficient is equal to the reduced ionization 

coefficient minus the reduced attachment coefficient ((α-η)/N). 

Fig.10 describes the influence of the ion kinetics, i.e., electron detachment and electron-ion 

recombination, on the effective reduced ionization coefficient as a function of reduced electric field, at a gas 

temperature of 2500 K (a) and 4500 K (b). At 2500K, both an equilibrium ion composition and an 

overpopulated ion composition (i.e., two times higher ion concentration) yield completely the same results for 

the effective reduced ionization coefficient (see Fig.10(a), curves 1 and 2). This is because the ion densities 

are very low and the reduced electron-ion recombination coefficient does not affect the loss of electrons. 

However, by comparing with curve 3, it is clear that, in spite of the low ion densities, the ion kinetics cannot 

be neglected. Indeed, curve 3 shows the effective ionization coefficient obtained from the simple balance of 

ionization and attachment. This balance yields clearly lower values for the effective ionization coefficient than 

when it is calculated with formula (10), and the corresponding critical reduced breakdown electric field, where 

the effective ionization coefficient is zero, is much higher. The reason is that in reality, when ion kinetics are 

included, the electron detachment from negative ions reduces the effective electron attachment rate, and thus 
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the loss of electrons, so that the effective ionization coefficient is higher, and the corresponding critical 

reduced breakdown electric field is lower.  

With increasing gas temperature, the ion concentration increases and electron-ion recombination 

becomes more important in determining the effective ionization coefficient when the ion density is 

overpopulated, which indeed occurs quite often in non-equilibrium plasmas [24] , [81]. This can be seen by 

comparing the effective ionization coefficients in Fig. 10(b) at 4500K using an equilibrium ion composition 

(curve 1) and a (factor 2) overpopulated ion composition (curve 2). The equilibrium ion composition 

presented in Fig. 1 yields a balance between electron-ion recombination and the reverse process, i.e., 

electron-ion pair formation, as discussed in Section 4, and thus the net recombination rate hardly contributes 

to the electron loss. Thus, the effective ionization coefficient is slightly higher than when assuming an 

overpopulated ion composition. Again, when neglecting the ion kinetics, the results are completely different 

(see curve 3), because the effective ionization coefficient is simply obtained from the balance between 

ionization and attachment. This might happen when the ion kinetics are important, the attachment is partially 

or fully balanced by detachment, so the electron loss is reduced, yielding a higher effective ionization 

coefficient, and thus also a lower critical breakdown electric field, as is clear from Fig. 10(b). 

As mentioned above, the traditional definition of the effective ionization coefficient in literature [25]-[33] 

only considers the electron kinetics, i.e. the balance between the reduced ionization coefficient (α) and the 

reduced attachment coefficient (η), as presented in Fig. 8. However, in our current study, we take into account 

both the electron and ions kinetics, by calculating the effective ionization coefficient with formula (10), and 

this leads to clear differences in the effective ionization rate coefficient and thus in the critical reduced 

breakdown electric field, as illustrated in Fig.10 (cf. curve 3 vs. curves 1 and 2). This shows that the 

commonly accepted effective ionization coefficients in literature can be underestimated, and hence the critical 

reduced breakdown electric field strength can be overestimated, when the ion kinetics are important.  

 
     (a)                                      (b) 

Fig.11 Effective reduced ionization coefficient (αeff/N) of CO2 (and its mixture of dissociation products), 
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as a function of gas temperature, at reduced electric field strengths of 50 Td, 75 Td and 100 Td and  

atmospheric pressure, with equilibrium ion composition (a) and overpopulated ion composition (b), including 

the vibrational kinetics with the Fridman approximation. Solid line: defined according to equation (10); 

dashed line: defined by ((α-η)/N), dotted line: defined considering the balance between ionization and 

recombination. 

Fig. 11 presents the effective reduced ionization coefficients as a function of gas temperature, at reduced 

electric field strengths of 50 Td, 75 Td and 100 Td, and atmospheric pressure, both with an equilibrium ion 

composition (a) and an overpopulated ion composition (b). A comparison is made between the values 

calculated with the formula (10), thus accounting for all electron and ion kinetics, and the values obtained 

from the balance between ionization and attachment, as well as the balance between ionization and 

recombination. 

