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Abstract
CO2 with an admixture of C4F7N could serve as an eco-friendly alternative to the extreme green-
house gas SF6 in high-voltage insulation. Streamer discharges in such gases are different from those
in air due to the rapid conductivity decay in the streamer channels. Furthermore, since no effect-
ive photoionisation mechanism is known, we expect discharge growth to be more stochastic than
in air. In this paper we investigate whether conventional fluid models provide an good approxima-
tion to a particle-in-cell model for negative streamers in CO2 with admixtures of 1 or 10% C4F7N
Higher fractions were not included, as C4F7N admixtures in high-voltage insulation rarely exceed
10% C4F7N. We focus on 3D simulations of negative streamers. First we review cross section data-
bases for C4F7N and CO2. Then we compare a two-term Boltzmann solver with a Monte Carlo
method to compute reaction and transport coefficients from the cross sections. Afterwards we
compare 3D fluid simulations with the local field (LFA) or local energy approximation (LEA)
against particle simulations. In general, we find that the results of particle and fluid models are
quite similar. One difference we observe is that particle simulations are intrinsically stochastic,
leading to more branching. Furthermore, the LEA model does not show better agreement with the
particle simulations than the LFA model. We also discuss the effect and choice of different bound-
ary conditions on the negative rod electrode.

1. Introduction

1.1. Streamers in air and in new insulation gases
Streamers are ionisation fronts with strong local field enhancement. They frequently determine the ini-
tial stage of electrical breakdown of gases [1]. Streamers in air are the most widely investigated, but their
behaviour does not seem to be generic for other gases because of the strong photoionisation mechan-
ism in air. In this study, we analyse simulations of negative streamers in mixtures of CO2 with C4F7N
(abbreviated as CFN), which is an eco-friendly insulation gas [2].

SF6 is used as an insulation gas in many high-voltage applications, but it is the most potent green-
house gas [3, 4]. Hence, SF6 urgently needs to be replaced. The large electron attachment coefficient and,
therefore the high critical field make CFN-CO2 mixtures suitable candidates for high-voltage insulation.
However, streamer discharges in eco-friendly alternatives differ significantly from those in air, as shown
in [5] for C5-Fluoroketone with air. Similar behaviour has been observed in [6] and in [7] for CO2 with
admixtures of CFN. On the microscopic level, these gases have high attachment rates and an unknown
mechanism of photoionisation. On the macroscopic level, the discharges in the insulation gases do not
form long conducting streamer channels. Instead, there are isolated streamer heads that only propagate
if the background field is close to the critical field [6]. These macro- and microscopic properties differ
significantly from discharges in air.
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Another distinction lies in the propagation of positive versus negative streamers. Negative stream-
ers have a negatively charged layer of electrons around their head, and they propagate against the elec-
tric field. Electrons are accelerated away from the streamer, so no external source of free electrons ahead
of the streamer is needed. In contrast, positive streamers have a positively charged layer at their head
and move along the electric field. Electrons are accelerated toward them, requiring a source of free elec-
trons ahead of the streamer for propagation [1]. Therefore, negative streamers can propagate in any gas,
but the existence of positive streamers depends on a source of free electrons. For air photoionisation
provides such a source, but in most other gases such a mechanism is unknown.

In [8] it was observed that negative CO2 streamers were faster than positive streamers in strongly
non-uniform background fields. We expect similar behaviour in CO2 with an admixture of CFN, when
CO2 is the main component. It is unclear if efficient free electron sources exist in CO2 with CFN admix-
tures. If not, is it difficult for positive streamers to propagate, and we expect negative streamers to
propagate more easily. This would be opposite to the situation in air, in which positive streamers are
dominant [1].

1.2. Publications on 2D cylindrical fluid simulations with CFN admixtures
Streamer discharges are commonly simulated with a fluid model using the local field approximation
(LFA). The LFA assumes that electrons instantaneously relax to the local field, so that transport and
reaction coefficients are functions of the local electric field. Studies of axisymmetric streamers in CO2

with admixtures of CFN using fluid models and the LFA have been presented in [9–14].
If electrons pass through a rapidly changing electric field, the validity of the LFA is questionable. An

improvement of this classical approximation is the local energy approximation (LEA), in which trans-
port and reaction coefficients are functions of the local mean electron energy. Examples in which an
LEA is required are given in [15, 16]. While the LFA includes one reaction-drift-diffusion equation for
the electron density, the LEA requires an additional reaction-drift-diffusion equation for the mean elec-
tron energy. LFA and LEA can be derived from the velocity moments of the Boltzmann equation with a
truncation of the expansion after the first or second term [17, 18]. Fewer studies have used the LEA; a
study of N2 with an admixture of CFN has been published in [19].

Many authors have used 2D cylindrical fluid models to simulate discharges in gases with admixtures
of CFN [9–14, 19]. These models have been used to study the influence of different electrode shapes
[11] or the characteristics of partial discharges in gases with an admixture of CFN instead of SF6 [9, 10,
12]. In [14], a 2D LFA fluid model was used to investigate the effect of buffer gases (either N2 or CO2)
with admixtures of CFN, and the results were compared with results of similar SF6 admixtures. It was
shown that mixtures of N2 with CFN have comparable insulation performance as mixtures of N2 with
SF6. It showed that using CO2 instead of N2 as the buffer gas lowers the breakdown voltage. In [19], a
2D cylindrical LEA fluid model was used to study the effect of CFN fraction and voltage rise rate on
negative streamers. The study showed that decreasing the voltage rise rate or increasing the CFN frac-
tion led to higher breakdown voltages. Also shown is that fast voltage rise give normal negative stream-
ers. Slow voltage rise results in stronger attachment, leading to less shielding of the streamer channel,
and higher electric fields inside the channel. In our work we focused on negative streamers in CO2 with
admixtures of CFN using fully 3D models instead of 2D cylindrical models. We study how 3D fluid
models perform compared to a 3D particle model.

