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Abstract

®

CrossMark

Positive streamer discharges have been studied and modelled extensively in air. Here we study
positive streamers in CO, with and without oxygen admixtures; they are relevant for current
high voltage technology as well as for discharges in the atmosphere of Venus. We discuss that
no efficient photoionization mechanism is known for gases with a large CO, fraction, as
photons in the relevant energy range are rapidly absorbed. Hence positive streamers can
propagate only due to some other source of free electrons ahead of the ionization front.
Therefore we study positive streamer propagation in CO, with different levels of background
ionization to provide these free electrons. The effect of replacing photoionization by
background ionization is studied with simulations in air. Simulating streamers in background
fields of 16 to 20 kV cm ™' at standard temperature and pressure within a gap of 6.4 cm, we
find that streamer propagation is rather insensitive to the level of photoionization or
background ionization. We also discuss that the results depend not only on the value of
breakdown field and applied electric field, and on preionization or photoionization, but also on
the electron mobility (E) and the effective ionization coefficient a(E), that are
gas-dependent functions of the electron energy or the electric field.

Keywords: positive streamers, photoionization, background ionization, air streamers, CO,

streamers

(Some figures may appear in colour only in the online journal)

1. Introduction

1.1. Positive streamers in air and other N»:Oo mixtures

Streamers are rapidly growing ionized filaments which govern
the initial phase of electric breakdown; they later can develop
into a spark or a lightning leader [1—4]. Their growth is gov-
erned by the curved space charge layer around their tips which
enhances the electric field in the non-ionized areas in front of
them and allows them to penetrate into areas where the back-
ground electric field is below the breakdown threshold. They
are weakly ionized channels, hence they do not increase the gas
temperature significantly. We focus here on positive streamers
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that start and propagate more easily in air than negative stream-
ers. Positive streamers propagate in the direction of the elec-
tric field with velocities comparable to the local electron drift
velocity, but in the opposite direction, therefore they require a
source of free electrons in front of their head to sustain their
growth. In N,:0, mixtures like air, these electrons are pro-
vided by photoionization [5, 6]. Background ionization, e.g.,
from previous discharges, can further influence their growth.
In the present paper, the role of photoionization or other elec-
tron sources for positive streamer propagation will be investi-
gated, in particular, in CO, with or without admixtures of other
gases.

Streamers are used in numerous applications in plasma
technology [7, 8], for instance for the production of chemical
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radicals [9], in ignition and combustion [10] and in plasma
catalysis [11].

1.2. Positive streamers in CO, with or without admixtures

In the present work, we concentrate on properties of positive
streamers in CO,. The study is motivated by current needs
in high-voltage technology, where pressurized gas is used
for insulation and current interruption purposes [12—14]. The
commonly used working gas in high voltage circuit breakers
and many other applications in high voltage technology is sul-
phur hexafluoride (SFg) due to its unique insulating properties.
However, it is a strong green house gas with a global warming
potential of 23 900 times that of CO, on a 100 years horizon
[15]. Furthermore, it produces highly toxic components under
switching operation.

The search for an alternative gas has revealed that CO, is
a suitable replacement for SF¢ [14, 16-22]. ABB has intro-
duced the first high voltage circuit breaker using CO, to the
market [23]. The typical pressure range of CO; is then around
1-10 bar [14].

Knowledge on discharge dynamics in CO, [24] is also
relevant for lightning on Venus that has an atmosphere of
96.5% CO, and 3.5% N,. As reviewed in [25], there is
compelling evidence of lightning on Venus from very low
frequency radio emissions recorded beneath the clouds at
a similar frequency as on earth. However, optical emis-
sions are not consistent with terrestrial levels of activity, and
their occurrence rates are qualitatively different in different
observations which hints to strong temporal and/or spatial
variability.

Experimental investigations of streamer stability field,
streamer radius and streamer velocities in CO, at ambient tem-
perature in the pressure range of 0.5-5 bar for both positive
and negative polarities are presented in [14]. On the other
hand, simulations of positive streamers in CO, have only been
performed in [26]; the authors used 2D Cartesian particle-
in-cell Monte Carlo and 2D Cartesian fluid simulations to
study streamer branching; however a 2D Cartesian computa-
tion gives only a qualitative picture. In contrast, here we study
the propagation of streamers in CO, with axisymmetric fluid
simulations, and we study how the streamer properties depend
on the gas composition, electric field and background electron
density.

A major bottleneck in the study of positive streamers in pure
CO; is that there seems to be no effective photoionization in
that gas, as we review and discuss in section 2.2.1 of this paper.
This is true as well for CO, with admixtures of other gases, in
particular, of O, or of air. Therefore streamer propagation in
CO; seems only understandable with some other source of free
electrons ahead of the streamer, e.g., due to radiation or to pre-
vious discharges. Therefore we insert different values of back-
ground electron densities and study their effect on the streamer
propagation. Without such an electron source, streamer incep-
tion in CO, will be difficult and streamer propagation erratic
with multiple branching attempts, as is discussed further in
section 3.1.

