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S.1 Details on the experimental setup
S.1.1 Voltage and Current Waveforms — Pulsing Behaviour in the Soft Jet

Fig. S.1 shows the V-I characteristics of the Soft Jet at three relevant time scales: (a)
long, (b) for a typical gas residence time at 1 L/min, (c) short. The power deposited in
the plasma (estimated from Fig. S.1c) was calculated as described previously.!
Because of the spark type nature of the plasma, the plasma is formed only during the
peak of the voltage and current waveform (Fig. S.1c), as explained in section 2.1 of
the main text. Hence, this corresponds to the discharge power, which is deposited into
the plasma, whereas the sinusoidal shape of the current and voltage waveforms
correspond to a displacement current (not going into the plasma).>2 It has to be
emphasized here that this plasma power is used for the calculation of the energy

consumption of NOx production.*

The multiplication of the current and voltage waveforms (Fig. S.1c) gives a power
profile as a function of time, shown in Fig. S.1d. The integration of the peak in this
power profile, corresponding to the voltage and current peaks (i.e. the sharp peak
above the sinusoidal-like shape in Fig. S.1d) gives an energy of ca. 4-10° J, which,
when divided by the duration of the peak (0.74 ps), yields a power value (in W)
corresponding to the time-averaged power within the peak. This way, the average
power of two peaks within the same period was found to be 5.11 + 0.35 W. For a
volume of 0.39 mm?, this results in a peak power density of 13 kW.cm (i.e. the power

density for the 0.74 ps duration of the pulse).

The asymmetry of the power profile shown in Fig. S.1d is explained by a higher power
deposition in the positive half-period of the applied voltage. Such effect of the voltage
polarity on the discharge behaviour is often observed in plasmas® and can be
explained by an effect of charge accumulation in the discharge gap leading to

asymmetry of the V-1 waveforms.
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Fig. S.1 Measured current and voltage characteristics of the Soft Jet in dry air, in the
relevant time scales. (a) Long time scale, showing the pulse trains with pulse-off times.
(b) Representation of a typical residence time of gas molecules in the plasma (here
for 1 L/min). During this residence time (0.2 ms), the molecules experience ca. 30
pulses (at 1 L/min) within one pulse train. (c) Applied voltage and current, and (d)
resulting power, for a few pulses, showing in (c) the pulse (dark grey) — interpulse (light
grey) characteristics within a pulse train. There are 4420 pulses within one pulse train.
The power profile is obtained by multiplying the voltage and current. Within the sharp
peaks, the actual low current plasma spark is formed. I. and Il. are two time-resolved
images of the plasma discharge obtained using a Hamamatsu C8484 ICCD camera®
with a 100 ns exposure time and the camera lens surface perpendicular to the effluent.
Plasma conditions: 1 L/min, Nz. In I, the intense arc shape corresponds to a plasma
arc, Il. shows a visible round shaped zone of low light intensity appearing in between
plasma arc corresponding to the afterglow emission.

To calculate the power absorbed in the plasma, only the plasma pulse duration is
considered, which is the general approach used in plasma research. To clarify this
concept, Figure S.2 shows an overview of the power deposition in the device. Panel
(a) shows the energy consumed by the plasma source and consumed by the power
supply. Maximising the amount of power consumed by plasma generation is a (power
supply) engineering problem, which is out of the scope of our work. Panel (b) shows
the power consumed by the plasma generation, which can be split up into two ways
of power deposition:

(1) Power lost during the interpulse duration. This so-called dark discharge power can
be reduced by V/I waveform optimisation, which is a physical/electrical engineering
guestion.”’

(2) Power going into the pulse. This is the power determining the chemical efficiency
of the device and the focus of our work. It can be influenced by, for example, the pulse
frequency and duration, which in turn will influence the chemical processes taking
place within the plasma.”.
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Fig. S.2 Division of the wall plug power put into the device: (a) engineering point of
view, (b) plasma physics and plasma chemistry point of view. The red dashed line
indicates the (total) wall plug power.

S.1.2 Temperature Measurements of the Plasma Arc and the Afterglow
Two types of temperature measurements were performed (both methods are

explained in full in Ref 17):

(1) The plasma temperature through OES?®, a spatially- and time-averaged
measurement which allowed us to measure the plasma core temperature (gas
temperature in the arc) by a line of sight looking straight into the Soft Jet. It has to be
indicated that the arc emission is much higher compared with the afterglow emission
so the contribution of the emission from the afterglow in the gas temperature
estimations was very low or even negligible.

(2) The gas temperature outside of the jet (the afterglow) through Rayleigh-scattering.
This part of the work only deals with an estimation of the gas temperature in the

afterglow with no contribution of the arc emission.

These two methods are complementary; one is used to study the gas heating in the
arc and the other in the afterglow. Method (1) cannot be used to determine the gas
temperature in the afterglow due to the low emission, and method (2) cannot be used
to measure the arc temperature due to geometric constraints.

Fig. S.3 shows the normal plasma effluent, in the absence of a thermocouple (a), as

well as the broadening of the plasma effluent (b) and the arcing (c) onto the
thermocouple, rendering the measurements invalid.

Thermocouple

Figure S.3 (a) The Soft Jet in operation, (b) with a thermocouple placed in the afterglow
to measure the temperature, the gas dynamics are changed significantly, resulting in
widening of the afterglow shape and (c) with a thermocouple placed closer to the
nozzle tip, arc formation is visible onto the thermocouple.



S.2 The quasi-1D model
The quasi-1D model of the Soft Jet was developed based on a OD model (section

S.2.1 and S.2.2) coupled with a computational fluid dynamics (CFD) model (section
S.2.3). This allows the proper translation of a time-dependent 0D model to a position-

dependent quasi-1D model, as described in detail in sections S.2.2.1 and S.2.2.2.

S.2.1 0D model — The base for the quasi-1D model
To gain insight into the plasma chemistry, we developed a zero-dimensional (0D)

chemical kinetics model within the code ZDPlasKin. Herein, the species densities are
obtained as a function of time by numerically solving the continuity equation (equation
1) for the individual species included in the model (see Table 1 in the main paper):

dn;
d—ri = Z [(35 — aj )k; Hn%] 1)
] 1

R

ni is the density of species i, ak and a}; are the right and left stoichiometric coefficients

J tj

species i in reaction j, for the following general reaction:

kj
aA + bB (+AH) - cC + dD (+AH) (2)

Here, A, B, C and D are the different species and a, b, ¢ and d are their respective
stoichiometric coefficients. AH represents the enthalpy of reaction j. The reaction rate
coefficients, k;, of the heavy particle reactions are expressed in cm® s~* or cm® s~ for
two-body or three-body reactions, respectively. k; is either constant or dependent on
the gas temperature. The rate coefficients of the electron impact reactions are

calculated according to the following equation:

k; = f oi(e)v(e)f(e)de (3)

€th

€ is the electron energy (usually in eV), g, is the minimum threshold energy needed
to induce the reaction, v(¢) the velocity of the electrons, o;(¢) is the cross section of
collision i, and f(¢) is the electron energy distribution function (EEDF) (Elastic
collisions are also included in the model: in this case, the lower limit of the integration
equals 0.). To calculate the EEDF and the rate coefficients of the electron impact

reactions, the code has a built-in Boltzmann solver, BOLSIG+.° The electric field (E)



is calculated from a given power density, using the so-called local field

approximation?©:

E= 4)

YR

P is the input power density (W m=) and ¢ is the plasma conductivity (A V-1 m?),

expressed as'?:
0 = €Ne He ©)

where n, is the electron number density and p, the electron mobility.

Every time progression in the OD model can be translated into position progression by
means of the gas flow velocity. The gas flow velocity profile in the Soft Jet is
determined by CFD calculations, as explained in S.2.3. This transforms a time-
dependent OD model into a quasi-1D model, where the plasma characteristics vary as
a function of the distance travelled by the gas through the Soft Jet. A more detailed
explanation of this transformation and the specific Soft Jet quasi-1D model is given in
the next section.