As is indicated in Fig. 11(a), at 50Td and 75Td, and below around 1500 K, the ion kinetics (i.e., electron 

detachment in this case) has a negligible influence on the effective reduced ionization coefficient of CO2, 

because the CO2 dissociation is quite weak, so the main reactant for electron detachment (i.e., CO) has a too 

low density, and thus, the detachment rate is much smaller than the attachment rate, and the effective reduced 

ionization coefficient is simply determined by the balance between ionization and attachment, explaining why 

the solid and dashed curves coincide up to 1500 K in Fig. 11(a). Above 1500 K, the CO concentration reaches 

a level where the electron detachment of O  upon collision with CO can effectively compete with 3CO  

cluster formation, and this process gradually reduces the importance of electron attachment as electron loss 

mechanism, thus affecting the effective ionization coefficient. Consequently, a deviation in the effective 

reduced ionization coefficients, calculated with and without ion kinetics, becomes apparent above 1500K (see 

Fig. 11(a)). At 100 Td, there is a very large deviation of the effective reduced ionization coefficient with and 

without accounting for the ion kinetics in the temperature range from 2000 K to 4000 K where the 

concentration of molecular oxygen reaches a relatively high value (see Fig.1). Without accounting for the ion 

kinetics, the effective reduced ionization coefficient is largely negative due to the very high dissociative 

electron attachment rate of molecular oxygen (mainly attributed to the vibrationally exited states). If the ion 

kinetics is taken into account, the electron loss due to electron attachment is greatly reduced by electron 

detachment, resulting in a positive value of the effective reduced ionization coefficient. 

Fig. 11(b) shows that below 3500 K there is quite some deviation between the effective reduced 

ionization coefficients calculated when fully accounting for the ion kinetics (solid lines) and the effective 

ionization coefficients calculated from the balance between ionization and recombination (dotted lines), 

indicating that electron-ion recombination is not the dominant loss process, at temperatures below 3500 K. 

However, above this temperature, the dominant electron loss mechanism changes from electron attachment to 

electron-ion recombination, as soon as a balance between the electron attachment and detachment rate is 

reached. This means that the net contribution of electron loss by electron attachment is greatly reduced by the 
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electron detachment process, and electron-ion recombination is more important as electron loss mechanism. 

This explain why the curves of the effective ionization coefficients by considering the balance between 

ionization and recombination coincide with the curves obtained from the full definition of the effective 

reduced ionization coefficient, calculated with formula (10) for temperatures above 3500 K; see Fig. 11(b).  

In summary, we can conclude that at reduced electric fields in the order of 50-100 Td, and temperatures 

below 1500 K, the ion kinetics seems negligible, and the effective ionization coefficient is simply determined 

by the balance between ionization and attachment. At higher temperatures, the ion kinetics cannot be 

neglected, and electron detachment reduces the role of electron attachment as electron loss process, so that 

electron-ion recombination starts playing a role. Upon increasing temperature, electron-ion recombination 

becomes gradually more important than electron attachment as electron loss process, and above 3500 K, it is 

the dominant electron loss mechanism, and thus the effective ionization coefficient can simply be determined 

by the balance between ionization and electron-ion recombination.  

The critical reduced breakdown electric field strengths can be deduced from the electric field where the 

effective ionization coefficient reaches zero in Figs 9 and 10. Fig. 9 (a) shows that at 2500 K, this critical 

reduced breakdown electric field is about 96 Td, while at 4500K, the value is equal to 56 Td, 46 Td and 50 Td, 

respectively, in case of neglecting the vibrational and electronically excited levels of all species, and when 

including the vibrational levels with either the ground state approximation or the Fridman approximation (see 

Fig. 9(b)). For comparison, the reduced electric field at which the curves of the reduced ionization coefficients 

cross the curves of the reduced attachment coefficients in Fig. 8, corresponds to the critical value considering 

only the electrons kinetics. This yields a value of 103.5 Td at 2500 K (see Fig. 8(a)) and of 79 Td at 4500 K 

(see Fig. 8(b)). The difference between both definitions again shows that the ion kinetics play a significant 

role in determining the critical reduced breakdown electric field strength. 

