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Abstract. We study how the choice of input data affects simulations of positive
streamers in humid air, focusing on H2O cross sections, photoionization models,
and chemistry sets. Simulations are performed in air with a mole fraction of
0%, 3% or 10% H2O using an axisymmetric fluid model. Five HoO cross section
sets are considered, which lead to significant differences in the resulting electron
attachment coefficient. As a result, the streamer velocity can vary by up to about
50% with 10% H20O. We compare results with three photoionization models: the
Naidis model for humid air, the Aints model for humid air, and the standard
Zheleznyak model for dry air. With the Naidis and in particular the Aints model,
there is a significant reduction in photoionization with higher humidities. This
results in higher streamer velocities and maximal electric fields, and it can also
cause streamer branching in our axisymmetric simulations. Three humid air
chemistry sets are considered. Differences between these sets, particularly in the
formation of water clusters around positive ions, cause the streamer velocity to
vary by up to about 50% with 10% H2O. A sensitivity analysis is performed to
identify the most important chemical reactions in these chemistries.
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1. Introduction

Streamers are fast-propagating and filamentary ion-
ization fronts featuring an enhanced electric field at
their tips [1]. This field enhancement enables stream-
ers to propagate in sub-breakdown background fields
and therefore to serve as precursors to more energetic
phenomena such as sparks and lightning leaders [23].
Streamers are also fundamental blocks of some tran-
sient luminous events (TLEs) that occur in the up-
per atmosphere, including sprites and blue jets [4].
Although streamers are low-temperature plasmas, the
strong electric field at the streamer head can accelerate
electrons to really high energies and thus, can trigger
high-temperature chemical reactions at nearly room
temperature [5]. This property has been harnessed
for numerous applications such as plasma medicine [6],
agriculture [7], industrial surface treatments [8], air
cleaning [9], plasma-assisted combustion |10], and non-
thermal plasma actuators [L1].

The gas composition affects streamer properties
such as velocity, radius, breakdown field, and
branching characteristics, as well as the plasma species
produced by streamers [12H15]. Frequently, water
vapor is a component of gas mixtures. When
studying streamer-like discharges in atmospheric air
for plasma medicine and agriculture applications, in
supersaturated air inside a thundercloud, or in high-
voltage power transmission systems under complex
environmental conditions, humidity is an important
factor that cannot be neglected. Below, we briefly
discuss some relevant experimental and computational
studies that account for air humidity.

In the late 1970s, the pioneering experimental
works by Griffiths and Phelps [16,/17], Les Renardiéres
group [18,[19] and Gallimberti 2], showed that water
vapor hampered streamer propagation in long air gaps.
Therefore, the stability field (i.e., the minimal average
electric field required for bridging an air gap) increased
with increasing water vapor content [20-22]. For
example, in [20] such a stability field was measured
at 5.24kV /cm at an absolute humidity of 11 g/m?, and
it increased by about 1.3% for every 1g/m? increase
in the humidity. Furthermore, the field required for
a streamer to cause breakdown also increased with
increasing air humidity at a rate of about 0.56% per
g/m3 [22|. Zhao et al systematically investigated
the effect of humidity on the evolution of streamer
dynamics and discharge instabilities under repetitive
pulses [23]/24], finding increased branching in both
primary and secondary streamers in humid air. In
addition, air humidity leads to the formation of OH
radicals in streamer discharges. It was observed that
an increase in humidity resulted in increased OH
density but a decrease in O3 production due to lower
atomic oxygen levels [25H27]. Increased humidity was

also found to enhance fast gas heating for streamer
discharges in humid air [28-30].

There are also numerous computational studies
regarding how humidity affects streamer propagation
in atmospheric air, using 1.5D (assuming a constant
radius of the streamer channel) [21}31], as well as
2D 132135 and 3D ‘discharge tree’ [36] models. These
simulations showed that the influence of humidity be-
came noticeable in long streamer discharges. As air hu-
midity increased, the streamer propagated more slowly
with a smaller radius, and the background field re-
quired for sustaining streamer propagation was also
higher, in agreement with previous experimental find-
ings [2,/16-22]. This humidity effect on streamer prop-
erties was primarily attributed to reduced conductiv-
ity in the streamer channel, due to dissociative re-
combination of electrons with positive cluster ions
H307 (H20), and enhanced three-body electron at-
tachment to O molecules [331|34]. The above effects
can be weakened by increasing the gas temperature.
According to [32], higher gas temperatures reduced the
rates of electron recombination and three-body attach-
ment reactions, which in turn increased the conductiv-
ity of the streamer channel. Furthermore, air humidity
had a significant impact on the electron swarm param-
eters needed for fluid streamer simulations, thereby in-
fluencing streamer properties, as discussed in [37].

One of the main challenges in modeling streamers
(or other discharges) in humid air is selecting
appropriate input data. For example, different
electron-neutral cross sections for HyO were used
in [32H34}38,/39], as well as different cross sections for
N3 and Oq. In [40], a simplified reaction set was used
for streamer simulations in humid air. To obtain more
complete and reliable kinetic data, a recommended
database was constructed for humid air plasma
chemistry in |41} /42]. Based on these early humid
air chemistries, various sets of chemical reactions were
further developed in subsequent simulation studies [32-
34, 138,[39] under different discharge conditions. Of
particular importance are the cross sections for three-
body electron attachment to HoO, as well as the
reactions related to the production of cluster ions
and the corresponding electron-ion recombination
rates |[43]. Furthermore, most of the above-mentioned
simulations did not account for the effect of H,O on
photoionization, despite its significance.

In this paper, we investigate how the choice
of input data affects streamer properties such as
the streamer velocity, optical diameter, and maximal
electric field. We consider different HoO cross section
sets, different photoionization models and different sets
of chemical reactions to study their effects on single
positive streamers in humid air.
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Table 1: Gas compositions considered in this paper,
with percentages relative to the gas number density
No = 2.41 x 102 m~3. Case 1 corresponds to dry air.
Cases 2 and 3 correspond to 86% and 96% relative
humidity, respectively.

Case HQO N2 Og P (bar) T (K)
1 0.0% 80.0%  20.0% 1.0 300
2 3.0% 77.6% 19.4% 1.0 300
3 10.0% 72.0% 18.0% 1.067 320

2. Simulation model

We perform axisymmetric simulations of positive
streamers with the Afivo-streamer code [44], using
a drift-diffusion fluid model with the local field
approximation. The model is briefly described below,
for further details see e.g. [44}45].

The simulations are performed in gas mixtures
containing Ny and Os at a 4:1 ratio together with HyO.
We consider three humidities, with a mole fraction
of 0%, 3% and 10% H,O, as listed in table [I] Note
that we slightly vary the gas temperature and pressure
to obtain humid air with 10% H2O but keep the gas
number density Ny = 2.41 x 102> m~3 the same.

2.1. Equations

In our model, the electron density n. evolves in time
as

atne =-V- (Fdrift + I‘diﬂ) + Se + Sph P (1)

where Tgyisg = —peEne and T'gig = —DoVn, are the
drift and diffusive fluxes of electrons, u. the electron
mobility, D, the diffusion coefficient, and E the electric
field. Furthermore, S, is an electron source term due to
reactions (e.g., ionization or attachment) described in
sectionlE]7 and Spy, is the photo-ionization source term
described in section[2.4] Electron transport coefficients
are assumed to depend on the local electric field, and
they were computed with BOLSIG— [46] using the
cross sections described in section 2.3l

We consider time scales up to about 200ns and
found that including ion mobilities made no significant
difference in our results. The motion of ions is
therefore neglected, so that ions and neutral densities
n; (numbered by j =1,...,n) evolve in time as

8,571]‘ = Sj 3 (2)

where S; is a source/sink term due to reactions. Gas
heating is not considered in the model because we
consider only a single voltage pulse. Most heating
would occur after the pulse, and furthermore the
energy deposited by the simulated positive streamers
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Figure 1: Schematic view of the 2D axisymmetric com-
putational domain, containing a plate-plate geometry
with a needle electrode. Boundary conditions for the
electrostatic potential ¢ and the species densities n, or
n; are indicated at the domain boundaries.

would increase the gas temperature by at most a few
Kelvin, see e.g. [47].
The electric field E is calculated in the electro-

static approximation as E = —V¢. The electrostatic
potential ¢ is obtained by solving the Poisson equation
V2¢) = —p/€0 ) (3)

using a geometric multigrid method [48] 49|, where
p is the space charge density and e is the vacuum
permittivity.

2.2. Computational domain and initial condition

We use a 2D axisymmetric computational domain
measuring 200mm in the r and z directions, which
contains a plate-plate geometry with a needle electrode
(8 mm in length and 0.8 mm in diameter), as illustrated
in figure [II The bottom plate is grounded, whereas a
constant high voltage V' is applied on the upper plate
and the needle electrode. The axial electric field away
from the needle electrode relaxes to the average electric
field between the two plate electrodes, which is here
defined as the background electric field Eyg:

Epg =V/d, (4)

where d = 200mm is the distance between two plate
electrodes.

For the electrostatic potential, a homogeneous
Neumann boundary condition is used on the outer ra-
dial boundary. For all species densities, homogeneous
Neumann boundary conditions are used on all domain
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boundaries, including the needle electrode. Secondary
electron emission from electrodes due to ions and pho-
tons is not included.

As an initial condition, homogeneous background
ionization with a density of 10"'m~3 for both
electrons and Nj ions is included. All other ion
densities are initially zero. The background ionization
provides the first electrons for streamer inception
near the electrode tip, where there is significant
electric field enhancement. 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~
52|.

For computational efficiency the simulations are
performed using adaptive mesh refinement (AMR). We
use the same refinement criteria as in previous works
(see e.g. [44]), namely to refine when a(E)Az > 1.0
and to de-refine when a(E)Az < 0.125, where a(E)
is the field-dependent ionization coefficient and Ax is
the grid spacing. The minimum grid spacing in the
simulations was Az = 1.5um. Around the needle
electrode, we enforce Az < 50 pm.

2.8. Electron-neutral cross sections for Na, O and

Hy,O

Electron-neutral collisions are the dominant process in
streamer discharges, and energy-dependent probabili-
ties of such collisions are described by cross sections.
In a fluid model these cross sections are used indirectly
through a Boltzmann solver to obtain electron trans-
port coefficients (such as the mobility) and rates for
electron-neutral reactions. BOLSIG— [46] with the
temporal growth model was used to obtain such data.