1.3. Publications on 3D particle simulations with CFN admixtures
2D cylindrical fluid models, both with LFA or LEA, are computationally efficient, but they have import-
ant constraints:

(i) They are axisymmetric by construction. The models cannot simulate streamer branching or
interaction of several streamers (except if they are aligned along one axis).

(ii) They are deterministic as the stochastic fluctuations of the particle models are averaged out.
(iii) In low-density regions a tiny fraction of a single electron can be present in a numerical grid cell,

leading to numerical artefacts.

3D particle simulations as performed in [6] can overcome these shortcomings. In [6] negative
streamers were simulated in CO2 with admixtures of CFN in 3D using a particle-in-cell (PIC) Monte
Carlo collision method. Different background fields and different mixtures of CFN and CO2 were con-
sidered. The paper captured the stochastic behaviour of inception and branching, and found that fields
close to breakdown are required for streamer propagation. It was also shown that the negative streamers
will evolve as frequently branching streamer heads, with only a short conducting streamer channel.
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1.4. The content of our paper: cross sections, Boltzmann solvers and 3D simulations
A downside of particle models is their high computational cost. In the present paper, we therefore
investigate whether 3D fluid models can reproduce 3D PIC simulations of negative streamers in CO2

with admixtures of CFN. High voltage insulation application use admixtures with typically not more
than 10% CFN [20], hence we also used at must 10% CFN in the simulations

Another goal is to determine which cross section databases for electron-molecule interactions and
which Boltzmann solver type should be used for the input data. PIC directly uses cross sections as input,
while the fluid models require transport and reaction coefficients. These coefficients are calculated from
the cross sections using Boltzmann solvers or a Monte-Carlo particle swarm code. We study the sensitiv-
ity of the coefficients on solver types at different mixture rates of CO2 with CFN. We also test the differ-
ent cross section datasets for CO2 and CFN and determine the sensitivity of the reduced transport and
reaction coefficients on these cross sections. The aim is to find a suitable solver and cross section data-
set for the 3D fluid model. Then we test different LFA, LEA and PIC models in simulations of negative
streamers.

1.5. Organisation of the paper
This work is structured as follows: in section 2, the transport and reaction coefficients are determined
from the different available cross section databases. The sensitivity of these profiles to the input cross
sections and to the used solver is probed, resulting in a recommendation for the cross section data-
set and the Boltzmann solver to use. Next, in chapter 3, the fluid models and the particle model are
explained in sections 3.1 and 3.2. The numerical setup and the initial and boundary conditions (B.C.s)
are discussed in sections 3.3, 3.4, 5.2 and 5.3. The results of the fluid and the particle models are com-
pared in sections 4.1–4.4. The discussion of this work is presented in section 5, and the conclusion is
given in section 6.

2. Input data

2.1. Electron-neutral cross sections
We test cross section data sets derived by different authors, as collected on the LXCAT database [21–23].
For CFN, the databases of Flynn [24] and of Zhang [25] are tested. For CO2, the databases of Hayashi
[26, 27], Triniti [28], Phelps [29], Morgan [30], and IST-Lisbon [31, 32] are tested. The Phelps, Morgan,
and IST-Lisbon cross sections for CO2 include an ‘effective’ momentum scattering cross section, which
we convert to an elastic cross section by subtracting the sum of all inelastic processes.

2.2. Comparing transport and reaction solvers
Fluid models require electron transport and reaction data, which can be computed from electron–neutral
cross sections using a Boltzmann solver or a particle model. Since electrons attach very quickly to CFN
in low fields, we were not sure whether the choice of solver type would affect the resulting transport
data. We therefore tested two solvers: BOLSIG+ [33] and the particle_swarm code [34]. These solv-
ers were used to calculate the reduced transport and reaction data for CO2 with different admixture
ratios of CFN. Reduced coefficients are studied as these are used in the fluid simulations as input. We
used CO2 with admixture of 1, 10, 20 or 50% CFN at 300K and 1 bar so the gas number density is
N= 2.41× 1025 m−3. Figure 1 shows the calculated reduced transport and reaction data, using the Flynn
cross sections for CFN and the Hayashi cross sections for CO2. We show the flux mobility and the flux
transverse diffusion coefficient used in the fluid simulations.

From figure 1, we conclude that the two solvers produce similar coefficients for the reduced mobil-
ity µN, ionisation rate α/N, and attachment rate η/N. To quantify this, for each mixture and transport
coefficient we have determined the average relative difference between the solvers. This was done by first
computing relative differences and then taking the average of these relative differences. For α/N, the
average was taken only for fields above 150 Td, to avoid division by zero. Average relative differences are
below 3% for µN and α/N, and for η/N they are below 5%. The most significant deviations occur in
low fields with a large fraction of CFN.