1.3. Positive streamers in other gases

Positive streamers depend essentially on three functions that
are specific for the particular gas composition: on the electron
mobility p(E), on the effective ionization coefficient o (E),
and on the distribution of photoionization or possibly some
other source of free electrons ahead of the ionization front. The
breakdown field is defined as the field where a.¢(E) = 0. But
beyond this single value that sets a scale for the electric field,
the functional dependence of electron mobility 1 and effec-
tive ionization coefficient afr on the electric field E or the
electron energy determines streamer properties like velocity,
radius and maximal electric field at the tip, and electric field
and electron density in the streamer interior. To compare how
streamer properties depend on these functions, in this paper,
we study streamers in air, in CO,, and in CO, with 1% or 10%
admixture of O, at standard temperature and pressure. (Note
that other gas densities with the same mixture ratios can be
approximated by scaling laws [3, 27]).

1.4. Contents of the paper

The structure of paper is as follows: section 2 is devoted to
the plasma fluid model with initial and boundary conditions.
Subsection 2.2 reviews the literature on photoionization in air,
in pure CO,, and in CO, with admixtures of oxygen, air and
other gases. Transport and reaction parameters for air and for
CO, with or without admixture of oxygen are provided in
section 2.3. In section 3, first the difficult propagation of CO,
streamers without background ionization is discussed, and a
first view on streamers in air and in CO, is given. Then the
effect of replacing photoionization by background ionization
in air streamers is discussed in section 3.3. In section 3.4, we
characterize CO, streamers, and in section 3.5 streamers in air
are compared to those in CO,. The effect of oxygen admixture
of 1% or 10% on CO; streamers are presented in section 3.6.
Finally, the concluding remarks are presented in section 4.

2. Discharge model and conditions

We use a plasma fluid model for the densities of electrons and
ions that incorporates elastic and inelastic collisions of elec-
trons with O,, N, and CO, molecules, including impact ion-
ization and electron attachment reactions. Details on the cal-
culation of mobility and reaction rates are given in section 2.3.
Tons are considered immobile during the initial streamer phase
due to their larger mass. For each gas we consider the respec-
tive reactions that are listed in table 1. Note that the rates of the
three-body attachment reaction, e + O, + M — O, + M with
M = N, are about three orders of magnitude smaller than the
respective rates for M = O, [28]. Therefore, we only consider
the three-body attachment with M = O,.

The model is implemented in afivo-streamer [29]. It is based
on the afivo framework [30], which contains geometric multi-
grid techniques to solve the Poisson equation, octree-based
adaptive mesh refinement (AMR) and OpenMP parallelism.
The fluid equations are solved using explicit second order time
stepping, and a slope-limited second order accurate spatial
discretization.
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Table 1. List of ionization and attachment reactions in the model
used for the different gas compositions. The reaction rates depend
on the reduced electric field E/N (where E is the field and N the gas
density). They are calculated from elastic and inelastic cross
sections as explained in section 2.3, and they are provided as input
files to the fluid model. Reaction 4 also depends on the O, density,
or on the gas density N, when assuming a constant fraction of O,.

1 e +CO, —e+e+COS ki(E/N)
2 e+N,—ve+e+ NS ky(E/N)
3 e+0;—>e+e+0F ks(E/N)
4 e+0,+0; = O, +0, k4(N,E/N)
5 e+0,—-0 +0 ks(E/N)
6 e+ CO, -+ CO + 0O ke(E/N)

2.1. Model equations

The electron density n, evolves in time as
One =V - (nepteE + Do Vine) + Si + Sph — Sattach, (1)

where (i, 18 the (positive) electron mobility, D, the electron dif-
fusion coefficient, E the electric field, S; the impact ionization
source term, Syach the electron attachment source term, and Sy,
the non-local photo-ionization source term (see section 2.2.1).
All mobility and reaction coefficients are calculated in local
field approximation.

The total positive ion density nfr and the total negative ion
density n;” change in time as

oni” = Si + Spn, (2)
alni_ - Sallach~ (3)

The electric field is computed in electrostatic approxima-
tion as

E=-Vo,

vip= -2,

€0

q:e(nfr—nf—ne),

where ¢ is the electric potential, €y the vacuum permittivity,
q the space charge density and e the elementary charge. The
impact ionization and the electron attachment source terms are
computed according to

Si = ne[COs k1 4 ne[Nalky + ne[O2]ks, 4)
Sattach = Ne[0217ks + ne[021ks + ne[CO, ks, S)

where [...] indicates the density of the respective species, and
kj,j=1,2,...,6 are the respective reaction rates that still
depend on the specific gas composition, as discussed further in
section 2.3. For further reference, we recall that the ionization
energies of Oy, N, and CO; are 12.1 eV, 15.6 eV and 13.8 eV
[31].

2.2. Photoionization

2.2.1. Air.  For positive streamers in air, photoionization pro-
vides the free electrons in front of the streamer head [5, 6] that
are needed for streamer propagation into gases without preion-
ization. It is generally accepted that photoionization in air

occurs when excited nitrogen molecules emit radiation, which
is absorbed by oxygen molecules and ionizes them. Accord-
ing to Zheleznyak et al [32] the wavelength of such radiation
is in the 98 to 102.5 nm range; in this band the photon energy
exceeds the ionization energy of 12.1 eV of O,, and the photon
absorption by nitrogen molecules is negligible.

When the photons are emitted isotropically and not scat-
tered in the medium, and when the photon travel time is neg-
ligible, the photoionization source term Spp(r) can be written
for each photon wave length as

Spn(r) = /dSr' w (6)

4r|r —r'|?