For most atoms and molecules, there is still
quite some uncertainty in the electron-neutral cross
sections. For example, in [51] streamer simulations
were compared using different cross section sets for
dry air (80% N3, 20% O2), and it was found that
the streamer velocity could vary by about 10% when
compared at the same position. Although the gas
mixtures considered here consist mostly of Ny and
Oz, we here want to focus on the uncertainty in
cross sections for HoO. All simulations are therefore
performed using Phelps’ cross sections for N and
Oz [53-55], whereas for HoO we consider the cross
section sets described below.

We used all available H,O cross section sets
from 1xcat.net| except for the Hayashi database. It
should be noted that many of these cross section
sets (including the Hayashi one) lack rotational cross
sections, as explained below. We probably could
have included other data as well (from e.g., [56/58]).
However, our goal here is simply to illustrate how much
variation there will be in streamer simulations using

different HO cross section sets, rather than conducting
a full sensitivity analysis of all H,O cross sections. For
a more extensive discussion of HoO cross sections and
their accuracy, we refer to [564[58-60].

The cross section sets described below differ in the
dissociative electron attachment reactions that they
include. For example, in the Itikawa data there are
separate processes for the formation of O~, OH~™
and H™, whereas in the Phelps data these processes
are grouped into a single process. However, for the
discharges considered in this paper, the three-body
attachment reaction

e+OQ+H20_>O;+HQO (5)

is more important. As this process involves both Oq
and H5O it is not included in the HyO cross section
sets. Instead, its rate coefficient is assumed to be a
multiple (six or seven in this paper, depending on the
chemistry) of the three-body attachment reaction

e+ Oz + 0y — 05 + Os. (6)

2.3.1.  Kawaguchi HyO cross sections The cross
section set of Kawaguchi et al |60] was compiled based
on several previous sources (too many to list here),
and it contains about 40 cross sections for rotational,
vibrational and electronic excitations, ionization and
electron attachment. With Monte Carlo swarm
simulations, the authors demonstrate that their set
reproduces experimental swarm measurements better
than those of [56,/57,61]. What furthermore makes
this set attractive to use is that they also provide a
set with an isotropic scattering model. The tabulated
cross sections were obtained by contacting the authors
directly, but the authors plan to also make them
available at 1xcat.net.

2.3.2. Morgan and Phelps HyO cross sections
Through 1xcat.net| [62], we obtained the Morgan [63]
and Phelps [64] cross section sets for HyO. For
both of these, there is the following warning: “This
cross section set should mot be used in Boltzmann
calculations because it does not include explicitly
rotational cross sections (very important in HyO).
Morgan wused an analytical form for these cross
sections.” Although values for the “continuous
approximation to rotation” (CAR) are given by
Morgan, we were not able to reconstruct a reasonable
looking rotational cross section using the formulas
in |65, in particular due to uncertainty in the units
used. For comparison, we nevertheless include these
sets without rotational cross sections.

We remark that in the recently published paper
by Budde et al [58] the lack of rotational cross sections
for HoO is extensively addressed. The authors provide
a complete set containing 147 rotational cross sections,
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out of a total of 163 cross sections. The set is
tested against swarm measurements using two two-
term Boltzmann solvers, and the authors obtain good
agreement. At the time of writing, this set was not yet
available on [1xcat .net, so we did not include it in our
comparison.

2.3.8. Triniti HyO cross sections We also obtained
the Triniti set [66] through 1lxcat.net, which was
obtained from the EEDF Boltzmann solver |67]. The
cross section file includes a reference to Yousfi et
al 1987, which we could not find, but this suggests
that these cross sections could be related to the ones
published later in [57].

2.8.4. Itikawa HyO cross sections The review paper
by Itikawa et al |61, 68] provides an overview
of available cross sections for HoO together with
recommendations, which are available at 1xcat.net.
An update of these cross sections was recently given
in [69]. We want to briefly mention two caveats when
using this data. First, due to the strong dipole moment
of HyO, elastic scattering is highly anisotropic and
sharply peaked in the forward direction. Although a
total momentum transfer cross section is provided, the
cross sections cannot directly be used in a Boltzmann
solver that assumes isotropic scattering, since the set
also includes rotational excitations that have to be
described anisotropically. A second caveat is that some
cross sections are only given up to a certain energy
(which can be as low as 5€V) at which they are still
nonzero. If such cross sections are used in a Boltzmann
solver, it depends on the particular implementation
how they will be extrapolated above this energy range.

Although the data of [61] should only be used
with an appropriate anisotropic scattering model,
we include it here in an improper way, just for
comparison with the Morgan and Phelps data. For
this comparison, we have removed all rotational cross
sections from the Itikawa set. However, even when
these rotational cross sections are included together
with anisotropic scattering, the resulting transport
data shows large differences compared to experimental
swarm data [60]. We note that several publications
regarding streamer simulations in humid air have
previously used the Morgan, Phelps or Itikawa cross
sections for HoO from 1xcat.net| directly [3234,38,
39|, without addressing the issues outlined above.

2.8.5. Comparison of electron transport coefficients
We have used the cross section sets described above to
compute electron transport coefficients using BOLSIG-
[46]. Figure 2| shows results for a hypothetical scenario
with pure HyO gas at 1bar and 300K. There is
considerable variation between the five sets for all

transport parameters, which is not that surprising
since the Morgan, Phelps and Itikawa data are
used in an inappropriate way, as discussed above.
The Morgan, Phelps and Itikawa data show higher
ionization coefficients compared to the other two sets.
The Morgan data leads to a substantially higher
diffusion coeflicient and a rather flat mobility. The
Itikawa data yields a higher attachment coefficient
and a higher peak mobility at a lower electric field.
Furthermore, the Kawaguchi and Triniti sets agree
quite well in terms of the ionization coefficient. For
the attachment coefficient, we find good agreement
between Kawaguchi and Morgan and between Triniti
and Phelps.

Figure [3| shows results for air with 3% and 10%
H>0O at 1bar and 300K. As expected, for both air
humidities the differences in the transport coefficients
between the five sets are now much smaller, due to the
smaller contribution of the HoO cross sections. The
attachment coefficient now has a peak at low electric
fields due to three-body attachment reactions given
by equations and @, where for this comparison
reaction was assumed to have a rate coefficient six
times that of reaction @ For air with 10% HO,
the maximum difference in the resulting attachment
coefficients is about 20%, whereas the variation in the
ionization coefficient is below 5%. For the case of 3%
H>O, the differences in the transport coefficients are
even smaller and difficult to see, with the maximum
variation in the attachment coefficient being about 8%.
Note that regardless of the specific HoO cross section
set used, a decrease in the mole fraction of H,O from
10% to 3% results in a lower attachment coefficient,
but hardly affects other transport parameters.

2.4. Photoionization

Photoionization in humid air resembles that in dry
air: excited N molecules can emit photons with
enough energy to non-locally ionize O5 molecules, see
e.g. |[70]. We consider two approaches for modeling
photoionization in humid air, which are described
below. For comparison, we also briefly describe the
dry air case.

2.4.1.  Dry air - Zheleznyak’s model In dry air,
the production I (per unit time and volume) and
absorption f(r) (per unit distance) of these photons
are here approximated using Zheleznyak’s model |71].
In this model, I is proportional to the electron impact
ionization source term .Si:
Dq

—— £Si, (7)
where p, = 40 mbar is the quenching pressure, p the gas
pressure, pq/(p + py) is the quenching factor for which

I =
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Figure 2: Comparison of electron transport coefficients for pure HoO gas at 1 bar and 300 K using different sets
of HoO cross sections. (a) Ionization coefficient «, (b) attachment coefficient 7, (c) mobility p, and (d) diffusion
coefficient D. Results for HoO cross section sets without rotational cross sections, i.e., the Morgan, Phelps and

Itikawa data, are indicated with dashed lines.

we will use the symbol f; and & is a proportionality
factor, which is here set to £ = 0.075 as in e.g. .
Furthermore, the absorption function is given by

B exp(—k1 po,r) — exp(—k2 po,T)
Jain(r) = rn(ka k1) ’ )

where k; = 0.035cm™! Torr !, ks = 2cm~! Torr !
and po, is the partial pressure of Oy. We remark
that what actually matters is the number density of
05 molecules, but we here follow the usual assumption
of the gas being at room temperature.

2.4.2. Humid air - Naidis model Naidis proposed
a simple modification of Zheleznyak’s model, in which
water molecules lead to extra absorption:

INaidis(r) = exp(—k3 pr,o0 1) X fair(r), 9)
where k3 = 0.26cm™! Torr ! and PH,0 is the partial
pressure of HoO. Note that with this extra term, the
integral (from 0 to co) over the absorption function is
less than unity, because the photons absorbed by HoO
do not contribute to photoionization.

2.4.8.  Humid air - Aints model Aints et al [75]
performed measurements on photoionization in humid

air that were not consistent with equation (ED for small
values of k3 pr,o 7. They therefore proposed a different
absorption function which we here write as
Faims(r) exp(—Kir) — exp(—Kar)
() =
Aints r ID(KQ/Kl)
where K1 = kipo, + kapu,0 and Ko = kapo, +
ks pu,0, with k4 = 0.13cm™! Torr ' and ks =
0.57cm~" Torr~!. Note that this absorption function
has an integral of unity. The authors instead intro-
duced additional quenching by H2O in equation @:
P — PH,0

(ormmo o) oy

which was fitted against their data to obtain
Dg,H,0 0.3 Torr.  Here the quenching factor

: P=PHyO | PHO
fq,Atnts (1 + e + pq,H20> We use the
above expressions, but remark that the value of p, 1,0

appears unrealistic, since gas molecules do not collide
(or interact) frequently enough to warrant such a low

quenching pressure .

; (10)

pHQO
Pq,H>0

IAints +

2.4.4. Comparison In figure[dwe show the absorption
functions described above, multiplied by the respective
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Figure 3: Comparison of electron transport coefficients for air with 3% (the left row) and 10% H2O (the right
row) at 1bar and 300 K using different sets of HoO cross sections. (a) Ionization coefficient «, (b) attachment
coefficient 7, and (c¢) mobility u. Results for HoO cross section sets without rotational cross sections, i.e., the

Morgan, Phelps and Itikawa data, are indicated with dashed lines.

quenching factors f;, and by the proportionality
factor £ = 0.075. These curves indicate how
likely photoionization is at some distance r from an
ionization event. For r — 0, the Naidis model agrees
with Zheleznyak’s model for dry air, whereas there is
considerably less photoionization with the Aints model.
For larger distances, the Naidis absorption function
decays more quickly than that of Aints, but since the
majority of photons are produced at small r, there is
overall less photoionization with the Aints model.

