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Abstract

A validated numerical model developed for the study of helium barrier discharges in the
presence of dry air impurities is presented in this paper. The model was used to numerically
investigate the influence of air traces on the evolution of the helium dielectric barrier discharge
(DBD). The level of dry air used as impurity was in the range from 0 to 1500 ppm, which
corresponds to the most commonly encountered range in atmospheric pressure discharge
experiments. The results presented in this study clearly show that the plasma chemistry and
consequently the discharge evolution is highly affected by the concentration level of impurities
in the mixture. In particular, it was observed that air traces assist the discharge ignition at low
concentration levels (~55 ppm), while on the other hand, they increase the burning voltage at
higher concentration levels (~1000 ppm). Furthermore, it was found that the discharge
symmetry during the voltage cycle highly depends on the concentration of air. For the
interpretation of the results, a detailed analysis of the processes that occur in the discharge gap
is performed and the main reaction pathways of ion production are described. Thanks to this
approach, useful insight into the physics behind the evolution of the discharge is obtained.

1. Introduction

Low temperature plasma processes at atmospheric pressure have gained tremendous
attention in recent years due to their low production cost and the wide range of applications
they are suitable for, ranging from surface modification [1-3], plasma medicine [4-6],
sterilization [7-9] etc. An easy and effective solution to achieve low temperature plasma is by
covering one or both electrodes with a dielectric layer, which inhibits the transition to arcing,
thus keeping the plasma at room temperature [10]. By using such an arrangement, which is
called dielectric barrier discharge (DBD), two different modes of discharge, namely, the
filamentary and homogeneous mode can be achieved [11]. In particular, the filamentary mode
comprises of a large number of individual micro-discharges, while in the homogeneous mode,
the plasma covers uniformly the whole electrode area.

The homogeneous mode, also known as diffuse mode, appears to exhibit the discharge
characteristic of the glow or Townsend discharge depending on the working gas. Gases such as
helium or neon exhibit the characteristics of the glow mode [12-18], while for the case of
nitrogen gas, the characteristics of the Townsend discharge mode are observed [19-22].
However, recently the Townsend mode has also been observed in helium barrier discharges
[23,24]. It is worth noting that selected operational parameters (e.g. frequency, amplitude of the
applied voltage, dielectric type and dimensions, carrier gas and its purity, etc.) are required to
generate a homogeneous discharge [25,26]. In industry the homogeneous mode is preferred
because it provides uniform treatment and is free from micro-discharges that can damage
sensitive surfaces.

The presence of air traces is unavoidable in all atmospheric pressure gas discharges and
has to be taken into account. Moreover, it is observed from experiments and simulations that



even a small amount of impurities significantly affects the plasma characteristics [24,27-34].
With this in mind, a one dimensional plasma fluid model was developed for the physical
description of the helium dielectric barrier discharge (DBD) in the presence of dry air as
impurity. The model takes into account the analytical chemistry of helium with nitrogen and
oxygen species and it was verified with experimental results in order to ensure its validity. Then
the level of air was varied in the range of 0 — 1500 ppm and its effect on the discharge evolution
was investigated.

In the literature, there are several studies investigating numerically the effect of
impurities in helium discharges, He+N [27,30-32,35-38], He+0O> [28,39,40] and He+air [41-
45]. However, there is no reference regarding the effect of dry air impurities on the discharge
evolution in a wide range of compositions. In this study, it was observed that the concentration
level of air significantly affects the plasma chemistry and consequently the discharge evolution.
Hence, it is very important to understand the effect of the air traces on discharge evolution, in
order to be able to characterize applications that are based on helium DBDs. The paper is
arranged as follows: after a short description of the model used to describe the behaviour of
discharges and the input parameters required to feed the model, results that validate the model
with experimental observations are presented. Next, the influence of the concentration level of
air is described to shed light on the characterisitcs of such discharges.

2. Model

A one-dimensional plasma fluid model [46] was developed and validated and was
subsequently used to study the effect of the concentration of dry air (79% N2 and 21% O,) in a
helium dielectric barrier discharge. A two-dimensional treatment was deemed computationally
very expensive and as a result the one-dimensional model was employed in this work. This is
possible for a qualitative analysis, when the discharge has the characteristics of the
homogeneous DBD. The numerical model was validated with the experimental results of [15].
The experimental setup that was used for the validation mainly consists of two parallel
electrodes covered by dielectric layers of the same thickness. On one of the electrodes a high
voltage is applied, while the other is grounded. The gap between the dielectric layers is filled
with helium gas (purity of 99.999 vol%) at atmospheric pressure, after the discharge cell was
pumped down to 10 Pa. The experimental setup and operational parameters, reported in [15],
are summarized in Table 1. It is noted that the discharge exhibits the characteristics of the
homogenous mode.

2.1 Model equations:

In this study, electrons are described by the first three moments of the Boltzmann
equation, which after simplification converge to the continuity equation in the drift-diffusion
approximation [47,48]. For the description of the remaining species in the mixture (heavy
species), the multi-component diffusion equation was used [49,50]. The equations for electrons
and heavy species are coupled with Poisson’s equation for the description of the electric field.
The details of the equations have already been thoroughly described in [27], and as a result the
model is only briefly presented here.

The electron and electron energy densities are obtained by the following equations:

an, o (1)
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where n, and n, represent the densities of electron and electron energy respectively, fe and fg

are the flux terms for the electron and electron energy respectively, E is the electric field, S, is
the source term which describes the net rate change of electron density due to chemical



reactions, S, is the electron energy source term which accounts for the loss or gain of energy
from inelastic collisions of electrons with heavy species. The heavy species in the mixture (with
the exception of the background gas) are described by the multi-component equation:
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where p is the density of the mixture, w;, is the mass fraction of species k, j is the diffusive
flux vector, S, is the source term and Q is the number of heavy species in the mixture. The
density of the background gas is given by the equation:
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Finally, Poisson’s equation provides the space charge electric field:
4
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where &, is the dielectric constant of the material, ¢ is the potential and p,, is the local charge
in the gap.

Table 1: Operational parameters of experimental setup from [15].
Relative permittivity (&) 9.4
Gap between dielectrics (mm) 5
Dielectric thickness (mm) 0.7
Electrode area (cm?) 4
Gas pressure (atm) 1
Gas temperature (K) 300
Voltagepp (kV) 2
Voltage waveform sinusoidal
Frequency (kHz) 10
Helium gas purity (%) 99.999

2.2 Boundary conditions

The boundary conditions considered for the flux of electrons and electron energy from the solid
surface are given by the following equations:
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where 7 is the outward normal to the solid surface, v, .y, is the thermal velocity, . and p. are
the electron and electron energy mobility respectively, y,, is the secondary electron emission

coefficient (seec) of species p, Fp’ is the flux of the species p and ¢, is the mean initial energy



of secondary electrons (mese) emitted from the solid surface. The two terms in the parenthesis,
on the right hand side of equation 5 represent the loss of electrons on the solid surface, due to
the random motion of electrons and the flux of electrons due to the electric field. On the other
hand, the last term on the right hand side of equation 5 represents the gain of electrons due to
secondary electron emission. Similar explanation applies to equation 6 concerning the electron
energy.

