
A computational study on the energy efficiency of
species production by single-pulse streamers in air

Baohong Guo, Jannis Teunissen∗

Centrum Wiskunde & Informatica (CWI), Amsterdam, The Netherlands

E-mail: jannis.teunissen@cwi.nl

29 June 2023

Abstract. We study the energy efficiency of species production by streamer
discharges with a single voltage pulse in atmospheric dry air, using a 2D
axisymmetric fluid model. Sixty different positive streamers are simulated by
varying the electrode geometry, the pulse duration and the applied voltage.
Between these cases, the streamer radius and velocity vary by about an order of
magnitude, but the variation in the maximal electric field is significantly smaller,
about 30%. We find that G-values for the production of N(4S), O(3P), NO and
N2O, which have relatively high activation energies, vary by about 30% to 60%.
This variation is mainly caused by two factors: differences in the fraction of energy
deposited in the streamer head region, and differences in the maximal electric field
at the streamer head. When accounting for both factors, our computed G-values
are in good agreement with an analytic estimate proposed by Naidis (2012 Plasma
Sources Sci. Technol. 21 042001). We also simulate negative streamers and find
that their production of N(4S), O(3P) and NO is less energy efficient. The results
suggest that energy efficiency can be increased by reducing Joule heating in the
streamer channel and by increasing the maximal electric field at the streamer
head, for example by using short voltage pulses with a high applied voltage.
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1. Introduction

Streamer discharges are fast-moving ionization fronts
with self-organized field enhancement at their heads [1].
In such discharges, chemically active species are pro-
duced by collisions of energetic electrons with gas
molecules [2]. Due to their highly non-equilibrium na-
ture [3], streamer discharges can efficiently produce
species with a high activation energy without signif-
icant gas heating. Streamer discharges are used for
many plasma chemical applications such as air purifi-
cation or ozone production [4–7], removal of nitrogen
oxides [8–10], liquid treatment [11, 12], surface modi-
fication [13, 14], plasma medicine [15, 16] and plasma
assisted combustion [17,18].

In this paper, we computationally study how
streamer properties affect the energy efficiency with
which chemically active species are produced. Sim-
ulations are performed of both positive and negative
streamers in atmospheric-pressure dry air, using a 2D
axisymmetric fluid model. An advantage of simulations
is that they contain information on all species densities
and fields, and that discharge parameters such as the
voltage waveform can easily be modified. However, it
can be challenging to construct a suitable set of chemi-
cal reactions for given conditions and time scales of in-
terest. We have here constructed a set of 263 chemical
reactions primarily based on the reactions from [19–29],
as shown in Appendix A.

Past work. Below, we briefly discuss some
related computational and experimental work. Several
authors have numerically studied the energy efficiency
of species production in pulsed streamer discharges.
This energy efficiency is often reported using G-values,
in units of atoms or molecules produced per 100 eV
of input energy. In simulations of positive streamers
in air-methane [30], G-values for O and N radicals
were found of about 0.7 and 1.5–1.7, respectively.
It was observed that these G-values were relatively
insensitive to the applied voltage and the streamer
length. In [31], the authors simulated the production of
N2(v=1), O(3P) and N(4S) in primary and secondary
streamers in atmospheric-pressure dry air. When the
applied voltage was increased, G-values for O(3P)
increased and G-values for N2(v=1) decreased, since
these species have different activation energies. In [32],
G-values for the production of oxygen and nitrogen
atoms in positive streamers in atmospheric air were
computed, in sphere-plane gaps. It was observed
that the calculated G-values weakly depended on the
applied voltage and discharge conditions, which were
found to be about 3–4 and 0.3–0.4 for oxygen and
nitrogen atoms, respectively. An analytical estimate
was made for the G-values of the production of
chemically active species with high activation energies,
which was further worked out in [33], as discussed in

more detail in section 5.1.
We also give a few examples of relevant experimen-

tal work on the energy efficiency of NO-removal, which
depends on the production of oxygen and nitrogen rad-
icals. In [34], the greatest removal efficiency was found
when pulsed positive corona discharges were gener-
ated with short high-voltage pulses. These pulses were
shorter than the time required for primary streamers
to bridge the discharge gap. In [35], the authors used
pulsed discharges to remove NO in a mixture of N2,
O2 and H2O. They found the removal energy efficiency
increased for shorter pulse widths. The influence of
shorter pulse duration on NO-removal energy efficiency
was also confirmed by [36], in which a high energy effi-
ciency (0.43 mol/kWh) for NO-removal by nanosecond
pulsed discharges was found. Relevant experimental
work on the energy efficiency of O3 production can be
found in section 5.3.

2. Simulation model

We use a 2D axisymmetric drift-diffusion-reaction type
fluid model with the local field approximation to
simulate streamers in 80% N2 and 20% O2, at 300K
and 1 bar. Pulsed streamer discharges and their
afterglows are simulated up to t = 500 ns using the
open-source Afivo-streamer code [37].

2.1. Model equations

The temporal evolution of the electron density ne is
given by

∂tne = ∇ · (µeEne +De∇ne) + Se + Sph , (1)

where µe is the electron mobility, E the electric field,
De the electron diffusion coefficient. Furthermore, Sph

is the source term for non-local photoionization and Se

is the sum of electron source terms from the reactions
listed in table A2. For photoionization, we use
Zheleznyak’s model [38] and the so-called Helmholtz
approximation [39, 40], with the same parameters as
in [41].

The temporal evolution of each ion species ni

(i = 1, 2, . . . , n, listed in table 2) is given by

∂tni = −∇ · (±µiEni) + Si , (2)

where the ± accounts for the ion charge, µi the ion
mobility, and Si is the sum of ion source terms from
the reactions listed in table A2. For simplicity, we use
a constant ion mobility µi = 2.2× 10−4 m2V−1s−1 [23]
for all ion species, as in [42, 43]. For O+

2 , the
photoionization source term Sph is included in Si.

The electric field E is calculated as E = −∇φ.
The electric potential φ is obtained by solving Poisson’s
equation

∇2φ = −ρ/ε0 , (3)
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where ρ is the space charge density and ε0 is the
vacuum permittivity. Equation (3) is solved using
the geometric multigrid method included in the Afivo
library [44,45].

2.2. Chemical reactions and input data

We have constructed a set of 263 chemical reactions,
based on the reactions from [19, 29] with additional
reactions primarily from [20–28]. A list of all 56
considered species is given in table 2. The complete
reaction list is given in Appendix A, which also
contains a list of the considered excited states of N2

and O2.
The transport coefficients µe and De, and reaction

rate coefficients for reactions R1–R30 in table A2 are
functions of the reduced electric field E/N , where E
is the electric field and N is the gas number density.
These coefficients were computed with BOLSIG+,
a two-term electron Boltzmann equation solver [46],
using the temporal growth model. Electron-neutral
scattering cross sections for N2 and O2 were obtained
from the Phelps database [47–49].

2.3. Computational domain and initial condition

The 2D axisymmetric computational domain used
in the simulations is illustrated in figure 1. The
domain measures 40mm in the r and z directions,
and it contains a plate-plate geometry with a needle
protrusion at the upper plate. To generate non-
branching streamers with widely varying properties
(such as radius and velocity), we use three different
electrodes, with parameters described in table 1. These
electrodes are rod-shaped with semi-spherical tips,
with lengths Lrod of 2mm, 4mm and 6mm, and
radii Rrod of 0.2mm, 0.4mm and 0.6mm, respectively.
Except for a small region near the rod electrode,
the axial electric field is approximately uniform and
equal to the average electric field between two plate
electrodes, which is here defined as the background
electric field Ebg:

Ebg = V/d , (4)

where d = 40mm is the distance between two plate
electrodes and V is the applied voltage.

For the electric potential, a Dirichlet boundary
condition is applied on the upper plate and rod
electrode (corresponding to the applied voltage).
The lower plate is grounded, and a homogeneous
Neumann boundary condition is applied on the
outer axial boundary. For all plasma species
densities, homogeneous Neumann boundary conditions
are applied on all domain boundaries, including the rod
electrode. Secondary electron emission from electrodes
due to ions and photons is not included.

Figure 1: Schematic view of the 2D axisymmetric
computational domain, measuring 40mm × 40mm.
Right: the initial electric field without a streamer
and the rod electrode geometry for Lrod = 4mm and
Rrod = 0.4mm. Boundary conditions for the electric
potential φ are also indicated. Left: the axial electric
field. Ebg is the average electric field between two plate
electrodes.

