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Abstract.

We systematically investigate the avalanche-to-streamer transition (AST) over

a wide range of pressures and homogenous background electric fields and for a

comprehensive list of gases, namely pure nitrogen, carbon dioxide, oxygen, argon,

sulfur hexafluoride and synthetic air. The discharge starts from an initial seed

electron and is temporally followed from the avalanche regime, through the first

significant distortion of the background field and the subsequent increasing deviation

from the Gaussian electron density profile, up to the occurrence of runaway electrons

accompanied by the sudden and dramatic increase of electron energy and electron

number multiplication. We detect weak influence of the background electric field value

and the gas composition, but strong influence of the gas density on the electron number

at which the transition occurs. The simulations are performed by means of a fully-

interacting particle simulation program that combines a particle-in-cell/Monte Carlo

collision model (PIC/MCC) with a three-dimensional Poisson solver in order to account

for the space charge generated by the electrons and ions. The freely-available program

is based on the METHES code and is universally applicable to arbitrary gas mixtures

with complete cross section sets.

PACS numbers: 52.80.Dy 51.50.+v 52.25.Fi

Submitted to: J. Phys. D: Appl. Phys.

1. Introduction

In many cases, an electrical discharge starts with a single electron - or more precisely

an ion/electron pair - that evolves into an avalanche and subsequently into a streamer

[1]. The avalanche-to-streamer transition (AST) is crucial for the physics of lightning

in the atmosphere [2] and for applications such as gaseous insulation for electrical

equipment [3,4] or gaseous particle detectors [5]. It is particularly instructive to monitor

the avalanche-to-streamer transition as the system’s parameters, such as the electric

field strength, ambient pressure and gas composition are changed. Cosmic rays may

create free electrons that are the origin of lightning at various ambient pressures and

temperatures in altitudes ranging from the troposphere to the mesosphere [6, 7]. In
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gaseous insulation systems, the pressure and the gas composition is typically optimized

in order to suppress the streamer formation up to high electric fields [8, 9]. Gaseous

particle detectors seek gas compositions and pressures that result in maximum signal

gain and high time resolution while operating in the avalanche mode and preventing

streamers [10, 11].

A precise model of the avalanche-to-streamer transition must include electron and

ion kinetics dominated by collisions with the background gas and the interaction of

the particle ensemble via its own space charge. Impact-ionization is the main electron

source during the growth of an avalanche towards a streamer and electron production

from photo-ionization is responsible for seed electrons outside the streamer head in

certain gases [12]. Various definitions for the AST exist, which have in common that

the transition is associated with the amplitude of the space charge electric field [3,13–16].

The widely-used criterions from Raether [13] and Meek [14], that is when the electric

field generated by the space charge becomes comparable with the background electric

field, greatly simplify the procedure for deriving the critical electron number at which the

AST occurs. A correction to the Meek criterion in particular due to electron diffusion

was conducted within a non-interacting fluid model [16]. The authors identify the

transition point at the first significant distortion of the background field by the space

charge, specifying ”significant” as a maximal field enhancement of 3%. However, fluid

simulations cannot describe certain aspects of streamers such as runaway electrons [17].

Therefore, particle models as well as hybrid models, which combine fluid and particle

models, were used to investigate streamers, see e.g. [18]. First attempts to investigate

discharges on the basis of particle-in-Cell/Monte Carlo collision (PIC/MCC) models

were done for nitrogen within one-dimensional configuration space [19]. PIC/MCC

models in two dimensions assuming cylindrical symmetry were used to investigate

streamer formation in atmospheric pressure nitrogen [20–22], radio frequency discharges

[23], and to analyze runaway electrons [24–26], space charge effects in resistive plate

chambers [27] and point-to-plane corona discharge in nitrogen [28]. Furthermore, 3D

PIC/MCC simulations were conducted in high-pressure electronegative gases with focus

on laser-triggered gas switches [29]. The listed PIC/MCC simulations are based on

different physical models and numerical methods, they use different definitions for the

AST and their focus is on diverse physical phenomena in specific gases. To date, no

comprehensive investigation by means of PIC/MCC simulation is available that gives

an overview of the AST for different gas species, ambient pressures and electric field

strengths. In many applications, the AST occurs in strongly inhomogeneous background

fields, e.g. close to sharp tips or rough surfaces. Due to the variety of possible

inhomogeneous field configurations, the AST can be evaluated on a case-by-case basis

only, whereas in homogenous background fields more universal statements regarding the

transition are possible independent from the system’s geometry.