2.4.5. Numerical implementation We implement
photoionization in our fluid model with the Helmholtz
approach, as described in . We used an

expansion with three Helmholtz terms of the form

(V2= A)Spn = —Al (12)
where I corresponds to equation @ or , and the
coefficients \; and A; are given in table See e.g.
Appendix A of for more details about this type of

expansion.

2.5. Chemical reactions

In addition to electron-neutral cross sections, chemical
reactions are another important input data for
streamer fluid simulations. For many reactions, there
are significant uncertainties in both the reaction form

and the reaction rate coeflicient, see e.g. .
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Table 2: Coeflicients for the three-term Helmholtz approximations to photoionization, obtained by fitting the
respective absorption functions. All coefficients have been multiplied with the respective partial pressures, so

that they are given in units of mm~! and mm™2.

2

Case Model M Ao A3 (mm~1) A Ay Az (mm~2)
0% HyO  Zheleznyak 0.830 2.19 13.4 0.0447 1.15 110
3% H,0 Naidis 1.51 3.88 32.5 0.0863 3.89 757
3% H,0 Aints 1.21 3.59 32.6 0.0963 4.37 875
10% H>O Naidis 2.83 5.19 33.0 0.0858 3.83 697
10% H,O Aints 1.86 4.24 33.3 0.114 5.18 1045

10
107
g
£
Z 10 A
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\IET
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—— Naidis 10% H>O
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Figure 4: Comparison of photoionization absorption
functions for dry and humid air. Each absorption func-
tion has been multiplied by its respective quenching
factor f, and by the proportionality factor & = 0.075,
see equations and (11). The cases shown corre-
spond to the conditions listed in table

Furthermore, previous authors have used different sets
of chemical reactions for humid air, and it is often
unclear which set is the most suitable and which
reactions are most significant.

In this work, we use the three chemistry sets
that are described below. We have made small
modifications to these sets so that they are compatible
with the electron-neutral cross sections that we
use. We have also included reactions to obtain
the emitted light from the second positive system
(N2(C) — N3(B) + hv), which is responsible for
most of the optical emission in air at atmospheric
pressure [81]. Furthermore, we have made corrections
to reaction rates when necessary. All these changes are
documented in

We remark that the choice of chemistry sets was
arbitrary, with the sets obtained from recent papers
for streamer simulations in dry/humid air. There are

other datasets, e.g., from [39}41,/42]. Our purpose
here is simply to demonstrate how sensitive streamer
simulations are to the use of different datasets.

2.5.1. Humid air - Malagon chemistry set This
chemistry set for streamer simulations in humid air
is based on the reactions from Malagon-Romero et
al 33|, and it is listed in table This set contains
97 chemical reactions, which can be divided into
eight different processes: electron impact ionization,
electron attachment, electron detachment, negative
ion conversion, positive ion conversion, electron-
ion recombination, ion-ion recombination, and light
emission. For most reactions of ion-ion recombination,
reaction products were not given.

2.5.2. Humid air - Starikovskiy chemistry set This
chemistry set for humid air is based on Starikovskiy
et al [34], as given in table The set contains only
72 chemical reactions and six processes. Compared
to the Malagéon chemistry set described above, it
does not include electron detachment and negative
ion conversion processes. Additionally, it includes
a single negative ion O, as compared to Malagén’s
which includes seven negative ions. Finally, the
rate coefficient for three-body attachment with HoO
(reaction R10) is seven times that of three-body
attachment with Oy (reaction R9) rather than
six times in the Malagon chemistry set.  Note
that for dissociative recombination of electrons with
H307%(H20), ions, the range n = 1 — 6 is used in
this set. However, in the paper they cite for this
reaction [82] n only ranged from 1 to 4.

2.5.3.  Humid air - Komuro chemistry set This
chemistry set for humid air is based on Komuro
et al [32,[38], as listed in table Compared
to the previous two sets, this set contains many
more chemical reactions (191 reactions in total)
and eleven types of processes, resulting in some
differences. First, it contains several excited species,
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summarized in table B4 Second, it contains electron
dissociation reactions (R13-R16), which effectively
produce neutral atoms that are needed for neutral
species conversion. Third, it contains neutral species
conversion as the reactions were collected for studying
the behavior of OH radicals in streamer discharges
in [38]. Furthermore, as stated in [32], this chemistry
set was constructed to investigate the effect of gas
temperature rather than humidity. Therefore, some
(important) reactions related to water cluster ions,
such as the recombination reactions of electrons with
H30"(H20), ions, n = 0 — 2 were not taken into
account.

2.5.4. Dry air - Guo chemistry set This chemistry
set from Guo and Teunissen [50] was constructed
for streamer simulations in dry air. It contains 263
chemical reactions and twelve processes, which were
primarily based on the reactions from [83,84]. This set
is not listed in [Appendix B]as it is completely the same
as the one in [50]. For further comparison, we obtained
three other chemistry sets for dry air by removing the
reactions related to HoO from the above three humid
air chemistry sets.

2.6. Sensitivity tests

We use so-called sensitivity tests [85] to better under-
stand which chemical reactions are important. These
tests are performed by multiplying individual reaction
rate coefficients with a factor ¢; for i = 1,..., N,, us-
ing the following values: (0.0,0.25,0.5,0.75). With N,
reactions, the total number of additional simulations is
thus N.N,.. We then pick a “quantity of interest”, here
called @), that we compare at some particular time to
the case with unmodified rate coeffients (Jg. For re-

action n there are then results Q,,; for i =1,..., N,
from which we compute normalized derivatives as
™t Q() Ac ’

where Ac = ¢; — 1. Finally, we determine the mean of
the normalized derivatives

N
Q= _Qh:/Ne,

(14)
i=1
and the sample standard deviation of the @, ;
NC
0= D (@ — @)/ (Ne —1). (15)
i=1

Note that there are more sophisticated ways to do
sensitivity tests in which multiple coefficients are varied
at the same time, see e.g. [80,/86,/87]. However, our
purpose here is simply to understand which reactions
are important, and not to quantify the uncertainty in
results due to uncertainties in the rate coefficients.

3. Simulation results

Below we will study how the HyO cross sections, the
photoionization model and the chemistry set affect
simulations of positive streamers in humid air. We will
compare the following streamer properties:

e The maximal electric field F.x at the streamer
head. The location of this maximum is defined as
the streamer head position.

e The velocity v, obtained as the time derivative of
the streamer head position.

e The optical diameter d, defined as the full width
at half maximum (FWHM) of the time-integrated
light emission after a forward Abel transform, see
e.g. |51]. This simulated optical diameter can be
used for comparison with experimental data.

3.1. Effect of HyO cross sections

As described in section 2.3 five cross section sets
for HoO were considered, namely Kawaguchi, Triniti,
Morgan, Phelps, and Itikawa. We remind the reader
that rotational cross sections were not included in the
Morgan and Phelps data, and that we left them out
for the Itikawa data. In this section, we investigate the
effect of these HoO cross sections on positive streamers
in humid air with 3% and 10% H5O. The simulations
were performed in a background field of 10kV/cm,
using the ‘dry air’ Zheleznyak photoionization model
and the chemistry set of Malagon.

We first illustrate a typical time evolution in
these simulations on the left of figure [5] which shows
the electric field and electron density profiles for the
streamer in air with 3% H»O using the Kawaguchi H,O
cross sections. The streamer starts from the needle
electrode and accelerates downwards, with the velocity
and the optical diameter increasing approximately
linearly with time, from about 0.8 x 10°m/s to
2.3 x 10°m/s and from about 1.2mm to 3.7 mm,
respectively. However, the maximal electric field at
the streamer head remains approximately constant at
about 110kV /cm. The ratio between streamer velocity
and optical diameter evolves in a similar way as the
maximal electric field.

Simulations with different HoO cross sections are
compared on the right of figure [§] which shows the
electric field and electron density profiles for air with
3% and 10% H5O, at the moment the streamers reach
z = b0mm. In addition, the maximal electric field,
streamer velocity, optical diameter, and ratio between
velocity and diameter are shown versus the streamer
head position in figure [f]

In air with 3% H,O, all five different cross
sections do not lead to obvious differences in streamer
properties, with variations below 10% when compared
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Kawaguchi H,O cross sections  Effect of H,O cross sections, Epq = 10kV/cm, Zheleznyak model, Malagon chemistry
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Figure 5: Left: time evolution of (a) the electric field E and (b) electron density n, profiles for a positive streamer
in a background field of Ey, = 10kV /cm in air with 3% H,O using Kawaguchi HoO cross sections. Right: effect
of HyO cross sections on positive streamers in Epg = 10kV/cm in air with different humidities (3% and 10%),
and shown are (a) the electric field E and (b) electron density n. profiles for streamers at z = 50 mm. All panels
are zoomed in into the region where 0 < r < 10mm and 40 < z < 200 mm.

at the same streamer length. This is not that
surprising, as differences in the electron transport
coefficients are also small with 3% H,O, as mentioned
in section [2.3.5] Differences become larger with 10%
H5O in air, and then three groups can be distinguished:
(D the Kawaguchi, Triniti and Phelps cases, which
show good agreement; (2) the Morgan case; and (3) the
Itikawa case. Compared to the cases with 3% HyO
streamers in group (I) become about 40% slower and
thinner, due to a much faster decay of conductivity
in the streamer channel. The Morgan case shows
even slower propagation at about 1.0 x 10°m/s and a
smaller diameter of about 1.4 mm, which is attributed
to a higher attachment coefficient, as demonstrated

in figure An interesting phenomenon occurs in
the Morgan case where a new positive streamer
is generated from the needle electrode behind the
previous one. This phenomenon, recently observed in
strongly attaching gases in [15] as well, will be further
illustrated in[Appendix A] In contrast, the Itikawa case
propagates much faster with a larger diameter, similar
to those with 3% HO, but with a slightly lower F,,ay.
Although the attachment coefficient in the Itikawa data
is nearly identical to that in the Morgan data, the
ionization coefficient is about 5% higher. This suggests
that ionization reactions play a more significant role

than attachment, as discussed in [Appendix A}

In the rest of the paper, we will use the Kawaguchi
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Figure 6: Effect of HyO cross sections on positive streamers in Eyp, = 10kV /cm in air with 3% (the left row) and
10% H5O (the right row). Shown are streamer properties of (a) the maximal electric field Fyayx, (b) streamer
velocity v, (c) optical diameter d, and (d) ratio between velocity and diameter v/d versus the streamer head
position z.
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H5O cross sections, as they can reproduce experimental
swarm measurements and because they can be used
with an isotropic scattering model, see section [2.3.1]

3.2. Effect of the photoionization model

We now compare different photoionization models to
understand how important changes in photoionization
due to humidity are. Three approaches are considered:
the Naidis and Aints models for humid air discussed
in section and for comparison also the standard
Zheleznyak model for dry air described in section
We performed simulations with these models using
the Malagon chemistry and the Kawaguchi HoO cross
sections, in a background field of 10kV /cm. Figure El
shows the electric field and electron density profiles
when the streamers have reached z = 50mm, and
corresponding axial profiles are shown in figure [3]
Furthermore, figure [J] shows streamer properties as a
function of the streamer head position z, as well as the
relation between the streamer velocity v and optical
diameter d.