5.3 Critical Breakdown Electric Field Strength 
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Fig.12 Calculated values of the critical reduced breakdown electric field in CO2 (and its mixture of 

dissociation products) at atmospheric pressure, including the vibrational kinetics with the Fridman 

approximation. (1) Considering the full ion kinetics using the equilibrium ion composition; (2) Considering 

the full ion kinetics using an overpopulated ion composition; (3) Considering only the balance between 

electron impact ionization and attachment; (4) Considering the balance between ionization and electron-ion 

recombination. 

Fig. 12 illustrates the calculated values of the critical reduced breakdown electric field strength (Ecr/N) in 

CO2 as a function of gas temperature at atmospheric pressure, including the vibrational kinetics with the 

Fridman approximation. Below the temperature of 4000 K, there is no difference between the equilibrium and 

overpopulated ion composition (lines 1 and 2) but above 4000 K, the equilibrium ion composition yields a 

significant drop in the critical reduced breakdown electric field upon increasing temperature (see line 1), while 

the overpopulated ion composition leads to a slight increase in the values of the critical reduced breakdown 

electric field (line 2). Indeed, the overpopulated ion composition results in electron loss by electron-ion 

recombination, thus reducing the net electron production, resulting in a higher critical reduced breakdown 

electric field, while the equilibrium ion composition does not give rise to electron loss by electron-ion 

recombination (see formula 11), so the net electron production (by ionization) is much higher, resulting in a 

much lower critical reduced breakdown electric field.  

 It is also clear that the gas composition can greatly influence the critical breakdown electric field 

strength. At room temperature up to 1500 K, our model, including the vibrational and ion kinetics, predicts 

that Ecr/N = 86 Td (see line 2). At higher temperatures, the dissociation of CO2 starts to occur, and the 

collision between CO and O  ions, leading to electron detachment, starts to become more important than the 

3CO  cluster formation from O ions, thus, the production rate of electrons increases and this causes a slight 

drop in the critical breakdown electric field strength when considering both the electron and ion kinetics. In 

the temperature range between 2200 K and 2800 K, we notice a slight increase in the reduced critical 

breakdown electric field strength due to the formation of the dissociation product O2, which has a higher 

attachment cross section, thus increasing the electron loss, and this gives rise to a slightly higher critical 

reduced breakdown electric field strength of 96 Td. In the temperature range from 2800 K to 4000 K, the 

value of Ecr/N dramatically decreases upon increasing gas temperature, mainly caused by the dissociation of 

CO2 into CO and O2 and further into O atoms. Especially above 3500 K, CO and O become dominant (see Fig. 

1), and the value of Ecr/N becomes quite small. This can be explained because CO and O both have negligible 

or limited electron attachment cross sections. Thus, the loss of electrons by attachment is much lower than the 

electron production by ionization, yielding a lower critical reduced breakdown electric field. Moreover, above 

around 4000K, electron attachment is effectively balanced by electron detachment upon collision between 

O  ions and CO, and thus the O ions generated by electron impact attachment are immediately converted 

back into electrons. Electron-ion recombination will then be the dominant electron loss mechanism.  
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Fig. 12 also shows the calculated critical reduced breakdown electric field strength without considering 

the ion kinetics, but simply obtained by the balance between ionization and attachment (line 3) and by the 

balance between ionization and electron-ion recombination (line 4). The classical definition of Ecr/N using a 

balance of electron impact ionization and attachment, which is most often used in literature [25]-[33], can 

predict the critical reduced electric field strength very well in the low temperature range below 1500K, but 

above this temperature, this classical definition predicts significantly higher values than the ones calculated 

with the full ion kinetics. Likewise, the balance between ionization and electron-ion recombination largely 

underestimates the critical reduced breakdown electric field up to a temperature of 4000K, simply because 

electron-ion recombination is negligible up to this temperature. However, at higher temperatures, it becomes 

the dominant electron loss mechanism, and thus, it yields a good agreement with the critical reduced 

breakdown electric field calculated by the full ion kinetics. 

By comparing our predicted values with literature data, it is clear that the calculated reduced breakdown 

electric field at room temperature (86 Td) shows very good agreement with measurements (around 85 Td) [82]. 