In this work, we investigate the beginning of a discharge that emerges from a single

low-energy electron in a homogenous background electric field. We follow the discharge

that is growing due to impact-ionization towards a regime where the electrostatic
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interaction becomes relevant. We account for this interaction by means of mean field

theory. The many-body problem of interacting electrons and ions is reduced to the

Coulomb force on electrons arising from the space charge of the electron and ion

densities. Magnetic coupling via the Lorentz Force is neglected. Clear transitions are

identified on the basis of sudden changes in the discharge behavior and not by the widely-

used method of monitoring the amplitude of the space charge electric field. Within a

fully-interacting PIC/MCC simulation, the first transition, which distinguishes the non-

interacting avalanche regime and the space charge affected regime, becomes manifest in

an increase of electron diffusion. The second transition involves a sudden occurrence of a

large fraction of high-energy (or runaway) electrons, and therefore a dramatic increase of

the system’s mean kinetic energy and electron number multiplication. Our final goal is to

determine comprehensively the AST for different gas compositions, pressures and electric

fields. The evolution from avalanche to streamer is systematically investigated for pure

argon (Ar), nitrogen (N2), oxygen (O2), carbon dioxide (CO2), sulfur hexafluoride (SF6)

and synthetic air (80%N2,20%O2 by volume). We place particular emphasis on providing

a tool that is universally and easily applicable to arbitrary gas mixtures with complete

cross section sets in the format provided by the LXCat database [30]. This makes it

possible to directly compare the critical electron number at the AST for different gas

compositions.

2. Simulation methods

The simulation program is based on the freely available Monte Carlo codeMETHES [31].

For arbitrary gas mixtures, electron transport parameters for steady-state conditions

in the presence of uniform electric fields can be derived on the basis of input cross

sections available on LXCat. Following the null-collision technique [32] and assuming

isotropic scattering for electron-molecule collisions, it is possible to simultaneously trace

up to 106 − 107 electrons using a present-day standard computer. Simulations assume

homogeneous gas particle number density N , which is deduced from the pressure p and

the temperature T via the ideal gas law. The reduced electric field E/N , which is the

ratio of the background electric field strength to N , is given in units of Townsend (Td),

which is defined as 1 Td=10−21Vm2.

The code has been described in detail and has been tested for various gases and

gas mixtures in a previous work [31]. Several changes and extension of the original

METHES code are necessary to account for space charge effects:

• extrapolating the cross sections to infinite energies ε, see section 2.1

• adding a functionality to derive particle densities from the limited amount of

electrons provided by the computer, see section 2.2

• adding an efficient solver for the three-dimensional Poisson equation, see section

2.3

• integrating electron trajectories of relativistic energies in inhomogeneous fields (the
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time-integration of electron trajectories of the original METHES code was limited

to low-energy electrons in homogenous electric fields), see section 2.4

2.1. Cross section input

The relevant types of electron-neutral collisions for the Monte Carlo simulation are

elastic, inelastic, ionizing and attaching collisions. The collision data for argon Ar,

nitrogen N2 and oxygen O2 [33], for carbon dioxide [34] and for sulfur hexafluoride

SF6 [35] were downloaded from the LXCat database. In the present simulations, the

pressure dependency of three-body attachment processes, such as the parent anion

attachment in O2, is neglected. This means that the cross section is assumed to be

independent from the pressure. Most cross sections that are available on the LXCat

database are limited to energies ε . 1 keV. Beyond this, we assume for all cross

sections the limit of Coulomb scattering ∝ 1/ε2, which corresponds to the first-order

Born approximation for a screened Coulomb potential. This is generally valid due the

rapid convergence of the Born series for high energies, see e.g. [36]. We ensure that the

cross sections and their derivatives are continuous at the boundaries.