Here I(r) is the source of ionizing photons, 47|r — r/|* is a
geometric factor, and f(r) is the absorption function.
In Zheleznyak’s model an effective function f(r) for the

wave length range of 98 to 102.5 nm is given by

_ €Xp(—Xmin P0,T) — €XP(—XmaxP0,T)
fn=
r ln(Xmax /Xmin)

. (D

where  Ypax & 1.5 x 10*/(mmbar), X, &~ 2.6/(mm bar),
and po, is the partial pressure of oxygen. Zheleznyak’s UV
photon source term /(r) is proportional to the electron impact
ionization source term S; as given in equation (4)

Pq
S, (3
p+ qu

I(r) =
where the factor p, /(p+ p,) accounts for the collisional
quenching of the excited nitrogen molecules, where p is the
actual gas pressure and p, a gas specific quenching pres-
sure. In air at standard temperature and pressure, the corre-
sponding absorption lengths are [min poz]‘l = 1.9 mm and
[Xmax Po,]1~" =33 um. The proportionality factor &, which
relates the impact excitation to the impact ionization, is in
principle field-dependent [32], but in this paper, we set it
to £ = 0.05. Furthermore, we use a quenching pressure of
p, = 40 mbar.

Having the UV photon source term calculated, we evaluate
the integral in equation (6) by using a set of Helmholtz differ-
ential equations [33, 34] with Bourdon’s three-term parame-
ters [33]. Besides to the original papers, the reader is referred
to [35] and the appendix of [36] for more details.

2.2.2. CO,. Even though there have been many studies on
the physics of photoionization in air as well as on its numeri-
cal implementation in discharge models [31, 33, 34, 37, 38], to
the best of our knowledge there are no quantitative photoion-
ization models for discharges in CO, and CO, containing gas
mixtures.

Direct measurements of absorption coefficients in CO,
were only reported by Przybylski [39] and Teich [40] and
retrieved by Pancheshnyi [31]; they are in the range of
0.34-2.2 cm™! Torr™! (=25 — 165 mm~'bar™!), which at
standard temperature and pressure correspond to absorption
lengths in the range of 6.1-40 pm. Pancheshnyi [31] attributed
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these values to the spectral range of 83—89 nm, emitted by
the dissociative ionization excitation products of CO, [41,42].
The lower energy threshold to generate such products is about
50 eV [41], hence not in a relevant energy regime for electrons
in typical streamer discharges. Therefore, we expect negligible
photoionization in pure CO,.

The authors of [26] also neglected photoionization of
CO,, but with a different argument than above; and they
included a quasi neutral plasma with density of 10°/m? in their
simulation.

2.2.3. CO, with admixtures of oxygen or air. In commercial
circuit breakers based on CO,, there are various contamina-
tions with air and other impurities as well as admixtures of
other gases. In particular, an admixture of O, is used in a
breaker to suppress soot formation from the CO, discharge.

Photoionization of CO, containing gas mixtures was stud-
ied in [43, 44] with the purpose of improving the output power
of transversely excited atmospheric CO, lasers by photo-
ionization of the gas admixtures. The measurements of Seguin
et al [44] for several gas mixtures (e.g. CO,—N,—He) indi-
cated that the photo-electron density is reduced by increasing
the CO, fractions.

In CO, with an admixture of air, the radiation in
98-102.5 nm range that is emitted by nitrogen molecules
and ionizes oxygen molecules, can be absorbed by CO,.
According to figure 24 in [31], the absorption coefficient for
such radiation by CO, is in range of 0.8—2 cm~' Torr™!
(=60 — 150 mm~'bar™!), corresponding to an absorption
length in the range of 6.1-17 pm at standard temperature and
pressure), hence the effect is quite local when considered on
the scale of intrinsic streamer lengths. Furthermore, absorption
of radiation in this energy range does not lead to ionization, as
the CO, ionization threshold is about 89 nm (13.8 eV) [31].

In oxygen, radiation originating from the dissociative exci-
tation of oxygen can ionize oxygen molecules and may be
important for streamers in pure oxygen if the electron energy
distribution shifts such that there is a substantial number of
electrons with energy above 20 eV. However, similar to the
above, CO; molecules absorb this radiation after some tens of
micrometers without being ionized.

More in general, in CO, dominated mixtures at STP, the
photon absorption length is smaller than about 40 pm, at least
in the photon energy range from 7.6 to 16.9 eV and probably up
to higher energies, based on the shape of the absorption curve
[31].

We conclude that in CO, admixed with air, oxygen or other
admixtures, photoionization is not a relevant mechanism for
streamer propagation because of the short absorption length
of relevant photons in CO,. In this paper, for the simulation of
positive streamers in CO,, and CO, admixed with 1% and 10%
oxygen, we incorporate a background density of electrons and
positive ions. Such a density could be present for example due
to previous discharges in a repetitively pulsed system [45].