The normal component of the heavy species flux from the solid surface is given by
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where M, is the molar weight of species k, R, 7 i is the surface reaction rate, ¢, represents the
mass fraction of species k, py ., is the mixture-averaged mobility and z, is the charge number
of species k. The first term on the right hand side of equation 7 (Rsurf,k) is linked to the way
species are created or lost on the solid surfaces, while the second term represents the loss of

ions due to the movement driven by the electric field. For the neutral species, the second term
on the right hand side of equation 7 is zero. The surface reaction rate is given by
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where N is the number of surface reactions, v is the stoichiometric number of species k on
the it" surface reaction, y; is the probability of the reaction to occur (sticking coefficient), R is
the universal constant, T is the gas temperature and M,, is the mean mass of the mixture. The
reaction rate (equation 8) is attributed to the random motion of species with Maxwellian
velocity distribution function times the probability of a collision happening (sticking
coefficient). The term 1/(1 — y;/2) represents the Motz—Wise correction, which is a corrector
term for reactions with high probability, when the velocity distribution of the species is non-
Maxwellian. The field generated by the charge accumulated on the dielectrics is calculated from
the following equation

- (51 - 52) = Ps 9)
where 51 and 52 are the electric displacement field above and below the boundary and py is
the surface charge density which can be obtained from the following ordinary differential
equation on the boundary

ap - 7 —
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where fl and fe are the ion and electron current densities on the wall respectively. All the
equations presented in section 2.1 and 2.2 are solved by using the Plasma module of the
COMSOL multiphysics simulation package [51].

3 Input parameters

For the description of the experiment presented in section 2, 27 species and 151 reaction
channels were considered. The species included in the model are electrons, He* and He," ions,
He ground-state atoms, He,* excimers, Hen excitation to metastable atoms He(2°S) and
He(2'S), N2* and N4* ions, N, ground state molecules and N atoms, N, (A), N, (B), N,(a) and
N, (C) nitrogen excited species, O, O, and Oz ground state atoms, molecules and polyatomic
molecules, 0, (v) vibrational excited states (v = 1 — 4), O", Oy, O3, O," and O4* ions, O'S and
O!D excited atoms, O(a1Ag) and O(b'Z4") excited molecules. Based on the idea of [52], the
species N, (A) represents the excitation of Noat N,(A3Zf (v=0—4)), N,(A%Sf (v=5—
9)) and N,(A%%Lf (v>9)), the species N,(B) represents the excitation of N, at



N,(B3Ig), No(W3A,) and N,(B3%y), the species N,(a) represents the excitation of Ny at
N, (a'Zy), N, (a'lly) and N, (W'A,) and the species N, (C) represents the excitation of N at
N,(C*M,),N,(E3%) and N, (a'Zg). The NOx molecules were not considered in the kinetic
scheme because they increase the computational time without affecting significantly the
simulation results. The kinetic scheme (reaction channels) used is mainly taken from
[28,38,45,52-55].

The electron transport parameters and the rate coefficients of reactions 1-4, 28-41 and
63-74 (see Table 5 in Appendix A), which are used as input parameters in the fluid model, are
calculated by averaging specific quantities and the electron impact cross sections over the
electron energy distribution function (EEDF) [48,56]. This indicates the importance of the
chosen EEDF and electron impact cross sections on the simulation results. In the literature, the
EEDF can be calculated from predefined functions (Maxwellian, Druyvesteyn and
Generalized) or from the solution of Boltzmann’s equation. On the other hand, the electron
impact cross sections are available on the open access LXCat website [57].

For a low-temperature non-equilibrium plasma, calculating the EEDF by solving
Boltzmann’s equation constitutes the only consistent way to build the fluid model [48]. There
are two approaches to solve Boltzmann’s equation: either kinetic [48] or statistical [58,59].
However, for the case of helium, both methods give similar results [60]. This is not true for
other gases. In this paper, the two term-approximation (Kinetic) as described by [48] is used to
solve Boltzmann’s equation.

Moreover, input parameters such as: electron concentration, gas temperature,
ionization degree, mole fractions of some species and the electron impact cross sections are
required to solve Boltzmann’s equation. The gas temperature is set the same as the temperature
of the experiment, while the electron density is estimated from the experimental discharge
current. Since the discharge in the experiment exhibits the characteristics of the homogeneous
mode, the gas is assumed to be weakly ionized [11,61]. The mole fraction of species
Hep,, 0,0,(v),0,(a) and 0,(b) is estimated from [28], based on the level of oxygen
impurities that is used in the simulation model. For this study, the concentration of air was set
at 80 ppm because this value gave the best agreement with the experimental results.

From the above analysis, the input parameters for the Boltzmann solver are defined as
follows: gas temperature T, = 300 K, electron density= 10%° m™3, ionization degree = 1077,
mole fraction of He,, =2-107°%, 0 =10"7,0,(b) = 1078, 0,(a) =5-1078, 0,(v) = 6"
1072 and mole fraction of air = 0.8 x 10™* (79% N, and 21% O;). The chosen electron impact
cross section will be analysed in the following paragraph. It is also worth noting that the electron
impact cross sections affect both the calculation of the EEDF and the rate coefficients. The
EEDF calculated at 80 ppm level of air was used for all air concentrations, since it does not
change significantly in the range of air concentrations considered in this study (see Figure 1).

Concerning the electron impact cross sections, these should be complete and consistent
[60,62-64]. The term ‘complete’ means that the chosen database should be able to describe the
main electron momentum-loss, energy-loss and number-changing processes (ionization,
attachment, and recombination). On the other hand, ‘consistent’ refers to the ability of the
database to predict correctly the electron swarm parameters when this database is used as input
to the Boltzmann solver [48]. More details about the different databases for electron impact
cross section and the chosen criteria are described in the literature [60,62—64]. In this paper, the
Morgan database is used for the description of the electron scattering cross section with the He
gas, while for the N, and O gases, the IST-Lisbon database was used [65,66]. These databases
are complete and predict the swarm parameters with good accuracy [60,67]. For the electron
impact excitation of O atoms to O(1S) and the attachment of Ox(a1Ay), O2(b'Z4*) [65] and Oz(V)
[68], the Morgan and TRINITI databases are used. All the parameters used for the calculation
of the EEDF are summarized in Table 2.

The diffusion coefficients for the species He, Hem, He*, Hex*, N, N2, N,(A), N, (B),
Nz(a), NZ(C), N2+, N4+, 0, 02, O3, O, Oy, O3, 02+, O4+, 018, OlD, Oz(alAg) and Oz(blzg+) are
calculated from the kinetic theory [69,70]. For the excited species, the diffusion coefficient is
considered the same as for their corresponding neutral species. The diffusion coefficient of



He,* is taken from [71] and the mobilities of He.*, N4, O are taken from experimental values
[72,73].

The surface reactions, reaction probabilities, seec and mese considered on the dielectric
surface are given in Table 3. The surface reactions and reaction probabilities are taken from
[28,74,75]. On the other hand, the electrons emitted from the dielectric surface are attributed to
the intrinsic electrons and the trapped electrons in the shallow traps of dielectric surfaces. The
latter mechanism has the most important contribution, since these electrons require less energy
to be released [11]. However, the secondary electron emission coefficient is not trivial because
the surface charges on the dielectrics are not known and in most cases this is considered as an
"adjustable parameter” [76,77]. For that reason, the seec is varied until simulation and
experimental results match. It is important to note that the energy required to release electrons
from the dielectric surfaces is taken mainly from the ions and excited species that remain in the
discharge gap from the previous breakdown [11].