As an initial condition, homogeneous background
ionization with a density of 1011 m−3 for both
electrons and N+

2 is included. All other ion
densities are initially zero. The simulations are not
sensitive to this background ionization density, because
photoionization quickly becomes the dominant source
of non-local free electrons after inception, see e.g. [50,
51].

For computational efficiency, the Afivo-streamer
code includes adaptive mesh refinement. We use the
same refinement criteria for the grid spacing ∆x as [41],
which lead to a minimal grid spacing of ∆xmin =
1.22µm.

2.4. Voltage waveform

A single voltage pulse with a rise time of 1 ns is used,
during which it increases linearly. The applied voltage
is then constant until the streamer has reached a
desired streamer length Ls (see table 1), after which
the voltage is turned off linearly with a 1 ns fall
time. The applied voltage V is varied to obtain
different background electric fields Ebg, see table 1 and
equation (4).

The streamer length Ls is defined as the distance
between the rod electrode tip and the streamer position
zhead at which the electric field has a maximum. We
use such a length-dependent voltage waveform so that
we can study the effect of Ls on energy efficiencies
(due to more or less Joule heating in the channel, see
section 5.1). Furthermore, it allows us to compare
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Table 1: Summary of simulation parameters used for generating 60 positive streamers and 8 negative streamers.

Voltage polarity Electrode Electrode Steamer Range of Number of
length Lrod radius Rrod length Ls background fields Ebg cases

positive

2mm 0.2mm 18mm 11.5–26 kV/cm 12
4mm 0.4mm 10mm 10–26 kV/cm 12
4mm 0.4mm 18mm 10–26 kV/cm 12
4mm 0.4mm 26mm 10–26 kV/cm 12
6mm 0.6mm 18mm 9–26 kV/cm 12

negative 6mm 0.6mm 18mm 14–26 kV/cm 8

results at the same streamer lengths. All simulations
are performed until t = 500ns.

3. Example of streamer dynamics and
chemistry

3.1. Streamer dynamics

We first present an example of a positive streamer in
dry air. A background field Ebg of 14 kV/cm (half of
the breakdown field of 28 kV/cm in air) was used, and
the voltage was turned off after 19.8 ns. Furthermore,
a rod electrode with length Lrod = 4mm and radius
Rrod = 0.4mm and a desired streamer length Ls =
18mm were used. Figure 2 shows the time evolution
of the electric field and electron density profiles for this
example, together with its axial profiles.

The streamer initiates from the rod electrode tip,
after which its velocity and radius increase almost
linearly with time, from about 0.7 × 106 m/s to
1.4 × 106 m/s and from about 0.5mm to 0.9mm,
respectively. The streamer radius is here defined as the
electrodynamic radius at which the radial component
of the electric field has a maximum.

The line conductivity σ∗ at the streamer head also
increases as the streamer grows, due to its increasing
radius, from about 3× 10−7 S·m to 3× 10−6 S·m. Here
σ∗ is computed as

σ∗(z) = 2πe

∫ 10 mm

0

rneµe dr , (5)

where e is the elementary charge. In contrast, the
electron density at the streamer head decreases slightly
from about 6 × 1019 m−3 to 5 × 1019 m−3, and the
lowest internal on-axis electric field inside the streamer
channel decreases from about 6 kV/cm to 4 kV/cm.
However, the maximal electric field at the streamer
head of about 120 kV/cm stays approximately constant
during the voltage pulse.

After 19.8 ns the voltage is turned off and the
streamer stops, but the simulation continues up to
500 ns. The streamer channel gradually loses its

conductivity, with an about three orders of magnitude
decrease in the electron density and line conductivity.
The channel radius increases slightly from about
0.9mm to 1.2mm due to ion motion.

At 500 ns, the maximal electric field is about
2 kV/cm, and the lowest internal field is about
0.03 kV/cm. The total deposited energy Qtotal at
500 ns is about 86µJ, which is here computed as

Qtotal =

∫ Ttotal

0

∫
Ω

j · E dΩdt , (6)

where j = eneµeE is the electron conduction current
density, Ω the computational domain, and Ttotal =
500 ns.

3.2. Plasma chemistry

We now look into the plasma chemistry of the streamer
case mentioned above. We consider 56 chemically
active species and 263 chemical reactions, as shown
in table A2. A list of gross and net productions of
all 56 species at t = 500 ns is given in table 2, in
units of the number of molecules/atoms produced in
some particular state. Here gross production means the
total time and space integrated production of a specific
species, without taking into account loss processes. For
net production, loss processes are taken into account.

The time evolution of the gross and net production
of 17 species is shown in figure 3, namely e (electrons),
N2(J), N2(v), O2(J), O2(v), O2(a), N(4S), O(3P), O+

2 ,
O+

4 , N
+
4 , O

−
2 , O

−
4 , O3, NO, NO2 and N2O. Note that

the total vibrationally excited state N2(v) is the sum of
each vibrationally excited state from N2(v1) to N2(v8),
and the total vibrationally excited state O2(v) is the
sum of each vibrationally excited state from O2(v1) to
O2(v4).

Figure 3 shows that the gross and net production
are the same for N2(J), N2(v), O2(J) and O2(v),
because their loss reactions were not included, as
discussed in Appendix A.1. For O2(a), N(4S), O(3P),
O3, NO, NO2 and N2O, gross and net production are
almost equal due to relatively slow loss processes. The



A computational study on the energy efficiency of species production by single-pulse streamers in air 5

22 ns19 ns14 ns9 ns4 ns

z 
(m

m
)

(b
) 

E
le

ct
ro

n
 d

en
si

ty

30

25

20

15

40

35

z 
(m

m
)

(a
) 

E
le

ct
ri

c 
fi

el
d

30

25

20

15

40

35

19 ns14 ns9 ns4 ns

500 ns150 ns100 ns

500 ns150 ns100 ns

Voltage on Voltage off

r (mm)
303

1.0×1017

1.0×1018

1.0×1019

1.0×1020

1.0×1016

m-3

0

10

20

15

5

kV/cm
22 ns

30 ns 60 ns

60 ns30 ns 0

60

120

90

30

kV/cm

101520253035
z (mm)

104

105

106

107

E
(V

/m
)

(c)

Ebg = 14 kV/cm

101520253035
z (mm)

10−9

10−8

10−7

10−6

σ
∗

(S
·m

)

(d) t= 4 ns
t= 9 ns
t= 14 ns
t= 19 ns
t= 22 ns
t= 30 ns
t= 60 ns
t= 100 ns
t= 150 ns
t= 500 ns

Figure 2: Time evolution of (a) the electric field E, (b) the electron density ne, (c) the on-axis electric field E,
and (d) the line conductivity σ∗ for a positive streamer in Ebg = 14 kV/cm with Lrod = 4mm, Rrod = 0.4mm
and Ls = 18mm in air. Note that profiles of E after 30 ns are shown on a different scale; for ne the same scale
is used at all times. Profiles of ne are shown on a logarithmic scale. All panels in (a) and (b) are zoomed in
into the region where 0 6 r 6 3mm and 15 6 z 6 40mm. The solid and dashed lines in panels (c) and (d)
correspond to the streamer before and after the voltage is turned off, respectively.
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Figure 3: Time evolution of the gross and net productions of 17 species for the streamer corresponding to figure
2. The vertical dotted black lines correspond to the moment when the voltage is turned off, namely t = 19.8ns.

gross and net production of O(3P) differ because O(3P)
is primarily converted to O3 by the reaction O(3P) +
O2+M→ O3+M. For charged species, net production
is much lower than gross production since these species
are rapidly converted to other species by attachment,
detachment, ion conversion and recombination.

For most of the 17 species there is essentially
no more production after 500 ns, with the exceptions
being O3, NO2, O+

2 , O+
4 , N+

4 , O−
2 and O−

4 , which
are produced relatively slowly. Note that there is
continued gross production of both O−

2 and O−
4 , but

no net production, due to the conversion between these
species by reactions R69 and R81.