2.2. Particle densities

In order to account for space charge distorted fields, the Poisson equation must be solved

and therefore the Monte Carlo Code is extended with a Particle-in-Cell (PIC) scheme to

derive particle number densities. However, today’s computers cannot efficiently handle

the large electron numbers at the AST. To overcome this problem, the limited amount

of electrons provided by the computer are used as ”probes” to resolve spatio-temporally

the ionization and attachment events accompanied by the changes in electron and ion

densities. We introduce a maximum allowed number of electrons Nmax. The latter can

be defined by the user and was set in the present work to Nmax = 105 for reasons of

computational efficiency. The electron number Ñmax just after Nmax has been exceeded

can be equal but generally is slightly larger than Nmax. From that moment on, the

electron number is fixed to Ñmax and these electrons are denoted as ”probe electrons”.

Before the electron number reaches Nmax, real and probe electrons are equivalent and

the densities of electrons ρe(r), cations ρ+(r) and anions ρ−(r) are straightforwardly

obtained by mapping the particle positions onto the grid r = (xi, yj, zk).

After exceeding Nmax, the number of probe electrons after an ionization event is

kept fixed by removing a random electron from the ensemble. In case of an attachment

event, the electron is removed and a random electron from the remaining ensemble

is cloned in terms of position and energy. This technique has been described and

extensively tested [31, 37], ensuring the correct spatial and momentum distribution of

the electron ensemble but not the correct magnitude of the particle number density.

Therefore, a procedure for the charge densities is used in order to obtain the density of

real electrons from the density of probe electrons: the current number of electrons

Ne, cations N+ and anions N− are obtained by the spatial integral of the particle
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densities Ne,+,− =
∫

ρe,+,−(r)d
3r. Subsequently, the numbers Ni and Na of ionization

and attachment events are counted and the corresponding increase in particle number

during ∆t is calculated by ∆N+ = NeNi/Ñmax for the cations, by ∆N− = NeNa/Ñmax

for the anions and by ∆Ne = ∆N+ − ∆N− for the electrons. Correspondingly, the

particle densities change according to

ρe,+,−(r, t+∆t) = ρe,+,−(r, t) +
∆Ne,+,−

Ne

ρe(r, t). (1)

The number of ionization events must be much smaller than the fixed size of the

electron ensemble used for the simulation. The constraint Ni/Ñmax < 10−2 is fulfilled

by adjusting when necessary the time steps during the simulation by changing the

maximum collision frequency. This is in particular important for obtaining the correct

densities for avalanches in strong electric fields, where ionizing collisions dominate over

elastic and excitation collisions. Ions are treated as immobile, since electron mobilities

exceed ion mobilities by up to three orders of magnitude.

2.3. Solving the Poisson equation on a moving grid

The Poisson equation ∆φ = ρ/ε0 for the electric potential φ is governed by the total

charge density ρ = ρe + ρ+ + ρ−. Considering a particle ensemble far away from the

boundaries, the total electric field E is the superposition of the uniform background

field EB and the field originating from the space charge E = EB − ∇φ. Boundary

conditions are therefore not imposed onto the solution, which is derived by means of a

Jacobi relaxation method on a three-dimensional cartesian grid (xi, yj, zk) with spacing

∆x,∆y,∆z. The potential φi,j,k is expressed on the grid point (xi, yj, zk) by the local

charge density ρi,j,k and the potentials on the neighbouring sites via

φi,j,k =
1

2

∆x2∆y2∆z2

∆y2∆z2 +∆x2∆z2 +∆x2∆y2

(

1

∆x2
(φi+1,j,k − φi−1,j,k)

+
1

∆y2
(φi,j+1,k − φi,j−1,k) +

1

∆z2
(φi,j,k+1 − φi,j,k−1) + ρi,j,k/ǫ0

)

.