2.3. Transport and reaction parameters

Electron-neutral scattering cross sections for CO, are taken
from IST-Lisbon database [46] and for O, and N, from Phelps
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Figure 1. The electron mobility (top), the diffusion coefficient
(middle), and absolute value of the effective ionization coefficient
(bottom) at STP condition for air, CO,, and CO, with 1% or 10% of

0,. The breakdown field for air is E = 28 kV cm™! and for
CO, E,foz =22 kV cm™!. Note that the absolute value || is

shown; left of the indicated breakdown fields, s is negative.

database [47], retrieved in May 2019. All transport and tabu-
lated rate constants are calculated with BOLSIG+- [48], using
the default temporal growth model.

The electron mobility p,, the diffusion coefficient D, and
the effective ionization coefficient |ag| at standard tempera-
ture and pressure are plotted in figure 1 for all gas mixtures
considered in this paper. Here the effective ionization coef-
ficient is defined as aer = a — 1, where @ = S;/(ne 4 |EJ) is
the impact ionization coefficient and 17 = Saacn/ (et |E|) the
attachment coefficient.
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Figure 2. The axisymmetric domain extends over 0 < r

<L, =32cmand 0 <z <L, = 6.4 cm. The position of the
neutral seed on the axis of symmetry (r = 0) is indicated; the
streamer starts from here. The boundary at z = 6.4 cmison a
potential & = &, and the boundary at z = 0 cm is grounded. For the
potential, Neumann zero boundary conditions are used at r = 0
(imposed by symmetry), and at r = L,. Neumann zero boundary
conditions are also applied for the electron density on all boundaries.

For CO, the electron mobility can be seen to be maximal
at around 5.5 kV cm~! [49]) and almost twice as high as in
air. In the range of 5.5 kV cm~! to 60 kV cm™', electrons
in CO, have a higher diffusion coefficient than in air. The
breakdown field, defined as the field where o« = 7, is around
E,SO2 =22 kV cm™! for CO, and E}‘(‘i‘ =28 kV cm™! for air,
both at STP. The effective ionization coefficient in CO, is
slightly higher than in air for electric fields larger than E2. By
including 10% or 1% of O, into CO,, the overall behaviour
of the parameters does not change, however the values are
slightly changed. This shows that the reaction and transport
coefficients in the studied gases are dominated by the majority
molecule, CO,.

2.4. Computational domain and initial conditions

The computational domain shown and described in figure 2
is used for axisymmetric simulations. A potential difference
of @, is applied over a distance of z = 6.4 cm, creating
a homogeneous background electric field. In this paper we
employ different values for ®,. This leads to different back-
ground electric fields, which are indicated explicitly in each
section.

We place a neutral seed of about 7.68 mm long with a
radius of about 0.02 mm at the top boundary on the sym-
metry axis, (r,z) = (0,6.4 cm). The seed has an electron and
positive ion density of 5 x 10! m~ at the centre. This den-
sity decays with a smoothstep profile as 1 — 3/ 4 2I°, where
| = max [0, d/(0.1 mm) — 1] and d is the distance to the line
segment defining the seed.

In this paper, we use the same refinement criterion as in
[29]. The grid is refined if a(1.2 x E) Ax > 0.8, where a(E)
is the field-dependent ionization coefficient, E is the electric

field strength, and Ax is the grid spacing. This gives an AMR
grid with a minimum grid spacing of around 2 pm.

3. Results and discussion

In section 3.1, we first discuss how the absence of effective
photoionization in CO; can affect positive streamers, due to the
lack of free electrons ahead of them. Afterwards, we compare
streamer properties in air and CO, when a sufficient number
of free electrons is available due to either background or pho-
toionization. A first overview of results is given in section 3.2.
Several topics are then studied in more detail. In section 3.3,
we compare the effect of photoionization versus background
ionization in air. Next, the effect of different background ion-
ization levels in pure CO, is studied in section 3.4, after which
we compare the results in air and CO, in more detail. Finally,
we present streamer simulations in CO, with an admixture of
1 or 10% of oxygen.

3.1. Positive streamers in CO, without background
ionization

An important conclusion from section 2.2 is that there seems
to be almost no photoionization in pure CO, or in CO,
with a small admixture of oxygen or air. This could have
a strong effect on positive streamers in such gases, since
their growth depends on the presence of free electrons ahead
of them. Such free electrons can also be provided by back-
ground ionization, e.g., by electron detachment from negative
ions or by external radiation. However, without such elec-
tron sources, background ionization levels will be low [6]. In
such cases, we expect several observable effects on positive
streamers.

e The growth of the streamers would be highly irregular, as
there would be few incoming electron avalanches, leading
to a branched structure.

e Perhaps, the few incoming avalanches could become tiny
negative streamers each extending the positive channel.

e The resulting discharge would have sharp features, lead-
ing to high local electric fields and an increased degree of
ionization.

We are not aware of direct experimental evidence for such
effects, probably because streamers in CO, emit little visible
light. Some of the above effects have been observed in other
gas mixtures with less photoionization than air [5, 50], such
as N, with a small admixture of O,. Note that a distinguishing
property of CO, is that it is both electronegative (unlike e.g.
N, or Ar) and that it strongly absorbs the photons responsible
for photoionization in air, ruling out photoionization due to air
impurities.

Simulating positive streamers under the conditions out-
lined above is highly challenging, and outside the scope
of the present paper. In the rest of the paper we there-
fore compare streamer properties in different gases with a
sufficient number of free electrons available, and we test
how sensitively our results depend on the assumed electron
density.
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air with photoionization

t=8ns t=12ns t =16 ns t =20 ns

t=4ns

€O, with 1013 /m?