Additionally, our calculations indicate that a higher temperature leads to a reduction of the reduced 

breakdown electric field in CO2. This is also reported in literature based on experimental measurements. In 

[83] a voltage was applied to CO2 gas at high temperature through a set of two rod electrodes made of 

stainless steel with a diameter of 1mm at atmospheric pressure. At 4000 K, a breakdown voltage of 55 V was 

measured and this corresponds to a reduced breakdown electric field of around 32 Td, which is a great drop 

compared to the value at room temperature. In their work, the gas temperature is determined by the energy 

conservation equation assuming the thermally equilibrium condition. Our calculated breakdown electric field 

(49 Td) considering the full ion kinetics using the equilibrium ion composition, i.e. under a similar condition 

(black solid line) matches reasonably with the experimental value under similar conditions. Therefore, we will 

use this case as a reference (black solid line in Fig. 13 and 14) to indicate the influence of the excited states 

(Fig.13) and different pressures (Fig.14) on the calculated reduced breakdown electric field. 
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Fig. 13 Calculated values of the critical reduced breakdown electric field strength of CO2 (and its mixture 

of dissociation products) at atmospheric pressure. Solid lines: using an overpopulated ion composition; dashed 

lines: using the equilibrium ion composition. (1) Neglecting the role of vibrational and electronically excited 

species; (2) Vibrational kinetics with ground state approximation; (3) Vibrational kinetics with Fridman 

approximation. 

To investigate the effect of the excited species on the critical breakdown electric field, we plot in Fig.13 

the values of the critical reduced breakdown electric field as a function of gas temperature, with and without 

considering the vibrational and electronically excited species. We also compare the ground state 

approximation and Fridman approximation when including the vibrational kinetics. The ion kinetics are 

accounted for, but a comparison is also made between assuming the equilibrium ion composition and a (two 

times) overpopulated ion composition.  

It is clear that the vibrational and electronically excited species do not affect the critical breakdown 

electric field below about 2000 K due to their limited species concentrations compared with those of ground 

states. At around 3000K, when comparing the reference case (black solid line) with the case including only 

the ground states (red solid line), we can see that including the excited states yields a much higher critical 

breakdown electric field. This is mainly attributed to the contribution of vibrationally excited molecular 

oxygen, which results in a more pronounced increase in the dissociative electron attachment rate than in the 

ionization rate, due to the strong dependence of the dissociative attachment cross-sections on the vibrational 

quantum number [53]. Indeed, the vibrationally excited oxygen shows a rapid increase of the electron 

attachment cross section upon ring vibrational quantum number. Therefore, ignoring the role of the 

vibrationally excited states of molecular oxygen can bring an underestimation of the electrons loss rate by 

attachment. In contrast, the influence of vibrationally excited CO is minor due to the much smaller magnitude 

of their electron attachment cross section than those of O2. 

At higher temperature, including the excited states yields a somewhat lower critical breakdown electric 

field. The reason is that electron-ion recombination becomes the dominant electron loss mechanism, and its 

rate coefficient drops when including the excited states (mainly vibrational kinetics), while the ionization 

coefficient slightly rises, as illustrated in Fig. 8 above. This is both due to the broader EEDF, and thus 

somewhat higher electron energy, as a result of the superelastic collisions. Thus, including the vibrational 

kinetics yields a somewhat higher effective ionization coefficient, explaining the lower values of the critical 

breakdown electric field (as was also illustrated by the vertical dotted lines in Fig. 8 above). Moreover, the 

ground state approximation still yields somewhat lower values, because the ionization coefficient is somewhat 

higher and the recombination coefficient is somewhat lower (as explained in Fig. 8 above). 
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Fig.14 Calculated values of the critical reduced breakdown electric field strength of CO2 (and its mixture 

of dissociation products) as a function of gas temperature and at different pressures, including the vibrational 

kinetics with the Fridman approximation, and based on the equilibrium ion composition. Solid lines: 

considering ion kinetics; symbols: considering only the electron kinetics, i.e., the balance between electron 

impact ionization and attachment. (1) 0.1 atm; (2) 1.0 atm; (3) 10 atm. 