(2)

This explicit seven-point difference scheme gives an approximate solution φ
(p)
i,j,k by

applying equation (2) iteratively p-times on an initial potential φ
(0)
i,j,k. The change in

electron and ion densities during a time step ∆t is below 1% (see section 2.2) and

hence the change in φ. Therefore, by taking the previous potential φ(t−∆t) as initial

guess, only a few iterations are needed to derive the potential φ(t) within 1% absolute

accuracy. Thus, multigrid methods [38] which improve convergence of the solution are

not needed for our simulations, neither are adaptive grid refinement techniques [39]

which were introduced to follow the streamer evolution after branching on the basis of

fluid models. Compared to direct solvers, the iterative Poisson solver has, besides speed,

the advantage of suppressing electrostatic fluctuations from individual particles.

During the simulation, the grid encloses the entire region of the static ions and the

moving electrons to ensure a fine spatial resolution in the relevant region. After each
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time step the grid (xi, yj, zk) is redefined and the potential as well as particle densities

are linearly interpolated onto the new grid (x′
i, y

′
j, z

′
k), keeping particle numbers constant

by normalizing the densities via

ρe,+,−(r
′) =

∫

ρe,+,−(r)d
3r

∫

ρe,+,−(r′)d3r′
ρe,+,−(r). (3)

2.4. Electron trajectories

Due to the space charge, electrons are moving in a temporally and spatially varying

electric field E. As mentioned in section 2.3, the relative change of φ during ∆t is small.

However, strong spatial variation of E as well as electron energies in the order of keV

are characteristic for the AST. Such energies correspond to velocities v of |v|/c ≈ 0.1,

where c is the speed of light [40]. Accounting for the spatially varying electric field and

the relativistic mass increase of the electrons we solve the equation of motion for the

electron position x and the relativistic momentum p = mev/
√

1− |v|2/c2, where me is

the electron mass. For each electron, the coupled system of differential equations

dp

dt
= eE, (4)

dr

dt
=

p
√

m2
e + p2/c2

(5)

is integrated in the interval [t, t +∆t] using MATLAB ’s build-in solver ode45, which is

based on an explicit Runge-Kutta (4,5) formula [41]. Here e is the electron charge. For

moderate electric fields and small space charge, inhomogeneities in E and relativistic

effects are negligible and, instead of equations (4) and (5), Newtons second law of motion

is applied to avoid time-consuming integration.

3. Characterization of the AST

The maximal field enhancement γ = (Emax − |EB|)/|EB| compares Emax, which is the

peak value of |E|, with the background field EB. It can be used as a measure for

the significance of the space charge. However, values of γ at the AST vary between

3% [16] and 100% [22]. In order to characterize the transition more precisely, we

monitor averaged quantities of the electron’s phase-space density and investigate the

discharge based on the behavior of these quantities. The latter are the electron number

Ne, mean kinetic energy 〈ε〉, mean electron position 〈r〉 and the standard deviation of

r, σ = 〈(r−〈r〉)2〉1/2. For a non-interacting avalanche σ corresponds to the width of the

gaussian electron density profile in x-, y- and z-direction. Figure 1 shows the temporal

evolution of the quantities that are used for the identification of the different regimes of a

discharge. The avalanche (or swarm) regime is characterized by a constant 〈ε〉 as well as

a linear increase of log(Ne) and σ2
‖ versus time, where σ‖ is the longitudinal component

of σ into the direction of EB. This situation corresponds to temporally constant fluid

parameters, namely effective ionization rate νeff and longitudinal diffusion constant D‖.
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Figure 1: A typical temporal evolution of a discharge starting from a single electron with

initially zero kinetic energy, in terms of electron number Ne, mean kinetic energy 〈ε〉 and

longitudinal width σ‖ (in arbitrary units). During transition 1 at time t1, the avalanche

starts to interact via its own space charge and σ2
‖ becomes non-linear. Transition 2

at time t2 is accompanied by the abrupt increase of 〈ε〉 and Ne by several orders of

magnitude.