4. Parameter study of species production and
energy efficiency

In this section, we simulate 60 positive streamers by
varying the rod electrode length, rod electrode radius,
desired streamer length and the background field as
described in table 1. In figures 4 and 5, we compare
the total net production and energy efficiencies for
nine neutral species: N2(J), N2(v), O2(J), O2(v),
O2(a), N(4S), O(3P), NO and N2O. To compare energy
efficiencies, we use so-called G-values, which give the
net number of atoms or molecules produced per 100 eV
of deposited energy, at t = 500ns. We find the highest
G-values for N2(v), about 102, and the lowest for N2O,
about 10−2.

Figure 4 shows that the total net production of
the nine species increases with the background field

and with the streamer length, as could be expected.
A longer rod electrode leads to a wider and faster
streamer and therefore also to more production.

Figure 5 shows that the G-values for N2(v), O2(a),
N(4S), O(3P), NO and N2O vary by at most 30%
to 60%. Larger variation of about 70% to 120%
can be observed for N2(J), O2(J) and O2(v). The
dependence of the G-value on the background field
for nine species can be grouped into three categories.
For N(4S), O(3P), NO and N2O, G-values first slightly
decrease and then increase with the background field,
whereas for N2(J), N2(v), O2(J) and O2(v) G-values
monotonically decrease with the background field.
For O2(a), G-values first decrease and then slightly
increase with the background field. These different
dependencies can be explained by considering the
activation energies for the reactions producing these
species.

The key reactions producing N(4S), O(3P), NO
and N2O have high activation energies ranging from
6 eV to 13 eV, so they are primarily produced in the
high electric field near the streamer head, as illustrated
in figure 6 for N(4S). Specifically, N(4S) and NO are
mostly produced by an electron dissociation reaction,
namely e + N2 → e + N(4S) + N(2D), and the N2O
production depends on electronic excitation reactions
producing N2(A) and N2(B). O(3P) production is
determined by electron dissociation reactions of
nitrogen and oxygen molecules, as well as electronic
excitation reactions of nitrogen, e.g., N2(B).

Figure 7(a) shows the relation between the average
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Figure 4: The total net production at 500 ns of nine species versus the background field Ebg. Results are shown
for 60 positive streamers in different background fields with different electrode geometries (Lrod = 2, 4, 6mm,
Rrod = 0.2, 0.4, 0.6mm) and different streamer lengths (Ls = 10, 18, 26mm), see table 1.

maximal electric field Emax and the background field
Ebg for the 60 streamer cases. Here Emax is an average
over the time when the voltage is at its peak. Note that
Emax depends non-monotonically on the background
field: it increases for both the highest and lowest
considered background fields, as was also observed
in [52]. This explains the similarly non-monotonic
dependence of the G-values for N(4S), O(3P), NO and
N2O shown in figure 5, since there is an approximately
linear relation between Emax and these G-values, as
illustrated in figure 7(b). We remark that it was
difficult to avoid streamer branching in simulations in
low background fields, so we could not fully explore the
increase in G-values for low background fields.

In contrast, the electron-molecule reactions pro-
ducing N2(J), N2(v), O2(J) and O2(v) have lower ac-
tivation energies, below about 2 eV. These reactions
therefore primarily take place inside the streamer chan-
nel, where the electron density is high, as illustrated
in figure 6 for N2(J). Specifically, N2(J) and O2(J)
are produced by rotational excitations of nitrogen and
oxygen molecules, and N2(v) and O2(v) by vibrational

excitations. Figure 4 shows that the production of
N2(J), N2(v), O2(J) and O2(v) increases for higher
background fields, but that the production of N(4S),
O(3P), NO and N2O increases even more rapidly, so
that G-values for N2(J), N2(v), O2(J) and O2(v) de-
crease.

The production of O2(a) falls somewhat between
these two regimes, because it can be produced by
reactions with different activation energies. There is a
direct electronic excitation reaction generating O2(a)
with an activation energy of 0.977 eV, but O2(a) is
also produced indirectly from N2(A) and N2(B), which
correspond to higher activation energies, ranging from
6.17 eV to 8.16 eV. Due to these different mechanisms,
O2(a) is both produced inside the streamer channel
and in the high electric field near the streamer head,
as shown in figure 6.

5. Other results and discussion
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Figure 5: G-values for the production of nine species versus the background field Ebg for the 60 streamers
corresponding to figure 4.

5.1. Comparison with Naidis’ estimate

In [33], Naidis proposed that “the maximum G-values
are governed by only one parameter – the reduced
electric field in the streamer head Yh, and that their
dependence on Yh in the typical range of propagating
streamers is not strong, when both generation of
active species and energy input occur mainly in the
streamer head region.” The paper contains an analytic
approximation for G-values, that we for clarity rewrite
as:

Gj =
2nj
eE2

max

∫ Emax

Ech

Kj

µeE
dE , (7)

where Emax is the maximal electric field at the streamer
head, Ech the electric field in the streamer channel,
nj the number density of molecules producing species
j, Kj the field-dependent rate coefficient of electron-
molecule reaction producing species j, and E is the
electric field. The integral is not sensitive to the
particular value used for Ech, since it is meant to
be used for species mainly produced in high electric
fields, so we for simplicity use Ech = 0 below. Several
approximations are made to derive equation (7): the
streamer is assumed to be uniformly translating, the
streamer head is locally assumed to be flat, so that

one-dimensional integration can be performed, and
Joule heating in the streamer channel is not taken into
account.

As discussed in [33], it can be important to take
Joule heating in the streamer channel into account.
We obtain this correction by measuring the deposited
power in the streamer channel and in the streamer head
region, as shown in figure 8. The streamer head region
was defined as the region where E > 28 kV/cm. There
is still some Joule heating in the streamer channel
after the voltage is turned off, which corresponds to
currents that screen the electric field generated by
the remaining space charge. The fraction of power
deposited in the channel increases with time. However,
even for short primary streamers, on time scales well
below 10 ns, Joule heating in the streamer channel can
still be important.

A correction factor Qhead/Qtotal, i.e., the fraction
of total energy deposited in the streamer head region,
is computed by integrating the deposited power over
time. As shown in figure 8(d), this factor lies between
0.35 and 0.5 for the 60 positive cases considered in this
paper. Note that Qhead/Qtotal first decreases and then
increases with the background field, similar to Emax

shown in figure 7(a).
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Table 2: The gross and net productions of all 56 species
for the streamer corresponding to figure 2 at t = 500ns.
Production below 103 has been replaced by ∼ 0.

Species Gross production Net production

N2(J) 2.60× 1014 2.60× 1014

N2(v1) 3.50× 1014 3.50× 1014

N2(v2) 1.39× 1014 1.39× 1014

N2(v3) 7.91× 1013 7.91× 1013

N2(v4) 2.86× 1013 2.86× 1013

N2(v5) 1.78× 1013 1.78× 1013

N2(v6) 7.92× 1012 7.92× 1012

N2(v7) 2.83× 1012 2.83× 1012

N2(v8) 9.96× 1011 9.96× 1011

N2(A) 2.96× 1012 3.03× 108

N2(B) 5.44× 1012 ∼ 0
N2(a) 2.66× 1012 ∼ 0
N2(C) 2.48× 1012 ∼ 0
N2(E) 1.69× 1011 ∼ 0

O2(J) 3.03× 1012 3.03× 1012

O2(v1) 3.41× 1013 3.41× 1013

O2(v2) 9.58× 1012 9.58× 1012

O2(v3) 2.61× 1012 2.61× 1012

O2(v4) 8.04× 1011 8.04× 1011

O2(a) 2.56× 1012 2.54× 1012

O2(b) 3.15× 1012 3.09× 1012

O2(A) 1.09× 1012 1.71× 1011

N(4S) 2.38× 1012 2.38× 1012

N(2D) 2.38× 1012 1.66× 105

N(2P) 4.57× 108 2.91× 106

O(3P) 2.95× 1013 2.83× 1013

O(1D) 5.48× 1012 7.08× 108

O(1S) 2.16× 1012 1.16× 1012

O3 1.10× 1012 1.10× 1012

NO 2.37× 1012 2.36× 1012

NO2 6.94× 109 6.89× 109

NO3 5.30× 106 5.18× 106

N2O 6.09× 1010 6.09× 1010

N2O3 ∼ 0 ∼ 0
N2O4 ∼ 0 ∼ 0
N2O5 6.53× 103 6.53× 103

e 1.23× 1012 7.17× 108

O− 8.91× 1010 5.60× 108

O−2 8.02× 1012 2.66× 1011

O−3 9.70× 1010 5.73× 1010

O−4 7.36× 1012 1.46× 1011

NO− 1.60× 107 1.60× 107

NO−2 2.50× 107 2.50× 107

NO−3 1.22× 109 1.22× 109

N2O− 5.79× 104 5.79× 104

N+ 4.34× 105 4.34× 105

N+
2 8.96× 1011 2.23× 106

N+
3 1.49× 106 1.49× 106

N+
4 1.27× 1012 ∼ 0

O+ 4.70× 107 4.70× 107

O+
2 2.27× 1012 1.11× 109

O+
4 1.44× 1012 4.69× 1011

NO+ 1.62× 109 1.62× 109

NO+
2 7.72× 106 7.72× 106

N2O+ ∼ 0 ∼ 0

N2O+
2 1.20× 1012 2.91× 107

z 
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m
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Figure 6: The instantaneous production of N2(J),
O2(a) and N(4S) at t = 18.8 ns for the streamer
corresponding to figure 2. N2(J) is mostly produced
in the channel, N(4S) mostly in the head and O2(a) is
produced in both. Profiles are shown using arbitrary
units.