Significant deviations are observed for the transverse flux diffusion coefficient shown in figure 1.
Transverse and bulk diffusion coefficients, which are not shown in the figure, also differ significantly
between the solvers. The inaccuracy of the two-term approximation causes these discrepancies between
solvers, see e.g. [35–38]. We have verified that a multiterm Boltzmann solver (Multibolt) with six
terms [37] gives excellent agreement with the diffusion coefficients obtained with the particle_swarm
code. Therefore we trust these two codes and use the particle_swarm code to calculate the input coef-
ficients for the fluid simulations.
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Figure 1. Comparison of the reduced flux transport and reaction coefficients calculated with BOLSIG+ (solid lines) and
particle_swarm code (dotted lines). The coefficients are flux coefficients and were calculated for CO2 with admixtures of
1%,10%,20% and 50% CFN as a function of E/N. Cross section data of Hayashi for CO2 and Flynn for CFN were used. µN,
α/N, and η/N agree well, while DN differs as discussed in the main text. Multibolt results of CO2 with 1% CFN using 6-terms is
added as the dashed line to show that particle_swarm DN does agree with higher-order Boltzmann solvers.

2.3. Dependence on cross sections
We now determine how the choice of cross sections affects reduced transport and reaction data in pure
CFN, using BOLSIG+ with N= 2.41× 1022 m−3 at 300K and 1mbar. Experimental CFN swarm data
are only available at ⩽1mbar, therefore we also calculated the coefficients at 1mbar in the comparisons
with experiments. This in contrasted to the calculations in section 2.2 and the 3D simulations, where 1
bar is used. For this comparison, we computed the bulk mobility, the bulk longitudinal diffusion coeffi-
cient and the effective ionisation rate defined as keff = kα − kη . Here is kα = αvdrift and kη = ηvdrift with
vdrift the electron drift velocity. Swarm experiments provide bulk coefficients and keff, so we also calculate
these in this section. Note that α,η and flux coefficients for µ and D are used as input for the simu-
lations. Figure 2 shows results in pure CFN, using either the Zhang or the Flynn cross sections. There
are clearly significant differences in keff/N,µN and DN, for which we have no explanation. Experimental
swarm data for pure CFN are only available between 700 Td and 1050 Td [39, 40], and are plotted as
black points in figure 2. Hence, it is difficult to conclude which CFN cross section set is to be preferred.
Note the solver did not converge at small E/N, leading to numerical artefacts shown in figure 2.

However, in CO2 with admixtures of CFN, swarm data have been measured over a wide range of
reduced electric fields [40, 41] and these data are available on LXCat [23]. In figure 3, reduced coeffi-
cients calculated from different CFN and CO2 cross section datasets are compared with experimental
swarm data, for 1% and 10% CFN at 100Pa and 296K. For this comparison, we computed the bulk
mobility, the bulk longitudinal diffusion coefficient and keff/N using the particle_swarm code.

In contrast to the case of pure CFN, the CFN cross sections of either Zhang or Flynn now result
in similar transport data for the considered CFN admixtures in CO2. The only exception is that keff/N
becomes significantly more negative with the Zhang cross sections for small E/N with 10% CFN. The

4
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Figure 2. Comparison of the Flynn and Zhang reduced transport and reaction coefficients in pure CFN as functions of E/N. The
coefficients are flux coefficients and were calculated with BOLSIG+. Differences of up to 40% for all coefficients are observed.
The black points indicate experimental swarm data from [39, 40]. BOLSIG+ did not converge at small E/N, leading to numerical
artefacts.

coefficients in pure CO2 are given in the appendix for comparison. Due to the small effect of the dif-
ferent CFN cross sections, only one set of coefficients based on the Zhang cross section is shown in
figure 3. Since the mixtures predominantly contain CO2, the transport data are more sensitive to the
choice of CO2 cross sections. For µbulkN, there is good agreement between the experimental data (black
points) and data computed using the Triniti and Hayashi databases. For keff/N, good agreement is only
obtained with the Hayashi database. The agreement between the calculated and the experimental diffu-
sion data is generally worse, in particular for fields above 600Td. The best agreement between calculated
and experimental diffusion data is obtained with the Morgan database, closely followed by the Hayashi
database.

Since the electron mobility and the effective ionisation coefficient are the most important input data
in a fluid model, we will use the Hayashi CO2 cross sections in our simulations. The panels in figure 3
do not show significant differences when using either the Zhang or the Flynn cross sections for CFN, so
we have made the rather arbitrary choice to use the Flynn cross sections. The critical fields Ek for CO2

with CFN admixtures using Hayashi and Flynn cross sections are given in table 1.
The attachment and ionisation processes included in these databases are listed in table 2. Other

elastic and inelastic collisions are included in the cross-section data of CO2 and CFN and are there-
fore also included in the calculation of the transport and reaction coefficients. To reduce the computa-
tional cost, only the species e−, CO+

2 , O
−, C4F7N−, C4F7N and CO2 from table 2 are tracked. All other

species are collected into either M−, M+ or M based on their charge. This does not alter the model’s
predictions, as no detachment or recombination reactions are considered. M± are included in ρ for the
Poisson calculation. We assume that all atoms, molecules and ions are immobile.

5
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Figure 3. Comparison of reduced transport and reaction coefficients of different CO2 databases with an admixture of 1% (left)
or 10% (right) CFN as functions of E/N. The coefficients are bulk coefficients, and were calculated with the particle_swarm
code. The black points indicate experimental swarm data from [40, 41] at 296K and 1mbar. The CFN cross sections here have a
minor influence, so for the Zhang database only the combination with the Hayashi CO2 cross section is shown. The Flynn cross
sections are used to calculate the input data for the fluid simulations. Experimental data agree well with the Flynn/Hayashi and
Zhang/Hayashi results.

Table 1. Critical electric field Ek for CO2 with different admixtures of CFN with N= 2.41× 1025 m−3 at 300K and 0.1MPa. Hayashi
cross sections for CO2 and Flynn cross sections for CFN are used. The critical field Ek is defined as the field where the ionisation rate α
equals the attachment rate η.