There is a clear effect of photoionization on
F.x and other streamer properties. If the standard
Zheleznyak model is used, E,.x is almost the same
for air with 0%, 3% and 10% H,O. However, other
streamer properties such as velocity and diameter
vary significantly, with a higher humidity leading to
a reduced velocity and diameter. With the Naidis and
Aints models there is less photoionization, which leads
to an increase in Ey,., of up to about 15%. Due to the
higher field at the streamer tip, the electron density in
the streamer channel is also higher. Furthermore, the
streamer velocity is substantially higher, for example
about 30% higher with the Naidis model and 10%
H5O than with the Zheleznyak model. The effect on
the streamer diameter is smaller, with differences of
up to about 15% between the Naidis and Zheleznyak
cases for 10% HO. Although there is significant
variation in diameter and velocity, the relationship
between these parameters is not very sensitive to the
photoionization model (or the HyO concentration), as
shown in figure [0f(d).

The reduction in photoionization with the Naidis
and Aints models can cause the axisymmetric
streamers to become unstable and eventually branch,
which happens with the Aints model and 10%
H50. Since we cannot simulate branching with the
axisymmetric fluid model used here, this case was
not included in the figures. Performing realistic
simulations of the branching dynamics of streamers in
humid air would require fully 3D simulations, as well
as a stochastic treatment of photoionization ,
which we leave for future work.

That a reduction in photoionization can lead to
faster streamers was also found in previous work .

Effect of the photoionization model, Epg = 10kV/ecm
Kawaguchi H,0O cross sections, Malagon chemistry
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Figure 7: Effect of the photoionization model on
positive streamers in FEp, = 10kV/cm in air
with different humidities (0%, 3% and 10%) using
Kawaguchi HyO cross sections. Shown are (a) the
electric field E and (b) electron density n, profiles for
streamers at z = 50 mm.
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Perhaps this is most easily understood from the
scenario in which there is a very large amount of
photoionization. In such cases, the streamer will
have less field enhancement, and thus become less
conductive, which means that it will propagate more
slowly.

3.8. Effect of the chemistry set

In this section, we study the effect of chemical reactions
on positive streamers in humid air. We used the
chemistry sets described in section [2.5] with varying
humidity levels to perform a total of ten streamer
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Figure 8: Effect of the photoionization model. Shown
are (a) the electric field E and (b) electron density n,
along z axis for streamers at z = 50 mm corresponding

to figure 7]

Table 3: Simulation parameters for comparison of
chemistry sets. All simulations were performed in
a background field of Ep, = 10kV/cm using the
Kawaguchi H5O cross sections. The cases with 0% HyO
are performed with the Zhelezhnyak photoionization
model.

Chemistry ~ Photoionization model H20 (%)
Guo Zhelezhnyak 0
Komuro Zhelezhnyak, Naidis 0, 3,10
Malagdn Zhelezhnyak, Naidis 0, 3, 10
Starikovskiy Zhelezhnyak, Naidis 0, 3, 10

simulations, for which the conditions are summarized
in table Figure [I0] shows the electric field and
electron density profiles when the streamers have
reached z = 50mm, and figure [II] shows streamer
properties as a function of the streamer head position
z.

The chemistry set also has an important effect
on streamer properties. We first look at the maximal
electric field at the streamer head. For each humidity
considered here, there are almost no differences in Ey,ax

===0% Hy0O - Zheleznyak 3% H,O— Aints ]
3% Hy0 — Zheleznyak —-— 10% H,O — Zheleznyak
—= 10% H,O — Naidis

—— 3% H,0 — Naidis

d (mm)

Figure 9: Effect of the photoionization model. Shown
are streamer properties of (a) the maximal electric field
Epax, (b) streamer velocity v, and (c) optical diameter
d versus the streamer head position z. Panel (d) shows
the streamer velocity v versus optical diameter d.
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Effect of the chemistry set, E,q = 10kV/cm, Kawaguchi H,O cross sections
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Figure 10: Effect of the chemistry set on positive streamers in F,g = 10kV /cm in air with different humidities
(0%, 3% and 10%) using Kawaguchi HyO cross sections. Shown are (a) the electric field E and (b) electron

density n, profiles for streamers at z = 50 mm.

with different chemistry sets. However, an increase in
air humidity leads to a higher Fax.

We then focus on the streamer velocity and
diameter. As a first test, we compare results in
dry air (0% H2O) with the four considered chemistry
sets, since these chemistries also differ in the included
reactions for oxygen and nitrogen species. Streamers
with the Komuro and Malagén chemistries agree very
well in this case, whereas the Starikovskiy and Guo
chemistries lead to slower streamers. At z = 50 mm,
the Starikovskiy case is about 8% slower, whereas the
Guo case is about 12% slower. In streamer diameter
these differences are about 10% and 14%, respectively.

Next, we compare results in humid air with
3% and 10% H5O using the Komuro, Malagén and
Starikovskiy chemistries. The differences in streamer
velocity then become larger, with the Komuro case
leading to the fastest streamers and the Starikovskiy
case leading to the slowest ones. With 3% H,O, the
Malagon case is about 15% slower than the Komuro
case at z = 50 mm, and the Starikovskiy case is about
35% slower. With 10% H,O, these differences are
about 15% and 50%, respectively. The differences
in streamer diameter are approximately the same as
those in the velocity, with the slower streamer having a
smaller diameter. Note that the Starikovskiy case with
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Figure 11: Effect of the chemistry set. Shown are
streamer properties of (a) the maximal electric field
Ephax, (b) streamer velocity v, and (c¢) optical diameter
d versus the streamer head position z.

10% HO is approximately a steady positive streamer,
whose properties do not vary in time, as discussed
in [14].

Regardless of the particular chemistry, an increase
in the percentage of HoO leads to slower streamers
with a smaller diameter, as was also found in previous
work . In the results presented here, streamers
have propagated for about a hundred ns. On such
short timescales, the main effect of a chemistry on
streamer propagation is through reactions that affect
the electron density inside the streamer channel, such
as electron attachment, detachment and electron-ion
recombination reactions. Below, in section (3.4, we
will present a sensitivity analysis to identify which
reactions in each of the chemistry sets are most
important in this respect.

e+ 02 +H;0 - O; +HO
e+02+0; = 05 +02

NI+02 - O;+2N2

e+0, = 0~ +0(P)

e+ H30*(H20)3 = H+ 4H,0 | +0.0
e+N}j - Ny +Np 4 £0.0

H,0% + H,0 - H30T +OH+0, { 0.0
e+H,0" > OH+H 4 £0.0
e+Hy0 -» H™+OH 4 *0.0

H30*(H20); + Ho0+ M = H30*(H20)3+M 4 + 0.0

T
0 1
relative sensitivity

Figure 12:  Sensitivity analysis of the Komuro
chemistry. The effect of individual reactions on the
total number of electrons N, at ¢ = 100ns was
determined using the method described in section |2.6
The bars indicate the magnitude of the derivative Q/,,
see equation , and their color indicates the sign
of the derivative @/, (red: negative, green: positive).
The numbers next to the bars indicate the standard
deviations o, see equation .

3.4. Sensitivity analysis of chemical reactions

Using the method described in section we have
studied the sensitivity of streamer simulations to in-
dividual chemical reactions. The total number of elec-
trons N, at t = 100 ns was here used as the “quantity of
interest”. We exclude electron impact ionization reac-
tions from this analysis; their effect is discussed in[Ap]
All simulations were performed in air con-
taining 3% HO, using a background field of 10kV /cm,
the Aints photoionization model and the Kawaguchi
cross sections for HyO.

In figures [T2HI4] the ten most important reactions
from the Komuro, Malagon and Starikovskiy chemistry
sets are shown. ‘Most important’ is here defined as
those reactions that lead to largest @), (see equation
(14)), which is an indication of the relative change in
the quantity of interest with respect to a change in the
reaction rate coefficient.

Almost all of the important reactions decrease
N, as indicated by the red color in the bar plots.
The two three-body attachment reactions given by
equations and @ are about equally important
for all considered chemistries. However, there is a
major difference in the importance of water clusters
around positive ions. In the Komuro chemistry, the
formation of single clusters through OF +HyO +M —
0F (H20) + M and Of + H,O — OF (Ho0) + Og is
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Figure 13: Sensitivity analysis of the Malagon
chemistry, analogous to figure @

e+ H30*(H,0)s - H+6H,0

e+0y +HpO - 03 +H0

e+0y+0; = 05 +0;

e+ H30*(H,0) - H+ 7TH,0

H30%(H,0) + H;0 +M - H30%(H,0); +M
H403 +H,0 - H30*(H,0) + OH
H30%(H20); + H0 +M - H30%(H;0)3 + M
H30* +H,0+M — H30%(H,0)+M

e+ H30%(H,0)4 - H+ 5H,0

H30%(H;0)3 + H,0 + M - H30%(H20)4 + M

relative sensitivity

Figure 14: Sensitivity analysis of the Starikovskiy
chemistry, analogous to figure @

included, but these reactions have no strong effect
on the later discharge evolution. In contrast, water
clusters play a very important role in the Malagon
and Starikovskiy chemistries. The Malagon chemistry
includes reactions up to the formation of H3O* (H50)s3,
whereas the Starikovskiy chemistry includes reactions
up to H3O'(HyO)s. For both chemistries, the
recombination of electrons with such clusters are the
reactions with the highest sensitivity.

The standard deviations o of the ‘sensitivities’, as
defined by equation , are given by the numbers next
to the bars in figures[I12H14l Note that there are several
reactions related to water clusters that have a large
standard deviation. This is caused by the following
phenomenon: if there is a chain of reactions (as there

is for water cluster formation), the simulation might
not be sensitive to changes in the rate of one reaction
in the chain. But if one reaction in the chain is fully
disabled, the whole chain is stopped, which has a large
effect on the result. In our tests, we include such a
‘disabling’ of reactions (namely by multiplying the rate
coefficient by zero), which therefore leads to the large
o values.