For the case of atmospheric pressure glow discharge (APGD), this energy is mainly
provided by the "memory" ions that remain in the positive column region [12] from the previous
breakdown. On the other hand, for atmospheric pressure Townsend discharge (APTD), this
energy is provided by the "memory" excited species, which are created close to the anode from
the previous breakdown. More details on this point can be found in [11]. As in the experiment
[15], the discharge has the characteristics of the APGD and it was assumed that only "memory"
ions are responsible for extracting electrons from the dielectrics. In our simulation, the seec
which gave the best results in reproducing the experimental results are summarized in Table 3.

The mean initial energy of the released electrons depends on the ion energy (ionization
energy). It is noted that the helium ions have higher energy compared to the nitrogen and
oxygen ions (see Appendix A, Table 5). For the helium ions, a mean initial energy of 5 eV for
the secondary electrons was used which was the same as in [46], while for nitrogen and oxygen
a mean initial energy of 3 eV was used since these ions have lower intrinsic energy.
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Figure 1: Comparison of the different EEDFs as a function of electron energy, at a mean
electron energy of 4 eV.

Table 2: Input parameters for the Boltzmann solver [48,51].

Gas temperature 300 K
Electron density 10%°m~3
lonization degree 1077

Hem mole fraction 2-107°
O mole fraction 1-1077
O2(b) mole fraction 1-10°8
0(a) mole fraction 5-10°8
O(v) mole fraction 6-107°




N2 mole fraction 6.32 X 10> (79% of 80 ppm of Air)

O, mole fraction 1.68 X 10™> (21% of 80 ppm of Air)

Table 3: Surface reactions, reaction probabilities, seec and mese.
No Surface Reaction? Reaction probability? seec mese
1 | Heyp, + Surface — He 1 0 0
2 | He5 + Surface —» 2He 1 0 0
3 | He' + Surface - He 1 2-1072 5
4 | Hed + Surface —» 2He 1 2-1072 5
5 | N + Surface - 0.5N, 0.01 0 0
6 | N,(A) + Surface = N, 0.5 0 0
7 | No(B) + Surface =» N, 0.5 0 0
8 | N,(a) + Surface » N, 0.5 0 0
9 | N,(C) + Surface - N, 0.5 0 0
10 | N& + Surface - N, 1 1-1073 3
11 | N + Surface - 2N, 1 1-1073 3
12 | O + Surface = 0.50, 0.02 0 0
13 | 0(*D) + Surface —» 0 1 0 0
14 | 0(%S) + Surface - 0 1 0 0
15 | 0,(v) + Surface = 0, 0.2 0 0
16 | 0,(a) + Surface — 0, 0.0004 0 0
17 | 0,(b) + Surface - 0, 0.02 0 0
18 | O3 + Surface = 03 1 0 0
19 | O™ + Surface —» 0.50, 1 0 0
20 | O3 + Surface - 0, 1 0 0
21 | O3 + Surface —» 03 1 0 0
22 | 0F + Surface - 0, 1 2-1075 3
23 | Of + Surface - 20, 1 2-107° 3

2 ref [28,74,75]

4. Results and discussion

An important part of this study is the development of an appropriate model for the description
of helium discharges in the presence of dry air impurities. In order to ensure its correctness, the
model was validated with experimental results [15]. Then, the level of air impurities was varied
and its effect on plasma dynamics and chemistry was studied. Given that the breakdown has
the characteristics of the homogeneous mode, the use of a one dimensional model to interpret
the experimental results is justified.

4.1 Model validation:

The validation of the model is based on the electrical measurements from the experiment
described in [15]. The quantities, which were compared with the simulation results, are: the
discharge current, the breakdown voltage, the memory voltage and the amplitude of the applied
voltage when breakdown occurs. Figure 2 shows the comparison between the experimental
results reported in [15], for atmospheric pressure DBD working in He (purity 99.999 vol%)
after 99.99% of the air from the discharge chamber was previously removed, and our simulation
results for DBD in He with 80 ppm air impurities. Here the air concentration was set at 80 ppm
because this gave the best reproduction of the experimental results. From Figure 2, a very good
agreement is observed. In particular, the simulation discharge current and breakdown voltage
have an error of less than 2.5 and 10 % respectively compared to the experimental results. These



errors are within acceptable limits. Furthermore, breakdown occurred at about 0.7 kV, both for
the simulation and experiment. The simulation results presented correspond to the 9™ voltage
cycle after steady-state has been reached. Specifically, steady-state is typically reached 2-3 ac
cycles after the first breakdown.

The above validation of the simulation results provides us confidence about the ability
of the model to capture the physics behind this kind of discharges and as a result it was
subsequently used to study the effect of dry air traces on the discharge evolution.
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Figure 2: Comparison between (a) the experimental results reported in [15] for atmospheric
pressure DBD working in He (purity 99.999 vol%) and (b) our simulation results for DBD in
He with 80 ppm air impurities. The black line represents the discharge current, the dashed red
line the applied voltage, the dotted black line the gap voltage and the dashed dotted blue line
the memory voltage.

4.2 Effect of dry air concentration in helium DBD:

The dry air contents in the Helium DBD were investigated in the range from 0 to 1500 ppm.
For a better interpretation of the results, this range was divided into four sub-ranges based on
the following criteria: the discharge ignition, the discharge mode and the symmetry of the
discharge current. With the term symmetric current we mean that the current exhibits the same
behaviour during both parts of the voltage cycle, but with a different sign. The four different
cases are presented in Table 4.



Table 4: Different cases considered in the simulations.

Case . LeV(_aI of air Discharge ignition Discharge mode Discharge
impurity (ppm) current
1 0-55 No
2 55— 225 Yes Glow Symmetric
3 225 - 1000 Yes Glow Non-symmetric
4 1000 — 1500 No

Before proceeding with the analysis of Table 4, it was considered necessary to describe in detail
the main processes that occur in the discharge gap over a voltage cycle. This will help us
thereafter in the interpretation of the results presented in Table 4. In order to simplify the
analysis, the case of 150 ppm air was chosen, as it exhibits symmetric characteristics.

4.2.1 150 ppm level of air impurity:

As can be seen from Table 4, for the 150 ppm concentration of dry air, the discharge
exhibits the characteristics of the glow mode and the discharge current is symmetric. The
dominant positive and negative species are O, and electrons respectively, as it will be
demonstrated below. In glow-like discharges, the concentration of dominant ions reaches its
maximum value near the cathode (~1017 1/m3), thus disturbing the electric field [11]. With
this in mind, the spatio-temporal concentration of the O," and electrons, and the absolute
magnitude of the electric field are presented in Figure 3, together with the applied voltage, gap
voltage and discharge current. It is noted that the vertical axis in Figure 3b-3d represents the
spatial position across the parallel plate barrier discharge. In the simulation, the voltage is
applied at the 6.4 mm point, while the point at 0 mm is grounded. Consequently, for positive
polarity of the applied voltage, the 6.4 mm point represents the anode while the 0 mm point the
cathode. The polarity of the applied voltage is illustrated on the graph.