Admixture of CFN Ek

pure CO2 18.0kVcm−1

1%CFN 35.4kVcm−1

10%CFN 69.3kVcm−1

20%CFN 96.5kVcm−1

50%CFN 157.3kVcm−1

100%CFN 234.7kVcm−1

3. Simulationmodels

3.1. Fluid models: LFA and LEA
In this work, two types of reaction-drift-diffusion fluid models for electrons are considered [17, 18]: the
LFA and the LEA. The LFA model is commonly used, but it may fail to capture non-local effects [42,
43]. The classical LFA model is given by
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Table 2. The attachment and ionisation reactions included in the simulations. CFN reactions are from Flynn [24], and CO2 reactions
are from Hayashi [26, 27]. For the complete reaction list of CFN see [24] and of CO2 see [26, 27].

Ionization

e+CO2 → e+ e+CO+
2

e+C4F7N→ e+ e+C3F4N+CF+3
e+C4F7N→ e+ e+CF4 +C3F3N

+

e+C4F7N→ e+ e+ F+C4F6N
+

e+C4F7N→ e+ e+C2F5 +C2F2N
+

e+C4F7N→ e+ e+C3F4N+ F2 +CF+

e+C4F7N→ e+ e+C2F3N+C2F
+
4

e+C4F7N→ e+ e+C3F5N+CF+2
e+C4F7N→ e+ e+C2F6 +C2FN

+

Attachment

e+CO2 → CO+O−

e+C4F7N→ C4F7N
−

e+C4F7N→ F+C4F6N
−

e+C4F7N→ CF3 +C3F4N
−

e+C4F7N→ C4F6N+ F−

e+C4F7N→ C3F7 +CN−

e+C4F7N→ C4F6N+ F−

e+C4F7N→ F+C4F6N
−

∂tne +∇·Γe = Se, (1)

∂tnion = Se, (2)

Γe =−µe (E)Ene −De (E)∇ne, (3)

Se = neµe (E)Eαeff (E) . (4)

Here, ne is the electron density, nion is the density of positive minus negative ions, E is the electric field
and E=|E| its magnitude, Se is the source term due to ionisation and attachment, Γe is the electron flux
and αeff the effective ionisation coefficient defined as αeff = α− η.

The LEA model used here is given by:

∂tne +∇·Γe = Se, (5)

∂tnion = Se, (6)

∂t (neϵ)+∇·Γϵ = Sϵ, (7)

Γe =−µe (ϵ)Ene −De (ϵ)∇ne, (8)

Γϵ =−5

3
[µe (ϵ)Eneϵ+De (ϵ)∇(neϵ)] , (9)

Se = neµe (ϵ)Eαeff (ϵ) , (10)

Sϵ =−E ·Γe − Ploss. (11)

Here ϵ is the local average electron energy, (neϵ) is the electron energy density, Γϵ is the energy flux, Sϵ
is the energy source term. Ploss is the electron energy loss rate due to (in)elastic collisions

Ploss = µe (ϵ)E(ϵ)
2
, (12)

where E(ϵ) is the electric field strength corresponding to the mean energy ϵ in the input data.
This expression is based on the observation that for an electron swarm the average energy gain
should equal the average energy loss, see e.g. page 19 of the documentation of BOLSIG+ [33]. Both
particle_swarm and BOLSIG+ calculate the transport and rate coefficients and ϵ as a function of
E/N. The ϵ(E/N) data allows us to remap the coefficients as a function of ϵ.

The fluid models are coupled with the electric field, computed in the electrostatic approximation as

∇2ϕ =− ρ

ϵ0
(13)

E=−∇ϕ, (14)

7
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where ρ= e(nion − ne) is the charge density, ϵ0 is the vacuum permittivity, and ϕ is the electric potential.
For both models, the afivo-streamer code [44, 45] is used. Afivo-streamer is a fluid-model for streamer
simulations, using a finite-volume method. It is based on the Afivo framework [44], which provides
adaptive mesh refinement and a geometric multigrid solver for Poisson’s equation. This paper presents
the first use of the LEA model within the afivo-streamer code.

With the LFA model, unphysical effects due to electron diffusion against the electron drift direction
can occur [46, 47]. This can cause electrons to diffuse into the sheath near a negative electrode, where
the field and therefore αeff are high, resulting in a rapid growth of the electron density. Therefore, a cor-
rection factor for the LFA electron source term is used

fe =max

(
0,1− Ê ·Γdiffusion

∥Γdrift∥

)
, (15)

where Γdrift and Γdiffusion are the drift and diffusive components of the electron flux and Ê is the elec-
tric field unit vector, see [46, 47] for details. This factor can be derived from the energy conservation in
equation (7) as is shown in [46]. Unphysical ionisation is not fully avoided with fe, but delayed, as dis-
cussed in section 5.2.

3.2. Particle model
We use a PIC Monte Carlo collision model as implemented in the afivo-pic code [48], and also used
in particle_swarm. Electrons are tracked as particles, and ions as immobile densities. The electron
velocity and position are updated with the velocity Verlet scheme. The gas is modelled as a background
that electrons stochastically collide with using the null-collision method [49, 50]. The input for the PIC
model are the electron–neutral cross sections. We use the same scattering algorithm and electron–neutral
cross sections in both particle_swarm and PIC model. We assume isotropic scattering for consistency
with the cross sections used For computational efficiency, electrons are grouped into super-particles with
adaptive weights. The weights are changed so that the number of particles per cell roughly stays below
100, see [48] for more details.