S.2.2 The quasi-1D model applied to the Soft Jet
A molecule moving through the Soft Jet has a residence time ranging from 2 ms to 94

ps, for inlet flow rates ranging from 0.1 to 2.0 L/min, respectively. This means the
molecule either experiences a part of a pulse train or moves through the jet during the
plasma-off time (Fig. S.1a). The former results into plasma-induced reactions, the
latter leaves the gas unchanged. The model only calculates the behaviour of
molecules moving through the pulse train, the remaining fraction is taken into account

by means of the treatment fraction, calculated in the next section.

S.2.2.1 Treatment Fraction
There are three options for the gas molecules moving through the Soft Jet. These

options determine whether a gas molecule is plasma-treated or not, i.e. what is the

effective treatment fraction:

(1) The gas molecule moves through the plasma zone when plasma is on i.e. it is
plasma-treated during the pulse train. This case applies to approximately 14.9% of the
molecules, based on the duty cycle of the pulse train (i.e., 26.3/(149.9 + 26.3)), see



Fig. S.2a. Note, this duty cycle should not be mistaken with the duty cycle of the entire
system (1.9%), as explained in the main paper.

(2) The remainder of the gas molecules move through the plasma zone untreated
(pulse-off time; ca. 85.1% calculated from 149.9/(149.9 + 26.3)).

(3) Besides the duty cycle of the pulse train, also the physical dimensions and shape
of the ignited plasma play a role in determining the effective treatment fraction. If the
gas molecule moves alongside the plasma, it cannot be plasma-treated, regardless of
the plasma ignition state. ICCD (Intensified Charged Coupled Device) camera images
of the plasma recorded in our previous work! show what fraction of the cavity is taken
up by the plasma. Based on this, we estimated that ca. 20% of the gas moving through
the cavity during plasma-on time (case 1) is actually plasma-treated. From these 2D
images of a 3D arc, it is only possible to estimate the fraction. However, this estimation
does not influence the underlying mechanisms or other insights gained from the
model, as it only decreases the plasma-treated fraction, not the way in which the gas
is treated.

The effective treatment fraction is calculated by multiplying the duty cycle of the pulse
train (case 1) with the fraction of the cavity that is taken up by plasma (case 3) and
amounts to 3.0% (20% x 14.9%).

In practice, only case (1) is modelled, i.e. molecules moving through the Soft Jet when
the plasma is on. Afterwards, the calculated densities of the various reactive plasma
species (i.e., electrons, various ions, radicals, excited molecules) are multiplied by the
effective treatment fraction (3.0%) to obtain the effective calculated species densities.
Indeed, the remainder of the molecules move through untreated by the plasma, hence

they are not converted into reactive plasma species.
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S.2.2.2 Quasi-1D model of the species moving through the plasma

a) Quasi-1D madel b)
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Fig. S.4 Schematic description of the geometry considered in the quasi-1D model. The
dashed lines in (a) indicate the gas flow, the blue lines in (a, c) indicate the region of
the simulation. (a) Soft Jet, with the plasma arc represented as a cylinder. (b)
Dimensions of this plasma arc cylinder. (c) Schematic explanation of the quasi-1D
model: the gas enters the plasma arc region at Xo and leaves the arc at Xarc piameter,
after which it continues its way through the nozzle and in the afterglow. Hence, the

model follows a volume element, moving through the plasma and the afterglow.

The molecules in the quasi-1D model follow the blue line (Fig. S.4), through the
plasma where the molecules experience a pulse train, into the afterglow and outside
of the jet until a steady state is reached. Two measured plasma parameters were used
as input in the model: a power profile and a gas temperature profile. Together they
define the pulsed behaviour of the jet and the conditions inside and outside of the jet
(see Fig. 4a of the main paper).

(a) Power profile — In plasma

The power profile was constructed based on the V-l measurements of the Soft Jet
during a pulse train (Fig. S.1c,d). The plasma pulse duration of 0.74 pus followed by
an interpulse of 5.21 us was considered in the model, resulting in a pulse period of
5.95 ps. The peak power dissipated in the discharge was calculated according to Fig.
S.1d, taking into account the average area under the peaks (5.11 W). Although the
interpulse power (density) profile is not known, we know that the power does not reach
zero in the interpulse period (Fig. S.1d). Therefore, we assumed that the interpulse
power is 10% of the peak power. This assumption also significantly improves the

robustness of the calculations, as going to zero power, on the small timescale that is

11



necessary for the Soft Jet’s calculations, makes the model crash, unless very small

timesteps are used, resulting in much longer calculation times.

Note that making elaborate speculations about the exact shape of the interpulse power
profile would not affect the calculation results, but would only impede the model
operation and interpretation. Therefore, we decided upon a constant interpulse power,
that includes the known characteristics of the power, preventing that the results

interpretation would become ambiguous.

(b) Gas temperature profile — In plasma

The gas temperature profile in the plasma is based on optical emission spectroscopy
(OES) measurements and is virtually independent of flow rate in the range used here,
as reported in our recent work.! The temperature during the pulse, i.e. the temperature
of the plasma arc, was measured to be 1750 + 150 K and coincides with the power
peak. During the interpulse, an exponential decay to 330 K is set in accordance with
the average gas temperature measured by Rayleigh scattering in the afterglow
(Figure 4a; main paper).! The shape of the temperature decay in between pulses was
estimated based on a sensitivity study where we tested four different profiles, shown
in Fig. S.5: a slow linear drop (profile 1), an exponential drop (profile 2), a fast linear
drop (profile 3) and a straight vertical drop after the pulse ends (profile 4). Profiles 1
and 4 act as limiting cases to estimate the influence of the temperature drop on the
modelling results. The modelling results do not differ significantly for the different
interpulse temperature profiles. We therefore chose the more intuitive profile 2, which

is exponential.

12
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Fig. S.5 Four options of gas temperature as a function of time from the pulse start until
the start of a new pulse, considered in the model: (1) slow linear drop, (2) exponential
drop, (3) fast linear drop and (4) instantaneous drop.

(c) Power and gas temperature profile — Outside plasma

Finally, after the pulse train, the species move into the post-plasma zone, where the
gas temperature (Tg) rapidly decreases to room temperature and the power was set
to zero (no plasma). The gas temperature was calculated from Rayleigh scattering
measurements at two distances from the nozzle tip (1.2 and 3.4 mm) and four different
flow rates (0.2; 0.35; 0.7; and 1.4 L/min) as described in our previous work.> Next to
these data points, the gas temperature in the plasma arc (1740 K; 0 mm, obtained
from OES; see previous section) and the temperature of the room (308 K; position of
10 mm) are also known. We used these four experimental data points to fit an
exponentially decreasing curve for the four different flow rates (0.2; 0.35; 0.7; and 1.4
L/min; see Fig. S.6b), based on four parameters: T, = a - exp(—b-x) + c-exp (—d -
x), with x = the distance from the nozzle tip. Because of the strong difference in
temperature between the plasma and the temperature at 10 mm from the nozzle (308
K) the temperature profiles in the afterglow are very alike for the four flow rates (0.2;
0.35; 0.7 and 1.4 L/min). For the other flow rates between 0.1 and 2.0 L/minan average
fit (Fig. S.6; black dashed line) was used, based on the experimental data points. To
validate this approximation to reality (i.e. a different temperature decay for each flow

rate), we compared the -calculated densities obtained when using the fitted

13



temperature profile based on the experimental data for that specific flow rate with the
average fit. There was no significant difference between both approaches, so it is a

valid assumption to use the average fit for all flow rates.
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Fig. S.6 Gas temperature in the afterglow as measured by Rayleigh scattering
experiments at 0.2, 0.35, 0.7 and 1.4 L.min™! (stars), as a function of distance from the
nozzle tip, as well as the temperature in the plasma (0 mm; 1750 K) and room
temperature (10 mm; 308 K).!! (a) Entire temperature profile from the plasma region
until the simulation end (10 mm). (b) Zoomed into the points measured by Rayleigh
scattering.