In figure 7(b), we compare equation (7) corrected
with the factors Qhead/Qtotal from figure 8(d) against
simulation results, for the production of N(4S). For
this comparison, we use Emax = Emax and Ech = 0
in equation (7). The agreement is then surprisingly
good, with deviations of up to about 25%. We remark
that the variation of equation (7) is about 20% in the
considered maximal field range, which is smaller than
the variation in the correction factor from figure 8(d),
which is about 40%.

5.2. Comparison with negative streamers

We now compare the species production and G-
values for N(4S), O(3P) and NO between positive and
negative streamers in different background fields, as
described in table 1. A rod electrode with length
Lrod = 6mm and radius Rrod = 0.6mm and a desired
streamer length Ls = 18mm were used. Positive
and negative streamers were obtained by changing
the applied voltage polarity, while keeping all other
simulation conditions the same.

In the background fields considered here, negative
streamers have lower maximal electric fields than
positive ones, as shown in figure 9 and also obtained
previously [53, 54]. Figure 10 shows that total net
production and G-values for N(4S), O(3P) and NO are
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Figure 7: (a) The average maximal electric field
Emax versus the background field Ebg for the 60
streamers corresponding to figure 4. (b) The
simulated and estimated G-values for N(4S) versus
Emax corresponding to panel (a). The symbols
correspond to the 60 simulated cases, by taking an
average over the time when the voltage is at its peak
for Emax, by taking simulated G-values at t = 500 ns
and by taking estimated G-values from equation (7)
corrected with the factor Qhead/Qtotal from figure 8(d).

also lower for negative streamers, with the G-values
for N(4S) and NO being up to 60% lower compared to
positive streamers.

Furthermore, we again compare our results with
Naidis’ estimate, as discussed in section 5.1. Figure
9(d) shows that the correction factor Qhead/Qtotal is
smaller for negative streamers, indicating that more
energy is deposited in the negative streamer channel.
As shown in figure 9(e), the simulated G-values for
N(4S) agree well with estimated G-values for both
positive and negative streamers. For both polarities
the same approximately linear relationship between G-
values and Emax can be observed.

We remark that in [55], the authors experimen-
tally measured the energy efficiency of oxygen radi-
cal production in primary and secondary streamers for
both voltage polarities. In contrast to our results, they
found a higher energy efficiency for negative streamers,
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Figure 8: Time evolution of total deposited power
Ptotal, power in the streamer head region Phead and
in the streamer channel Pchannel for three positive
streamers in Ebg of (a) 10 kV/cm, (b) 18 kV/cm and (c)
26 kV/cm with Lrod = 4mm, Rrod = 0.4mm and Ls =
18mm. The vertical dotted black lines correspond to
the moment when the applied voltage has dropped to
zero (after a 1 ns fall time). The streamer head region
is defined as the region where E > 28 kV/cm. (d)
The fraction of energy deposited in the streamer head
region Qhead/Qtotal versus the background field Ebg for
the 60 streamers corresponding to figure 4.
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Figure 9: Comparison of positive and negative
streamers, with parameters described in table 1.
(a) Time-averaged maximal electric field Emax, (b)
velocity v, (c) radius R and (d) fraction of energy
deposited in the streamer head region Qhead/Qtotal,
all versus the background field Ebg. The velocity and
radius are given at the moment each streamer reached
Ls = 18mm. (e) The simulated and estimated G-
values for N(4S) versus Emax corresponding to panel
(a). The estimated G-values from equation (7) were
corrected with the factor Qhead/Qtotal from panel (d).

but they noted that this efficiency could not accurately
be measured for negative streamers due to a larger mis-
match of the source impedance.

5.3. Qualitative comparison with experimental data
for O3

O3 is produced relatively slowly, on time scales
significantly longer than the 500 ns considered here, as
shown in figure 3. In experiments, O(3P) production
is usually inferred from the measured O3 production
since most (e.g. 85%) of O(3P) is converted to O3 by
O(3P) + O2 + M → O3 + M. In our simulations we
can therefore estimate G-values for O3 based on the
O(3P) production, which gives G-values of about 5–7,
see figure 5(e).

We can compare these simulated G-values to
experimentally obtained ones. However, there are
many differences between our simulations and typical
experiments, for example in the pulse repetition
rate, pulse width, humidity, streamer branching and
electrode geometry. The comparison below is therefore
purely qualitative, to check whether the simulated G-
values are roughly comparable to those in experiments.

In [56], the authors found G-values for O3

production in O2(20%)/N2 of about 4–6, using a
1Hz pulse repetition rate in a point-plane gap.
Furthermore, it was observed that the energy efficiency
of O3 production was enhanced by reducing the
pulse width, and that production was more efficient
in primary streamers than in secondary streamers.
In [57], G-values for O3 in air of about 2.5–3.4 were
found, in a large scale wire-plate reactor with a relative
humidity ranging from 35% to 42% and pulse repetition
rates of 10–400Hz. It was observed that short pulses
increased energy efficiencies of O3 production. In [58],
a higher G-value of about 13 was measured for O3

in dry air at a pulse repetition rate of 30Hz in a
wire-to-cylinder electrode reactor, using a short voltage
pulse of 5 ns. In [55], the authors proposed that
primary streamers were more efficient than secondary
streamers for O3 production, and G-values of about
10–16 were found for primary positive streamers in air
in a wire-plate geometry with pulse repetition rates of
50–100Hz, and relative humidity of 13–18%.

In conclusion, the simulated G-values agree within
a factor of two to three with the listed experimental
data, which seems reasonable given the different
conditions at which the experiments were performed.

6. Conclusions and outlook

We have studied how the plasma chemistry of streamer
discharges in dry air varies with streamer properties.
Simulations were performed at 300K and 1 bar in a
40mm plane-plane gap with a needle protrusion, using
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Figure 10: The total net production and G-values for N(4S), O(3P) and NO versus the background field Ebg for
both positive and negative streamers with Lrod = 6mm, Rrod = 0.6mm and Ls = 18mm.

a 2D axisymmetric fluid model. Sixty different positive
streamers were obtained by varying the electrode
geometry, the applied voltage and the duration of the
voltage pulse. The obtained streamers had diameters
ranging from about 0.5mm to 3.5mm, velocities
ranging from about 0.3× 106 m/s to 5.7× 106 m/s and
maximal electric fields ranging from about 120 kV/cm
to 150 kV/cm.

For species with a relatively high activation
energy, such as N(4S), O(3P), NO and N2O, G-values
were found to vary by about 30% to 60% between the
60 positive cases. The most important factors behind
this variation were differences in the fraction of energy
deposited in the streamer head region and variation
in the maximal electric field at the streamer head.
When accounting for both factors, good agreement
was obtained with an analytic estimate for G-values
proposed by Naidis [33]. For comparison, eight
negative streamers were also simulated. They were
found to be less energy efficient for the production of
N(4S), O(3P) and NO, mainly due to a lower maximal
electric field and because more energy was deposited
in the streamer channel.

Our results suggest two main ways to increase
the energy efficiency with which species with a high
activation energy are produced. First, Joule heating
losses in the streamer channel can be reduced, and
second, the maximal reduced electric field at the
streamer head can be increased. Short voltage pulses
with a high applied voltage can contribute to both
factors.