From Figure 3a, it is observed that two individual breakdown events occur during the
voltage cycle, with a single current peak per half period. The first breakdown occurs during the
falling part of the applied voltage, while the second breakdown occurs during the rising part of
the applied voltage. These breakdown events are a result of the voltage increase in the gap. As
displayed in Figure 3a, the gap voltage follows a pattern similar to the applied voltage and
reaches its maximum value at the time of breakdown. After the breakdown, the gap voltage is
reduced and approaches zero because of the surface charge accumulation on the dielectrics,
which shields the electric field of the applied voltage. For this reason, a single current peak is
observed at each breakdown event. The symmetric characteristics of the discharge are evident
from the same behaviour and absolute magnitude of the discharge current during both
breakdown events. The opposite sign of the discharge current arises from the inversion of the
voltage polarity. On the other hand, evidence of the glow-like discharge, is the maximum values
attained by the electrons and the O,* (dominant ions in the mixture) near the cathode during the
breakdown events (see Figure 3b and Figure 3c). This high concentration of ions disturbs the
electric field near the cathode (Figure 3d), which is also a characteristic of the glow mode
[11,78].
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Figure 3: Simulation results of (a) the applied voltage, gap voltage and discharge current, and
(b-d) the spatially-temporally resolved density distribution of electrons, O," and absolute
magnitude of the electric field respectively (150 ppm), over a voltage cycle. The amplitude and
frequency of the applied voltage are 1 kV and 10 kHz respectively.

In order to further understand the physics behind the discharge event, the evolution of
positive and negative ions in the mixture during a voltage cycle is further analysed. Initially the



positive ions are investigated. The average concentration of positive ions during a voltage cycle
is captured in Figure 4, together with the applied voltage, gap voltage, electron temperature and
discharge current. As shown in Figure 4, the concentration of ions is increased during the
increase in the electron temperature. After the breakdown events, the ion concentrations are
mostly reduced because of the reduction of the electron temperature. It is noted that the electron
temperature follows a pattern similar to the absolute value of the gap voltage [27].

Figure 4b clearly indicates that the most important positive ion in the mixture is O3".
This proves that even a weak concentration of impurity has a great influence on plasma
composition, despite the much higher concentration of helium in the mixture. In comparison to
0O.", the density of O." is lower and remains almost constant between the two consecutive
breakdowns. On the other hand, the nitrogen ions (N2* and N4*) are not as important as O,",
despite the higher concentration of nitrogen molecules in the air. Regarding the helium ions
(He* and He,"), these have negligible densities compared to the nitrogen and oxygen ions during
the breakdown events.

In order to shed more light into the processes that affect the evolution of ions, the most
important processes of dominant positive ion (O2*) production and destruction in the mixture
are presented in Figure 5. The criterion used for choosing the production and destruction
processes was to have a maximum value higher than 8:107°and 4-10~° [mol/m3s]
respectively. Reactions with lower maximum values compared to the mentioned ones appear
not to affect the simulation results and hence their choice as thresholds.
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From Figure 5a, it can be seen that the Penning ionization (HemtO,=>0,"+He+e",
R107) of O, by Hen is the most important reaction for O,* production. The remaining important
reactions for O, production are more than one order of magnitude lower. These processes are
the Penning ionization of O; by He,* (He,*+0,=>0,"+2He+e", R108), the direct ionization of
ground state O, molecules (e+0,=>2e+0,", R74) and the charge transfer reactions
(Hex'+02=>2He+0,", N2'+0,=>N,+0,;* and N;*+0,=>2N,+0O,* R110, R134 and R135
respectively) associated with the helium and nitrogen ions. This also explains the lower
concentration of helium and nitrogen ions (Hey*, N2* and N4*) during the breakdown events
(see Figure 4b), as they are converted to oxygen ions.

Our calculations show that the destruction of O,* is almost completely determined by
the losses at the boundaries (B1 and B2, see Figure 5b). B1 and B2 refer to the dielectric layers
which cover the ground contact and the contact of the applied voltage respectively. On the
contrary, the loss of O;* due to volume processes is more than one order of magnitude lower.
From these processes, the three-body charge transfer reaction (O,*+O,+He=>04"+He, R106) is
the most important. Other loss processes are determined by the recombination of O," with
electrons (e+0,*=>20, R75) and with Oy (O,*+0O;+He=>20,+He, R113).
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Figure 5: Simulation of the average rates for (a) production and (b) destruction of O," as a
function of time for 150 ppm dry air.
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Figure 6: Schematic diagram of the most important reaction pathways for ion production.

In order to elucidate the underlying mechanisms responsible for the above results, the
most important reaction pathways for ion production are presented in Figure 6. As illustrated
in the schematic diagram, the increase of ion densities is almost completely determined by the
increase of Hen and He*. The concentration of the former species is increased during the
increase of the electron temperature (see Figure 4a). After the breakdown, the production of
Hem and He* is reduced because of the low electron temperature.

From Figure 6, it can be seen that the helium metastable atoms (Hem) are mainly de-
excited by producing He>*, N>" and O;* through reactions 15, 55, 62 and 107. After that, He,*
is decomposed during the production of N> and O,* through the Penning reactions 56 and 108
respectively. On the other hand, the He* ions are immediately converted to He,* and N2*
through the charge conversion reaction 14 and the charge transfer reaction 57 respectively. This
explains the reason of the low concentration of He* during the breakdown. Moreover, the low
concentration of He," at breakdown events is attributed to its fast conversion to N>* and O>*
through reactions 58, 61 and 110.

The above processes increase the concentration of N,* and O, in the mixture. As
shown in the schematic diagram, the N2* is mainly converted to N4+ and O* through the charge
conversion reaction 59 and the charge transfer reaction 134. Subsequently, the N4* is converted
to N2* and Oy* through the linked reactions 133 and 135 respectively. It is also noted that N,*
and O." are produced from direct ionization of the ground state nitrogen and oxygen molecules
(reactions 41 and 74). However, the former reactions are not the main source of N>* and O;*



production, for the range of air concentration considered in this study. Finally, the O4* is created
from the charge transfer of O.", reaction 106.

The above discussion highlights the processes behind ion production during the
increase of the gap voltage and clearly shows that finally the oxygen ions survive. Although the
O-" is finally converted to O." in the range of concentrations considered in this study, the rate
of this conversion is small and thus O>* remains the dominant ion in the mixture. This was also
observed from the global model [28].

At this point, it is also worth analyzing the negative ions in the mixture. The
concentration of the negative ions over a voltage cycle is presented in Figure 7 together with
the applied voltage and discharge current. Figure 7b shows that the electrons are the dominant
negative species in the mixture. In contrast, the negative oxygen ions have negligible
concentration during the voltage cycle. These have densities more than two orders of magnitude
lower than the electron density. In order to further analyse the negative ions, the most important
processes for the production and destruction of the dominant negative ions in the mixture
(electrons) are presented in Figure 8. The criterion for the chosen production and destruction
processes was to have a maximum value higher than 8-107°and 4- 107> [mol/m3s]
respectively for the reasons explained earlier.
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Figure 7: Simulation result of (a) the applied voltage and discharge current, and (b) the average

concentration of negative ion species for a He-air mixture (150 ppm) over a voltage cycle. The
amplitude and frequency of the applied voltage are 1 kV and 10 kHz respectively.

Figure 8a shows that the Penning ionization of nitrogen and oxygen molecules by
helium metastable atoms (R55, R62 and R107) constitute the most important reactions for
electron production during breakdown. Additional important reactions are the direct ionization



of helium atoms (e +He=>2e+He*, R3), and the Penning ionization of nitrogen and oxygen
molecules by helium dimmers (R56 and R108). It is important to note that the production of
electrons during the afterglow stage is completely determined by the Penning ionization of N,
and Oz by He>*. A smaller contribution towards electron production is provided by the direct
ionization of ground state nitrogen and oxygen molecules, reaction 41 and 74 respectively. The
above results are in agreement with the schematic diagram presented in Figure 6.