S.2.3 CFD simulations
The Soft Jet is cylindrically symmetrical, and its 2D geometry, considered in the CFD

simulations, is shown in Fig. S.7. The 1D velocity profiles through the Soft Jet (Fig.
S.8) are used to accurately transform the time-dependent simulation of the 0D model
into a position-dependent one (quasi-1D model). The CFD calculations are performed
until steady state is reached for each inlet flow rate, by means of a 2D axisymmetric
turbulent gas k — ¢ model built in COMSOL Multiphysics.*? The turbulent flow model
results are used as input into the OD model. It is independent of the plasma chemistry,

i.e. we assume the flow is independent of the heat produced by the plasma or by

14



changes in the gas composition due to chemical reactions. This is a valid assumption,
as the spatially averaged gas temperature does not exceed 350 K; hence, the
influence of the gas heating on the flow behaviour is small compared with the
background flow, and the conversion is too limited (<< 1 %) to cause any significant
changes to the gas composition, and thus to the physico-chemical properties of the

flow.
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A
Nozzle

}—Afterglow

|
{

Fig. S.7 Geometry of the Soft Jet, used in COMSOL for the CFD calculations. The
indication of the afterglow shape is used to ensure proper meshing around the outlet.
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Fig. S.8 Axial gas velocity calculated via CFD simulations as a function of distance
from the needle tip, for inlet flow rates of 2.0 — 0.1 L/min. The plasma end is indicated
by the grey line (0.075 cm).

Based on these calculations, the residence time in the plasma ranges from 2 ms to 94
us, for inlet flow rates ranging from 0.1 to 2.0 L/min, respectively.

The radial-component of the gas velocity at the nozzle edge is << 0.1 m/s for all flow
rates. Hence, we can safely assume that short-lived reactive species do not come in
contact with ambient air before they are destroyed, and thus mixing with ambient air

at the nozzle does not have to be included in the quasi-1D model.
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S.2.4 Chemistry set included in the quasi-1D model
The set of reactions is based on a (revised) compilation of reactions reported in our

previous work.13 The set contains an elaborate description of the vibrational kinetics
of N2 and Oz, i.e. N2 and Oz electron impact vibrational excitations (e-V), N2-N2, O2-O2
and N2-O2 vibrational-vibrational (V-V) exchanges and N2-N2, N2-Oz, O2-N2, O2-O2, N2-
N, O2-O and N2-O vibrational-translational (V-T) relaxations. 24 vibrational levels for
N2 and 15 levels for Oz are included. Next to vibrational exchanges, the set includes
electron impact, neutral-neutral, neutral-ion and ion-ion reactions. The species taken
into account in the model are listed in Table 1 of the main paper. This includes neutral
molecules in the ground state, vibrationally and electronically excited states, various
radicals, positive and negative ions, and electrons. Table S.1 lists all electron impact
reactions. Most of these reactions are treated by energy-dependent cross sections.
Table S.2 lists the neutral-neutral reactions and the corresponding rate coefficient
expressions. For certain reactions, the rate coefficients of the vibrationally excited
species are determined according to the Fridman-Macheret model, in which the
activation energy is reduced by a E,, where « is the vibrational efficiency to lower the
activation barrier and E, is the vibrational energy. For those reactions, the a parameter
is given in the last column of Table S.3. Tables S.4 to S.6 list the electron-ion
recombination, ion-neutral and ion-ion reactions and the corresponding rate
coefficients, respectively. Table S.7 lists the optical transitions.

This chemistry set was extensively developed and validated in our previous work.!3
After critical review of the literature, one reaction rate constant (k) in Table S.2
(annotated in bold) was updated to a more recent k value from a reliable source. The

Tables can be found at the end of the Supporting Information, under Appendix.
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S.3. Extended information: Results and Discussion
S.3.1 Production rate
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Fig. S.9 Production rate as a function of the feed gas flow rate.



S.3.2 Energy Transfer due to Electron Impact Reactions

Mean electron energy [eV]
0.4 1 10 26.9

_— N2 vibrational excitation
— N2 electronic excitation
S N2 dissociation

_— N2 ionization

——— O2 vibrational excitation

—
T

_——— O2 electronic excitation

Energy loss fraction (%)
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) ) . - --- O, dissociation
10 100 1000 - --- O, ionization
Reduced electric field (Td)

—_

Fig. S.10 The electron energy loss to various electron impact processes as a function
of the reduced electric field (bottom x-axis) and the mean electron energy (top x-axis)
at 80/20 N2/O2 gas composition and 1750 K.
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S.3.3 VDF of O2

b)

Normalized O2 Density
=

—_— —.—t1 =29 us
——t, =71 ps
_._t3 =119 us

/ - t4=179ps

Thermal VDF T =1750K
gas
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Time (ps)

5 10 15
O2 Vibrational Level

Fig. S.11 (a) Calculated NO concentration (black curve) as a function of time, during
its residence time in the plasma (at 1 L/min), encountering a train of pulses, and (b)
calculated VDF of Oz taken in the middle of each pulse, for four different time points,
as indicated by the vertical coloured lines in (a). The thermal VDF at 1750 K is also

plotted.
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S.3.4 Reaction analysis
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Fig. S.12 (a, b, ¢) Net reaction rates of the most important NO production reactions as
a function of time during one pulse and interpulse time. A negative rate means that the
reaction occurs in the opposite direction, i.e., as NO loss reaction. Panel (d) shows the
time points in the pulse train, during the gas residence time in the plasma (at 1 L/min),
with the associated NO concentration as a function of time: (a) Beginning, (b) middle,
(c) end of the residence time. The x-axis of (a), (b) and (c) always starts at the
beginning of a pulse.

We calculated the time- and space-averaged reaction rates for all formation and loss
processes of NO and NOg, as listed in Table 3 of the main text. The results are plotted
in Fig. S.12. Panels a, b and c present the reaction analysis of the main NOx formation
reactions as a function of time for one pulse — interpulse cycle, at the beginning, middle
and end of the residence time in the plasma, as annotated by the three vertical lines
in panel d. Throughout the whole residence time, the non-thermal Zeldovich
mechanism promoted by vibrational excitation is the main mechanism for NO
formation (blue and red curve; R1 and R2; see also Table 3). Note that the reactions

with highest rate, overall, are the oxidation of NO to NO2 (R3) and vice versa (R4),
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which happen throughout the whole residence time and produce a limited amount of
NO2 (< 1 ppm at all investigated flow rates). However, they do not contribute to the
initial NOx formation, and are therefore not plotted in Fig. S.12. In the following, we

describe the mechanism in more detail.

(a) In the beginning, there are only small amounts of reactive species (N and O atoms,
and N2 and O: vibrationally excited levels) present, so the first pulses are
predominantly governed by the temperature dependence of the reaction rate
constants (k). Note that for this reason the net reaction rates increase overall with
residence time in the plasma (from a — b — c), as reactive species densities increase
but the temperature remains constant. The rate of R1 (Fig. S.12; blue curve) is higher
than for R2 (red curve) during the pulse, because its rate constant is higher at higher
temperature (hence in the pulse), and it drops after the pulse, due to the drop in
temperature. At the same time, the rate of R2 rises, due to the rising population of N2
vibrationally excited states during the interpulse.

At short residence times, R2 from Nz(E) (green curve) also plays a small role. Its
contribution drastically reduces compared to the vibrationally promoted reactions, as
the population of the vibrational states increases throughout the residence time, while
the population of N2(E) does not.

(b, c) At longer residence time, the gas mixture contains a significant amount of N and
O atoms, as well as vibrationally excited N2 and O2 molecules, and this affects the
reaction behaviour.