KV /em

Figure 3. Time evolution of the electric field for the streamer in air
(top) and in CO, (bottom) at standard temperature and pressure in a
homogeneous electric field of 18 kV cm™!. In the simulation of the
air streamer, photoionization is included, whereas in the CO,
streamer, a background electron density of 10'3/m? is incorporated.
The full gap length of 64 mm is shown. The simulation domain
extends up to 32 mm in the radial direction, but only 10 mm are
shown. The color-coding of the electric field strength is truncated
for values above 100 kV cm™!.

3.2. Afirst look at streamers in air and CO»

In this section, we have a first look at streamer properties when
a sufficient number of free electrons is available ahead of them.
In CO, we provide such free electrons by adding a certain level
of background ionization.

Figure 3 shows the dynamics of the streamer evolution in
air (top) and in CO, (bottom) in a homogeneous electric field
of 18 kV cm™'. For the CO, streamer, a background density
of free electrons and positive charges of 10'3/m? is incorpo-
rated, whereas for the air streamer photoionization is included.
Initially the electric field is enhanced at the location of the
seed, and within a couple of nanoseconds a positive streamer
propagates downwards. The air streamer bridges the gap after
30 ns and the CO, streamer after 25 ns. In this paper, we
focus on the streamer propagation far from the electrodes,
and we stop before the streamer has reached the opposite
electrode.

Figure 4 shows the electric field profile of the streamers in
air and CO, when they have reached a fixed length. In the top
row of panels a homogeneous electric field of 16 kV cm™! is
applied, in the middle row the field is 18 kV cm ™! and in the
bottom row, it is 20 kV cm~'. The results of air streamers with
photoionization are included in the first column. In the other
three columns, results in air and CO, with background ioniza-
tion are shown, as indicated. To see the differences between
the streamers more clearly, the electric field profiles are shown

E =16 kV/cm
air with air with CO2 with CO, with
photoionization 1013 /m?3 10'3 /m? 109 /m?
IIOO
-75
50
@ | e
0
0 kV/cm
E =18kV/cm
100
6 I
50 - 75
Q0
£
& 50
30
o N, L \ } v
25
10
0 0
kV/cm
E =20%kV/cm
100
6 l
-75
— 4
E
&
g 50
20 L) U
25
0 0
kV/em

Figure 4. The electric field profile of the streamers in air and CO,
when the streamer head is approximately at the coordinate

z = 20 mm. The time when this coordinate is reached, is indicated at
the top of each panel. The background electric field is £ = 16 kV
cm™! (top), E = 18 kV cm ™! (middle), and E = 20 kV cm™!
(bottom). The inclusion of photoionization or background ionization
is indicated above each column. The simulation domain extends up
to 32 mm in the radial direction, but only 10 mm are shown.

at the same streamer length, but at different times; these times
are indicated in the top of each panel.

In what follows, we provide a detailed analysis of the
properties of these streamers in air and in CO,.
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3.3. Streamers in air: photoionization versus background
ionization

In this section, we investigate the influence of photoioniza-
tion versus background ionization and of the applied elec-
tric field on streamer properties in air. We performed two
sets of simulations, where all the conditions are identical
except that in one case we included photoionization in con-
tinuum approximation using Bourdon’s three term param-
eters as described in section 2.2.1, and in the other case
we incorporated a background ionization of 10'*/m?, but no
photoionization.

The upper three panels in figure 5 show the streamer veloc-
ity, maximal electric field, and radius versus streamer posi-
tion for cases with photoionization or background ionization
in three different applied electric fields. Here, the streamer
position is defined as the z-coordinate where the electric field
is maximal, and the streamer radius is defined as the radius
where the radial component of the electric field is maximal.
Note that these definitions are used throughout this paper. The
initial transients during streamer formation for z > 5 cm are
not shown in the figure, and the streamer propagates towards
the lower electrode at z = 0. Boundary effects from approach-
ing the electrode can be seen for z < 1 cm. The lower two
panels in figure 5 show on-axis electron density and elec-
tric field profiles along the z-axis when the streamer head
is approximately at z = 2 cm. These two panels correspond
to the left two columns of figure 4, where the times are
indicated. The following observations can be made in the
figure:

Velocity. As the streamers propagate, their velocities
increase from 1 x 10® m s™! to about 6 x 10° m s~!. The
streamer velocities coincide well until z ~ 3 cm. Then stream-
ers with background ionization become faster in each external
electric field, up to about 6% when approaching the opposite
electrode. Moreover, the higher the electric field the faster the
streamer travels.

Maximal electric field. During the initial streamer forma-
tion from the ionization seed, the maximal electric field briefly
reaches about 200 kV ¢cm™! this occurs for z > 5 cm and is
not shown in the figure. Then, during the extended streamer
propagation phase, the maximal electric field at the streamer
head is about 145-160 kV c¢cm~' in cases with background
ionization, and about 125-135 kV cm™' in cases with pho-
toionization. Hence, with background ionization the field is by
about 20% larger. When the applied electric field is larger, the
maximal field at the streamer head is larger as well for each
streamer length. Oscillations are visible in the electric field
(and other quantities) for the case with the lowest field and
background ionization; these oscillations are discussed below
in section 3.3.1.