Sensitivity analysis can be a useful tool for
reducing the number of reactions in a set. If we
are only interested in the total number of electrons
N, at 100ns, our results show that the effect of
humidity in the Komuro chemistry can be described
by two three-body attachment reactions. For the
Malagon and Starikovskiy chemistries, the formation of
water clusters around positive ions and the consecutive
recombination of electrons with these clusters is also
important. Since electrons predominantly recombine
with the largest clusters, it might be possible to
simplify the chemistry by leaving out the intermediate
states.

4. Discussion

Our results have illustrated how sensitive positive
streamer simulations in humid air are to differences
in the H>O cross sections, the photoionization model
and the included chemical reactions. We consider
this a first step, with the next step being to compare
simulations against experiments to identify the input
data that leads to the best agreement. However, such
comparisons are rather challenging, as discussed in
depth by Starikovskiy et al . We list some of the
main challenges below:

e Experiments have often been performed under
ambient conditions, with limited variation in the
H50 mole fraction and the gas pressure.

e Humidity reduces the amount of photoionization
in front of positive streamers, which increases
streamer branching. Branching streamers can
only be simulated with a 3D model. This is
computationally expensive and the comparison
against experiments then has to be performed in
a statistical manner.

e Experimental results can be sensitive to the
voltage waveform, the effect of previous pulses,
or the particular electrode geometry. It is
challenging to accurately include all these factors
in a simulation model.

Despite these challenges, Starikovskiy et al
compared their axisymmetric simulations of positive
streamers in humid air against several experimental

measurements , considering both

the streamer stability field (average electric field
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required for crossing a gap) and the streamer velocity.
However, the spread in experimental results they
observed was quite considerable, which makes it
difficult to give recommendations for input data based
on these measurements. Below, we briefly discuss
how experimental studies on streamer discharges could
potentially lead to such recommendations.

Cross sections In humid air under standard
conditions the mole fraction of HyO is typically below
3%. The effect of HyO on the electron transport data
is therefore small, as shown in section [2.3.5] and it
seems unlikely that experiments on streamer discharges
could help to identify the most suitable HoO cross
sections. However, if it were experimentally possible
to study streamers in steam (i.e., up to 100% H2O
produced by heating water), a comparison between
experiments and simulations would probably give quite
some information about the validity of the different
cross section sets, since differences in electron transport
data are then large, as shown in figure

Chemistry For the positive streamers that we
have simulated, the main effect of an increase in
humidity was an increased electron loss rate. The
two main mechanisms responsible were increased three-
body attachment and electron-ion recombination. The
relative importance of three-body processes can be
changed by adjusting the pressure, and the rate of
electron-ion recombination depends on the degree of
ionization. Measuring the decay of conductivity in
a streamer channel under varying conditions (e.g.,
voltage and pressure) could therefore help assess the
validity of different plasma chemistries, similar to the
work of [91]. Multi-pulse experiments [92] could also
reveal more about plasma species that are involved
in the removal or production of free electrons due to
attachment, detachment, recombination or dissociation
reactions.

Photoionization Based on the results in [73], we
expect that the reduction in photoionization in humid
air leads to significantly more streamer branching,
and it would be interesting to test this hypothesis
experimentally. One challenge is that humidity affects
the electron conductivity decay in streamer channels,
which will also have an effect on streamer branching.

5. Conclusions

We have studied how strongly simulations of positive
streamers in humid air depend on the choice of input
data. We considered different cross section sets for
H,0, different approximations for photoionization in
humid air, and different chemistry sets. Simulations
were performed in air containing a mole fraction of
0%, 3% or 10% H20 at 300K and (approximately)
1bar, using an axisymmetric fluid model. Our focus

was on the streamer propagation stage, and time
scales of up to about 200ns were considered. The
underlying motivation was to understand to what
extent uncertainty about input data can be resolved
by experimentally studying streamers in humid air.

When five different HoO cross sections were used,
the most significant differences were in the resulting
electron attachment coefficient. In air with 3% H»O,
these cross sections led to relatively minor differences
in streamer properties, with variations below 10%.
Whereas for 10% H;O, the differences in streamer
properties became substantially larger, with streamer
velocity varying by up to about 50%. We did not
use all cross section sets properly, as rotational cross
sections were missing for some of the sets, and because
one of the sets is only supposed to be used with
an anisotropic scattering model. The Kawaguchi
set was recommended since it accurately reproduces
experimental swarm measurements and can be used
with an isotropic scattering model.

In humid air, there is less photoionization than
in dry air. We compared two photoionization models
for humid air, one by Naidis and the other one by
Aints, with the standard Zheleznyak model for dry
air.  With less photoionization, the streamer had
a higher maximal electric field at its tip, leading
to a higher electron density in the channel and (in
our simulations) also a higher velocity. The effect
of different photoionization models on the streamer
velocity was comparable to the effect of using different
H50O cross sections. Furthermore, the reduction in
photoionization in some cases led to branching, in
particular with the Aints model.

Finally, we performed simulations with three
different humid air chemistry sets, and for comparison
we also included one dry air chemistry set. These sets
differed significantly in the formation of water clusters
around positive ions, which play an important role in
electron-ion recombination. This led to differences of
up to about 50% in streamer velocity for 10% HyO,
whereas the differences in velocity in dry air were only
about 10-20%. Furthermore, we identified the most
important chemical reactions from the three chemistry
sets for humid air with a sensitivity analysis.

This study was intended as a first step, in
which we studied how sensitive streamer simulation
results in humid air are to differences in the input
data. In future work, (new) experimental data could
be used to compare with simulations, allowing for
recommendations to be made on the choice of input
data. It would be interesting to experimentally study
streamers in humid air with a mole fraction of 10%
H5O or more, which is only possible at temperatures
above room temperature. This could shed more light
on the importance of water clusters and their effect on
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the conductivity of streamer channels.
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Appendix A. Effect of ionization reactions

In our analysis, we have focused on the effect of
humidity-related input data. However, the presented
simulation results will also be sensitive to the input
data used for Ny and Os, of which the most significant
effect will probably be changes in the ionization
coefficient . To get an idea of the sensitivity of
our simulations to such changes, we have performed
simulations in which all ionization reaction rate
coefficients were multiplied by a factor kj,, whereas
all other reactions were kept unchanged, as was also
done in . We modified kio, in the range (1.0, 0.75,
0.6, 0.5, 0.4, 0.25), where ki, = 1.0 corresponds to the
unchanged a. The simulations were performed in air
with 3% H5O in a background field of 10kV /cm, using
the Malagon chemistry, the Aints photoionization
model and the Kawaguchi HoO cross sections.

Figure [AT] shows the electric field and electron
density profiles for different kio, values when the
streamers have propagated up to z = 50mm, and
figure [A2] shows streamer properties as a function of 2.
From these results, we conclude that the use of different
input data for Ny and Og, resulting in a different
ionization coefficient «, could have the following effects:

e The streamer velocity is rather sensitive to the
ionization coefficient «, and it seems to be
approximately proportional to .

e The electron density in the streamer channel is
also approximately proportional to « (in ﬁgure
this is hard to see due to the clipping of color
values).

Epg = 10kV/em, Kawaguchi H,O cross sections
3% H,0, Aints model, Malagon chemistry
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Figure Al: Effect of the ionization coefficient on

positive streamers in Eyp, = 10kV/cm in air with 3%
H5O using the Aints photoionization model. Shown
are (a) the electric field E and (b) electron density n,
profiles for streamers at z = 50 mm.

e The streamer diameter and the maximal electric
field at the streamer tip are both much less
sensitive to a.

Furthermore, when k;o,, is reduced below 0.5, new
streamers can emerge behind the previous ones. The
reduction in o« leads to a decrease in the electron
density inside the streamer channel, resembling the
effect of increasing the attachment coefficient . This
causes the electric field behind the streamer head to
quickly relax back to the background electric field,
allowing the formation of a new streamer.


https://doi.org/10.5281/zenodo.14758636
https://doi.org/10.5281/zenodo.14758636

Positive streamer discharge simulations in humid air: uncertainty in input data and sensitivity analysis

T T T

2001 — kon=1.0 7

— kion=0.75
180 F — Kion=0.5 -
= Kion =0.25

Erax (kV/cm)
E o
S 3

120

d (mm)
©

200 150 100 50
z (mm)

Figure A2: Effect of the ionization coefficient. Shown
are streamer properties of (a) the maximal electric field
Ephax, (b) streamer velocity v, and (c¢) optical diameter
d versus the streamer head position z.

Appendix B. Three chemistry sets for humid
air

Tables and show three (Malagon,
Starikovskiy, and Komuro) chemistry sets for humid
air used in the paper. Comments for each set are
appended at the end of each table. Table lists the
excited states of Ny, Og and HoO used in the Komuro
chemistry set, with their activation energies.

19
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Table B1: The chemistry set for humid air from Malagon-Romero et al [33]. Reaction rate coefficients are in units

of cm3s™!

and cm®s~! for two-body and three-body reactions, respectively. The symbol M denotes a neutral

molecule (either Ny, Oz or HyO). The reduced electric field E/N is here expressed dimensionless, in units of Td
(Townsend). kg is the Boltzmann constant. T'(K) and T.(K) are gas and electron temperatures, respectively.

No. Reaction Reaction rate coefficient (cm®s~! or cmSs71)

(1) Electron impact ionization

R1 e+ Ny — 2+ N f1(E/N)

R2 e+ 0y — 2+ 0F f2(E/N)

R3 e+ Hy0O — 2e + H,OF f3(E/N)

R4 e+ H0 — 2e+ HT + OH fa(E/N)

R5 e+ HyO — 2e+OH" + H f5(E/N)

R6 e+ H0 — 2e + OF + Hy fe(E/N)

R7 e+ HyO — 2e+Hj +0 f7(E/N)

RS e+ HyO — 3e + 02 + Hy fs(E/N)

(2) Electron attachment

RY e+ 024+ 02 = 05 + 09 fo(E/N)

R10 e+0y—-0"+0 f10<E/N)

R11 €+H20—>H_+OH fll(E/N)

R13 e+H204)07+H2 3(E/N)

R14 e+ Oy + HyO — O5 + HyO f14(E/N) =6 x fo(E/N)

(3) Electron detachment

R15 O +M—=e+02+M 1.24 x 10" exp(—(ggr57w)”)

R16 O™ +Nz = e+ N0 1.16 x 10~ exp(— (1775 7x)°)

R17  H™ + 0z — e+ HO, 1.2x107°

(4) Negative ion conversion

RI8 O +0,4+M—0; +M 1.1 x 10730 exp(—(EZ2¥)2)

R19 0"+0,—=0;,+0 6.96 x 10_11 exp(—(3 6-11-9E8/N)2)

R20 O~ +H;O0 - OH™ +OH 6.0 x 10~

R21 H +0, -0~ +0H 1.0 x 10*11

R22 H +0;—0; +H 1.0 x 1071

R23 H™ +H,O - OH™ + H, 3.8x 1077

R24 05 + H,O + M — O; (H:0) + M 2.2 x 10728

R25 OQ_(H O) +H,O+M — OQ_(HQO)Q + M 5.0 x 10728

R26 OQ_(HQO) +HO+M — O_( 0)3 +M 5.0 x 10729

R27 O, (H,0)+M — O +H,0 +M 5.91 x 10~° exp(—%)
0

R28 03 (H20)2 + M — O3 (H20) + H,O + M 1.34 x 1078 exp(— %%2%))

R29  O5 (H20)3 + M — O (H20)2 + H,O + M 1.34 x 1079 exp(— ;4(*%2;3’))

(5) Positive ion conversion

R30
R31
R32
R33
R34
R35
R36
R37

Ny +No+M— Nj+M

N; + 02 — OF + 2N

O3 +02+M— Of + M

OF + HyO +M — OF (H,0) + M
O;(HQO)+HQO_>H30++OH+OQ

Hg()+ + HQO + M — H30+(H20) + M
I‘Ig()+ (HQO) + Hgo +M — H:g;()Jr (HQO)Q + M
H;0t (H20)2 +HO+M — H30+(H20)3 + M

5.0 x 10729(200)2
2.5 x 10710
2.4 x 10730(300)3
2.6 x 10728
3.0 x 10710
3.0 x 10~%7
3.0 x 10727
3.0 x 10727
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Table B1: (Continued.)