The most sensitive parameter with respect to the space charge is σ‖. The clear but

rather smooth transition of σ2
‖ from linearity to non-linearity defines transition 1 - at

time t1 and electron number N1 = Ne(t1) - and separates the interacting regime from

the previous avalanche regime. The transversal component σ2
⊥ and the mean position

〈r〉 of the discharge, which are not shown in the figure, leave the linear regime with

slight delay and less pronounced. In terms of fluid parameters, the interacting regime is

accompanied by a strong increase of the longitudinal and transversal diffusion constants

D‖ and D⊥ and a slight decrease of 〈ε〉 and νeff compared to the avalanche regime. A

second and more pronounced transition 2 takes place - at time t2 and N2 = Ne(t2) - in

the form of a sudden and dramatic increase of 〈ε〉 and Ne. This point in time clearly

marks a transition from a regime that is influenced by space charge to a runaway regime.

The method that we used to identify the transition points from the σ2
‖-vs-time and the

log(Ne)-vs-time curves is given in the appendix 8.1.

Figure 2(a) shows the maximal field enhancement γ at selected instances for

atmospheric pressure air. A value of γ = 3% is reached at an electron number of

Ne = 1.6 · 105 around 0.1 ns before transition 1, which occurs at Ne = 3.4 · 106. The

values γ = 100% and γ = 200% are reached between t1 and t2 at Ne = 2.1 · 107 and

Ne = 3.8·107. Transition 2 corresponds toNe = 4.8·107. The value of γ = 1000% occurs

at t = 0.65 ns and Ne = 1.8·108. The corresponding radially integrated electron densities

in longitudinal direction are shown in figure 2(b). For γ = 3%, ρe is well described by

a Gaussian, whereas subsequently for γ = 100% and γ = 200% the deviation from the

Gaussian density profile can clearly be observed.
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Figure 2: (a) Electron number vs time of a discharge, starting from a single electron

with initially zero kinetic energy, in synthetic air at E/N = 400 Td, p = 100 kPa

and room temperature. The points corresponding to transition 1, transition 2, Raether

criterion (eq. (6)), Meek criterion (eq. (7)) and field enhancements of γ = 3, 100 and

200% are indicated with markers. (b) Spatial electron density profiles in direction of

the background field EB at the instances where γ = 3, 100 and 200%. Here, ρ
‖
e(z) =

∫

ρe(r)dr⊥ is obtained by integrating the density ρe over the cartesian coordinates

transversal to EB. For easier comparison
∫

ρ
‖
e(z)dz is normalized to 1.

4. Results

Simulations in Ar, N2, O2, CO2, SF6 and synthetic air are performed at room

temperature (T = 300 K) with the cross section sets given in section 2.1 and the

methods described in section 2.2 - 2.4. Numerical tests for different grid spacing and

maximum allowed number of electrons Nmax have been performed, see appendix 8.2.

For the present investigations, a number of grid nodes of [x, y, z] = 100 × 100 × 100

and Nmax = 105 was used. The energy and position of the initial electron was set to

zero. For the pressures of 10 kPa, 100 kPa and 1000 kPa, we obtain the temporal

evolution of electron avalanches up to the runaway regime for reduced fields in the

range 200 ≤ E/N ≤ 2000. The points (t1, N1) of transition 1 and (t2, N2) of transition

2 are identified from the temporal behavior of σ2
‖ and log(Ne), as described in section

3. Figure 3(a) shows the temporal evolution of Ne and the points of transition 1 and

transition 2 for the investigated gas species at 700 Td and 1000 kPa. The slope of Ne

in the avalanche regime corresponds to the effective ionization rate νeff in the specific

gas and for the present E/N -value. It increases in the order: SF6, N2, synthetic air,

CO2, Ar and O2. The electron numbers N1 and N2 do not show significant dependency

on the gas species. Correspondingly, the times t1 and t2 of transition 1 and transition

2 approximately behave as ∝ ν−1
eff . Figure 3(b) shows the temporal evolution of Ne in

synthetic air for selected E/N -values. For increasing E/N -values νeff increases in the

avalanche regime. No significant influence of the E/N -value on N1 and N2 is detected.
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Figure 3(c) shows the temporal evolution of Ne and transition 1 and transition 2 in

synthetic air at E/N = 700 Td and different pressures. The values NN1, NN2, Nt1 and

Nt2 are basically pressure-independent, resulting in a N−1 tendency of N1, N2, t1 and

t2. The shift of the AST at 10 kPa to higher Nt is solely due to the large variance of the

MCC method for small numbers of electrons: by accident the first ionization collision

of the initial electron happens relatively late and thus the buildup of the avalanche is

delayed. With increasing electron number the variance of the MCC method decreases

and the discharge propagates similar for all pressures independently from statistics.