Radius. The streamer radius increases from about 0.5 mm
to about 2.2 mm as it propagates between the two electrodes.
It is about 10% larger in streamers with background ioniza-
tion. Furthermore, for a larger applied electric field the radius
is larger for each streamer length.

Electron density in the streamer interior. The streamers
with background ionization have a larger electron density in

6 = — air, 16, photo  —— air, 16, 10**
A\ —-- air, 18, photo  —.. air, 18, 10%?
«eee air, 20, photo | air, 20, 1012

‘e,

Emax (kV/cm)

Radius (cm)

ne (102°/m3)

E (kV/cm)

z(cm)

Figure 5. From top to bottom: streamer velocity, maximal electric
field, and radius of the streamer head as a function of streamer
position z; and electron density and electric field on the z axis at the
moment when the streamer head is approximately at z = 2 cm. The
simulations are done here in dry air. The different lines indicate
results with photoionization or with a background electron density
of 10'3/m? in applied electric fields of 16, 18 and 20 kV cm™!.

the streamer interior than those with photoionization. They
also have a higher maximal electric field at the streamer head.
That a higher electric field at the tip creates a higher interior
electron density, is established for negative streamers [51], but
will require further investigations for positive streamers. There
appear to be several competing effects here. Photoionization
is strongest on-axis, which ‘focuses’ the growth of a positive
streamer and therefore could explain the smaller radius with
photoionization. Usually, a streamer with a smaller radius will
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have a stronger electric field at its tip. However, here the wider
streamers with background ionization have stronger electric
field enhancement. This is due to their higher electron density
and thus also higher conductivity, for which we currently do
not have a simple explanation.

Electric field in the streamer interior. The interior electric
field on the axis is in the range of 4-5 kV cm~! in simulations
with background ionization and about 2 kV cm~! larger in sim-
ulations with photoionization. Interestingly, the applied elec-
tric field has a very minor effect on the interior electric field.
Apparently, the higher electron density in the interior supports
larger screening currents that compensate for the higher fields
at the tip. This is a topic of future investigations. The elec-
tric field of 5 kV cm™! is sometimes attributed to the so called
‘stability field’ for positive streamers in air [52—54].

We conclude that the replacement of photoionization by
a background electron density of 10'3/m? in air provides a
qualitative description of streamer properties. Both mecha-
nisms create a sufficiently similar electron density profile in
the active high field zone ahead of the streamer head within
the parameter range explored in this paper.

3.3.1. Oscillations. In figure 5 oscillations are visible in all
quantities for the 16 kV cm~' case with background ioniza-
tion. Such oscillations were also observed in [36] when a
background ionization level of 10°/m? was used to compare
axisymmetric streamer codes. They were attributed to numer-
ical effects as they could be removed by using a very fine grid
and corresponding small time step. However, in our present
simulations these oscillations did not disappear by reducing
the grid size. After an extensive search, we did observe a sensi-
tivity on the number of points in the tabulated input data. From
this data, rate coefficients are determined by linear interpola-
tion, which leads to small interpolation errors since processes
like electron impact ionization are not linear in £/N. To reduce
such interpolation errors, high-resolution input data with 200
entries was used for all simulations presented in this paper,
but as shown in figure 5, some oscillations were nevertheless
present.

The fact that small numerical or interpolation errors can
cause oscillations in positive streamers indicates that these
streamers are also ‘physically’ unstable to some degree. Our
results show that this instability is enhanced when the applied
field is reduced. A reduction in the background ionization level
to 10°/m? (like in [36]) also led to significantly increased oscil-
lations and branching. Branching breaks the cylindrical sym-
metry of single streamer channel, thus fully 3D simulations
are required to properly describe the phenomenon [55]. In
[35], we investigated the propagation and branching of positive
streamers using fully 3D fluid model with stochastic photoion-
ization, where we found that the streamers are very sensitive
to the amount of electrons that are produced by photoioniza-
tion. By reducing the amount of photoionization, stochastic
fluctuations become more important and streamer branching
starts to occur. Since the axisymmetric fluid model used here
is not suitable for the study of stochastic fluctuations or branch-
ing, we leave a further investigation of these effects to future
work.

3.4. Streamers in COy: different levels of background
ionization

In this section, we characterize streamers in CO,. We stud-
ied the effect of different levels of background ionization on
streamer properties to explore the sensitivity of the results
to this parameter. In one set of simulations we included
background ionization of 10°/m?, and in another set back-
ground ionization of 10'3/m3. Our lowest background density
of 10° /m? corresponds to the pre-ionization level of positive
and negative ions due to terrestrial radiation [6]. Instead of neg-
ative ions we include electrons to more easily compare with the
other cases. Our highest background density of 10'3/m? is 4
orders of magnitude larger and an upper estimate for the ion-
ization level about a second after a streamer discharge. Stream-
ers in CO, with background ionization of 10°/m> are more
stable than in air; oscillations occur but the streamers do not
branch.