Outlook. In future work, it would be interesting

to study the effect of repetitive pulses, as well as
gas heating and humidity effects, and to directly
compare with experimental data. Another question
is whether electric fields at streamer heads can be
increased by reducing photoionization (for example
through the addition of CO2 [59]), as this leads
to more frequent branching and narrower channels.
Furthermore, it would be interesting to study whether
“minimal streamers” in low background fields can
achieve a high energy efficiency for species production,
due to their high maximal electric field [52].

Finally, we think testing and improving the
validity of the reaction set is of high importance. This
requires careful comparisons against experiments, in
which techniques such as optical emission spectroscopy,
mass spectrometry or laser-based diagnostics could be
used to measure concentrations of neutral, excited and
ionized species, as reviewed in e.g. [1, 60].
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Appendix A. The reaction set

Table A1 lists the excited states of N2 and O2 included
in the model, as well as their activation energies. The
263 chemical reactions used in the simulations are given
in table A2, with their rate coefficients and references.
This reaction set contains different processes: rota-
tional excitation, vibrational excitation, electron ex-
citation, electron dissociation, electron impact ioniza-
tion, electron attachment, electron detachment, nega-
tive ion conversion, positive ion conversion, electron-
ion recombination, ion-ion recombination and neutral
species conversion.

Appendix A.1. Comments on the reaction set

The reaction set was constructed for streamer simula-
tions in dry air at 300K and 1 bar, considering rela-
tively short time scales (up to several microseconds).
Below we give some comments on the reaction set.

• Some of the reaction rate coefficients have to be
adjusted when going to different pressures.

• Only reactions between electrons and ground-state
molecules are taken into account.

• No reactions are included to describe the evolution
of vibrationally excited states. Such reactions are
for example given in [61].

• We have not tried to consistently include loss
reactions (or reverse reactions) for all species.

• There are in particular no loss reactions for N2(J),
N2(v), O2(J) and O2(v). When considering sec-
ondary streamers, N2(v) dissociation by electrons
can play a role in nitrogen radical formation [42].

• High vibrationally excited states N2(v > 8) and
O2(v > 4) are ignored. Such states of N2

can for example contribute to nitrogen radical
formation [33].

• We have not separated N2(A) into N2(A1) and
N2(A2), as was done in e.g. [22, 29].

• Reactions R36 and R201 are actually three-body
reactions. These reactions are included as two-
body processes because the intermediate states
have long lifetimes [19].

• The rate coefficient for reaction R73 is given as
k < 1 × 10−12 cm3 s−1 in [19]. The upper limit
(k = 1× 10−12) is used here.

• The three-body reactions R89, R97 and R104
include M (any molecule) as a third body. Note
that in [19] only specific reactions with N2 or O2

are given. However, based on [21, 62] we think

using a generic third body is better. The rate
coefficients for reactions R89 and R104 are taken
from [21], and for reaction R97 taken from [19].

• For reaction R121 we assume the ‘N’ from [19]
refers to N(4S). However, more recent work [25]
suggests that this reaction produces N(2D).

• The two-body dissociative reaction of e with O+
2

can produce O(3P) and O(1D) through different
channels. Based on table 30 of [25], the production
of O(3P) and O(1D) is approximately the same.
For simplicity, we therefore use only one channel
producing O(3P) + O(1D) in reaction R125.

• For reactions R157, R159 and R161 from [26],
there might be an “overlap” with reactions R156,
R158 and R160 [19].

• Regarding reactions R163 and R164: a total
reaction rate coefficient for producing O2(a) or
O2(b) is given in [19]. From this total rate
coefficient we subtracted the rate coefficient for
reaction R164 [27] to obtain reaction R163.

• Reactions R196, R234 and R235 from [19] can
produce excited states, but due to a lack of data
we assume only molecules in the ground state are
produced.

Appendix A.2. Example of an invalid reaction rate
coefficient

When preparing the reaction set, we also encountered
reactions that we later had to exclude. One such
example is the reaction O+

4 + O− → O2 + O3 from [23]
(2002), with a rate coefficient

k = 7.80× 10−6 cm3 s−1,

citing earlier work [63] (1991). In [63], the rate
coefficient is actually given as

k = 4.0×10−7(300/T )0.5+3.0×10−25(300/T )2.5M cm3 s−1,

where T is the gas temperature in Kelvin and M is
the neutral gas number density, citing [64] (1975).
In [64], the same rate coefficient can be found (but
in a different notation), referring to the third revision
of the Defense Nuclear Agency (DNA) Reaction Rate
Handbook [65] (1973). We could not obtain the third
revision, but in the seventh revision of the DNA
handbook, a general recombination reaction of the
form

X+ + Y− → products,

is given, with a rate coefficient

k = 1.0× 10−7(300/T )0.5,

with an uncertainty interval of (1.0 − 0.6) × 10−7 to
(1.0 + 4.0) × 10−7. This last rate coefficient is almost

https://doi.org/10.5281/zenodo.7093075
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Table A1: Excited states of N2 and O2 with activation
energies and the corresponding effective states used in
the model. The table is partially based on the one
in [29].

Excited state Activation Effective stateenergy εe (eV)

N2(rot) 0.02 N2(J)
N2(X, v = 1) 0.29 N2(v1)
N2(X, v = 2) 0.59 N2(v2)
N2(X, v = 3) 0.88 N2(v3)
N2(X, v = 4) 1.17 N2(v4)
N2(X, v = 5) 1.47 N2(v5)
N2(X, v = 6) 1.76 N2(v6)
N2(X, v = 7) 2.06 N2(v7)
N2(X, v = 8) 2.35 N2(v8)
N2(A3Σ+

u , v = 0...4) 6.17 N2(A)
N2(A3Σ+

u , v = 5...9) 7.00 N2(A)
N2(B3Πg) 7.35 N2(B)
N2(W 3∆u) 7.36 N2(B)
N2(A3Σ+

u , v > 10) 7.80 N2(B)
N2(B′3Σ−u ) 8.16 N2(B)
N2(a′1Σ−u ) 8.40 N2(a)
N2(a1Πg) 8.55 N2(a)
N2(w1∆u) 8.89 N2(a)
N2(C3Πu) 11.03 N2(C)
N2(E3Σ+

g ) 11.87 N2(E)
N2(a′′1Σ+

g ) 12.25 N2(E)
O2(rot) 0.02 O2(J)
O2(X, v = 1) 0.19 O2(v1)
O2(X, v = 2) 0.38 O2(v2)
O2(X, v = 3) 0.57 O2(v3)
O2(X, v = 4) 0.75 O2(v4)
O2(a1∆g) 0.977 O2(a)
O2(b1Σ+

g ) 1.627 O2(b)
O2(c1Σ−u ) 4.05 O2(A)
O2(A′3∆u) 4.26 O2(A)
O2(A3Σ+

u ) 4.34 O2(A)

two orders of magnitude lower than the one from [23],
but it is consistent with [19] and most other literature.
We can therefore conclude that the coefficients given
in [23,63,64] for this recombination reaction (and other
similar ones) are likely wrong.
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Table A2: List of reactions included in the model, with reaction rate coefficients and references. The
symbol M denotes a neutral molecule (either N2 or O2). Reaction rate coefficients are in units of cm3 s−1

and cm6 s−1 for two-body and three-body reactions, respectively. Reaction rate coefficients for reactions
R1–R30 are functions of the reduced electric field E/N , and they are computed with BOLSIG+ [46]. T (K)
and Te(K) are gas and electron temperatures, respectively. Te(eV) is also a measure of electron temperature
but in a unit of eV, by multiplying Te(K) with the Boltzmann constant.