As in the case of O." (the dominant positive ions), the loss at the boundaries is the
dominant mechanism for the destruction of electrons (see Figure 8b). In comparison to surface
processes, electron destruction due to volume processes is not as important. Nonetheless, these
reactions are the recombination of electrons with N2*, N4*, O," and O4" (R43, R46, R75 and
R95) and the two and three-body electron attachment with oxygen molecules (R64 and R105).
Up to this point, the most important processes that occur in the discharge gap have been
analyzed. Furthermore, the reaction pathways presented in the schematic diagram of Figure 6
hold for the range of air concentration considered in this study. However, there is no insight
regarding the effect of air on the magnitude of the rate of these reactions.

In order to complete the picture of the analysis and proceed towards the analysis of
Table 4, it was deemed necessary to provide an insight into the effect of the air content on the
most important reactions of ion production in the mixture (reactions of the schematic diagram
of Figure 6). With this in mind, the magnitude of the peak of these reaction rates is captured in
Figure 9 as a function of the concentration of air, together with the breakdown voltage. The
results of the reactions were split into three groups based on the following criteria: production
of ions through the reaction pathways associated with (a) helium ions, (b) helium metastable
atoms and dimmers and (c) nitrogen and oxygen species. This analysis is presented only in the
symmetric case where the magnitude of the reaction rates is the same during both breakdown
events.
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Figure 8: Simulation of the average rates for (a) production and (b) destruction of electrons as
a function of time for 150 ppm dry air.

4.2.2 Effect of air concentration on the most important reactions for ion production.

From the schematic diagram (see Figure 6) it has been proved that ion production is
mainly governed by the increase in Hem and He* in the mixture. For a constant concentration
of air, the discharge is ignited when the Her, and He* reach appropriate values for the production
of adequate ions which are able to trigger breakdown. However, the increase in air
concentration benefits the reactions associated with the ground state nitrogen and oxygen
molecules (see reactions of the schematic diagram in Figure 6). As a result, a lower
concentration of Her and He* is required for ion production. The concentration of the former
species is highly dependent on the electron temperature and consequently on the gap voltage
[27]. The lower the concentration of these species, the lower the breakdown voltage.
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Figure 9: Simulated (a) breakdown voltage and (b-d) peak of the average reaction rates as a
function of the concentration of air. The amplitude and frequency of the applied voltage are 1
kV and 10 kHz respectively.



The decrease in the breakdown voltage and the production rates of Hem and He™ (R2
and R3) as the concentration of air increases in the mixture are clearly depicted in Figure 9a-
9c. In the range between 55 and 70 ppm, however, an increase in the reaction rates is observed.
This is attributed to the increase in the production rate of electrons, due to the increase in air
concentration in the mixture. As a result, despite lower breakdown voltage and thus lower
coefficient rate of reactions 2 and 3, the higher concentration of electrons increases the rate of
these reactions. Beyond 80 ppm of air, the rate of electron production is reduced for the reasons
that will be explained below.

Initially, the production of ions through the reaction pathways associated with the
helium metastable atoms is analyzed. The Hen mainly produces He,*, N2* and O;* through
reaction pathways R15, R55, R62 and R107 (see Figure 6). Furthermore, the He,* decomposes
and produces N2* and O." through the linked reactions 56 and 108 respectively. As shown in
Figure 9a, the production of N,* and O," through reaction pathways linked to Hen and Hey*
(R55, R56, R62, R107 and R108) mostly decreases, with the exception at low air concentration
(up to 70-80 ppm). As expected, these reaction rates follow a pattern similar to the production
rate of Hen. In the range from 80 to 225 ppm, the reactions R55, R62 and R107 experience a
slower decrease because of the higher amount of N2 and O in the mixture, and consequently
the higher amount of Hen, lost through these reactions. Moreover, the production of electrons
is mainly governed by the reactions 55, 62 and 107 during the breakdown and the reactions 56
and 108 during the afterglow. These reactions decrease as the air concentration increases in the
mixture, thus reducing the production rate of electrons.

The other important species responsible for the production of ions in the mixture is He*
(see Figure 6). The He* is mainly converted into He,* and N.* through reactions 14 and 57
respectively. Subsequently, the He,* is converted quickly into No* and O* through reactions
58, 61 and 110. From Figure 9c, it can be observed that the production rates of N,* and O,"
through the reaction pathways associated with the He* and He,* (57, 58, 61 and 110) experience
an increase up to 70 ppm and then they decrease for higher air concentration. This behaviour is
similar to the production rate of He™. Furthermore, the rate of reaction 57 decreases more slowly
(between 70-225 ppm), due to the increase in N in the mixture, and consequently the higher
amount of He" lost in this reaction.

The reaction pathways associated with helium species (Hem, He*, Hey* and He;")
increase the concentration of N2* and O,* in the mixture. From Figure 9d, it can be seen that
the N2* is mostly converted into N4* (R59), while a smaller concentration of N2* is lost through
the production of O, (R135). By increasing air concentration, the rate of the former reactions
increases due to the higher concentration of N2/O; in these reactions. Similar behaviour is
demonstrated for the rate of reactions 133 and 135 for the production of N>™ and O," through
N4*. On the other hand, the production rates of No* and O, through direct ionization show a
peak at ~80 ppm, and then they increase again for impurity levels higher than 125 ppm. The
peak of these reaction rates is caused by the increase in the electron concentration (for the
reasons already mentioned). On the other hand, the increase in the reaction rates for impurity
levels higher than 125 ppm is caused by the increase in N> and O in the mixture (despite the
lower breakdown voltage).

The production of O4* is only determined by reaction 106. Consequently, the rate of
this reaction, as expected has a similar trend to the sum of the production rates of O," (R74,
R107, R108, R110, R134 and R135). As can be seen from Figure 9d, the rate of reaction 106
follows a pattern similar to the rate of reaction 107 (most important reaction for O," production)
up to 125 ppm. For impurity levels higher than 125 ppm, the production rate of O4* experiences
a small increase due to the increase in the production rate of O,* (R134 and R135).



In summary, the production of positive ions through the reaction pathways associated
with the helium species is mostly reduced, while the production of positive ions through the
nitrogen and oxygen species mostly increases as air concentration increases in the mixture. On
the other hand, the production of electrons mostly decreases because these are governed by the
reaction pathways associated with helium species. Furthermore, the production of He,* and
He,* (R15 and R14) is more affected by the increase in the impurities, indicating that at higher
air concentrations these species will become unimportant.

Having in mind the above analysis and the most important processes that occur in the
discharge gap over a voltage cycle, it is easy to interpret the results of Table 4, which consider
the influence of air concentration on the discharge ignition and symmetry.

4.2.3 Influence of air concentration on the discharge ignition and symmetry:

0 to 55 ppm: Our calculations show that in this range of air concentration, no
breakdown occurs. This is attributed to the low ion production during the increase/decrease in
the applied voltage. In order to ignite the breakdown in this range, the production rate of ions
has to be increased. This can be achieved by increasing the applied voltage.

55 to 225 ppm: Another way to increase the rate of ion production is by increasing the
level of air impurities in the mixture. As shown in the previous section, this benefits the
reactions of ion production associated with N2 and Oz. As a result, at about 55 ppm of air, the
ions reach appropriate values to cause breakdown. The increase in air concentration between
55 and 225 ppm decreases the breakdown voltage (see Figure 9a), and thus the discharge ignites
in this range.