In figure 6 the same functions are plotted as in figure 5,
but now for streamers in CO, with a background ionization of
10°/m?3 or 10'3/m3. The same initial conditions are used and the
same three electric fields are applied. The profiles of electron
density and electric field on axis in the lower two panels of
figure 6 show the same situation as the right two columns in
figure 4. The following observations can be made:

Velocity. The streamer velocity increases in time from about
(1-1.5) x 10° ms~! to (4—4.5) x 10° m s~! depending on the
level of background ionization and on the applied electric field.
By increasing the applied electric field from 16 to 20kV cm™!,
the streamer velocity increases by up to 50 % for each streamer
length. When the background electron density is increased by
4 orders of magnitude, the streamer velocity for given streamer
length varies by less than 10%, i.e., it is very insensitive to such
a large change. This low sensitivity to the seed density can be
understood as follows: the seed electrons multiply exponen-
tially within the active zone ahead of the space charge layer,
which is located where the electron density reaches a critical
value. Conversely, this location depends logarithmically on the
seed density. However, it should be noted that the morphology
of the discharge can change, when a particle model is used, as
discussed in [35].

Maximal electric field. During the streamer propagation
phase, the maximal electric field at the streamer head is about
125-140 kV cm™! in cases with background ionization of
10"3/m? and it is about 150165 in the cases with background
ionization of 10°/m?, i.e., it increases by about 25% when the
background electron density is reduced, but only by about 10%
when the applied electric field is increased.

Note that the maximal fields for streamers in applied fields
of 16 and 18 kV c¢cm™', and with background ionization of
10°/m? strongly oscillate. Such oscillations are discussed in
section 3.3.1.

Radius. The streamer radius increases from about 0.8 mm
to about 3.5 mm in time. It is somewhat higher for the higher
background ionization and the higher applied electric fields.

Electron density in the streamer interior. As already said
above, the electron density behind a negative streamer ioniza-
tion front is determined by the maximal electric field at the
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Figure 6. The same plots as in figure 5, now for CO,. The different
lines indicate results with background ionization of 10°/m3 and
10"3/m? in applied electric fields of 16, 18, and 20 kV cm™!.

streamer head [51]. A similar relation can be seen here for
the positive streamers: the internal electron density depends
more strongly on the shown levels of background electron den-
sity and more weakly on the applied electric field. This is the
same functional dependence as for the maximal electric field
discussed above.

Electric field in the streamer interior. The electric field on
the axis is in the range of 2-3 kV cm~! for 10°/m?, and of
3—-4 kV cm™! for 10'3/m3. Again it only weakly depends on
the applied electric field, but more strongly on the background
electron density level.

Our main conclusion is that the streamer properties change
only by up to 50% and frequently much less, when the
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Figure 7. The same plots as in figure 5, now for air and CO, with
background ionization of 10'3/m? in an applied electric field of
E =0.73E;.

background electron density provided at the start of the sim-
ulation is changed from 10° to 103/m3, i.e., by 4 orders of
magnitude. As a proper estimate of such a density is challeng-
ing, it is useful to note that the results on streamer propagation
are rather insensitive to this parameter.

3.5. Air streamers versus CO, streamers

In this section, we compare streamers in air with those in CO,.
A first view is already given in figure 4, where the CO; stream-
ers are wider than air streamers for all values of the electric
field. Furthermore, for the same background electron density
and applied electric field, the CO, streamers are faster and they
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Figure 8. The same plots as in figure 5, now for pure CO, and for
CO, with 1% or 10% of oxygen admixture. The applied electric
field is E = 18 kV cm ™!, and background ionization is 10'3/m?3.

have a lower maximal electric field at their head. However, the
fact that the CO, streamer are faster and wider could be due
to the fact that the breakdown field Ej in air is 28 kV cm™!
and in CO, only 22 kV cm™!. The fixed electric fields of 16 to
20 V cm™! of the previous simulations are therefore closer to
the breakdown field of CO,.

Therefore, we here present simulations in air and in CO,
at the same fraction E = (.73}, of their respective breakdown
fields (hence for E = 16 kV cm™! for CO, and E = 20 kV
cm™! for air), and with the same background electron den-
sity of 10'3/m>. Figure 7 shows the same plots as the previous
two figures for these two gases. According to figure 4, the air

streamer then has propagated for 20.5 ns, and the streamer in
CO, for 26 ns.

Hence the air streamer now propagates about 30% faster
than the CO; streamer. The maximal electric field at the tip of
the air streamer is about 35 kV cm™! larger. And the streamer
radius in air is about 15% smaller. The interior electron den-
sity is larger in air than in CO,. The interior electric field of
air streamer reaches to a minimum value of about 5 kV cm™!,
whereas the interior electric field of the CO, streamer becomes

as low as about 2.5kV cm™!.

3.6. Streamers in CO» with an oxygen admixture of 1% or
10%

As we mentioned in the introduction, in a circuit breaker,
an admixture of O, is used to suppress soot formation in a
CO,; discharge. In this section, we investigate the effect of
oxygen admixture of 10% and 1% on streamer properties in
CO,. We performed simulations using a background ioniza-
tion of 10'3/m? and an applied electric field of 18 kV cm™!.
Figure 8 shows similar quantities as previous sections: the
streamer velocity, maximal electric field, radius, and on-axis
electron density and electric field profiles when the streamer
is at about z = 2 cm. Streamer properties in CO, essentially
do not change with an oxygen admixture of 1%. By increas-
ing the oxygen admixture to 10% some small deviations start
to appear. Most notable is the decay of the electron density on
the streamer axis behind the ionization front in the case of the
10% O, admixture. This is due to the higher electron attach-
ment rate (shown in figure 1) in the streamer interior where the
field is below 4 kV cm™!.