(b) R1 still reaches its maximum rate during the pulse and slowly drops after the pulse.
The maximum is clearly higher, because the N atoms are abundant now, and the
reaction is not limited anymore by the energy-intensive splitting of N2 (to produce N
atoms), due to the strong V-T non-equilibrium. On the other hand, the rate of R2 first
increases and then drops below 0 from the middle till the end of the interpulse. Indeed,
during the first part of the interpulse, the O atom density is still high and the N2(v)
density increases. However, after 2 us, the back reaction of R2 becomes more and
more important compared to the forward reaction, so around 3.8 us, there is net
destruction of NO via L2. Indeed, the rate coefficient of this back reaction is
temperature-independent, while the rate coefficient of the forward reaction decreases
due to the lower temperatures. This back reaction was not yet important in the

beginning (Fig. S.12), because of the low concentration of N atoms at that stage.
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(c) At the end of the residence time, R2 is now the dominant reaction in the pulse due

to the high density of higher vibrationally excited N2. The maximum rate of R1 has

moved to the end of the pulse. Indeed, R1 relies on R2 for the production of N atoms,

S0 its maximum is reached after the maximum of R2. As R1 cannot compete anymore

for the N atoms at low temperature (low k), the rate of L1 increases earlier in the

interpulse. As the O atoms are thus consumed by L1, there is no maximum for R2,

and its net rate gradually decreases until it becomes negative (net loss of NO).

Both in (b) and (c) the destruction of NO diminishes near the end of the interpulse (red

curve returns to 0), due to the increasing population of N2(v) throughout the interpulse.

S.3.5 Reaction Rate Constants of the Zeldovich Mechanism
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Figure S.13 Reaction rate constants (k) for the forward (full) and backward (dashed)
reaction of (a) R1 and (b) R2, as a function of gas temperature. Note the y-axes on

both panels are on a log scale.
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APPENDIX

Table S.1 Electron impact reactions implemented in the model for atomic and
molecular nitrogen and oxygen species as well as NO, species. The list includes
vibrational excitation and de-excitation, electronic excitation and de-excitation, direct
and dissociative ionization, dissociation, and direct and dissociative attachment
reactions. When the rate coefficient is not specified, these reactions are treated by
energy-dependent cross sections. The rate coefficients are expressed in cm3 s™1 or
cm® s~ for binary or ternary reactions, respectively.

Reaction Rate Coefficient  Ref. Note
e"+N, & e+ Ny(v) 14

e” + N,(v) & e” + Ny(v) 14

e~ + N,(g v) » e + Ny(Ey) 15 a, b, c
e” + Ny(Ey) » e+ N, 15 b

e~ + Ny(gv) > 2e” + NJ 16 a

e~ + Ny(Ey) » 2e” + NJ 16 b,c
e"+N- 2¢” + N* 15

e” +Ny(gv) > 2¢e"+ N"+N 1 a

e +Ny(gv)—> e + N+N 15 a, c
e +Ny(Ey) e+ N+N 15 b, c
e”+N- e+ N(Ey) 15 d
e"+0,e e + 0,(v) 14

e” +0,(v) @e” + 0,(v) 18

e” +0,(gv) > e+ 0,(Ey) 15 a,c,e
e” +0,(Ey) » e+ 0, 15 e

e~ + 0,(g,v) » 2e” + 03 16 a, c
e~ + 0,(Ey) » 2e” + 0OF 19 e, C
e”+0- 2 + Ot 15

e” +0,(gv) > 2¢e”+ 0+ 0t 20 a,c
e” +0,(Ey) » 2"+ 0+ 0% 20 e,c

e”+0; -2 +0+03
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e+ 0;-0e +0"+0"+0

15

15

e” +0,(gv)oe +0+0 a
e"+03;>e +0,+0 2

e” +0,(gv) > 0+0" 15 a,c
e +0,(gv)+M->0; + M 22 a,c,f

e +0;3->0"+0,

16

e +03;>0+0;

16

e +0;+M- 05 +M

5x 10731

23

e +0+M->0+M

1x10731

24

e~ + NO - 2e” + NO*

17

e” + NO, » 2e” + NO3}

25

e” + N,0 -» 2e” + N,0°

26

e +N,O—-e " +N,+0

27

e” +N,O0—-e” +N, +0(1D)

27

e +N,O—->e  +NO+N

27

e +NO-0"+N

17

e +N,O-> N, + 0™

26

e” + NO, - NO;

1x10°11

28

e” +NO, - 0™ +NO

1x10711

29

e +NO+M->NO"+M

8x 10731

29

f

e"+N,0+M - N,0~ +M

6x 10733

29

f

aFor any species indicated with (g,v), g and v stand for its ground and vibrationally

excited state, respectively.

b N, (E,) represents the electronically excited states: N, (A%Z), N,(B%I1,), N,(C3I,)

and N, (azy ).

¢ The cross sections of the reactions involving excited species on the left hand side

are shifted over the difference in the threshold energies.

4 N(E,) represents the electronically excited states of atomic N: N(2D) and N(2P).
¢ 0,(Ey) represents the electronically excited states: 0,(a'A), 0,(b'Z*) and a
combination of three states, i.e. 0,(A32*, C3A,c127) at a threshold energy of 4.5 eV.

M represents any neutral molecule.
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Table S.2 Neutral-neutral reactions included in the model and the corresponding rate
coefficient expressions. Tg is the gas temperature in Kelvin. The rate coefficients are
expressed in cm3 s~ or cm® s~ for binary or ternary reactions, respectively. For
certain reactions, the rate coefficients of the vibrationally excited species are
determined according to the Fridman-Macheret model in which the activation energy
is reduced by «a E,,, where «a is the vibrational efficiency to lower the activation barrier
and E, is the vibrational energy. For those reactions, the a parameter is given in the

last column.
Reaction Rate coefficient Ref. Note
No(gv) +M— N+N+M 8.37“0_4)(( )—3.5>< 30 a. b
exp (_11;_710 a=1
g
N+N+M ->N,+M 138 x 1033 x exp <502_978> 31 b
g
N+N-N; +e” 2.7 % 10711 x exp (_ 6.7zfr><104> 29
g
N+N+N - N (A2 +N 1.0 x 10732 29
N+N+N- N,(B%M,)+N 1.4 x 10732 29
N+N+N; - Na(A°Z]) + N, 1.7 x 10733 %
N+ N+N, > N,(B%I,) + N, 2.4 x 10733 29
N(2D)+M > N+ M 2.4 x 1071 32 b
N(2P) + N - N(2D) + N 1.8 x 10712 29
N(2P) + N, » N+ N, 2.0 x 10718 29
N, (a'%g ) +N->N, +N 2.0x 10711 32
Ny (a'23 ) + Nz = Nz + N, 3.7 x 1016 7
N, (2’57 ) + N, » Np(B%M,) +  1.9x 107%3 %
N,
N, (a3 )+ N, (a'sy ) o Nf + 5.0x 107" 32
N, + e~
N, (@27 )+ N, (a’zy ) »Nj+ 1.0x107H 29

e
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N, (3157 ) + N(A’S}) — Ni +

e

4.0 x 10712

29

N,(A32}) + N > N, + N(2P)

29

0 0.667
4,0 x 1071t x —)
Tg

N,(A32})+N-> N, + N 2.0 x 10712 29
N,(A3Z}) + N, > N, + N, 3.0x 1071 29
No(A’Z) + N, (a'zy ) > NF + 1.0x 10712 32
N, +e”

N,(A3ZH) + N,(A3Z}) -» N, + 2.0 x 10712 32
N, (A%Z])

N,(A3ZF) + N,(A3Z}) -» N, + 3.0x 10710 29
N,(B*I)

N,(A3ZH) + N,(A3Z}) > N, + 1.5 x 10710 29
N2 (C°My,)

N2(B%I,) + Ny - N, + N, 2.0 x 10712 29
N2(B%I,) + N, » Ny (A’Zf) + N, 3x 107! 29
N,(C3M,) + N, » N, + (2%2y) 1.0x107* 29