No. Reaction Reaction rate coefficient (cm3 s−1 or cm6 s−1) Reference

(1) Rotational excitation
R1 e + N2 → e + N2(J ) f1(E/N) [47,49]
R2 e + O2 → e + O2(J ) f2(E/N) [47,48]

(2) Vibrational excitation
R3 e + N2 → e + N2(v1) f3(E/N) [47,49]
R4 e + N2 → e + N2(v2) f4(E/N) [47,49]
R5 e + N2 → e + N2(v3) f5(E/N) [47,49]
R6 e + N2 → e + N2(v4) f6(E/N) [47,49]
R7 e + N2 → e + N2(v5) f7(E/N) [47,49]
R8 e + N2 → e + N2(v6) f8(E/N) [47,49]
R9 e + N2 → e + N2(v7) f9(E/N) [47,49]
R10 e + N2 → e + N2(v8) f10(E/N) [47,49]
R11 e + O2 → e + O2(v1) f11(E/N) [47,48]
R12 e + O2 → e + O2(v2) f12(E/N) [47,48]
R13 e + O2 → e + O2(v3) f13(E/N) [47,48]
R14 e + O2 → e + O2(v4) f14(E/N) [47,48]

(3) Electron excitation
R15 e + N2 → e + N2(A) f15(E/N) [47,49]
R16 e + N2 → e + N2(B) f16(E/N) [47,49]
R17 e + N2 → e + N2(a) f17(E/N) [47,49]
R18 e + N2 → e + N2(C) f18(E/N) [47,49]
R19 e + N2 → e + N2(E) f19(E/N) [47,49]
R20 e + O2 → e + O2(a) f20(E/N) [47,48]
R21 e + O2 → e + O2(b) f21(E/N) [47,48]
R22 e + O2 → e + O2(A) f22(E/N) [47,48]

(4) Electron dissociation
R23 e + N2 → e + N(4S) + N(2D) f23(E/N) [47,49]
R24 e + O2 → e + O(3P) + O(3P) f24(E/N) [47,48]
R25 e + O2 → e + O(3P) + O(1D) f25(E/N) [47,48]
R26 e + O2 → e + O(3P) + O(1S) f26(E/N) [47,48]

(5) Electron impact ionization
R27 e + N2 → 2e + N+

2 f27(E/N) [47,49]
R28 e + O2 → 2e + O+

2 f28(E/N) [47,48]

(6) Electron attachment
R29 e + O2 + O2 → O−2 + O2 f29(E/N) [47,48]
R30 e + O2 → O− + O(3P) f30(E/N) [47,48]
R31 e + O2 + N2 → O−2 + N2 1.10× 10−31 [26]
R32 e + O3 + O2 → O−3 + O2 1.00× 10−31 [26]
R33 e + O3 → O−2 + O(3P) 1.00× 10−9 [19]
R34 e + O3 → O− + O2 1.00× 10−11 [19]
R35 e + NO + M→ NO− + M 1.00× 10−30 [19]
R36 e + NO2( + M)→ NO−2 ( + M) 3.00× 10−11 [19]
R37 e + NO2 → O− + NO 1.00× 10−11 [19]
R38 e + N2O + N2 → N2O− + N2 (4.72(Te(eV) + 0.412)2 − 1.268)× 10−31 [19]
R39 e + O(3P) + O2 → O−2 + O(3P) 1.00× 10−31 [19]
R40 e + O(3P) + O2 → O− + O2 1.00× 10−31 [19]
R41 e + O(3P) + N2 → O− + N2 1.00× 10−31 [26]
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Table A2: (Continued from previous page)

No. Reaction Reaction rate coefficient (cm3 s−1 or cm6 s−1) Reference

(7) Electron detachment
R42 O− + O2 → e + O3 5.00× 10−15 [19]
R43 O− + O2(a)→ e + O3 3.00× 10−10 [19]
R44 O− + O2(b)→ e + O2 + O(3P) 6.90× 10−10 [19]
R45 O− + O3 → e + 2O2 5.30× 10−10 [26]
R46 O− + N2 → e + N2O 1.16× 10−12 exp(−( 48.9

11+E/N
)2) [28]

R47 O− + N2(A)→ e + N2 + O(3P) 2.20× 10−9 [19]
R48 O− + N2(B)→ e + N2 + O(3P) 1.90× 10−9 [19]
R49 O− + NO→ e + NO2 2.60× 10−10 [19]
R50 O− + O(3P)→ e + O2 5.00× 10−10 [19]
R51 O− + N(4S)→ e + NO 2.60× 10−10 [19]
R52 O−2 + M→ e + O2 + M 1.24× 10−11 exp(−( 179

8.8+E/N
)2) [28]

R53 O−2 + O2(a)→ e + 2O2 2.00× 10−10 [19]
R54 O−2 + O2(b)→ e + 2O2 3.60× 10−10 [19]
R55 O−2 + N2(A)→ e + O2 + N2 2.10× 10−9 [19]
R56 O−2 + N2(B)→ e + O2 + N2 2.50× 10−9 [19]
R57 O−2 + O(3P)→ e + O3 1.50× 10−10 [19]
R58 O−2 + N(4S)→ e + NO2 5.00× 10−10 [19]
R59 O−3 + O3 → e + 3O2 1.00× 10−10 [26]
R60 O−3 + O(3P)→ e + 2O2 3.00× 10−10 [19]

(8) Negative ion conversion
R61 O− + O2 + M→ O−3 + M 1.10× 10−30 exp(−(

E/N
65

)2) [28]
R62 O− + O2 → O−2 + O(3P) 6.96× 10−11 exp(−( 198

5.6+E/N
)2) [28]

R63 O− + O2(a)→ O−2 + O(3P) 1.00× 10−10 [19]
R64 O− + O3 → O−3 + O(3P) 5.30× 10−10 [19]
R65 O− + NO + M→ NO−2 + M 1.00× 10−29 [19]
R66 O− + NO2 → NO−2 + O(3P) 1.20× 10−9 [19]
R67 O− + N2O→ NO− + NO 2.00× 10−10 [19]
R68 O− + N2O→ N2O− + O(3P) 2.00× 10−12 [19]
R69 O−2 + O2 + M→ O−4 + M 3.50× 10−31( 300

T
) [19]

R70 O−2 + O3 → O−3 + O2 4.00× 10−10 [19]
R71 O−2 + NO2 → NO−2 + O2 8.00× 10−10 [19]
R72 O−2 + NO3 → NO−3 + O2 5.00× 10−10 [19]
R73 O−2 + N2O→ O−3 + N2 1.00× 10−12 [19]
R74 O−2 + O(3P)→ O− + O2 3.30× 10−10 [19]
R75 O−3 + NO→ NO−2 + O2 2.60× 10−12 [19]
R76 O−3 + NO→ NO−3 + O(3P) 1.00× 10−11 [19]
R77 O−3 + NO2 → NO−2 + O3 7.00× 10−10 [19]
R78 O−3 + NO2 → NO−3 + O2 2.00× 10−11 [19]
R79 O−3 + NO3 → NO−3 + O3 5.00× 10−10 [19]
R80 O−3 + O(3P)→ O−2 + O2 3.20× 10−10 [19]
R81 O−4 + M→ O−2 + O2 + M 1.00× 10−10 exp(−1044

T
) [19]

R82 O−4 + O2(a)→ O−2 + 2O2 1.00× 10−10 [19]
R83 O−4 + O2(b)→ O−2 + 2O2 1.00× 10−10 [19]
R84 O−4 + NO→ NO−3 + O2 2.50× 10−10 [19]
R85 O−4 + O(3P)→ O− + 2O2 3.00× 10−10 [19]
R86 O−4 + O(3P)→ O−3 + O2 4.00× 10−10 [19]

(9) Positive ion conversion
R87 N+

2 + O2 → O+
2 + N2 6.00× 10−11( 300

T
)0.5 [19]

R88 N+
2 + O3 → O+

2 + N2 + O(3P) 1.00× 10−10 [19]
R89 N+

2 + N2 + M→ N+
4 + M 5.00× 10−29( 300

T
)2 [19, 21]

R90 N+
2 + N2(A)→ N+

3 + N(4S) 3.00× 10−10 [19]
R91 N+

2 + NO→ NO+ + N2 3.30× 10−10 [19]
R92 N+

2 + NO2 → NO+
2 + N2 3.00× 10−10 [23]

R93 N+
2 + N2O→ NO+ + N2 + N(4S) 4.00× 10−10 [19]

R94 N+
2 + N2O→ N2O+ + N2 5.00× 10−10 [19]
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No. Reaction Reaction rate coefficient (cm3 s−1 or cm6 s−1) Reference

R95 N+
2 + O(3P)→ O+ + N2 1.00× 10−11( 300

T
)0.2 [19]

R96 N+
2 + O(3P)→ NO+ + N(4S) 1.30× 10−10( 300

T
)0.5 [19]

R97 N+
2 + N(4S) + M→ N+

3 + M 9.00× 10−30 exp( 400
T

) [19, 21]
R98 N+

2 + N(4S)→ N+ + N2 2.40× 10−15T [19]
R99 N+

4 + O2 → O+
2 + 2N2 2.50× 10−10 [19]