Furthermore, the discharge exhibits symmetric characteristics because of the adequate
concentration of electrons before each breakdown. From the previous section, it has been
demonstrated that the most important reactions for electron production are 3, 55, 56, 62, 107
and 108. The rate of these reactions is mostly reduced as air concentration increases (see Figure
9b-9c) and for that reason, the concentration of electrons is reduced. Nonetheless, in this range
of impurities, the electron concentration after breakdown is not low enough to require a higher
gap voltage for the next breakdown.

225 to 1000 ppm: By increasing further the air concentration, the breakdown voltage
is reduced and so are the production rates of electrons. This decreases the concentration of
electrons and as a result the next breakdown requires higher gap voltage to ignite. For that
reason, the discharge does not exhibit symmetric characteristics. To elucidate this phenomenon,
the average concentration of ions over a voltage cycle is presented in Figure 10, together with
the applied voltage, gap voltage and discharge current. For this analysis, the case of 500 ppm
of air was chosen. The results of Figure 10 are repeatable at each voltage cycle.
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Figure 10: Simulation results of (a) the applied voltage, gap voltage and discharge current, (b)
the average concentration of positive ion species, and (c) the average concentration of negative
ion species for a He-air mixture (500 ppm) over a voltage cycle. The amplitude and frequency
of the applied voltage are 1 kV and 10 kHz respectively.

From Figure 10a, it is obvious that the discharge does not exhibit symmetric
characteristics, as the magnitude of the discharge current is different during the falling and
rising parts of the applied voltage. Additionally, the dominant positive and negative species
during the breakdown events are O," and electrons respectively (see Figure 10b and Figure
10c). In order to explain the reason for the discharge asymmetry, the concentration of electrons
over a voltage cycle is further analyzed.

As illustrated in Figure 10c, the concentration of electrons is different before the first
(during the falling part of the applied voltage) and the second breakdown (during the rising part
of the applied voltage). In particular, the concentration of electrons is much lower before the
second breakdown. This is attributed to the lower breakdown voltage of the first discharge (0.97
kV) compared to the second breakdown (1.17 kV), which results in lower electron production.
As demonstrated in the previous section, the increase in air concentration in the mixture
decreases the breakdown voltage and thus the first breakdown occurs at a lower gap voltage.



The lower the breakdown voltage, the lower the production rates of Her, and He* and thus of
electrons (R3, R55, R56, R107 and R108). Consequently, the concentration of electrons before
the second breakdown is lower. Furthermore, the concentration of electrons after the first
breakdown is further reduced during the change of voltage polarity in the gap (loss of electrons
at the boundaries). For the aforementioned reasons, the concentration of electrons before the
second breakdown is reduced significantly as can be seen in Figure 10c. As a result, a higher
gap voltage is required for the second breakdown to occur. After the second discharge, the
concentration of electrons is not reduced significantly because of the higher breakdown voltage
(see Figure 10c). This explains the asymmetry observed in the discharge current in Figure 10a.

In summary, the increase of air concentration in the mixture decreases the breakdown
voltage and consequently the production rates of electrons. As a result, the concentration of
electrons decreases after the breakdown and thus, a higher gap voltage is required to cause the
next breakdown. In this range of air concentration, the applied voltage of 1 kV is able to ignite
the discharge even during the second breakdown event and so the discharge takes place during
the falling and rising part of the applied voltage. Similar discharge asymmetries, during the
increase in the O content in He DBD were also observed experimentally in [24].

1000 to 1500 ppm: In this range of air impurities, the ignition of the discharge stops
after a few voltage cycles. This is caused by the significant reduction of electrons after the
breakdown and the low secondary emission flux. In order to examine this phenomenon, the
average concentration of electrons is captured over some voltage cycles, together with the
applied voltage, gap voltage, discharge current, surface charge density and secondary emission
flux (see Figure 11). The results in Figure 11 correspond to the 4" voltage cycle, and thereafter
show the instance where the ignition of the discharge stops. For this analysis, the case of 1100
ppm for air concentration was chosen. Moreover, the symbols B1 and B2 in the graph refer to
the surface (contacted with the plasma) of dielectric layers which cover the ground contact and
the contact of the applied voltage respectively.

As illustrated in Figure 11a, the ignition of the discharge stops after the third breakdown
event. This is due to the combined effect of low electron concentration and low surface charge
density after the third breakdown event (see Figure 11b and Figure 11c). In particular, due to
the low breakdown voltage of the third discharge event, the production rate of electrons is low
and consequently their concentration remains low. This also affects the deposition of charge at
the dielectrics. As it can be seen from Figure 11c, the accumulation of the charge at the
dielectrics is lower after the third breakdown event in comparison with the previous discharges.
Furthermore, the decrease in the surface charge density affects the secondary emission of
electrons from the dielectrics. From Figure 11d, it is obvious that after the third breakdown
event, the secondary emission flux is decreased. Consequently, due to the low concentration of
electrons and the low secondary emission flux after the third breakdown event, the next
discharge (during the rising part of the applied voltage) cannot be ignited. Moreover, as it can
be seen from Figure 11b, the concentration of electrons after the first breakdown reaches lower
values compared to the third one. However, the discharge is ignited after the first breakdown
because of the higher surface charge density and consequently higher secondary emission flux.

Finally, in order to cause breakdown in this range, the applied voltage has to be
increased. The need for the increase in the burning voltage due to the increase in the impurities
content in the mixture was also observed experimentally [24].
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Figure 11: Simulation results of (a) the applied voltage, gap voltage and discharge current, (b)

the average concentration of electrons, (c) the surface charge density, and (d) the secondary

emission flux for a He-air mixture (1100 ppm) over a voltage cycle. The amplitude and

frequency of the applied voltage are 1 kV and 10 kHz respectively.

5. Conclusion

In this paper, a one dimensional model was used for the physical description of a helium
barrier discharge with dry air impurities. This model takes into account 27 species and 151



reaction channels. The heavy species (neutral, excited and ions) are described by the
multicomponent-diffusion equation using the mixture-averaged diffusion coefficient. On the
other hand, the electrons are described by the first three moments of the Boltzmann equation,
which reduced after simplification to the continuity equation in the drift diffusion
approximation. This model was validated with experimental results to ensure its correctness.
Subsequently, the concentration of dry air considered as impurities, was varied in the range
from 0 to 1500 ppm in the numerical model, in order to investigate its effect on the discharge
evolution, discharge ignition and discharge symmetry.

The calculations presented in this paper show that dry air significantly affects the
helium-air plasma chemistry and consequently the discharge evolution. In particular, four
different regions were observed based on the discharge ignition and discharge symmetry. It was
observed that at low air concentration (0-55 ppm), the discharge was not ignited due to the low
amount of ions created during the increase/decrease of the applied voltage. As air concentration
increases in the mixture, the production of ions through the reaction pathways associated with
the ground state nitrogen and oxygen molecules benefit. For that reason, the breakdown voltage
is reduced and thus the discharge is ignited in the range from 55 to 225 ppm. Furthermore, in
this range, the discharge exhibits symmetric characteristics, due to the adequate concentration
of electrons before each breakdown. By increasing the air concentration further, in the range
from 225 to 1000 ppm, the discharge characteristics become asymmetric. This was caused by
the decrease in the breakdown voltage and thus the production rate of electrons. As a result,
after the breakdown, the electron concentration is reduced significantly and a higher gap voltage
is required to ignite the next discharge. Furthermore, between 225 and 1000 ppm, the applied
voltage of 1 kV is able to trigger the breakdown, which requires higher gap voltage. For air
concentration higher than 1000 ppm, the ignition of the discharge stops because the
concentration of electrons is reduced to very low values after the breakdown and with the
reduced secondary emission flux, the next breakdown cannot be ignited with the applied voltage
of 1 kV.