0,(gvV)+M->0+0+M (3.0x10‘6) X exp (—59380> a
Tg .
a=1
0+0+M =0, +M 5.21x10-35><exp(ﬂ> b
Tg
0+0;>0;+0; 8.0 X 10712 X exp (—Zgﬂ >
g
0+0:(gv)+ M= 0+ M 1.34 x 10734 x (k)_l'o ® ab
298
36
0;+M-0,+0+M 7.16><10‘1°><exp(—9lflT20 b, c
g8
0+02(EX)+M_>03 + M 1.34 x 10_34)( (k)—l.o 35 b, d,e
298
0+03 >0, +0,(a’h) 2.0 x 1071 x exp (—@ *
Tg

0,(@'A)+0-0,+0

7.0 x 10716

29
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0,(a'A) + 0, » 0, + 0,

3.8 x 10718 X exp (_ ZTLS>

g

29

0,(b*2*) + 0 - 0,(a’A) + O

8.1 x 10714

29

0,(b'*) +0 - 0, + 0(1D)

3.4x 10711 x (:Ti)—m X

29

0,(b'Z*) + 0, - 0, + 0,(a'A)

43x 10722 x (T,)"" x

281
eXI)(——jﬁ;>

29

0,(b'2*)+0; - 0,4+ 0, +0

22x 1071

29

0,(aA) + 0; » 0, + 0, + 0(1D)

5.2 x 10711 X exp (_ fﬁ)

g

29

Oz(alA)'+'02(a1A)-9 02-+
0,(blz™)

7.0 x 10728 x (T,)*° x

700
exp)(:ﬁ;)

29

0(1D)+0-0+0

8.0 x 10712

29

6.4 %x 10712 x exp (— ﬂ)
Tg

29

0(1S) + 0 - 0(1D) + 0(1D)

5.0 X 10711 X exp <_ ﬂ)
Tg

29

0(1S) + 0, » 0 + 0,

1.3 x 10712 x exp <_ 85_0)
Tg

29

0(1S)+0,->0+0+0 3.0 x 10712 29
0(1S) + 0,(a'A) > 0+0+0 3.2x 1011 29
0(1S) + 0,(a'A) - 0(1D) + 29x 10711 29

0,(b'zt)

0(1S)+0, -0+ 3.0 x 10-2 x exp (_ @> 29 f
0,(A3Z*, C3A, c'z7) Tg
N+0z(gv) > 0 +NO 2.36 x 10711 X exp <_ _44230) T ac
RgTg
o=
0.24
0+Nz(gv) > N+NO 3.01 x 10710 x exp <_ 318000) ® ac
RgTg )
o=
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0; + N > NO + 0,

5.0 X 10712 x exp (— ?Fﬂ)

g

34

0; + NO - 0, + NO,

2.5x 10713 x exp (— Lﬁ)

29

Tg

28
03 + NOZ - 02 + NO3 1.2 % 10—13 X exp (_ 2";&)

g
NO; + 03 - NO, + 0, + 0, 1.0 x 1077 39
N+NO—->O+N, 1.66 x 10711 40
N+NO,>0+0+N, 9.1x 10713 29
N+ NO, - 0 + N,0 3.0 x 10712 29
N+ NO, - N, + 0, 7.0 x 10713 29
N + NO, - NO + NO 2.3x 10712 29

0O+NO->N+0,

7.5x 10712 x (E) X

300
exp ( 19500)
Tg

29

0 + NO, » NO + 0,

5.5x 10712 x exp(lTi:)

0 + N,0 - NO + NO

1.5 X 10710 x exp (— 14090)
Tg

29

0+ N,0 - N, + 0,

8.3 x 10712 X exp (— @>
Tg

29

0+ NO; - 0, + N,

1.0 x 10711

29

NO + NO -» N + NO,

0.5
3.3 x 10716 x (iﬂ) X

g
exp ( 39200)
Tg

29

NO +NO - 0+ N,0

2.2 x 10712 x exp (— 32100)
Tg

29

NO + NO - N, + 0,

—

5.1 x 10713 x exp (— 33660)

g

29

NO + N,0 > N, + NO,

4.6 x 10710 x exp (— 25170)
Tg

29

NO + NO; — NO, + NO,

1.7 x 10711

29

NO, + NO, —» NO + NO4

4.5 x 1071% x exp (— 18T—500>

g

29

29



1.20 X 1079 x exp

NO, + NO, - NO + NO + O, 33 % 10-12 x exp( 13500) 29
g
NO, + NO; = NO + NO, + O, 23 % 10" 13><ep( @) 29
Tg
NO; + NO; = O, + NO, + NO, 43 % 10" 12><ep( @) 29
Tg
NO + Oz(g, V) -0+ NOZ 28% 10" 12 % eXp( 23400) 29 a
) a=1
NO + NO + 0,(g,v) = NO, + NO, 3.3 % 10-39 x exp( 4410) 42 a, c
RoT
g°8 o=
0.2
NOZ + 02 (g, V) - NO + 03 2.8 % 10_12 % exp (_ 25400) 29 a
T
g o=
0.2
NO3; + OZ(g' V) - 03 + NO, 1.5 X 10~12 % exp (_ 15020) 29 a
T
g o=
0.8
NO+0 = NO, 3.01x 1071 x (SE) o ®
NO, + NO+ M - N,0; + M 3.09 x 10-3* x ( )-770 34 b
NO, + NO, + M - N,0, + M 14><10‘33><( )38 34 b
) 300
NO, + NO; + M - N,05 + M 37><10‘3°><( 0)410 42 b
N+0+M->NO+M 10 x 10-32 300\*° 29 b
.0 X X(T—g)
N,(gv)+0+M - N,0+ M 39 %10~ 35Xexp( 10400) 29 b
N,O+M->N,+0+M ( 240000 29 b, c
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—2.66 43
NO, +M—->NO+0+M 9.4><10‘5><(k) 9 b, c
298
exp (_ 311000)
RgTg
44
NO; +M - NO+0, +M 2.51 x 1071 x exp (_ 10230) b, c
RgTg
29
NO+M->N+0+M 8.7><10"9><exp<—75T994) b
g
—-8.7 34
N,0; + M - NO + NO, + M 1.91><10‘7><(k) 9 b, c
298
exp (_ 40570)
RgTg
-3.8 34
N,0, + M — NO, + NO; + M 1.3><10—5><(E) o b, ¢
298
exp (_ 53210)
RgTg
N,0: + M - N N M 3.5 29 b, ¢
205 +M = NO; + NOs + 2.1x10—11x(ﬂ) %
Tg
exp (_ 91460)
RgTg
45
NO + 0,(g,v) + M - NO; + M 5.65 x 10~*1 X exp (_Lso) a, b,c
RgTg
45
NO + 0,(Ey) + M - NO; + M 5.65 x 10-*1 x exp (_ Lso) b, d
RgTg
N+ N+ NO - N,(A3Z}) + NO 1.7 x 10733 29
N+N+NO - N,(B*ll;)) +NO 24 x107% 29
N+N+0-N,(A’TH +0 1.0 x 10732 29
N+ N+ 0 - N,(B%M,) + 0 1.4 x 10732 29
N+ N+ 0, - N,(A3%}) + 0, 1.7 x 10733 29
N+ N+ 0, = N,(B%I,) + 0, 24x107% 29
N(2D) + N,0 - NO + N, 3.5 x 10712 29
N(2D) + NO > N, + O 1.8 x 10710 29
N(2D) + 0 - N + 0(1D) 4.0 x 10713 29
N(2D) + 0,(g,v) » NO + O 5.2 x 10712 29 a
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N(2P) + NO = N,(A’Z}) + 0