Finally, Fig. 14 shows the influence of different pressures on the critical reduced breakdown electric field 

as a function of temperature, considering the full ion kinetics as well as the simple balance between ionization 

and attachment. According to Le Chatelier’s law, a higher pressure induces changes in the original state of 

equilibrium, so that dissociation is suppressed and shifted to a higher temperature (see Fig. 3 above). In the 

low temperature range (i.e., below 1000-2000 K), where dissociation does not occur, Ecr/N shows a rather 

weak dependence on the gas pressure, but above 2000 K, when comparing with the reference case at 1 atm 

(black solid line), a lower pressure of 0.1 atm (red solid line) leads to a faster drop in the Ecr/N upon 

increasing temperature, while at higher pressure of 10 atm (blue solid line) the values of Ecr/N stay longer 

constant or even rise upon higher temperature, as is obvious from Fig. 14. This rise in Ecr/N at higher pressure 

is due to the decreasing role of electron detachment upon higher pressure, resulting in a higher net electron 

loss due to electron attachment, and thus a higher critical reduced breakdown electric field. The subsequent 

drop in Ecr/N after the locally maximum value at 1 atm and 10 atm, which is already taking place at lower 

temperatures in case of the lower pressures, is due to the dissociation of CO2 into CO and O2, and 

subsequently into O atoms. Because electron attachment of CO and O is much more limited, this gives a 

higher net production of electrons, and thus a lower critical reduced breakdown electric field, as was also 

explained in Fig.12 above. The reason why this drop in Ecr/N occurs only at higher temperatures in case of the 

higher pressures is because dissociation, ionization and excitation are suppressed at higher pressure, so the 

dissociation products of CO2 and the ions and excited species do not affect the effective ionization coefficient, 

until at a higher temperature.  

The results obtained without considering the ions kinetics (see symbols in Fig. 14) lead to higher critical 
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reduced breakdown electric field strengths, simply because of the higher electron loss by electron attachment, 

as the latter is not compensated by electron detachment, and this higher electron loss yields a higher effective 

electron Ecr/N. More importantly, the deviation with the results obtained with full ion kinetics drops upon 

higher pressure, due to the decreasing role of electron detachment upon higher pressure. In general, we may 

conclude from Fig. 14 that increasing the gas pressure leads to a higher critical breakdown electric field at 

higher temperatures, and thus it can enhance the gas insulation performance of hot gases. 

6. Conclusions  

We calculated the effective ionization coefficients and critical reduced breakdown electric field strengths 

of CO2 in the temperature range from 300 K to 5000 K, which occurs in many practical conditions, such as 

dielectric recovery during current interruption in a circuit breaker, as well as in a gliding arc. The equilibrium 

composition of a CO2 mixture (i.e. CO2 and its dissociation, ionization and excitation products) in this entire 

temperature range was calculated by means of Gibbs free energy minimization, considering the ground states 

as well as vibrationally and electronically excited states of the various molecules as independent species. The 

excited states are assumed to follow a Boltzmann distribution with a given excitation temperature. We applied 

a full set of cross sections, including the interaction between electrons and vibrationally and electronically 

excited states. The interactions between electrons and the dissociated (and excited) species of CO2 in this wide 

temperature range are evaluated by the electron energy distribution function (EEDF) derived from the 

Boltzmann transport equation. We computed the effective ionization coefficient and the critical reduced 

breakdown electric field strength (E/N)cr of the hot gas mixture in this entire temperature range, based on the 

calculated composition, by balancing electron generation and loss processes. We investigated the effect of the 

excited states on the EEDF and on the effective ionization coefficient and the critical breakdown electric field, 

as well as the effect of the ion kinetics, including electron detachment from the negative ions initially created 

by electron attachment, cluster ion formation, charge transfer and electron-ion recombination. 

Our results for the first time indicate that the ion kinetics play a significant role in determining the 

effective ionization coefficients and the critical reduced breakdown electric field strength of CO2 at 

temperatures above 1500 K, as the values calculated in this way are clearly different from the results obtained 

based on the simple balance between electron impact ionization and attachment, which is mostly used in 

literature [25]-[33]. This result is important because it can significantly affect the discharge inception 

threshold and behavior near the critical reduced breakdown electric field strengths.  