No. Reaction Reaction rate coefficient (cm3s~! b
(6) Electron-ion recombination
R38 e+0F — O3+ 0y 1.4 x 1076(3p2)0»
R39 e+ H30+ <H20)3 — H + 4H-0 6.5 x 10_6(37960)0'5
(7) Ion-ion recombination
R40 Ny +0~ - 2N+0 1.0 x 1077
R41 N + 05 — 2N+ 0, 1.0 x 1077
R42 N3 + 05 = 2N+ 03 1.0 x 1077
R43 N3 + O (H20) — neutrals 1.0 x 1077
R44 N3 + O3 (H20)2 — neutrals 1.0 x 1077
R45 N3 + O; (H20)3 — neutrals 1.0 x 1077
RA46 Ny +0~ = 2N, + 0 1.0 x 1077
R47 Ni + 05 — 2Ny + O 1.0 x 1077
R48 Ni + 05 — 2N2 + O3 1.0 x 1077
R49 N + O3 (H20) — neutrals 1.0 x 1077
R50 N + O (H20)2 — neutrals 1.0 x 1077
R51 N7 + O5 (H20)3 — neutrals 1.0 x 1077
R52 0f +0~ —=20+0 1.0 x 1077
R53 05 + 05 — 20+ 0, 1.0 x 1077
R54 05 + 035 — 20+ 03 1.0 x 1077
R55 OF + 05 (H20) — neutrals 1.0 x 10~
R56 OF + 05 (H20)3 — neutrals 1.0 x 1077
R57 OF + 05 (H20)3 — neutrals 1.0 x 1077
R58 Of +0~ = 205,+0 1.0 x 1077
R59 OF + 05 — 205+ 0, 1.0 x 1077
R60 OF + 05 — 205 + O3 1.0 x 1077
R61 Of + 05 (H20) — neutrals 1.0 x 1077
R62 Of + 05 (H20)3 — neutrals 1.0 x 1077
R63 Of + 05 (H20)3 — neutrals 1.0 x 1077
R64 OF (H20) + O~ — neutrals 1.0 x 1077
R65 O3 (H20) + O5 — neutrals 1.0 x 1077
R66 O3 (H20) + O3 — neutrals 1.0 x 1077
R67 O3 (H20) + 05 (H20) — neutrals 1.0 x 1077
R68 O3 (H20) + 05 (H20)2 — neutrals 1.0 x 1077
R69 OF (H20) + 05 (H20)3 — neutrals 1.0 x 10~7
R70 H30T + O~ — neutrals 1.0 x 1077
R71 H30" + OF — neutrals 1.0 x 1077
R72 H30% + O3 — neutrals 1.0 x 1077
R73 H30" 4+ O5 (H20) — neutrals 1.0 x 1077
R74 H30" 4+ O5 (H20)2 — neutrals 1.0 x 1077
R75 H30" + O3 (H20)3 — neutrals 1.0 x 1077
R76 H30" (Hy0) + O~ — neutrals 1.0 x 1077
R77 H307 (H20) + O — neutrals 1.0 x 1077
RT78 H307(H20) + O3 — neutrals 1.0 x 10~7
R79 H30" (H20) + O5 (H20) — neutrals 1.0 x 1077
R80 H307 (Hy0) + O5 (Hy0)2 — neutrals 1.0 x 1077
R8&1 H30+ (HQO) + OQ_ (HQO)g — neutrals 1.0 x 1077
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Table B1: (Continued.)

No. Reaction Reaction rate coefficient (cm3s~! or cm®s~1)
R82 H307(H20)2 + O~ — neutrals 1.0 x 10~7
RS83 H307(H20)2 + O; — neutrals 1.0 x 1077
R84 H30%(H30)2 + O3 — neutrals 1.0 x 1077
R85 H307 (H0)s + O5 (H20) — neutrals 1.0 x 1077
R86 H307 (H20)2 + O5 (H20)2 — neutrals 1.0 x 1077
R87 H307" (H20)s + O (H20)3 — neutrals 1.0 x 1077
R8S8 H307 (H20)3 + O~ — neutrals 1.0 x 1077
R8&9 H307 (Hy0)3 + O; — neutrals 1.0 x 1077
R90 H3;0%(H30)3 + O5 — neutrals 1.0 x 1077
R91 H30+(H20)3 + 05 (HQO) — neutrals 1.0 x 1077
R92 H30%(H20)3 + O (H20)2 — neutrals 1.0 x 1077
R93 H30%(H20)3 + O3 (H20)3 — neutrals 1.0 x 1077
(8) Light emission

R94 e+ Ny = e+ No(C) Fis(E/N)
R95 N3 (C) +Ng — Ny + Ny 1.3 x 107!
R96 N2(C) + Oy = Ny + Oy 3.0 x 10710
R97 N2 (C) — No(B) + hv 1/(42 ns)

1. In [33], a total ionization reaction like R3 was used for HoO. Here more ionization reaction channels (R3-R8)
are included when using Kawaguchi HoO cross sections, whereas for other HoO cross sections only R3 is used.

2. In [33], rate coefficients for R30 and R31 were 5.0 x 1072%(222)3 and 2.5 x 1071°(222)3, respectively. We check
their cited paper [40] and have corrected them to 5.0 x 1072(2%2)? and 2.5 x 1079, respectively.

3. R94-R97 are included for light emission, which were taken from [95].
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Table B2: The chemistry set for humid air from Starikovskiy et al |34].
No. Reaction Reaction rate coefficient (cm3s~! or cm®s~1)
(1) Electron impact ionization
R1 e+ Ny — 2+ NJ f1(E/N)
R2 e+ 0y — 2e+0F f2(E/N)
R3 e+ Hy0 — 2e + H,OF f3(E/N)
R4 e+ HyO — 2e + HT + OH fa(E/N)
R6 e+ HyO — 2e+ 0" + Hy f6(E/N)
R7 e+HyO — 2+ Hj +0 f7(E/N)
R& e—|—HgO—>3e+O2++H2 fg(E/N)
(2) Electron attachment
R9 €+02+02—>02_—|—02 fg(E/N)
(3) Positive ion conversion
RI1 Ny +Ny+M—=Nj+M 5.0 x 1072°
R12  NJ 4+ 02— 0F +N, 6.0 x 1071
R13 N;_ + HyO — H20+ + Ny 2.3 x 10~ (300)0
R14 Ny +H0 — NoHT + OH 5.0 x 10710(290)0-5
R15  Nj 40— O35 +2N, 2.5 x 10710
R16  Nj +HyO — HoOF + 2N, 2.4 x 1079(300)0-5
R17  OF +Ny+M — N,OF + M 9.0 x 10731
R1I8 O +02+M—0Of +M 2.4 x 10730
R19  OF + HyO+M — OF (H0) + M 2.6 x 10728(300)4
R20  Of + H,0 — OF (H20) + O, 1.7 x 107°
R21  NoH* + HyO — H30" + Ny 2.6 x 1079(20)0-5
R22  N,OF + Ny — OF + 2N, 4.3 x 10710
R23  N,OF + 02 — Of + N, 1.0 x 107°
R24  H,O" + 02 — OF + H,0 4.1 x 10710
R25  H,O" +H,0 — HsO" + OH 2.1 x 10" (300)0 5
R26 03 (H20) + HoO — HzOF + OH + Oq 3.0 x 10~
R27 O3 (H0) + Hy0 — H307(OH) + O, 1.9 x 107
R28  H3O*(OH) + H,O — H30%(H,0) + OH 3.0 x107°
R29  H3;0" +H,0+M — H;0T(H,0) + M 3.2 x 10727(30)4
R30 H30+ (HQO) +HO+M — H30+ (HQO)Q + M 7.4 x 10_27(%)7'5
R31 H30" (H20)2 + H20 + M — H3O0" (H20)3 + M 2.5 x 10727(200)8.1
R32  H30*"(H50)3 + H,O + M — H30% (H20)4 + 3.3 x 107 28(300)14
R33  H30*"(H50)4 + HoO + M — H30% (H20)5 + M 4.0 x 10729(30)15:3
R34 H30+ (H20)5 +H,O+M — H30+(H2 )6 + M 4.5 x 10_30($)16
R35  H3O0"(Hy0) +M — H30T + H,O + M 4.3 x 1072 (300 )4 exp(=15430)
R36  H30"(H20)2 + M — H30*(H20) + HoO + M 2.1 x 1072(309)7-5 exp(—190220)
R37 H30%(H20)3 + M — H30T (H30) + HoO + M 1.7 x 1072(302)81 exp(=2220)
R38 I‘Ig()jL (H20)4 + M — I‘I'g,()jL (HgO)g + HQO + M 1.3 x 1074(%)14 exp( _5;50)
R39  H30*"(H50)5 + M — H30*"(H20), + HoO + M 3.3 x 1075(2%2)15-3 exp(=220)
R40 H3O0t (H20)6 +M — H30t (H20)5 +H,O+M 4.6 x 10_6(%)16 exp( 57900)
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Table B2: (Continued.)