3.3. Computational domain and grid refinement
We use a 5mm× 5mm× 10mm computational domain with a plate-to-plate geometry and a protrud-
ing rod electrode at the top, see figure 4; the same configuration was also used in [6]. The rod electrode
is 2mm long and has a semi-spherical tip with a diameter of 0.4mm. This relatively narrow and short
domain reduces the computational cost of the simulations, but we also provide simulations in a larger
computational domain in section 4.4. Adaptive time stepping is used, with the time step limited by the
most restrictive timescale, see [45].

We evaluate the models at N= 2.41× 1025 m−3 with varying admixtures of CFN. The simulations
use the adaptive mesh refinement of the Afivo model [44]. The refinement condition is αeff∆x⩽ 1.0
with αeff the effective ionization constant. This criterion is usually sufficient to obtain well-converged
PIC and fluid simulations of streamers [51]. The resulting minimal grid spacing is about 2.4µm for the
simulations presented here. The maximum grid spacing in the simulations is limited to ∆x⩽ 55µm. We
remark that numerical heating can occur in PIC simulations when the Debye length is not resolved, but
as discussed in B this effect is not significant here, mainly because we consider a weakly ionized plasma.

3.4. Initial and B.C.s
At the planar bottom boundary, we set ϕ= 0, and at the top boundary, including the protruding elec-
trode, ϕ = V0, where V0 is the applied (negative) voltage. We use the same definition of the background
field as in [6], so that Ebg = |V0|/dplate with dplate = 10mm. Neumann zero B.C.s (n̂ ·∇ϕ = 0, where n̂
is an unit vector perpendicular to the boundary) are applied on the sides of the domain. For the ion
and electron densities, a Dirichlet zero boundary condition (ne = 0) is used on all domain boundaries
including the electrodes. The effect of Neumann and Dirichlet conditions on the species is discussed in
section 5.3.

As an initial condition, we place 15 single electrons (i.e. with super-particle weight of 1) near the
electrode. Their initial locations are sampled from a Gaussian distribution centred 0.2mm below the
electrode tip with a width of 0.2mm, and we place electron-CO+

2 pairs at these locations. While the PIC
model operates with electrons as particles, in the fluid models these 15 electrons at the start of the sim-
ulation are converted to densities by dividing the number of electrons per cell by the volume of the cell.
For better comparison between the models the same 15 initial positions are used in all simulations per-
formed with the particle and fluid models; they are shown in figure 4.
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Figure 4. A view of the plate-to-plate computational domain of 5mm× 5mm× 10mm with protruding top electrode of 2mm.
The dashed box zooms into the location of the stochastic initial condition after the first time step of 0.2ns.

4. Fluid versus particle models

4.1. Comparison of the three models at 36.1 kV cm−1

We first present simulations in CO2 with an admixture of 1% CFN in a background field of
36.1kVcm−1 which is slightly above Ek = 35.4 kV cm−1 (see table 1). For these parameters we compare
the simulation results of the LFA, LEA and particle models and show them in figures 5–7.

Initially, the streamer morphologies and densities are highly similar, as shown in figures 5 and 7(a).
After about 6ns, the main difference is that there is branching in the particle model, as expected. The
particle model is stochastic in nature as particles scatter according to a Monte Carlo procedure, and
stochastic density fluctuations are artificially enhanced due to the use of super-particles (see section 3.2).
Such dynamic density fluctuations are absent in the deterministic fluid models.

The charge density ρ at time t= 8ns is shown in figure 6(a). The PIC simulations show a rather
noisy charge density created by the many small streamer branches, whereas the charge density in the
fluid simulations is much smoother. The models start with a stochastic initial condition, which largely
fades out in the fluid models. The particle model remains stochastic, as it simulates the random motion
of particles. The stochastic effects will be discussed in more detail in section 5.4

The electric field magnitude over planes perpendicular to the streamer is shown in figure 6(b). In
all models we observe ‘isolated’ streamer heads, which only have a short conductive channel where the
electric field is screened. Further back, the field relaxes to the background field, which happens more
smoothly in the fluid simulations.

The peak field is obtained by taking the maximum value of the electric field magnitude across the
transverse directions as a function of the z-coordinate. Figure 7(b) shows the peak field values. In the
PIC and LFA models, the peak electric field stays around 120kVcm−1 in the whole gap, whereas this
value increases to about 140kVcm−1 in the LEA model when the streamer has almost bridged the gap.
Overall, the behaviour between the models is qualitatively similar, with deviations not exceeding ∼15%
for the peak field in figure 7(b) or ∼30% for max(ne) in figure 7(a). In all cases, a main peak due to the
fastest streamer is followed by smaller peaks corresponding to slower streamers.

From figure 7(a), we have determined the velocities of the fastest streamer between z≈ 7mm and
z≈ 1mm: vLEA ≈ 0.70mmns−1, vLFA ≈ 0.56mmns−1, and vPIC ≈ 0.60mmns−1. The LEA streamers are
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Figure 5. Evolution of the electron density of the LFA, LEA and PIC models for CO2 with an admixture of 1% CFN in a back-
ground field of Ebg = 36.1kVcm−1. The simulations show the same initial stochastic growth, with some disagreement in later
phases due to branching. Figures are generated using ray-traced 3D volume rendering in Visit [52].