3.0 x 10711

29

N(ZP)+0->N+0 1.0 x 10712 29
N(2P) + 02(g v) » NO +0 2.6 x 10715 29 a
N, (@55 )+NO >N, +N+0  3.6x 10710 %
N,(alz; ) +0 - NO + N 3.0 x 1010 %
N,(a'Zy ) +0,(gv) >N, + 0+ 28x107" 29 a
0
N,(A3ZH) +N,0 > N, + N+NO  1.0x 107 29
N,(A’Z¥) + NO - N, + NO 6.9 x 10~11 29
N,(A32) +NO, > N, + 0+ NO 1.0 x 10712 29
N,(A3Z¥) + 0 > N, + 0(1S) 2.1 x 10~ 11 29
N,(A32}) + 0 - NO + N(2D) 7.0 x 10712 29
gz(A3z:;) + 0,(g,v) > N, + 0+ 2.0 x 10-12 x (:Tgo)o.ss 29 a
N2(APZP) + 0, 5 Na +02(@'d) (4 10-13 x (E)O'SS 29
300
N, (A’2f) + 0, > N, + 0, 2.54 x 10712 29
Np(A’2]) +02(gv) > N,O+0 5 0 10-1a o (k)o.ss 29 3
300
N,(B®My) + N,0 - N, + N+ NO  0.58 x 10710 5
N,(B3My) + N,O > N, + N, + 0 0.58 x 10710 7
N2(B®Ig) + 0 > NO +N 3.0 x 10-10 %
N,(C%M,) + 0 > NO +N 3.0 x 10710 38
N,(C3I) + 0,(gv) > N, +0+  3.0x 1071 ® 2
0
NO + 0,(Ey) - 0 + NO, 2.8 x 1012 x exp (_ 23T400> 29 d, g
g
NO; + 0,(E,) » O5 + NO, 29 d h

1.5 X 10712 X exp (_ 15020)

O(1ID)+ N, >N, +0

23x 10711

29
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O(1S)+ N—-O0+N 1.0 x 10712 29

0(1S) + Ny(g,v) » 0+ N,(gv)  1.0x 10717 29

1 29
Oz(a A)+N—>NO+0 2.0 X 10_14XGXp(_6T£>

g

0,(a'A) + N,(g,v) » 0, + 3.0 x 10721 29
NZ(gJ V)
0,(a'A) + NO —» 0, + NO 2.5x 10711 29

1v+ 1 1.0 29
0,(b'2*) + N; » 0,(a*A) + N, 1.7><10—15><(k)

300

N,(B%Ig) + NO —» N,(A’SY) + 2.4 % 10710 29
NO
N,(B%I,) + 0,(gv) > N, + 0+ 3.0x 107" 29 a
0

2 For any species indicated with (g,v), g and v stand for its ground and vibrationally
excited state, respectively.

b M represents any neutral molecule.

©Rgy = 8.3144598].K~*.mol ™" is the universal gas constant.

40, (E,) represents the two electronically excited states: 0,(alA) and 0,(b!Z*).

€ The rate coefficient is assumed to be equal to thatof 0 + 0, + M —» 03 + M.

F0,(A3 2%, C3 A ct £7) is a combination of three electronic excited states at a threshold
energy of 4.5 eV.

9 The rate coefficient is assumed to be equal to that of NO + O, —» O + NO,.

" The rate coefficient is assumed to be equal to that of NO; + 0, - 05 + NO,.

The reaction rate coefficient for this reaction has been changed compared to our
-0.5

2
previous work. Before k = 9.05 x 10712 x (:Tgs) from 4! was used. The updated

reaction rate coefficient was found to be more appropriate after critical review of the
literature.
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Table S.3 Electron-ion recombination reactions included in the model and the
corresponding rate coefficient expressions. T, is to the electron temperature in K and
T, is the gas temperature in K. The rate coefficients are expressed in cm?s~! or

cm® s~ for binary or ternary reactions, respectively.

Reaction Rate coefficient Ref. Note
0.39 29

e” + Ni > N+ N(g, Ex) R x 1.8 % 1077 x (?rﬁ)

e"+Nf >N, +N _7  (300\%5 47
2 %1077 x (T)

e” + NI - N,(Ey) +N g Te \%° 47
6.91 x 1078 x (11604.5)

e"+Nj >N, +N, _6 o (300)0:53 29
2.3 x 1076 x (T—)

€ NI >N #N+N 313 x 1077 x (e )_0'41 *

’ 11604.5
e +Nt+e " —-e + N 47

7 x 10720 x (31,2)4'5

e

e"+NT+M->N+M 6><10—27><(ﬂ)1'5 48
Te
e + N; +e - e + NZ 1 x 10_19 % (&)_4'5 47
300
— ¥ -1.5 47
e +N;, +M-> N, + M 2.49x10‘29x<ﬁ)
e"+0"+0,-0+0, 6 x 10-27 x (ﬂ)l-5 48
Te
e"+0"+e > e +0 _20  (300\*3 29
7-10 (T—)
e"+0l+M->0,+M 1x 10726 24
e + 03- +e - e + 02 1 x 10_19 x (&)_4'5 48
300
e"+0;->0+0 6.46 x 107> X Ty %° x Ty 49
e”+0f ->0+0(1D) 1.08 x 10-7 (E)“” 29
300
e” + 03 - 0+0(1S) 0.14 x 10-7 (E)“” 29
300
e” +0f - 0,+0, 300 29

1.4 x 1076 x (T—)o'5

e
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_ + — — —4.5 48
e +NO"+e” = e~ + NO 1.0><10‘19(E)
300

e +NO*+M->NO+M

Te )—1.5 47 b

2.49 x 10729 x (
11604.5

e” + NO* - 0+ N(g Ey) 2001 0-85 29 d
Rx42x%10" 7><(T )

e” +N,0t >N, +0 20 x 10-7 x (ﬂ)"'5 29
: T

e” +NOF > NO+0 20><107><(300)05 29
Te

e_+03_N2_)02+N2 1.3 % 10~ 6X(300)05 29

2InN(g,E,), g stands for the ground state of atomic N and Ex represents two of its
electronically excited states: N(2D) and N(2P); R is equal to 0.5, 0.45 and 0.05 for N,
N(2D) and N(2P), respectively.

b M represents any neutral molecule.

°N,(Ey) represents N,(A’%}) and N, (B?I1,).

91nN(g, Ey), g stands for the ground state of atomic N and Ex represents the electronic
excited state N(2D); R is equal to 0.2 and 0.8 for N and N(2D), respectively.

Table S.4 lon-neutral reactions included in the model and the corresponding rate
coefficient expressions. T, is the gas temperature in K. For certain reactions, T;,, is

the effective temperature of the reacting ion in K. The calculations for T;,,, can be found
in %0, The rate coefficients are expressed in cm3 s~ or cm® s~ for binary or ternary
reactions, respectively.

Reaction Rate coefficient Ref. Note

29

N; +N-> N+ N, 72 x 10713 x (Tion

)
)

Ny +N+N, > NI+N, 90 % 10- 30X<;Li(:l 29

N+ +N; > N; +N, +N, 21%10- 16X(T11;1n) 29

Nt +N, +N, - NI +N, 17 % 10- zgx(;oo)z-l 29
ion

NSy +N, +N, > Nf +N, 52 % 10- 29X(T300)2.2 29

N*+N+N; - N7 +N; 1.0 x 107%° 29
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N*+N-N; 1.0 x 1072° 51
NI +NoNf+N, 6.6 x 10~ 11 29

NI +N->N*+N, +N, 1.0 x 10711 29

N7 + Np(A’Z]) >N + N 3.0 x 10710 28
OC+M->0+M+e~ 4.0 x 10712 28 a
0O+0-0,+e" 2.3x 10710 52

07 +02(gV) +M > 03 + M 1.1 X 1073% x exp (%) ” a, b
0™ +02(gv) > 03 te” 5.0 x 1071° 29 b
0" +03->0,+0; +e” 3.0x 10710 53
0"+0;-03+0 5.3 x 10710 54