Appendix A.

Table 5: Rate coefficients for helium, nitrogen and oxygen reactions.

ReaNc(;clon Reaction equation? Rate constant® Threshold (eV) Ref
1 e~ +He »e” + He f(e 0 [65]
2 e” + He - e” + He,, f(e 19.82 [65]
3 e~ + He » 2e” + He* f(e 24.58 [65]
4 e~ + He,, » 2e” + He™ f(& 4,78 [79]
5 e” + He,, - e + He 29 x 10715 -19.82 [80,81]
6 e” + He, - e” + 2He 3.8x 10715 -17.9 [80]
7 2¢” + He* - e + He,, 7.8 x 10759(T,/T,) " -4.78 [82]
8 2e” + Hed - He,, + He + e~ 2.8x 10732 0 [80]
9 e~ + He + Hel — He,, + 2He 3.5 x1073° 0 [80]
10 2e” + Hed —» Hel + e 1.2x 10733 0 [80]
11 e~ + He + Hef — He, + He 1.5%x1073° 0 [80]
12 He,, + He,, —» He} + e~ 2.03 x 10—15(Tg/300)°'5 -18.2 (83]
13 He,, + He,, » He* + He + e~ 8.7 x 10-16(T, /300)"° -15.8 [83]
14 He* + 2He — He + He 1.4 x 10-43(T,/300)"° 0 [83]
15 He,, + 2He — He} + He 2 x 10746 0 [83]
16 He,, + He - He* + 2He + e~ 5 x 10715(T, /300)™° 135 [80]
17 He,, + Hej > He} + He + e 2 x 10715(T, /300)"" -15.9 [80]
18 Hej + He’ — He* + 3He + e" 3 x 10715(T, /300)™" 113 [80]
19 He’ + He, — He} + 2He + e~ 1.2 x 10715(T, /300)"° -13.7 [80]
20 He} + He - 2He + He 1.5x 10721 0 [78,84]
21 e” + He* - He,, 6.76 x 10~ 197,05 0 [85]
22 e” + He + He* — He,, + He 7.4x 107 (T,/T,) 0 [82]
23 e” + He} - He + He,, 7.12 % 10‘21(T9/Tg)—1-5 0 (78]
24 e” + Hel - 2He 1x 10714 0 [43]
25 e~ + Hel + He - 3He 2x1073° 0 [43]
26 He,, + 2He - 3He 2 x 10746 0 (78]
27 e~ + He, —» HeJ + 2e” 9.75 x 107167071 =34/Te 3.4 (83]

0.3,0.6,0.9, 1.1,
28 e"+N, > 2e "+ N, (v=1to10) f(e 14,1.7,2,2.2, [66]
25,27
29 e”+ N, - 2e” + N,(A) f(e) 6.2 [66]
30 e”+ N, - 2e” + N,(A) f(e 7 [66]
31 e+ N, - 2e” + N,(B) f(e 7.4 [66]
32 e+ N, - 2e” + N,(B) f(e 7.4 [66]
33 e”+ N, - 2e” + N,(A) f(e 7.8 [66]
34 e+ N, - 2e” + N,(B) f(e) 8.2 [66]
35 e+ N, - 2e™ + N,(a) f(e 8.4 [66]
36 e+ N, - 2e™ + N,(a) f(e 8.6 [66]
37 e+ N, - 2e™ + N,(a) f(e 8.9 [66]
38 e+ N, » 2e” + N,(C) f(e 11 [66]
39 e+ N, - 2e” + N,(C) f(e 11.9 [66]
40 e+ N, - 2e” + N,(C) f(e 12.3 [66]
41 e”+ N, > 2e” +NJ f(e 15.5 [66]




42 e"+N,>e +N+N 1 x 1074705 =16/Te 9.757 [86]
43 e~ + Nf - 2N, 3x 10713 0 [87]
44 2"+ Nf > 2N, + e 3.17 x 10~%2 0 [38]
45 2¢e"+N}f »e +N, 3.17 x 10~%2 0 [71]
46 e” +Nf - 2N 4.8 x 1073(T,/T,) """ 0 [38]
47 N,(A) + N,(a) » e~ + Nf 5x 10717 0 [52]
48 N,(a) + N,(a) » e” + N} 2x 10716 0 [52]
49 N,(B) + N, » N, + N,(A) 3x 10717 0 [88]
50 N,(C) + N, » N, + N,(a) 1x 10717 0 [88]
51 N,(a) » N, + hv (117 nm) 1x 102 0 [89]
52 N,(A) - N, + hv (293 nm) 0.5 0 [89]
53 N,(B) = N,(A) + hv (1045 nm) 1.34 x 10° 0 [89]
54 N,(C) - N,(B) + hv (336 nm) 2.45 x 107 0 [89]
55 He,, + N, » e~ + N + He 5x 10717 0 [38]
56 Hel + N, » e~ + NJ + 2He 5x 10717 0 [38]
57 He* + N, » NI + He 6.5x 10714 0 [90]
58 He} + N, - N} + 2He 1.1x 10715 0 [90]
59 N3 +He + N, - N + He 8.9 x 10~42(T,/300) ™" 0 [90]
60 He* + N, + He - NJ + 2He 1.1x 10741 0 [90]
61 Hed + N, + He » N + 3He 1.6 x 1074 0 [90]
62 He,, + N, + He > NJ + 2He + e~ 3.3 x 10742 [55]
63 e +0,>e +0,(v=1to4) f) 0.19, %’;8’ 0.6, [66]
64 e +0,-0+0" f(e 0 [66]
65 e”+0,(b)>0+0" f) 0 [65]
66 e”+0,(a) >0+0" fe) 0 [65]
67 e +0,(v) > 0+0" f(e) 0 [68]
68 e +0, > e +0,(a) f(® 0.977 [66]
69 e” 40, - e +0,(b) f(e) 1.627 [66]
70 e"+0-e +0(19) Ji6) 4.192 [65]
71 e"+0,—>e +20 f(e 6 [66]
72 e"+0,->e +0+0(D) Ji6) 8.4 [66]
73 e"+0,>e  +0+0(S) f(o 9.97 [66]
74 e”+0, > 2 +07 f(e) 12.1 [66]
75 e~ + 0% - 20 1.2 x 107797 0 [39]
76 0™ +0,+0, > 03 + 0, 1.1 x 10742(T,/300)"" 0 [28]
77 0;+0-0"+0, 1.5 x 1071(T, /300)"* 0 [39]
78 0; +0; - 03 + 0, 6 x 10716(T, /300)™° 0 [39]
79 0,(v) + 0, - 20, 1 x 1072°(T, /300)"° 0 [39]
80 03 + 03 + 0, - 0, + 03 + 0, 2 x 1077(T, /300) ** 0 [28,52]
81 0f +0”+0,-20,+0+0, 2 x 1077(T,/300) *° 0 [28,52]
82 0f + 07 + 0, - 30, + 0, 2 x 1077(T, /300) *° 0 [28,52]
83 0} + 05 + 0, - 20, + 05 + 0, 2 x 107¥7(T,/300) ** 0 [28,52]
84 0+0  >e +0, 2 x 10715(T, /300)"" 0 [39]
85 0~ +0,(b) 2 e +0,+0 6.9 x 10716(T,/300)"° 0 [39]
86 0~ +0,(a) » e +0; 3 x 1071%(T, /300)"" 0 [39]
87 0; +0-0; +0, 2.5 x 1071%(T, /300)"° 0 [39]