R100 N+
4 + N2 → N+

2 + 2N2 10−14.6+0.0036(T−300) [19]
R101 N+

4 + NO→ NO+ + 2N2 4.00× 10−10 [19]
R102 N+

4 + O(3P)→ O+ + 2N2 2.50× 10−10 [19]
R103 N+

4 + N(4S)→ N+ + 2N2 1.00× 10−11 [19]
R104 O+

2 + O2 + M→ O+
4 + M 2.40× 10−30( 300

T
)3 [19, 21]

R105 O+
2 + N2 + N2 → N2O+

2 + N2 9.00× 10−31( 300
T

)2 [19]
R106 O+

2 + N2 → NO+ + NO 1.00× 10−17 [19]
R107 O+

2 + NO→ NO+ + O2 4.40× 10−10 [19]
R108 O+

2 + NO2 → NO+ + O3 1.00× 10−11 [19]
R109 O+

2 + NO2 → NO+
2 + O2 6.60× 10−10 [19]

R110 O+
2 + N(4S)→ NO+ + O(3P) 1.20× 10−10 [19]

R111 O+
4 + O2 → O+

2 + 2O2 3.30× 10−6( 300
T

)4 exp(−5030
T

) [19]
R112 O+

4 + O2(a)→ O+
2 + 2O2 1.00× 10−10 [19]

R113 O+
4 + O2(b)→ O+

2 + 2O2 1.00× 10−10 [19]
R114 O+

4 + N2 → N2O+
2 + O2 4.61× 10−12( T

300
)2.5 exp(−2650

T
) [19]

R115 O+
4 + NO→ NO+ + 2O2 1.00× 10−10 [19]

R116 O+
4 + NO2 → NO+

2 + 2O2 3.00× 10−10 [23]
R117 O+

4 + O(3P)→ O+
2 + O3 3.00× 10−10 [19]

R118 N2O+
2 + O2 → O+

4 + N2 1.00× 10−9 [19]
R119 N2O+

2 + N2 → O+
2 + 2N2 1.10× 10−6( 300

T
)5.3 exp(−2357

T
) [19]

(10) Electron-ion recombination
R120 e + N+

2 + M→ N2 + M 6.00× 10−27( 300
Te

)1.5 [19]
R121 e + N+

2 → N(4S) + N(4S) 2.80× 10−7( 300
Te

)0.5 [19, 25]
R122 e + N+

2 → N(4S) + N(2D) 2.00× 10−7( 300
Te

)0.5 [19]
R123 e + N+

4 → 2N2 2.00× 10−6( 300
Te

)0.5 [19]
R124 e + O+

2 + M→ O2 + M 6.00× 10−27( 300
Te

)1.5 [19]
R125 e + O+

2 → O(3P) + O(1D) 1.95× 10−7( 300
Te

)0.7 [19, 25]
R126 e + O+

4 → 2O2 1.40× 10−6( 300
Te

)0.5 [19]
R127 e + N2O+

2 → N2 + O2 1.30× 10−6( 300
Te

)0.5 [19]

(11) Ion-ion recombination
R128 N+

2 + O− + M→ N2O + M 2.00× 10−25( 300
T

)2.5 [19]
R129 N+

2 + O− + M→ N2 + O(3P) + M 2.00× 10−25( 300
T

)2.5 [19]
R130 N+

2 + O− → N2 + O(3P) 2.00× 10−7( 300
T

)0.5 [19]
R131 N+

2 + O− → 2N(4S) + O(3P) 1.00× 10−7 [19]
R132 N+

2 + O−2 + M→ N2 + O2 + M 2.00× 10−25( 300
T

)2.5 [19]
R133 N+

2 + O−2 → N2 + O2 2.00× 10−7( 300
T

)0.5 [19]
R134 N+

2 + O−2 → O2 + 2N(4S) 1.00× 10−7 [19]
R135 N+

2 + O−3 → N2 + O3 2.00× 10−7( 300
T

)0.5 [19]
R136 N+

2 + O−3 → O3 + 2N(4S) 1.00× 10−7 [19]
R137 N+

2 + O−4 → N2 + 2O2 1.00× 10−7 [19]
R138 N+

4 + O− → 2N2 + O(3P) 1.00× 10−7 [19]
R139 N+

4 + O−2 → 2N2 + O2 1.00× 10−7 [19]
R140 N+

4 + O−3 → 2N2 + O3 1.00× 10−7 [19]
R141 N+

4 + O−4 → 2N2 + 2O2 1.00× 10−7 [19]
R142 O+

2 + O− + M→ O3 + M 2.00× 10−25( 300
T

)2.5 [19]
R143 O+

2 + O− + M→ O2 + O(3P) + M 2.00× 10−25( 300
T

)2.5 [19]
R144 O+

2 + O− → O2 + O(3P) 2.00× 10−7( 300
T

)0.5 [19]
R145 O+

2 + O− → 3O(3P) 1.00× 10−7 [19]
R146 O+

2 + O−2 + M→ 2O2 + M 2.00× 10−25( 300
T

)2.5 [19]
R147 O+

2 + O−2 → 2O2 2.00× 10−7( 300
T

)0.5 [19]
R148 O+

2 + O−2 → O2 + 2O(3P) 1.00× 10−7 [19]
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R149 O+
2 + O−3 → O2 + O3 2.00× 10−7( 300

T
)0.5 [19]

R150 O+
2 + O−3 → O3 + 2O(3P) 1.00× 10−7 [19]

R151 O+
2 + O−4 → 3O2 1.00× 10−7 [19]

R152 O+
4 + O− → 2O2 + O(3P) 1.00× 10−7 [19]

R153 O+
4 + O−2 → 3O2 1.00× 10−7 [19]

R154 O+
4 + O−3 → 2O2 + O3 1.00× 10−7 [19]

R155 O+
4 + O−4 → 4O2 1.00× 10−7 [19]

R156 N2O+
2 + O− → N2 + O2 + O(3P) 1.00× 10−7 [19]

R157 N2O+
2 + O− → 2NO + O(3P) 1.00× 10−7 [26]

R158 N2O+
2 + O−2 → N2 + 2O2 1.00× 10−7 [19]

R159 N2O+
2 + O−2 → 2NO + O2 1.00× 10−7 [26]

R160 N2O+
2 + O−3 → N2 + O2 + O3 1.00× 10−7 [19]

R161 N2O+
2 + O−3 → 2NO + O3 1.00× 10−7 [26]

R162 N2O+
2 + O−4 → N2 + 3O2 1.00× 10−7 [19]

(12) Neutral species conversion
R163 N2(A) + O2 → N2 + O2(a) 5.40× 10−13 [19, 27]
R164 N2(A) + O2 → N2 + O2(b) 7.50× 10−13 [27]
R165 N2(A) + O2 → N2 + 2O(3P) 2.54× 10−12 [19]
R166 N2(A) + O2 → N2O + O(3P) 7.80× 10−14 [19]
R167 N2(A) + N2 → 2N2 3.00× 10−18 [19]
R168 N2(A) + N2(A)→ N2 + N2(B) 7.70× 10−11 [27]
R169 N2(A) + N2(A)→ N2 + N2(C) 1.60× 10−10 [19]
R170 N2(A) + NO→ N2 + NO 7.00× 10−11 [19]
R171 N2(A) + N2O→ N2 + NO + N(4S) 1.00× 10−11 [19]
R172 N2(A) + O(3P)→ N2 + O(1S) 2.10× 10−11 [19]
R173 N2(A) + O(3P)→ NO + N(2D) 7.00× 10−12 [19]
R174 N2(A) + N(4S)→ N2 + N(4S) 2.00× 10−12 [20]
R175 N2(A) + N(4S)→ N2 + N(2P) 5.00× 10−11 [19]
R176 N2(B) + O2 → N2 + 2O(3P) 3.00× 10−10 [19]
R177 N2(B) + N2 → 2N2 2.00× 10−12 [26]
R178 N2(B) + N2 → N2 + N2(A) 5.00× 10−11 [19]
R179 N2(B) + NO→ NO + N2(A) 2.40× 10−10 [19]
R180 N2(B)→ N2(A) + hν 1.50× 105 (s−1) [19]
R181 N2(a) + O2 → N2 + O(3P) + O(3P) 2.80× 10−11 [19]
R182 N2(a) + N2 → N2 + N2(B) 2.00× 10−13 [19]
R183 N2(a) + NO→ N2 + N(4S) + O(3P) 3.60× 10−10 [19]
R184 N2(C) + O2 → N2 + O(3P) + O(1S) 3.00× 10−10 [19]
R185 N2(C) + N2 → N2 + N2(a) 1.00× 10−11 [19]
R186 N2(C)→ N2(B) + hν 3.00× 107 (s−1) [19]
R187 N2(E) + N2 → N2 + N2(C) 1.00× 10−11 [22]
R188 N(4S) + O2 → NO + O(3P) 4.50× 10−12 exp(−3220