0*+0+ M- 03 +M 1.0 x 10°2° @ -
0" 4+ 0,(g,v) » 0+ 03 1.9><10‘11><(:Tg0)_0'5 55 b
0%+ 03 - 05 + 0, 1.0x 10-10 78

0+ M>0, +M+e” 2.7x10_10><(3T7g0)0.5>< 55 a

exp (- 22)
g

0; +0->0,+0" 3.31x 10710 52

0z +0,(gv)+ M- 0; + M 3.5 % 10-31 x (3%)—1-0 48,5254 a b
02 +0; 20, +0; +e” 2.18 x 10718 56

02 +03 - 03 +0; 4,0 x 10710 52

0; +0,(gv) +M -0} + M 2.4><10‘3°><(3TT“;0)_3'2 48 ab
03 +M—->03+M+e” 23x 10711 5 a2
03 +0—->0;+0;+e” 1.0 x 10713 54

03 +0-0; +0;, 2.5 % 10710 %

03 +0->0;+0" 1.0 x 10713 52

03 +03 20, +0,+0;, +e” 3.0 x 10710 54
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0;+0->0"+0,+0, 3.0 x 10710 48
0; +0—- 03 +0, 4.0 x 10710 48
0; +0, > 0; +0, +0, 1044 29

1.0 x 1071% x exp (— T—)

g

+0 - 0! +0,

3.0 x 10710

48

+0, - 03 +0,+0,

4.0
3.3 x 107° x (g) X

g
exp (_ 5030)
Tg

48

0™+ 0,(atA) > 03 + e~ 3.0 x 10710 29

0; +0,(atA) > 0, + 0, + e~ 2.0 x 10710 29

0; + 0,(b'Z*) >0, +0,+e~ 3.6x 10710 29

07 + 0,(Ex) +M > 0f + M 2.4><10_3°><(:Tg0)_3'2 29 a,cd
0} + 0,(a'A) » 0§ + 0, + 0, 1.0 x 10710 29

03 + 0,(Ey) » 0; + 0, + 0, 1.0 x 10710 29 C

0~ +0,(a'A) > 0;+0 1.0 x 10710 29

07+ 0,(E)) +M - 03 + M 1.1 x 1073 x exp (%) 29 a,c,e
0; +0,(E)+M->0; + M 3.5 x 10-31 X exp (:Tgo)_m 48 a,c,f
N*+N+ 0, - N3 +0, 1.0 x 107%° 2

N* +N,0 - NO* + N, 5.5x 10710 29

N*+NO - N7 +0 3.0 x 10712 29

N* 4+ NO - NO* +N 8.0 x 10710 2

N*+NO - Ot +N, 1.0 x 10712 29

Nt*+0+M- NO*+M 1.0 x 1072° 29 a
N*+0->N+o0* 1.0 x 10712 29

N* +0, > NO* +0 2.5 x 10710 29

N* +0, - 0t +NO 2.8x 10711 29

N*+0,- 03 +N 2.8 x 10710 29
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N* + 03 - NO* + 0,

5.0 x 10710

29

N7 +N,0 - N,0* + N, 5.0 x 10710 29
NS +N,0 - NO* + N + N, 4.0 x 10710 29
NS + NO - NO* + N, 3.3x 10710 29
Nz +0-NO*+N 1.3 x 10710 x (3_&)0'5 “
Nz +0, >0z +N, 6.0 x 1011 x (222)" »
N7 +03 > 03 +0+N; 1.0 x 10710 29
N,OC+N->NO+N, +e 5.0 x 10710 28
N,0" 4+ 0 > NO+NO +e" 1.5 x 10~10 28
N,0* + NO - NO* + N,0 2.9 x 10~10 29
Ni 4+ NO - N,0*" +N, 7.0 x 10711 29
NI + NO - NO* + N + N, 7.0 x 10~11 29
NI + 0, - NOI + N, 4.4 % 10711 29
Ni¥+0,->0+N+N, 23x 10711 29
N + NO - NO* + N, + N, 4.0 x 10710 29
Nf4+0-0"+N,+N, 2.5x 10710 29
Ni +0, - 03 +N; +N, 2.5 x 10710 29
NO~ + N,0 - NO + N,0 + e~ 426 x 10710 57

( 107.2>
Xexp|— T
g

NO™ +NO -> NO+NO +e”

3.28 x 10710 X exp (— “;5'1)

g

NO™+N - N,0+ e~ 5.0 x 10710 29
NO~ + N,0 - NO; + N, 2.8x 10714 29
NO~ + NO, - NO; + NO 7.4 x 10710 29
NO~+0 - NO, + e~ 1.5 x 10710 28
NO™ + 0, » 0; + NO 5.0 x 10710 29
NO; + N> NO +NO + e~ 5.0 x 10710 28
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NO; + N,0s - NO3 + NO,

7.0 x 10710

29

+NO,
NO3 + NO, - NO3 + NO 4.0 X 10712 29
NO; + NOz = NO3 + NO, 5.0 x 10710 29
NO; + 0; » NO3 + 0, 1.8 x 10711 29
NO3 + NO - NO* + NO, 2.9 x 10710 29
NO3 + N - NO + NO, + e~ 5.0 x 10710 28
NO3 + NO - NO; + NO, 3.0x 1071° 29
NO3; +0 > NO+0; +e” 1.5 x 10710 28
0" +N->NO+e” 2.6 X 10710 29
0~ +N,(g V) » N0 +e” 0.5 x 10713 29 b
0~ +N,(A’Ef) >0+ N, +e” 22 x107° 29
0~ +N,(B%My) >0+ N,+e~ 19 x107° 29
0" +N;0->N,0"+0 2.0 x 10712 29
0~ +N,0 - NO~ + NO 2.0 x 10710 29
0~ +NO+M - NO; + M 1.0 x 1072° 29 a
0~ +NO > NO, +e” 2.6 x 10710 2
0™ +NO; - NO; +0 1.2 x 107° 29
0f+N+M - NOT+M 1.0 x 107%° 29 a
0*+N->N*+0 1.3x 107 29
0%+ Na(gv) + M 3002 29

S NO* 4+ N+ M 6.0 X 10729 x (T—>

ion
0* +N,(gv) > NO* +N (1.5-2.0 X 1073 X Ty, +
9.6 X 1077 X T2 ) x 1.0 x
10—12

0" + N,0 » N,0"+0 2.2x10710 29
0* + N,0 - NO* + NO 2.3 x 10710 29
0t +N,0 - 03 + N, 2.0 x 10711 29
0"+ NO -» NO* +0 2.4 x10711 29
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0*+NO -0} +N 3.0 x 10712 29

0t + NO, » NOI + 0 1.6 x 107° 29

0; + N> NO, +e” 5.0 x 10710 29

07 + N,(B%My) » 0, + N, +e~ 25x107° 29

0; + N,(A%2}) >0, +N, +e” 21x107° 29

03 + N,(B%M;) > 05+ N, +e”  2.5x107° 28

03 + N,(A32t) > 03+ N, +e” 2.1x107° 28

NO™ + N,(BIl,) 2.5x107° 28
—->NO+ N, +e”

NO~ + N,(A3z}) 2.1x107° 28
—->NO+ N, +e”

N,0™ + N,(B®I) 2.5%x107° 28
- N,O0+N, +e”

N,0~ + N,(A3z}) 2.1x107° 28
- N,O+ N, +e”

NO; + N,(B3I) 2.5x107° 28
- NO, + N, + e~

NO; + N,(A3zZ}) 2.1x107° 28
- NO, + N, +e”

NO3 + N(B®Il,) 2.5x107° 28
- NO3z + N, +e”

NO; + N,(A3zh) 2.1%x107° 28
- NO3z + N, +e”