3 1 6

No. Reaction Reaction rate coefficient (cm3s™! or em®s™1)

(4) Electron-ion recombination

R4l e+ Ny = N+N 2.8 x 10~ (?;)60)-
R42 e+Nj = N2+ N 2.6 x 1070(%2)04
Rd43 et0; -0+0 2.0 x 1077(300)
R44 e+ OZ_ — Oy 4+ 09y 4.9 % 1076(37960)0.48
R45 e+ NoH* — H+ Ny 2.4 %1077

R46 e+N205 — Nz + 0y 1.3 x 1076(320)05
R47 e+ HyOT — neutrals 4.3 x 1077 ()07
R48 e+ H3;0" — neutrals 8.0 x 1077 (%2)"
R49 e+ H30"(OH) — neutrals 2.0 x 1070(320)0->
R50 e+ H;0*(H20) — H + 2H,0 2.5 x 1076(3%0)05
R51 e + HyO* (H,0), — H + 3H,0 4.5 x 10-6(300 )05
R52 ¢ + H;O" (Hy0)5 — H + 4H,0 6.5 x 10-6(300)05
R53 e+ H30" (H20)4 — H+ 5H,0 8.5 x 1070(%2)"
R54 e+ Hz0* (H20)5 — H + 6H20 10.5 x 1076(3%0)05
R55 e+ Hz0*(H20)s — H + 7TH20 12.5 x 1076(3%0)05
R56 e+ H;O* (H20) + H20 — H + 3H20 2.7 x 10723(3%0)?
R57 e+ HzO* (H20)3 + HyO — H + 4H,0 2.7 x 10723(300)2
R58 e+ H30™ (H20)3 + Ho0 — H + 5H20 2.7 x 10-23(300)?
R59 e+ H30" (H20)4 + H20 — H + 6H20 2.7 x 10-23(3%0)?
R60 e+ H307 (H20)5 + Ho0 — H + 7TH,0 2.7 x 10723(300)?
R61 e+ H30" (Hy0)6 + H.O — H + 8H,0 2.7 x 10-23(300)2
R62 ¢+ 05 (H20) = Oz + Ho0 3.0 x 1077(3%0)05
R63 2e+NJ — e+ Ny 1.0 % 10—19(2%0)4.5
R64 2¢e + 035 — e+ O, 1.0 % 10—19(3795 )45
R65 2e + H0F — e+ Hy0 1.0 x 10719(300)45

(5) Ion-ion recombination

R66 Oy +NJ +M — 02 + Ny + M 2.0 x 107>2(%2)*5
R67 Oy + 04 +M — 05+ 05 + M 2.0 x 10725(32)*5
R68 05 +Ho0" + M — Oz + HyO + M 2.0 x 10727 (32)*°
(6) Light emission

R69 e—|—N2—>e+N2(C) fll(E/N)

R70 NQ(C) + No — No + Ny 1.3 x 10711

R71 NQ(C) + O3 = No + Oy 3.0 x 10710

R72 N3(C) — No(B) + hv 1/(42ns)

1. In [34], a total ionization reaction like R3 was used for HoO. Here more ionization reaction channels (R3-RS)
are included when using Kawaguchi HoO cross sections.

2. In [34], a rate coefficient function was used for three-body attachment reactions R9 and R10. Here their rate
coefficients are obtained using BOLSIG—.

3. In |34], rate coeflicients for R29-R40 were pressure- and temperature-dependent. Here pressure-dependent

is not taken into account since the pressure in our simulations is (approximately) 1bar.

4. In |34], the third body for R66-R68 contained any neutral species. Here we only include the gas molecule M.
5. R69-R72 are included for light emission, which were taken from [95].
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Table B3: The chemistry set for humid air from Komuro et al |32}38].

25

The reactions involving charged ion

particles were taken from table 1 of [32] with some additions (R27-R29, R33-R37, R42) from tables 1 and 2

of [38]. Other reactions were taken from tables 1 and 3 of [38].

No. Reaction Reaction rate coefficient (cm3s™! or cm®s™1)
(1) Vibrational excitation

R1 e+N2—>e—|—N2(v) fl(E/N)
R2 e+Ogﬁe+02(v) fQ(E/N)
R3 e+H20—>€+H20(U) fg(E/N)

(2) Electron excitation

R4 6+N2*>6+N2(A1) f4(E/N)

R5 6+N2—>€+N2(A2) f5(E/N)
R6 6+N2—>€+N2(B) fG(E/N)
R7 e+N2—>e—|—N2(a) f7(E/N)
R& e+N2—>e+N2(C) fg(E/N)
R9 6+N2*>6+N2(E) fg(E/N)
R10 e+02—>e+02(a) flo(E/N)
R11 e+02—>e—|—02(b) f11<E/N)
R12 e+02—>e—|—02(A) flg(E/N)
(3) Electron dissociation

RI13 e+ Nz — e+ N(S) + N(*D) f13(E/N)
R14 e+ 0z = e+ OCP)+ O(P) f1a(E/N)
R15 e+02 —>G+O(3P) (1 ) f15(E/N)
R16 e+02 *)e‘i’O(SP) (1 ) flg(E/N)
(4) Electron impact ionization

R17 e+ Ny — 2+ NJ fi7(E/N)
RI18 e+ 0y — 2+ OF fis(E/N)
R19 e+ Hy0 — 2e + HyOF f19(E/N)
R20 e+ HyO — 2e + HT + OH f20(E/N)
R21 e+HQO%2€+OH++H fgl(E/N)
R22 6+HQO*>2€+O++H2 fQQ(E/N)
R23 e+ HyO — 2e+HI +0 f23(E/N)
R24 e+ HyO — 3e+ 0%+ + H, f24(E/N)
(5) Electron attachment

R25 e+ 02+ 02 = 05 +0, fos(E/N)
R26 e+ 0y — O™ +O(3P) fg@(E/N)
R27 e+H,O - H 4+ OH f27(E/N)
R28 e+ H,O—+OH +H fos(E/N)
R29 6+H20*>07+H2 ng(E/N)
R30 e+02+H20—>05 +H20 f3()(E/N) :7><f25(E/N)
(6) Electron detachment

R31 O; + Ny = e+ Ny + 0o 1.90 x 10712 (555)05 exp (=22
R32 05 + 02 = e+ 0y + 0Oy 2.70 x 10719(555)0% exp(=2222
R33 O3 + Oz(a) = e+ 20, 2.00 x 10719
R34 05 + O(P) = e+ O3 3.00 x 10719
R35 O; +H — e+ HO2 1.20 x 107°
R36 O~ + 0z(a) = e+ O3 3.00 x 10719
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Table B3: (Continued.)

No. Reaction Reaction rate coefficient (cm3s~! or cm®s~1)
R37 O~ +O0CP) e+ 0, 2.00 x 10719

R38 H™ + 0y — e+ HO, 1.20 x 107°

R39 H +H-—e+H, 2.00 x 107

R40  OH™ + O(®P) — e + HOq 2.00 x 1010

R41  OH™ +H — e+ Hy,0 1.40 x 107°

(7) Negative ion conversion

R42  O; +H— OH™ + O(*P) 1.50 x 107°

R43  H™ +Hy0 — OH™ + H, 1.00 x 107

(8) Positive ion conversion

R44 Ny +No+M—=Nj+M 5.20 x 10729(200)2-2
R45  OF + Ny + Ny — NyOF + Ny 9.00 x 10731 (2022
R46 O3 +02+M — Of + M 2.40 x 10730(202)3-2
R47  OF + H,0+M — OF (H:0) + M 2.60 x 10728(300)4
R48 NZ— + Ny — N;'_ + 2N, 10—14.6+0.0036(T—300)
R49  Nj + 0y — OF + 2N 2.50 x 10710

R50 O 4+ Ny — NyOF + O, 4.60 x 10712(555)%5 exp(=2222)
R51  Of + 03 — OF +20, 3.30 x 10~ (300)4exp( =5030)
R52  Of + 02(a) — OF + 20, 1.00 x 10710

R53  Of +0g(b) — o+ + 20, 1.00 x 1010

R54  Of +O(°P) — o+ + 03 3.00 x 10719

R55  Of +O('D) = OF + O3 3.00 x 1010

R56  Of +O0('S) — OF + 03 3.00 x 10710

R57  Of + H,0 — o;(HQO) + 02 1.70 x 107°

R58 O;_ (HQO) + H,O — H30+ + OH + Oy 1.30 x 10~°

R59  NoOj + Ny — OF + 2N, 1.10 x 1075(209)53 exp(=235T)
R60  N,OF + 02 — Of + Ny 1.00 x 1079

R61  H30" +H0 +M — H30T(H20) + M 3.40 x 10727(30)4
R62  H30"(H20) + HyO + M — H301(H20)2 + M 2.30 x 10727(30)*
R63  H30"(H30)s + Hy0 + M — H30% (Hy0)3 + M 2.40 x 10727(309)4
(9) Electron-ion recombination

R64 e+ Ny — N(*S) + N(4S) 1.80 x 1077(%32)0-%
R65 e+ Nj — Ny 4.00 x 10712

R66 e+ NS — Ny + Ny 2.00 x 1076(%p2)"
R67 e+ 05 — O(P) + O(®P) 2.00 x 10~ (300)0 7
R68  e+0OFf — O, 400 x 10712

R69 e+ Of — Oy + Oq 1.40 x 1076(%2)0®
R70 e—l—NQO;' — Ny + O9 1.30 x 10— (300)05
R71 e+ H,Ot - OH+H 3.80 x 1077