T
) [19]

R189 N(4S) + O3 → NO + O2 2.00× 10−16 [19]
R190 N(4S) + NO→ N2 + O(3P) 1.05× 10−12T 0.5 [19]
R191 N(4S) + NO2 → N2 + O2 7.00× 10−13 [19]
R192 N(4S) + NO2 → N2 + 2O(3P) 9.10× 10−13 [19]
R193 N(4S) + NO2 → 2NO 2.30× 10−12 [19]
R194 N(4S) + NO2 → N2O + O(3P) 3.00× 10−12 [19]
R195 N(4S) + O(3P) + M→ NO + M 1.76× 10−31T−0.5 [19]
R196 N(4S) + N(4S) + M→ N2 + M 8.27× 10−34 exp( 500

T
) [19]

R197 N(4S) + N(2P)→ N(4S) + N(2D) 1.80× 10−12 [19]
R198 N(2D) + O2 → NO + O(3P) 1.50× 10−12( T

300
)0.5 [19]

R199 N(2D) + O2 → NO + O(1D) 6.00× 10−12( T
300

)0.5 [19]
R200 N(2D) + N2 → N2 + N(4S) 6.00× 10−15 [19]
R201 N(2D) + NO( + M)→ N2O( + M) 6.00× 10−11 [19]
R202 N(2D) + N2O→ NO + N2 3.00× 10−12 [19]
R203 N(2P) + O2 → NO + O(3P) 2.60× 10−12 [19]
R204 N(2P) + N2 → N2 + N(2D) 2.00× 10−18 [19]
R205 N(2P) + NO→ N2(A) + O(3P) 3.40× 10−11 [19]
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R206 O2(a) + O2 → 2O2 2.20× 10−18( T
300

)0.8 [19]
R207 O2(a) + O2(a) + O2 → 2O3 1.00× 10−31 [20]
R208 O2(a) + O2(a)→ O2 + O2(b) 7.00× 10−28T 3.8 exp( 700

T
) [20]

R209 O2(a) + O3 → 2O2 + O(3P) 9.70× 10−13 exp(−1564
T

) [19]
R210 O2(a) + N2 → O2 + N2 3.00× 10−21 [19]
R211 O2(a) + NO→ NO + O2 2.50× 10−11 [19]
R212 O2(a) + O(3P)→ O2 + O(3P) 7.00× 10−16 [19]
R213 O2(a) + O(1S)→ 3O(3P) 3.40× 10−11 [19]
R214 O2(a) + O(1S)→ O2(b) + O(1D) 3.60× 10−11 [19]
R215 O2(a) + O(1S)→ O2(A) + O(3P) 1.30× 10−10 [19]
R216 O2(a) + N(4S)→ NO + O(3P) 2.00× 10−14 exp(−600

T
) [19]

R217 O2(b) + O2 → O2 + O2(a) 4.30× 10−22T 2.4 exp(−241
T

) [19]
R218 O2(b) + O3 → 2O2 + O(3P) 1.80× 10−11 [19]
R219 O2(b) + N2 → N2 + O2(a) 4.90× 10−15 exp(−253

T
) [19]

R220 O2(b) + NO→ NO + O2(a) 4.00× 10−14 [19]
R221 O2(b) + O(3P)→ O2(a) + O(3P) 8.00× 10−14 [19]
R222 O2(b) + O(3P)→ O2 + O(1D) 3.39× 10−11( 300

T
)0.1 exp(−4201

T
) [19]

R223 O2(A) + O2 → 2O2(b) 2.90× 10−13 [19]
R224 O2(A) + N2 → N2 + O2(b) 3.00× 10−13 [19]
R225 O2(A) + O(3P)→ O2(b) + O(1D) 9.00× 10−12 [19]
R226 O(3P) + O2 + O2 → O3 + O2 6.90× 10−34( 300

T
)1.25 [19]

R227 O(3P) + O2 + N2 → O3 + N2 6.20× 10−34( 300
T

)2 [19]
R228 O(3P) + O3 → 2O2 2.00× 10−11 exp(−2300

T
) [19]

R229 O(3P) + NO + O2 → NO2 + O2 9.30× 10−32( 300
T

)1.682 [26]
R230 O(3P) + NO + N2 → NO2 + N2 1.20× 10−31( 300

T
)1.682 [26]

R231 O(3P) + NO2 + M→ NO3 + M 8.90× 10−32( 300
T

)2 [26]
R232 O(3P) + NO2 → NO + O2 1.13× 10−11( T

1000
)0.18 [19]

R233 O(3P) + NO3 → NO2 + O2 1.00× 10−11 [19]
R234 O(3P) + O(3P) + O2 → 2O2 2.45× 10−31T−0.63 [19]
R235 O(3P) + O(3P) + N2 → O2 + N2 2.76× 10−34 exp( 720

T
) [19]

R236 O(3P) + O(1S)→ O(3P) + O(1D) 5.00× 10−11 exp(−301
T

) [19]
R237 O(1D) + O2 → O2 + O(3P) 6.40× 10−12 exp( 67

T
) [19]

R238 O(1D) + O2 → O2(b) + O(3P) 2.56× 10−11 exp( 67
T

) [19]
R239 O(1D) + O3 → 2O2 1.20× 10−10 [19]
R240 O(1D) + O3 → O2 + 2O(3P) 1.20× 10−10 [19]
R241 O(1D) + N2 → N2 + O(3P) 1.80× 10−11 exp( 107

T
) [19]

R242 O(1D) + NO→ O2 + N(4S) 1.70× 10−10 [19]
R243 O(1D) + NO2 → NO + O2 3.00× 10−10 [26]
R244 O(1D) + N2O→ N2 + O2 4.40× 10−11 [19]
R245 O(1D) + N2O→ 2NO 7.20× 10−11 [19]
R246 O(1S) + O2 → O2 + O(1D) 1.33× 10−12 exp(−850

T
) [19]

R247 O(1S) + O2 → O2(A) + O(3P) 2.97× 10−12 exp(−850
T

) [19]
R248 O(1S) + O3 → 2O2 2.90× 10−10 [19]
R249 O(1S) + O3 → O2 + O(3P) + O(1D) 2.90× 10−10 [19]
R250 O(1S) + NO→ NO + O(3P) 1.80× 10−10 [19]
R251 O(1S) + NO→ NO + O(1D) 3.20× 10−10 [19]
R252 O(1S) + N2O→ N2O + O(3P) 6.30× 10−12 [19]
R253 O(1S) + N2O→ N2O + O(1D) 3.10× 10−12 [19]
R254 NO + O3 → NO2 + O2 4.30× 10−12 exp(−1560

T
) [19]

R255 NO + NO + O2 → 2NO2 3.30× 10−39 exp( 530
T

) [24]
R256 NO + NO2 + N2 → N2O3 + N2 3.10× 10−34( 300

T
)7.7 [24]

R257 NO + NO2 + NO3 → NO + N2O5 5.90× 10−29( 300
T

)1.27 [26]
R258 NO + NO3 → 2NO2 1.70× 10−11 [19]
R259 NO2 + O3 → NO3 + O2 1.20× 10−13 exp(−2450

T
) [19]

R260 NO2 + NO2 + N2 → N2O4 + N2 1.40× 10−33( 300
T

)3.8 [24]
R261 NO2 + NO3 + M→ N2O5 + M 5.90× 10−29( 300

T
)1.27 [26]

R262 NO2 + NO3 → NO + NO2 + O2 2.30× 10−13 exp(−1600
T

) [19]
R263 NO3 + NO3 → 2NO2 + O2 5.00× 10−12 exp(−3000

T
) [19]
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