0; + NO, - NO3 + 0, 7.0 x 10710 29

03 + NO; - NO3 + 0, 5.0 x 10710 29

03y + N - NO*+0 1.2 x 10710 29

0; + Nz(g,V) + NZ - O;Nz + Nz 29

9.0 x 1073t x (
0% + N,(g v) » NO* + NO 1.0 x 1077 29
0} + NO - NO* + 0, 6.3 x 10710 29
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0% + NO, » NO* + 04 1.0 x 1011

29

03 + NO, » NOZ + 0, 6.6 x 10710 29

+ + 5.3 29
02 NZ + Nz d 02 + NZ + Nz 11 % 10—6 x (300)

Tion
9 ( 2360)
exp|—
Tion

OIN, +0, - O + N, 1.0 x 107° 29
03 +N->NO+0,+e” 5.0 x 10710 28
03 + NO - NO; + 0, 2.6 x 10712 29
03 +NO - NO3 +0 1.0x 10711 29
03 + NO, - NO3 + 04 7.0 x 10711 29
03 + NO, - NO3 + 0, 2.0 x 10711 2
03 + NO; - NO3 + 04 5.0 x 10710 2

0z +N, - 03 +0,+N 1044 29

* 2 2 20 1x 10710 x exp <— )

Tg

0; + NO -» NO3 + 0, 2.5 x 10710 29

+ + 2.5 29
Oi + Na(g:v) = Oz N2 + 0, 4.6 x 10712 x (b>

300
y ( 2650)
exp|—
Tion

0f + NO - NO* + 0, + 0, 1.0 x 10710 29

@ M represents any neutral molecule.

b For any species indicated with (g,v), g and v stand for its ground and vibrationally

excited state, respectively.

¢ 0,(E,) represents the electronically excited states: 0,(a'A) and 0,(bx™).

4 The rate coefficient is assumed to be equal to that of 0 + 0, + M -» 0f + M.
€ The rate coefficient is assumed to be equal to thatof 0" + 0, + M = 03 + M.
f The rate coefficient is assumed to be equal to that of 0; + 0, + M - 0; + M.
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Table S.5 lon-ion reactions included in the model, the corresponding rate coefficient
expressions and the references. T is the gas temperature in K. The rate coefficients

are expressed in cm? s~1or cm® s71 for binary or ternary reactions, respectively.

Reaction

0OO+0t+M-0,+M

Rate coefficient

1.0 x 10725 x <300>

Ty

Ref.

55

Note

0O+05+M->0;+M

w
=)
S
~—
N
3

1.0 x 10725 x (

55

0; +0"+M->0;+M

55

0; +03+M->0,+0,+M

55

0;+0*+M->0;+0+M

28

0;+0 +M->0;+0,+M

25
2.0 X 10725 x <

28

0"+0;->0+0+0

w
)
(e)

0.44
2.60 x 1078 x [ —
(%)

52

03 +03 >0+ 0+0;

300
1.0 x 1077 x

52

0-+0t-0+0

)
%)

52

0"+0y->0,+0

2.6 X 1078 x

4.0 x 1078 x <
<300> o
Tg

52

0; +0*>0+0,

0.5
2.7 x 1077 x (?r‘)‘))

g

52

0; +0 - 0,+0,

0.5
2.01 x 1077 x ("’Tﬂ)

g

52

0; +0 ->0,+0+0

0.5
1.01 x 10713 x (3T°°>

g

52
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0;+0t*->0;+0 200\ 05 56

1.0 X 1077 x (—
Tg

03 +03 - 0, + 03 52

\_/O SN——
1

2.0 x 1077 x (—

NO"+A*"+M->NO+A+M 25 28 a, b

2.0 x 10725 x

NO; + A*+M > NO, +A+M 2.5 28 a, b

N,0"+A*+M->N,0 +A+ M

NO; +A*+M > NO; +A+M 2.5 28 a, b

0;+B*+M->0;+B+M 2.5 28 a,c

)
)
300)2-5 2% ab
)
)

aM represents any neutral molecule.
b A represents N, 0, N,, 0,, NO, NO, and N,O species.
¢B represents N, N,, NO, NO, and N,O species.

Table S.6 Optical transitions of N, and 0, molecules. The Einstein transition
probabilities are expressed in s71.

Reaction Rate coefficient Ref. Note
N,(A3Z}) - N, 0.5 29
N, (B3Mg) - N, (AL} 1.35 x 105 29
N,(a'zy) - N, 1.0 x 102 29
N, (C3I,) - N,(BII,) 2.45 x 107 29
0,(a'd) - 0, 2.6 x1074 29
0,(b'Z*) - 0, 8.5 x 1072 29
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0,(b'z%) - 0,(alA) 1.5%x 1073 29

0,(A3x%,C3A,c'27) - 0, 11 29 a

20,(A3z*,C3A,c1x7) is a combination of three electronic excited states at a threshold
energy of 4.5 eV.

The reaction rate coefficient expressions of the V-T relaxations and V-V exchanges
between N2-N2, 02-O2, N2-O2 are calculated using the Forced Harmonic Oscillator
(FHO) model proposed by Adamovich et al.8 This method offers a semi-classical non-
perturbative analytical solution for V-T and V-V transitions of diatomic molecules by
averaging the V-T and V-V probabilities (Pyy and Pyy) over the one-dimensional
Boltzmann distribution.

(ng)® 2ng
i = . g5 - 10
Brr( =0 (sh)? € exp( s+1 E) (10)
o _@]°
Pyy(iy, i, = f f):m. p_gs. _Mp_g (11)
w2 2t ) ="z ) P17 T 1 4

max(i,f)!] 1/s

with s =1li—fl ,ns=[To 2

. psand ¢ are collision and potential specific

parameters.

Table S.7 Vibrational-vibrational exchanges and vibrational-translational relaxations
for N2 (as an example) and the rate coefficient expressions.

Reaction Rate coefficient

Np(vi) + M = Np(vi = 1) + M A (%) fooo Pyr(9) - exp <_2mew

N2 (W) + No(v) = Noi =D+ No (v 7 () (2 Ry (9) - exp (o) vy
1)

M represents any neutral molecule in the plasma.

v; and v; are the vibrational levels of N, (0-24).

Z is the collision frequency and v is the particle velocity.
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The reaction rates coefficients of the V-T relaxations between N2-N are based on
guasi-classical calculations that have been reproduced through a fit as proposed by
Esposito et al.>, for the following general reaction:

N,(v) + N - N,(w) + N, withv >w

All the relevant trends in the reaction rate coefficient were taken into consideration by
using an additive model into the exponential argument of the reaction rate constant,
as shown in the following expression (valid for v=1— 66 and Av = 1 — 30):

a,(v,Av az;(v,Av) a,(v,Av
2( )_+ 3( )_+ 4(v,Av)

k(v, T,Av) = exp (al(v, Av) + T T2 B

(12)
+ as(v,Av) - ln(T))

where

a;(v, Av) = z;y(AV) + zi; (AV)V + 2, (AV)V? + zi5(AV)V3 + 7z, (AV)V*  (13)

Zij (AV) = bl] + Cij Av (14)

for which the parameters are reported in 9,

Similarly, the reaction rate coefficients of the V-T relaxations between O2-O are based
on quasi-classical calculations that have been reproduced through a fit as proposed
by Esposito et al.®°, for the following general reaction:

Oz(V) +0- Oz(W) + O, withv > w
The reaction rate constant is then determined based on the following expression:

a,(v,Av)

k(T,v,Av) = DegF - A _
(T,v,Av) egF - exp (a;(v,Av) + (D)

+ a5(v,Av) - In(T) (15)
where Av is (v — w)

bi3(Av) + bi, (AV)V + b (Av)v?

1021 + exp(v) (15)

aj(v,Av) = b;; (Av) + b, (Av) - In(v) +

bij (AV) = GCjj1 + Cij2 ln(AV) + Cijz Av- exp(—AV) + Cija * Av - Av
(16)

The coefficients c;;, have been generated using a linear least squares method and are
reported in 69 where the degenary factor (DegF) is also explained.
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