88 0f +0 > 0% + 0, 3 x 10716 0 [52]
89 03 + 0, — 03 + 20, 3.3 x 10712(T, /300) " e(~5030/Tg) 0 [52]
90 0(*D)+0,-0,+0 4.8 x 10~18¢(67/Tg) 0 [91]
91 0(*D) + 0; = 0,(a) + O 1.6 x 10~18¢(67/Tg) 0 [91]
92 0(*D) + 0, = 0,(b) + 0 2.56 x 10~17¢(67/Tg) 0 [91]
93 0(1S) + 0,(a) - 0 + 0, 11x 10716 0 [39]
94 0,(b) + 05 - 20, + 0 7.33 x 107'8(T,/300)"° 0 [39]
95 e + 01 - 20, 2.25 x 107137705 0 [52]
96 e"+0+He—-> O +He 1x10743 0 [28]
97 e~ + 0; + He - O3 + He 1x 10743 0 [28]
98 He} + 0, - 2He + 0, 1.5 x 1021 0 [78]
99 0,(v) + He - 0, + He 1x 1072°(T,/300)"° 0 [39]
100 0~ + 0, + He - 03 + He 1.1 x 1072(T, /300) " 0 [28]
101 03 + 03 + He - 0, + 03 + He 2 x 1077(T, /300) *° 0 [28,52]
102 0 + 0™ + He - 20, + 0 + He 2 x 107%7(T, /300) 0 [28,52]
103 0% + 03 + He — 30, + He 2 x 1077(T, /300) *° 0 [28,52]
104 0f + 035 + He - 20, + 05 + He 2 x 1077(T, /300) *° 0 [28,52]
105 e” + 0, + He - He + 03 1x 10743 0 [43]
106 0% + 0, + He - 0} + He 5.8 x 10743(T,/300) " 0 [92]
107 He,, + 0, - O} + He + e 2.54 x 1071%(T, /300)"° 0 [39]
108 He, + 0, - OF + 2He + e~ 1 x 10716(T,/300)"° 0 [93]
109 0, + 0 + He - 0 + He 1.1 x 10~*6¢(510/Tg) 0 [43]
110 Hef + 0, > 0 + 2He 1 x 10715(T, /300)"° 0 [93]
111 O(*D) + He - O + He 1x107° 0 [39]
112 0 +0"+M-0,+0+M 2 x 107¥7(T,/300) ** 0 [52,53]
113 0f +0; + M- 20, + M 2 x 107¥7(T,/300) *° 0 [52,53]
114 0f +0™ +N, > 0; +N, 2 x 1077(T,/300) *° 0 [52,53]
115 03 +05+N, > 0, + 05+ N, 1x107%(T,/300) *° 0 [52,53]
116 0f +0~ +N, > 20, +0+N, 1x107%(T,/300) *° 0 [52,53]
117 01 +0z + N, > 30, + N, 1x107%7(T,/300) 0 [52,53]
118 0f +05 + N, - 20, + 05 + N, 1x107%(T,/300) *° 0 [52,53]
119 Ni+0"+0,>N,+0+0, 2 x 1077(T, /300) > 0 [52,53]
120 N7+0"+N; >N, +0+N, 2 x 10%(1,/300) " 0 [52,53]
121 N3 + 05 + 0, » Ny + 0, + 0, 2 x 1077(T, /300) *° 0 [52,53]
122 Ni+ 05 +N, > N, +0, + N, 2 x 1077(T,/300) *° 0 [52,53]
123 Nf+0,+e > 0,+N, 6 X 10‘39(T9/Tg)—1-5 0 (53]
124 0f+N,+e” >0, +N, 6 x 1079(T,/T,) " 0 53]
125 0O,+N+N->0,+N, 3.9 x 10745 0 [53]
126 0+0,+N,—>0;+N, 1.1 x 10™*exp(510/T,) 0 [53]
127 0+0+N,->0,+N, 6.49 X 10™*7exp(1039/T,) 0 [53]
128 0+0+N—-0,+N 3.2 x 1075(T,/300) """ 0 [53]
129 0;+N, > 0+0,+N, 1.6 x 10~ *exp(—11400/T,) 0 [53]
130 0(*S)+N, > 0+N, 1.6 x 10723 0 [53]
131 O(*D)+N, > 0+N, 1.8 x 10"*7exp(107/T,) 0 [53]




132 Nf +0('D) > 0+ N, + N} 1x 10716 0 [53]
133 Nj+0, > 0, + N, + N§ 1x 10716 0 [53]
134 NI +0, - N, + 03 1.04 x 10715705 0 [94]
135 N +0, > 2N, + 0F 2.5 x 10716 0 [61]
136 0f + N, > 0, + N, + 0F 1x 10711(T,/300)*“exp(—5400/T,) 0 [53]
137 0~ +0,+N, > N, + 03 1x 107%2(T,/300) " 0 [52]
138 e +0,+N, >N, + 05 1.24 x 10743(T, /300)"° 0 [28]
139 e"+0+N, >N, +0" 1x 10743 0 [28]
140 0; +N,(A) > e  +0,+N, 2.1x10715 0 [88]
141 0; +N,(B) > e" +0,+N, 2.5x 10715 0 [52]
142 0" +N,(A)>e +0+N, 2.2x 10715 0 [88]
143 0" +N,(B)»e +0+N, 1.9 x 10715 0 [52]
144 N,(A) + 0, > 20 + N, 1.7 x 10718 0 [88]
145 N,(A) + 0, - 0,(a) + N, 7.5 x 1071° 0 [88]
146 N,(A) + 0 > 0(S) + N, 23x 10"V 0 [88]
147 N,(B) + 0, - 20 + N, 1.1x 10716 0 [88]
148 N,(@) + 0, » 20 + N, 28x 107V 0 [88]
149 N,(C) + 0, - 0 + 0(S) + N, 3 x 10716 0 [88]

2 He,, represents He(23S) and He(2'S); Hejrepresents He, (a®Z); N,(A) represents N,(ASZ! (v = 0 — 4)), N, (A2 (v =
5-9)) and N,(A’Lf(v>9)); N,(B) represents NZ(B3Hg), N,(W3A,) and N,(B3Z]); N,(a) represents
N2 (a'2y), Ny (a'lly) and N (WA,); N,(C) represents N,(C3I,),N,(E3L}) and N,(a'Z); 0,(a) represents 0,(a'Ag);
0,(b) represents oz(blzg); N, (v) are treated as N2; 0,(v) represents the vibrational excited states of O,(v=1—4). M
represents the background gases Helium atom, Nitrogen and Oxygen molecule. ® Rate coefficients have units of
s71, m3s™1, m%s™* for one, two and three body reactions respectively; T, has units eV; T, has units of K. (£) indicates the rate
coefficient as a function of the mean electron energy calculated from the solution of Boltzmann equation (see section 3: Input
parameters). The reference indicates the database of the cross section used.
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