Figure 4 summarizes the critical electron numbers of transition 1 and transition 2

for the investigated gases and pressures as a function of E/N . Similar to the selected

cases shown in Figure 3, N1 and N2 decrease as p increases and are almost constant with

respect to E/N for all investigated gases. For E/N . 500, N1 increases significantly

with decreasing E/N -values. In general, the dependency of N1 and N2 on the gas

species is small and only slight variations of N1 and N2 is observed for different gas

species. For comparison, the Raether- as well as Meek-criterion is evaluated for the

same conditions, which will be described in more detail in section 5. Furthermore, for

atmospheric pressure air data from a fluid model is presented [16].
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Figure 3: Electron number vs time for single-electron initiated discharges at room

temperature. Electron numbers N1 at time t1 (⋄) and N2 at time t2 (◦). Results for (a)

different gases at p = 1000 kPa and E/N = 700 Td, (b) synthetic air at p = 100 kPa and

different E/N -values, and (c) synthetic air at E/N = 700 Td and different pressures.

In (c) the x- and y- axis are multiplied by the gas particle number density N .

5. Discussion

Our simulations of single-electron initiated discharges in different gases show that the

temporal parameters 〈ε〉, Ne and σ‖ as well as the spatial electron density ρe are affected

by the electric field generated by electrons and ions. Transition 1 separates the avalanche

from the interacting regime as illustrated in figure 1. It was identified in section 3

by the point in time when σ2
‖ starts to deviate from the linear behavior during the

avalanche regime. This corresponds to an increase of the longitudinal diffusion constant

D‖ = 1/2 · d(σ2
‖)/dt and has been observed previously in nitrogen by means of MCC-

simulations [21]. The slight decrease of 〈ε〉 and the slope of log(Ne), and thus νeff , is in

accordance with the experimental studies of Raether, who observed that the avalanche

growth was weakened after the avalanche reaching around 106 electrons, followed by a

rise in current and breakdown at around 108 electrons. In our investigations 〈ε〉 and
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νeff are reduced by a few percents only, whereas a drop of more than 50% of the same

quantities is reported in nitrogen at 300 Td [21]. The use of different cross section sets

between the present investigations and Ref. [21] cannot explain this large discrepancy.

The reason for the discrepancy might be due to the simulations methods used by the

authors. For solving the Poisson equation, cylindrical symmetry and a 2D-grid of 6× 6

grid points is applied. This grid might be too coarse for the precise spatial mapping of

the sharp electron swarm and the long ion tail. Furthermore electron trajectories are

calculated classically and the treatment of electron trajectories in inhomogeneous fields

is not described by the authors.

As can be seen from figure 2, the interacting regime is accompanied by the evolution

of ρe from Gaussian to non-Gaussian profile. Such non-Gaussian density profiles have

been observed in MCC-simulations in atmospheric pressure nitrogen [21,22]. This spatial

redistribution of the electron density is a consequence of reduced E, and thus reduced

ionization, in the center of mass of the electron ensemble and enhanced E, and thus

enhanced ionization, in front of the electron ensemble. This might be the reason why

σ‖ is more affected by the space charge than σ⊥, as described in section 3.

The dramatic increase of 〈ε〉 at transition 2 is due to the sudden appearance of

a large fraction of runaway electrons. They are characterized by kinetic energies in a

range where the frictional force due to collisions is too small to compensate the energy

gain in the electric field. Depending on the amplitude of the background field EB,

electrons of energies ε & 0.1− 1 keV do not reach equilibrium anymore, and thus ”run

away” [24, 40, 42]. As described in section 4 and can be seen from Figure 2(a), in the

case of synthetic air at 400 Td the local field is enhanced up to a factor of ∼ 2− 10 in

the immediate vicinity of transition 2. This corresponds to an enhanced local field of

∼ 8− 40Ec where Ec/N ≈ 100 Td is the critical field of air. The occurrence of runway

electrons at these fields is in agreement with the MCC-studies from Ref. [24], which

indicated that ”the ∼ 10Ec fields are able to accelerate a fraction of low-energy streamer

tip electrons (several eV) to energies of ∼ 2 − 8 keV”. Generally, transition 2, and

accordingly a fraction of runaway electrons, is observed over the investigated pressure

range and for all E > Ec. The finding that ”there is a finite probability that a cold

electron will be accelerated into the runaway regime, even at field values approaching

Ec” has been shown in air by means of MCC/PIC simulations previously [26].