Figure 6. (a) The charge density ρ integrated along the line of sight on the xz-plane at time 8ns. Shown are the simulation data
of figure 5. Red indicates negative and blue positive charge densities. The profiles are similar, with the main difference that there
is more branching in the particle model. (b) Electric field magnitude in the yz-plane, where z is the direction of the background
field at 8ns, showing again the simulation data from figure 5. The saturated red region indicates the high field near the electrode.
The E are similar in the streamer heads for the three models. The major difference is again the branching.

thus the fastest, while the LFA and PIC results agree rather well. The higher velocity of the LEA stream-
ers is related to their slightly higher maximal electric field and therefore higher electron drift velocity (as
negative streamers should propagate at least with the drift velocity); see figure 7.
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Figure 7. Comparison of (a) maximum electron density and (b) maximum electric field magnitude over the transverse directions
as a function of the z-coordinate of the LFA, LEA, and PIC simulations in figure 5. Three instances (marked by different colors)
are chosen where the fastest streamers have roughly the same length. The z-axis is truncated at z= 8mm to exclude the electrode.
The models produce comparable profiles, with PIC showing a noisier distribution.

The deviations in velocity between the LEA and PIC are somewhat puzzling. We expected LEA and
PIC to be similar as both account for the higher electron energies that the electrons gain while propagat-
ing at vdrift, as shown in [42]. However, the PIC streamer branches, causing partial screening of the
streamer heads. This reduces the field enhancement and maximum field to be more similar to the LFA
model. Since a negative streamer propagates at least with vdrift at the maximum field, this branching also
reduces the PIC velocity toward the LFA velocity.

Another cause of the deviations can be the prefactor 5/3 in equation (9) which is based on [17, 18].
It is an approximation and can deviate for different gas mixtures. The correct prefactor can be obtained
from BOLSIG+/particle_swarm, but we choose to use this simple LEA model to show the practicality
of fluid models. Alternative LEA formulations exist [53]. In conclusion, the exact cause of the velocity
difference is difficult to pinpoint precisely in this 3D non-linear model.

4.2. Comparison of model results in different fields
Figure 8 shows simulation results in CO2 with an admixture of 1% CFN, but now at background fields
of Ebg = 32.0, 34.2 and 38.2kVcm−1, which are near Ek = 35.4kVcm−1. With a higher background field
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Figure 8. Evolution of the electron density with the same parameters as in figure 5 except for the background field being here
Ebg = 32.0kVcm−1, 34.2kVcm−1 and 38.2kVcm−1 with from left to right; in figure 5 it was 36.1 kV/cm. Three time steps for
simulations with the three models are shown. At low Ebg, the evolution is similar. At higher Ebg, more branching occurs making
the fluid and particle models less similar.

the streamers have a longer conductive channel and there is significantly more streamer branching. The
particle simulations still branch more often, which is again the most prominent difference between fluid
and particle simulations. Similar to the case at 36.1 kV cm−1, streamers are the slowest with the LFA
model and the fastest with the LEA model, with differences of 10%–20%.

4.3. Model comparison with 10% CFN
Next, we consider an admixture of 10% CFN at 63kVcm−1 which is below Ek, see table 1. The results
of the LFA, LEA and particle models are shown in figure 9. With all models, we observe streamer heads
with a short conductive channel that fade out after propagating approximately halfway through the gap.
The LEA streamers are again the fastest, with the LFA and PIC velocities agreeing well, similar to the
cases with a lower CFN fraction.

4.4. Larger computational domain
The simulations presented above were performed in a relatively small computational domain of 5mm×
5mm× 10mm. We have also simulated streamers in a larger domain of 10mm× 10mm× 20mm while
keeping the same needle size to reduce the effect of the lateral B.C.s. The simulations were performed
with an admixture of 1%CFN at Ebg = 34.2kVcm−1 and 36.1kVcm−1. Results of the LFA, LEA and
particle models are shown in figure 10.

At 34.2kVcm−1 all models produce isolated streamer heads with only a short channel. These stream-
ers stop propagating at about 5 mm below the electrode. Within the smaller domain the streamer
crossed the gap at this background field, see figure 8. However, it should be noted that we define the
background field as the average field between the plates. When the background fields are equal, the
average field between the electrode tip and the opposite plate will be lower in the larger computational
domain.

At Ebg = 36.1kVcm−1 the streamers have much longer conductive channels. Therefore the voltage
drop over the length of the channel decreases and a larger voltage drop is available at the streamer head,
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Figure 9. Evolution of the electron density, now in CO2 with an admixture of 10% CFN. The background field now is Ebg =

63kVcm−1, slightly lower than the critical field Ek = 69.3 kV cm−1. The models show similar initial growth across the different
models, with some disagreement in the later phase of the simulation. All models predict streamers to fade.

creating a larger electric field at that location. This is particularly the case for the LEA model, which
again produces the fastest streamers, whereas the PIC and LFA velocities agree quite well.

5. Discussion

5.1. Computational cost
The simulations were performed on ‘Rome’ computing nodes of the Snellius supercomputer (SURF, the
Netherlands), which have dual AMD EPYC 7H12 CPUs with a total of 128 cores. For each simulation
a quarter (32 cores) of a single node was used. The approximate run times of the simulations in 4.1
and 4.2 are summarised in table 3.

The particle model only refined grid cells in which ne ⩾ 1013m−3, so it generally used fewer grid
cells than the fluid models. At low Ebg, the use of relatively few super-particles (around 107) resulted in
PIC having the shortest run times. At higher Ebg, the number of super-particles increased (up to 108),
which slowed down PIC, and the LFA became faster. The LEA model was always the slowest, which
was caused by two main factors: a finer grid due to the slightly higher electric field at streamer tips,
and a smaller time step due to the extra energy equation. The specific initial conditions used (e.g. few
seed particles and strong attachment) makes that PIC is only ∼2 times slower, as we only have a small
volume containing particles.
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Figure 10. Evolution of the electron density within the larger domain in CO2 with an admixture of 1% CFN in a background field
of Ebg = 34.2kVcm−1 (left) and 36.1kVcm−1 (right). The figure only shows the top 17 mm, to exclude empty space between the
steamer and bottom electrode. Again, similar streamers are produced with the different models.