With increasing gas temperature, electron detachment upon collision of CO with O increases and this 

reduces the effective electron attachment rate. Thus, the major electron loss mechanism gradually shifts from 

electron attachment to electron-ion recombination. Therefore, the effective ionization coefficients, considering 

only the balance between electron attachment and ionization, will be underestimated, and consequently, the 

critical breakdown electric field strength will be overestimated, in the higher temperature range, where the 

dissociation of CO2 occurs (i.e. above 1500K). Above 4000 K, electron-ion recombination becomes the 
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dominant electron loss mechanism, and thus plays an important role in the determination of the effective 

ionization coefficient and hence the critical breakdown electric field, when the ions is overpopulated, which is 

often the case in non-equilibrium plasma.  

An increasing pressure can suppress the dissociation of CO2, and this reduces the deviation of the 

calculated critical reduced breakdown electric field strength with and without ions kinetics. Moreover, a 

higher pressure yields a higher critical breakdown electric field, and can thus enhance the gas insulation 

performance of hot gases, which may be important for practical applications. 

Furthermore, besides the effect of the ion kinetics, our work for the first time investigates the influence of 

excited states on the effective ionization coefficient and on the critical reduced breakdown electric field 

strength, in this high temperature range where the dissociation of CO2 takes place. It is found that the rapid 

increase of the dissociative electron attachment cross-section of molecular oxygen upon rising vibrational 

quantum number causes a larger electron loss rate and thus enhances the critical reduced breakdown electric 

field strength in the temperature range where the concentration of molecular oxygen is relatively high. Our 

results also show that the excited species, lead to a greater population of high-energy electrons due to 

superelastic collisions, and this can enhance the effective ionization coefficient and thus reduce the critical 

breakdown electric field strength at high temperature (i.e., above ca. 4000K) where electron-ion 

recombination is the dominant electron loss mechanism. 

The results obtained in this work, which shows reasonable agreement with literature experimental results, 

are important for the evaluation of the dielectric strength of CO2 in a highly reactive environment at elevated 

temperature, for example, for the assessment of the post-arc dielectric recovery ability in the circuit breaker, 

as well as for studying the restrike and back-breakdown phenomena in a gliding arc. 
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Appendix 1    

Table 3:  Electron impact reactions described by collision cross sections, as well as the references where 
these cross sections were adopted from. 

 Process  Reaction Ref. Note 
Elastic collision - -

2 2e CO e CO  [42] a 

Ionization - - -
2 2e CO e e CO  [42] a 

Dissociative ionization - - - +
2e CO e e CO O  [45] b 

Dissociative ionization - - - +
2 2e CO e e C O  [45] b 

Dissociative ionization - - - +
2e CO e e O C+O  [45] b 

Dissociative attachment - - -
2e CO e O CO  [42] b 

Dissociation - -
2e CO e CO+O  [42] b, c 

Electronic excitation - -
2 2e CO e CO e1 [42] a 

Vibrational excitation - -
2 2 ie CO e CO v   (i=1-8)  [42] d 

Elastic collision - -e CO e CO  [48] a 
Ionization - - -e CO e e CO  [48] a 
Dissociative ionization - - -e CO e e C O  [48] b 
Dissociative ionization - - -e CO e e O C  [48] b 
Electronic excitation - -e CO e COei   (i=1-5)  [48] a 

Vibrational excitation - -
ie CO e COv   (i=1-10)  [48] d 

Dissociative attachment - - -e CO e O C  [49] e 
Elastic collision - -e C e C  [50] a 
Ionization - - -e C e e C  [50] f 
Electronic excitation - -e C e C(1D)  [50]  

Electronic excitation - -e C e C(1S)  [50] f 

Elastic collision - -
2 2e C e C  [51]  

Dissociation - -
2e C e C+C  [51]  

Ionization - - -
2 2e C e e C  [51]  

Elastic collision - -
2 2e O e O  [43] a 

Dissociation - -
2e O e O+O  [43] b 

Ionization - - -
2 2e O e e O  [52] a 

Dissociative ionization - - -
2e O e e O O  [43] b 

Dissociative attachment -
2e O O O  [53] e 

Attachment -
2 2e O OM M  [43] a 

Vibrational excitation - -
2 2 ie O e O v   (i=1-4)  [43] d 

Electronic excitation - -
2 2e O e O ei   (i=1-5)  [43] a 

Elastic collision - -
3 3e O e O  [54]  
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Dissociation - -
3 2e O e O O  [55]  