R72 e+ HyOt — Hy + O(®P) 1.40 x 1077

R73 e+ Hy,O" — 2H + O(®P) 1.70 x 1077

R74 e+ H30%(H;0)3 — H + 4H,0 5.50 x 1077 (32)"78
(10) Ion-ion recombination

R75 N +0~ = Ny+O(P) 4.00 x 107

R76  NJ +05; — Ny + O, 1.60 x 1077
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Table B3: (Continued.)
No. Reaction Reaction rate coefficient ( -1
R77 05 +0~ — 02+ O(°P) 9.60 x 10~%
R78 05 + 05 — 02+ Oq 4.20 x 1077
R79 OF + 05 + 0y — 20(°P) + 20, 2.00 x 1072°(392)2
RS0 Of + 05 + 0y — 20(3P) + 30, 2.00 x 10725(300)2.
R81 HyOt + 0~ — Ho0 + O(3P) 4.00 x 1077
RS2 HOF + 05 — HaO + O3 4.00 x 1077
(11) Neutral species conversion
R83 NQ(A )+ Oz — Ny + O4(b) 7.50 x 10713
R84 N2(A;) + Oz — Na +20(3P) 1.70 x 10712
R&5 N2(A1) + 0y — Ny,O + O(3P) 7.80 x 10~12
R86 N2(A1) + N2(A;) = No + No(B) 7.70 x 10711
R&7 Nz(Al) + Ng(Al) — No + NQ(C) 1.60 x 10—10
R8&8 NQ(Al) + NQ(Al) — N2 + NQ(E) 1.00 x 10711
R89 N2(A;) +O(P) — Ny + O(3P) 2.00 x 10~
R90 N2(A1) + O(3P) — No + O( S) 3.00 x 1011
R91 N2(A;) + O(®P) — NO + N(?D) 7.00 x 10712
R92 No(A1)+H - Ny +H 2.10 x 10719
R93 N2(A;) + OH — Ny + OH 1.00 x 10710
R94 N2(A;) + HoO — Ny + H + OH 5.00 x 10714
R95 NQ(Al) + NO — Ny + NO( ) 6.90 x 10— 11
R96 NQ(AQ) + Ny — No + NQ(Al) 1.00 x 10— 11
R97 N2(Az2) + O(®P) — Nu + O(3P) 2.00 x 1071
R98 N2(As) + O(®P) — NO + N(S) 7.00 x 10712
R99 N2(As) +H — Ny + H 2.10 x 10719
R100 N3(Ay) + OH — N + OH 1.00 x 1010
R101 N3(A2) + H,O — Ny + H+ OH 5.00 x 10714
R102 N2(A3) +NO — Ny + NO(A) 6.90 x 10~
R103 N2(B) + Oy — Ny + 20(3P) 3.00 x 10719
R104 N2(B) + N — Ng + Ny (A4) 1.00 x 10711
R105 N2(B) = No(Ay) + hv 1.50 x 10° (s71)
R106 Ng(a) + 09 — Noy + O(3P) + O( ) 2.80 x 10~11
R107 Na(a) + Ny — N2 + Ny 2.00 x 10713
R108 Nz (a) + Ny — Ny + Na(B) 2.00 x 10713
R109 N3(a) + HO — Ny + H+ OH 3.00 x 10719
R110 Ny(a) + Hy — Ny + 2H 2.60 x 10710
R111 Ng(a) + NO — Ny + N(4S) + O(®P) 3.60 x 1071
R112 NQ(C) + Oy — Ny + QO(SP) 2.50 x 10710
R113 N2(C) + Na — Ny + No(B) 1.00 x 10711
R114 N3(C) + Ng — Na + N(a) 1.00 x 10711
R115 N5 (C) — No(B) + hv 2.80 x 107 (s71)
R116 N2(E) + N3 — Na 4+ N2(C) 1.00 x 10710
R117 NO(A) — NO + hv 5.10 x 10¢ (s71)
R118 N(*S) + O2 — NO + O(3P) 4.47 x 10712(555) exp(=
R119 N(*S) + O(®*P) + N3 — Ny + NO 6.89 x 10733 exp(131-L
R120 N(*S) + N(%S) + Ny — Ny + Ny 8.27 x 10 3% exp TO)
R121 N(*S) + OH — NO + H 3.80 x 10~ exp (8532
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Table B3: (Continued.)

No. Reaction Reaction rate coefficient (cm3s~! -1
R122 N(*S) + HO2 — NO + OH 2.19 x 10~
R123 N(*S) + NO — Ny + O(®P) 3.51 x 107! exp(=4%81)
R124 N(1S) + NOs — NO + NO 2.30 x 10712
R125 N(4S) + NO2 — N2O + O(®P) 5.80 x 10~ 12 exp(=222)
R126 N(®D) + Oz — NO + O(®P) 1.50 x 10712 (555)%°
R127 N(®*D) + 02 — NO + O(!D) 9.70 x 10~ "2 exp(122)
R128 N(®*D) + Ny — Na + N(4S) 1.70 x 10714
R129 N(®D) + O(®*P) — N(*S) + O(®P) 3.30 x 107" exp(222)
R130 N(®D) + H,O — NH + OH 4.00 x 1071
R131 N(®D) + NO — N3 + O(®P) 1.80 x 10710
R132 O2(a) + Oy — Og + Oq 2.20 x 10718(555)08
R133 Oz(a) + No — No + O, 1.40 x 10719
R134 03(a) + O3P) — 05 + O(3P) 7.00 x 10716
R135 0(a) + N(#8) — NO + O(3P) 2.00 x 1014
R136 0O3(a) + NO — Oy + NO 2.50 x 10~11
R137 Oz(a) + NO — NOy + O(®P) 3.49 x 10717
R138 O2(b) + Oz — Oz + O2(a) 4.10 x 10717
R139 Oz(b) + Ny — Na + Oz (a) 2.10 x 10715
R140 O2(b) + O(®P) — O3 + O(*P) 8.00 x 10714
R141 O2(b) + HoO — Oy + Hp0 4.60 x 10712
R142 02(b) + NO — Oz(a) + NO 4.00 x 10714
R143 02(b) + O3 — 204(a) + O(°P) 1.80 x 1011
R144 O2(A) + Oz — Oz(b) + Oz(b) 2.90 x 10713
R145 O2(A) 4+ Ny — Ny + Oq(b) 3.00 x 10713
R146 02(A) + O(3P) — Oo(b) + O('D) 9.00 x 10712
R147 O(®P) 4+ Oz + Oy = 02 + O3 6.01 x 10734(2%2)26
R148 O(®P) 4+ 02 + Ny — Ny + O3 5.51 x 10734(3)2)26
R149 O(®P) + O(®P) + 02 — O + Oy 3.81 x 10733(3%2)0-63
R150 O(*P) + O(®P) + Ny = Ny + Oy 9.46 x 10~3% exp(28LT)
R151 O(*P)+ OH — Oy + H 2.40 x 10~ exp(122)
R152 O(®*P) + HO2 — O + OH 2.70 x 10~ ex (%)
R153 O(®P) + NO + N3 — Ny + NO, 1.03 x 10730 (300)2.87 exp(780:5)
R154 O(®P) + NOy — Oy +NO 5.50 x 10712 exp(=1872)
R155 O(SP) + 03 — 02 + 02 8.00 x 10~ 12 exp( 21960)
R156 O('D) + 02 — O3 + O(®P) 3.12 x 10~ exp(T2)
R157 O('D) + N3 — N3 + O(®P) 2.10 x 10~ exp(122)
R158 O(ID) + Hs0 — Og + Hy 3.57 x 10~10
R159 O('D) + H,O — OH + OH 2.20 x 10710
R160 O('D) + Hy — H+ OH 1.10 x 10710
R161 O(D) + Hy02 — O3 + H20 5.20 x 10719
R162 O('D) + O3 — 04 + 20(3P) 1.20 x 10710
R163 O(S) + HoO — O + Ha 5.00 x 1010
R164 O('S) + HyO — Hy0 + O(3P) 3.00 x 10710
R165 O('S) + H,O — OH + OH 5.00 x 10710
R166 O3 +H — Oy + OH 1.40 x 10710 exp(=322)
R167 03 + OH — Oy + HO, 1.70 x 1072 exp(=212)
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Table B3: (Continued.)

No. Reaction Reaction rate coefficient (cm3s~! or cm®s~1)
R168 03 +NO — 03 + NO, 3.16 x 10712 exp(1252)

R169 03 + 03 — Oz + O3 + O(°P) 7.16 x 10710 exp(=11290)
R170 H+ O3 + O3 — Oy + HOq 5.94 x 10732(32)

R171 H+ Oy + Ny — Ny + HO, 5.94 x 10732(300)

R172 H+ OH + Ny — Ny + H,0 6.87 x 10731 (202)2

R173 H+ OH + Hy0 — Hy0 + Hy0 4.38 x 10731 (29)2

R174 H+ HO2 — Oz + Hy 1.75 x 10710 exp(=1522)
R175 H+ HOy; — Ho0 + O(%P) 5.00 x 10—11 exp(%)

R176 H+ HO, — OH + OH 7.40 x 10710 exp(=192)
R177 OH + OH — H,0 + O(®P) 6.20 x 10714 (555)?C exp(232)
R178 OH + OH — H,0, 2.60 x 101

R179 OH + OH 4 O3 — O + H202 6.05 x 10731 (3)2)3

R180 OH + OH 4+ Ny — Ny + Hy05 6.90 x 10_31(%)0 8

R181 OH + OH + Hy0 — Hy0 + Hy09 1.54 x 10731 (2002 exp(182:0)
R182 OH + HO3 — O + Hy0 4.80 x 107! exp(222)

R183 OH + NO + Oy — O + HNO, 7.40 x 10731 (309)24

R184 OH 4 NO + N3 — Ny + HNO, 7.40 x 10731 (302)24

R185 OH 4 NO3 + O3 — Oz + HNO3 2.20 x 10730(3)2)29

R186 OH + NO; + Ny — Ny + HNOj3 2.60 x 10730(399)2:9

R187 HO2 + NO — OH + NO, 3.60 x 10712 exp(2824)

R188 HO3 + NO3 — Oy + HNO, 1.20 x 10713

R189 HOs + HO5 — O3 + HoO9 2.20 x 10~19 exp( T )

R190 HO5 + HO5 + O9 — 205 + Hy09 1.90 x 10733 exp(TO)

R191 HO3 + HO3 + Ny — Og + N + Hy 04 1.90 x 10733 exp(22)

1. In [38], HoO(v1), HoO(v2) and HoO(v3) were included. However, in Kawaguchi HoO cross sections the
vibrational excited state was only separated into HoO(v1) and HoO(v2), and here we merge them into HaO(v).

2. Here we do not include electron dissociation reactions for HoO (i.e., R24-R25 in table 1 of |38]), as Kawaguchi
H5O cross sections did not specify them.

3. In |32], a total ionization reaction like R19 was used for HyO. Here more ionization reaction channels (R19-R24)
are included when using Kawaguchi HoO cross sections.

4. Here N(S) is replaced by N(S), O(P) and Oz(P) by O(®*P), O(D) and O(®*D) by O(*D), and O~ (*P) by O~.

5. Here we do not include R88 (N7 (B) — N + hv) in table 3 of [38].

6. Rate coefficients for R81-R82 have been corrected from 4.0 x 107¢ to 4.0 x 10~7 by checking their cited paper |96].
7. In [38], the rate coefficient for R120 was 1.38 x 10733 exp(=2222), and we have revised it to 8.27 x 10~3* exp(5%2)
according to [83].
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Table B4: Excited states of Ny, O and H,O with
activation energies and the corresponding effective
states used in table[B3] The table is partially based on

table 4 of [38].

Excited state
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energy €. (eV)

Effective state
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