5.2. Sensitivity to initial conditions
As is shown in section 3.1 and in [54], the LFA model can have issues resolving the cathode sheath.
The sheath issue is illustrated in figure 11, which shows LEA and LFA simulations in which the initial
electrons were shifted 0.1mm towards the electrode tip in comparison to the simulations shown earlier
in section 4.1.

With the LFA model, the back side of a negative streamer grows towards the needle, resulting in a
small region with an electron density as high as about 1022m−3. This high density keeps increasing, and
due to the resulting small dielectric relaxation time ∆t< ϵ0/(eµene) [45] the simulation effectively stops.
Such unphysical growth is not present in the LEA model under the conditions and time scale considered
here.

Note that in our LFA simulations, we have used a correction factor for the source term, as shown in
equation (15). This factor reduces the unphysical growth, but does not completely stop it, as is evident
in figure 11. In general, one should therefore avoid initial conditions that lead to a cathode sheath when
using the LFA model.
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Table 3. The approximate simulation times of the runs in sections 4.1 and 4.2.

Ebg LFA LEA PIC

32.0 kV cm−1 ∼ 19h ∼ 65h ∼ 5h
34.2 kV cm−1 ∼ 36h ∼ 64h ∼ 18h
36.1 kV cm−1 ∼ 25h ∼ 84h ∼ 44h
38.2 kV cm−1 ∼ 34h ∼ 108h ∼ 79h

Figure 11. A close-up of the electron density near the electrode with the seed placed closer to the electrode. In LFA a tail moving
backwards towards the electrode appears, which does not appear in LEA for the considered parameters. The density in this tail
quickly increases due to fast ionisation, effectively stopping the LFA simulation, as the required time step keeps decreasing.

5.3. Neumann versus Dirichlet B.C.s
Commonly a Neumann zero boundary condition (n̂ ·∇ne = 0) is used for ne on the electrode for
positive streamers. In this case, electrons flow into the electrode from which the streamers are emit-
ted. However, for negative streamers electrons can flow out of the electrode, making the B.C.s more
important. We therefore study the effect of Dirichlet or Neumann B.C.s for the electron density at the
electrode. We use CO2 with an admixture of 1% CFN in a background field of 36.1kVcm−1 in the LFA
model.

A close-up of the electron dynamics near the electrode is shown in figure 12. In the first two
stages of figure 12 the number of initial avalanches and their morphology and electron densities are
rather indistinguishable between the two B.C.s. The difference emerges after 0.6ns as in the case of the
Neumann B.C., structures with a high electron density form near the electrode. These high densities
result in a short dielectric relaxation time, which limits the global time step. These high electron dens-
ity structures form after a small electron density has diffused towards the electrode. Most of these elec-
trons drift away, causing the flux at the electrode to be non-zero. This results in an outflow of electrons
with Neumann zero B.C.. The combination of this outflow with the local high electric field causes ion-
isation, resulting in rapidly growing ne effectively stopping the simulation. This outflow is absent with a
Dirichlet B.C., preventing high ne formation in the initial phase. Dirichlet zero B.C. approximates a scen-
ario where electrons do not have sufficient energy to overcome the electrode work function, such that
there is no electron emission. The short timescales of 20 ns considered in this work result in a small ion
flux and low secondary electron emission, thus Dirichlet B.C. are more suitable.

5.4. Stochastic effects
The initial condition for the electrons is stochastic, as described in section 3.4. The dynamic evolution of
the fluid models is deterministic, while the particle model is stochastic. Thus, it is understandable that
the particle model branches more frequently than fluid models, as shown in section 4. Branching can
occur due to physical density fluctuations. The particle model overestimates density fluctuations due to
the use of super-particles, where the fluctuations are increased by a factor of

√
w, with w the particle
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Figure 12. The evolution of the electron density near an electrode with either Dirichlet (top) or Neumann (bottom) zero bound-
ary conditions using the same parameters as in 4.2 s.t. Ebg = 36.1kVcm−1. Neumann conditions allow the electrons to flow out
of the electrode and to form structures of high density around the electrode effectively stopping the simulation.

weights [1]. For the 36kVcm−1 case in section 4.1 the average weight of the simulations is around 25,
such that fluctuations are artificially increased by about a factor five. On the contrary, fluid models sup-
press dynamic fluctuations. Thus, PIC sets an upper bound and fluid models a lower bound to the dis-
charge stochasticity. PIC with particle weight 1 would give correct fluctuations, but is not feasible due to
the large number of particles required.

5.5. Streamer polarity and sources of free electrons
This work focused on negative streamers, which can propagate without nonlocal sources of free elec-
trons, such as photoionisation or electron detachment. Photoionisation is an important mechanism for
streamers in air, allowing positive streamers to propagate against the electron drift direction. The poten-
tial sources of free electrons in CO2 with admixtures of CFN remain uncertain.