Dissociative ionization - - -
3 2e O e e O O  [55]  

Dissociative ionization - - -
3e O e O O O  [55]  

Dissociative attachment - -
3 2e O O O  [56]  

Dissociative attachment -
3 2e O O O  [56]  

Elastic collision - -e O e O  [57] a 
Ionization - - - +e O e e O  [57] h 
Electronic excitation - -e O e O(1D)  [57]  

Electronic excitation - -e O e O(1S)  [57] f 

Attachment -e O +  OM M  [58] i 

 

(a) Same cross section used for reactions of CO2vi, and analogously for COvi or O2vi 

(b) Cross section modified by lowering the energy threshold by the excited state energy for reactions of CO2vi, 

and analogously for COvi and O2vi. 

(c) Dissociation through electron impact excitation with 7.0 eV threshold.  

(d) Cross section scaled and shifted for reactions of vibrationally excited states using Fridman’s 

approximation, see equation (4). 

(e) Cross section for the dissociative attachment of COvi and O2vi obtained from the literature calculation in 

[49] and [53] respectively. 

(f) Cross section modified by lowering the energy threshold by the excited state energy for reactions of 

excited carbon atoms. 

(g) Cross section for the ionization reactions of COvi obtained from the literature by ab-initio model [52]. 

(h) Cross section for the ionization of the excited oxygen atoms obtained from the literature calculation in 

[59]. 

(i) A constant rate coefficient 311.00 10 cm6 s-1 is used. 

Appendix 2 

Table 4 Ion kinetics as well as their rate coefficients and the references where these data were adopted from. 
The rate coefficients are in cm3 s-1 for the two-body reactions, and in cm6 s-1 for the three-body reactions. 

Reaction type Rate coefficient Ref. 
Electron-ion recombination    

-
2e CO CO+O  3 0.502.15 10 /e gT T  [71] 

-
2 2e CO C+O  5 0.401.66 10 eT  [72] 

-e CO C+O  6 0.556.33 10 eT  [73] 
-e O OM M  

  (M = any neutral species) 
27 1.56.0 10 (300 / )eT  [74] 

- - -e O e O e  20 4.57.0 10 (300 / )eT  [75] 
-

2 2e O OM M  261.00 10  [74] 
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-
2e O O+O  5 0.50 0.506.46 10 e gT T  [75] 

Electron detachment   
- -

2O A CO +e  
  ( CO, COei, A COvi )    

105.5 10  [71] 

- -
2O A O +e  

  ( O, O(1S), OA (1D) ) 

102.3 10  [76] 

- -
3O A O +e  

( 2 2O , A O vi ) 

121.0 10  [77] 

- -
2 23O + O +OO e         103.0 10  [78] 

- -
3O A O +e  

  ( 2A O ei ) 

103.0 10  [75] 

- -O O+ eM M  124.0 10  [77] 
  (M = any neutral species) 

-
2 3O A+ O +e             

  ( O, O(1S), OA (1D) ) 

 
103.3 10  

 
[76] 

-
2 2A AO + O +e   

  ( 2 2 2O , O eA i  O vi， ) 

182.18 10  [74] 

-
2 2 2 2O O ei O +O e  102.0 10  [75]  

-
2 2O O + eM M  

  (M = any other neutral 
species) 

10 0.502.70 10 ( / 300) exp( 5590 / )g gT T  [71] 

Ion conversion   
- -

3CAO OM M      
  ( 2 2 2CO , CO ei  C iA O v， )    
  (M = any neutral species) 

299.0 10  [75] 

- -
3OAO M M      

  ( 2 2 2O , O eA i  O vi， ) 
  (M = any neutral species) 

28 1.03.00 10 ( / 300)gT  [77] 

-
2 2O O+ O +O   103.0 10  [77] 

Te: electron temperature, Tg: gas temperature ; 

ei and vi mean the electronically and vibrationally excited states. 
  

 