4. Conclusion and outlook

We have presented simulations of the evolution of positive
streamers in CO, and in air, with an emphasis on velocity,
radius and maximal electric field at the streamer head, and
on the generated electron density profile and the electric field
inside the streamer channel.

4.1. Lack of photoionization in CO, containing gases

A major challenge for understanding positive streamers in CO,
is that one needs a source of free electrons ahead of the ion-
ization front for the streamer to propagate. In air, it is well
established that photoionization provides such a source: for
the typical electron energy distribution in a streamer ioniza-
tion front, a wave length band of photons is generated that has
sufficient energy to ionize an oxygen molecule, and that can
propagate a distance of the order of a millimeter through air
at standard temperature and pressure without being absorbed.
Hence, photoionization in air provides a source of free elec-
trons extending up to millimeters ahead of the ionization
front. However, as we have reviewed in section 2, no such
non-local electron source is known in CO,. Rather, the CO,
molecule absorbs photons in the relevant energy range after a
few tens of micrometers. An admixture of oxygen or air does
not help either as the photons relevant for the photoionization
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in nitrogen—oxygen mixtures are strongly absorbed by CO; as
well.

A possible conclusion from this lack of non-local photoion-
ization is that positive streamers in pure CO, or in CO, with
admixtures of nitrogen and oxygen do not propagate at all, if
there is no alternative source of free electrons ahead of the
front. The consequences of such a lack of free electrons ahead
of the streamer are described in section 3.1. As in air, such a
source could be some background ionization due to previous
discharges, or due to radioactive admixtures or other sources
of external radiation.

4.2. Photoionization versus background ionization

Rather than searching for such specific sources, we have inves-
tigated the sensitivity of streamer simulations to photoioniza-
tion or background ionization. Surprisingly, when photoion-
ization in air is replaced by a background ionization of 10'3/m?
of free electrons and positive charges, the observed streamer
parameters vary by no more than 20% within the parameter
range of our simulations.

Similarly, when we assume a density of 10° or 10'3/m? of
free electrons and positive charges in CO,, the streamer prop-
erties (velocity, radius, maximal field, interior field and interior
electron density) change by no more than 30%. From such a
small change on a background electron density difference of
4 orders of magnitude, we conclude that the streamer proper-
ties during the propagation phase are rather insensitive to this
parameter, hence we do not need to know it with high preci-
sion within the parameter range of our simulations. However,
we expect streamer inception and branching to depend strongly
on this density.

4.3. The effect of transport and reaction parameters

The internal streamer dynamics is characterized not only by
this free electron source, but also by the electron mobility p
and by the effective ionization coefficient ... The breakdown
field is the field where a.s vanishes. However, when the back-
ground field is chosen as the same fraction of the breakdown
field both in air and in CO, and when a background elec-
tron density of 10'3/m? and no photoionization is used in both
gases, the discharges are still not equal. Rather the air stream-
ers have a larger velocity, a larger maximal electric field at
the head, a larger interior electron density and electric field
and a smaller radius. This is caused by the different functional
dependence of p and . on the electric field, as shown in
figure 1. An important difference is that the electron mobility is
substantially larger in the interior of a CO, streamer, but some-
what lower in the active high field zone ahead of the streamer.
Furthermore, the electron attachment rate in the interior of a
CO; streamer is substantially lower than in air for fields below
10kV cm~!.

The non-linear evolution of streamer discharges makes it
difficult to directly relate the observed differences to these
transport coefficients. For example, a smaller radius and lower
interior mobility reduce the conductivity of streamers in air,
but the higher interior electron density in air has the opposite

1

effect. The effect of the lower attachment rate in CO, is more
clear: streamers in CO, will retain their conductivity for longer
times/distances. This could partially explain why they obtain
a larger radius in our simulations.

4.4. Quantitative results

Replacing photoionization by a background electron den-
sity in simulations of air streamers does not drastically
change streamer properties, at least within our sets of
parameters.

Streamers in air propagate faster than in CO, in a back-
ground electric field of 0.73 times the breakdown field
of the respective gas. However, in a background electric
field of 18 kV cm™! streamers are faster in CO, than
in air.

The interior electric field in CO, streamers is about
2-4kVcem™!, whereas in air it is about 4—7 kV cm~'. The
applied electric field has a very minor effect on the interior
field. At least in air streamers the inclusion of background
ionization instead of photoionization reduces the interior
electric field.

The streamer properties in CO, are essentially unchanged
when 1% or 10% of oxygen is admixed.

4.5. Outlook

We list here a number of questions left for future studies:

e Did we miss some possible source of free electrons ahead
of a positive streamer in CO,? Or can we find experi-
mental observations where such a streamer really does not
propagate?

Can we estimate the free electron density in repetitive
discharges in CO, for use in simulations?

Can we derive some more quantitative understanding of
the relation between the transport and reaction parameters
W(E) and aer(E) and the streamer properties?

We tested background electric fields of 16 to 20 kV cm™!
where the streamers are expanding and accelerating. Will
the same conclusions as above hold in lower electric fields
or in longer gaps?
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