In [54, 55], photoionisation was implemented in pure CO2. It was found that the weak photoionisa-
tion of CO2 could sustain the propagation of positive streamers in sufficiently high background fields.
There was however considerable uncertainty in the photoionisation parameters. Photoionisation in mix-
tures of CFN and CO2 could be approximated by the photoionisation parameters for pure CO2, but
energetic photons might efficiently be absorbed by CFN. Such an effect was found in [56], where it was
shown that adding CH4 to air leads to a reduction in photoionisation.

Another source of free electrons could be electron detachment in a pre-ionized gas. Previous exper-
imental work on swarm experiments shows evidence of detachment in CFN [57–59]. The detachment
reactions are given in [58], and the detachment reaction rates in [57]. However, the presence and density
of negative ions in front of the discharge remain uncertain and will depend in particular on the experi-
mental conditions and the previous discharge history.

6. Conclusion and outlook

6.1. Conclusion
We first reviewed the transport and reaction coefficients in CO2 with admixtures of CFN. The sensitiv-
ity of these coefficients to the choice of solver was analysed using BOLSIG+ and particle_swarm for
different CFN-CO2 mixtures. Both solvers produced similar µN, α/N, and η/N, while larger deviations
were found for DN due to shortcomings of the two-term approximation [38]. Overall, both solvers are
suitable.
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Next, we compared particle_swarm results for transport and reaction coefficients with experi-
mental data using different cross section sets at 1% and 10% CFN. Good agreement was obtained for
µN and αeff/N when using the Hayashi database for CO2 combined with either the Flynn or Zhang
datasets for CFN. Since these coefficients are the important inputs for fluid models, we chose the
Hayashi set for CO2 in our simulations. Different CFN cross sections had only a minor influence on
the mixture coefficients, and we could not determine whether the Flynn or the Zhang set showed better
agreement.

Finally, we investigated whether fluid models can model stochastic negative CFN-CO2 streamers in
various background fields. The fluid models approximate the particle model reasonably well, though
branching occurred in particle simulations due to their intrinsic stochasticity. The particle model overes-
timates fluctuations due to the use of super-particles, whereas fluid models suppress them by averaging
out fluctuations. Furthermore, with the LEA model streamers were generally the fastest.

6.2. Outlook
Combining modelling and experiments is essential for understanding the discharge behaviour and insu-
lation performance of CFN-CO2 mixtures. An essential next step is to validate the fluid and particle
models for negative CFN-CO2 streamers through experiments, as has been done for positive air stream-
ers [60]. Such a validation enables the use of models to study the current open questions, such as:

(i) What are the generic properties of streamers that have strong attachment and little to no
photoionisation?

(ii) Positive air streamers propagate more easily than negative streamers. Is this a generic streamer
property, or will this be different for eco-friendly gases?

Another important step is to extend the fluid and particle models with processes such as photoion-
isation, detachment, and three-body reactions. However, reliable data must be obtained first. The CFN-
CO2 streamer structures are suspected to be highly stochastic, consisting of many smaller streamers.
Therefore, computationally expensive 3D simulations are necessary. Developing reduced models as in
e.g. [61, 62] might therefore be required.
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Appendix A. Comparing CO2 coefficients

The reduced transport and reaction coefficients are shown in figure A1 of the Hayashi [26], IST-
Lisbon [31], Morgan [30], Phelps [29] and Triniti [28] CO2 cross sections. The particle_swarm solver
is used. The calculated coefficients have a clear division between the Hayashi and Morgan databases and
the other databases for µN,DN and η/N. We see this division less for α/N. Additionally, the values of
the attachment rate η/N vary between the IST-Lisbon, Phelps, and Triniti databases, whereas the Hayashi
and Morgan databases give quite similar η/N profiles.
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Figure A1. Comparison of the Hayashi, IST-Lisbon, Morgan, Phelps and Triniti reduced transport and reaction coefficients in
pure CO2 as function E/N. The coefficients are calculated with the particle_swarm code.

Appendix B. Numerical heating in particle-in-cell (PIC) simulations

In our PIC simulations the grid spacing ∆x can exceed the Debye length

λD =

√
ε0 kBTe

ne e2
, (B.1)

where kB is Boltzmann’s constant, Te is the effective electron temperature and the contribution from
ions has been ignored. Not resolving the Debye length can result in numerical heating and the thermal-
ization of electrons, see e.g. [63]. However, these effects are usually not important when considering
streamer discharges, as was recently studied in [64]. The main reason for this is that streamer discharges
are weakly ionized. In the high-field region near the streamer head, the electron dynamics are driven by
rapid energy and momentum gain from the field, balanced by rapid energy and momentum loss due to
collisions, while numerical heating (or thermalization) will occur on a longer time scale. In the streamer
channel there is a weaker field, but electrons will rapidly lose energy obtained from numerical heating
in electron–neutral collisions. Only for very large ratios of ∆x/λD will numerical heating in the channel
affect its conductivity. There will then be noise in the channel’s electric field with an amplitude com-
parable to the critical field. However, since in the simulations presented here there was a rapid decay of
channel electron density no such effects were visible.

As suggested by one of the referees, we have estimated the maximum ratio of ∆x/λD. For the
36.1kVcm−1 case, the maximum electron density at the streamer head is about 1020m−3, the grid
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spacing is about ∆x= 5µm and the effective electron temperature is about Te ∼ 2
3 (6eV/kB). This res-

ults in a ratio ∆x/λD ∼ 3. Further back in the channel the mesh is a factor two larger but the electron
density is lower, so we still have ∆x/λD ∼ 3. We have made similar estimates for the 34.2kVcm−1 and
38.2kVcm−1 cases, and found a maximum ratio of ∆x/λD ∼ 4. With these values effects due to numer-
ical heating are expected to be negligible [64].
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