The comprehensive analysis of transition 1 and transition 2 makes it possible to

compare the critical electron numbers N1 and N2 between different gas species, pressures

and reduced electric fields E/N , see figure 3 and 4. The influence of the gas species and

the E/N -value on N1 and N2 is relatively small. The critical electron numbers N1 and

N2 and times t1 and t2 scale with ∝ N−1 according to the similarity laws for streamer

breakdown [43]. We compared our results with the expression for the streamer criterion

from Raether [3]

αxc = 18.4 + ln (xc), (6)
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Figure 4: Electron numbers N1 at transition 1 and N2 at transition 2 vs E/N for

pressures of 10 kPa, 100 kPa and 1000 kPa at room temperature for (a) argon, (b)

carbon dioxide, (c) nitrogen, (d) oxygen, (e) sulfur hexafluoride and (f) synthetic

air. For comparison, the values derived from the Raether criterion given by equation

(6) (——), Meek criterion given by equation (7) (- - - -) and Ref. [16] for atmospheric

pressure air (corresponding to the squares in Figure 6 of their manuscript).



A study of the avalanche-to-streamer transition in arbitrary gases by particle simulation13

and from Meek [14]

αxc + ln (α/p) = 14.46 + ln (E/p)− 1/2 ln (pxc) + ln (xc). (7)

Here, α is the effective ionization coefficient and xc is the length of the avalanche path

along the background field E when it reaches the critical size. The coefficient α = νeff/w

(w is the electron drift velocity) were obtained from our simulations during the avalanche

regime, and equations (6) and (7) were numerically solved for the individual gas species,

fields and pressures. As can bee seen in figure 4, Raether’s and Meek’s criteria are both

not reproducing our values for N1 and N2 and the disagreement is becoming more

distinct as E/N increases.

Other data exist for the case of atmospheric pressure N2 at around 200 Td, where

the streamer was reached with Ne ≈ 3.9 · 106 within MCC simulations [22]. This value

is in between the identified electron numbers of N1 = 1.7 · 106 and N2 = 1.5 · 108

at 200 Td. In contrast, the gas pressure has a very pronounced effect on N1 and

N2. The dependency of the AST on the pressure is qualitatively in agreement with

the N−1 scaling for streamer breakdown [43], the Raether- and Meek- criteria as well

as with Ref. [16], where the authors found that in the case of high background field

and small diffusion the critical electron number can be reduced by several orders of

magnitude. This is consistent with the physical picture, that the effect of space charge

sets in earlier at high pressures (for constant E/N) due to the combination of the

increased ionization rates and the suppressed diffusion, which leads to high electron and

ion densities and thus high electric fields. The same authors investigated the streamer

criterion in synthetic air over a wide E/N -range. For E/N -values close to Ec ≈ 100 Td,

the critical electron number increases up to Ne ≈ 1 · 109. This is not in the parameter

range of our simulations: the lower boundary of the E/N -range in our work arises from

the huge computation times ∝ ν−1
eff close to the critical field when νeff → 0.

Compared to our results, very small values for the critical electron number at the

streamer criterion were obtained from breakdown experiments in homogenous fields in

SF6 (Ne = 3.6 · 104) [15] and synthetic air Ne = 9.4 · 103 [44]. The authors fitted

breakdown voltages with a Paschen curve that is based on a simplified version of the

streamer criterion from Raether, where Ne is assumed independent from the pressure.

From the knowledge of the critical field (where νeff = 0) and its derivative dνeff/dE at

this point, Ne could be extracted. Due to the exponential character of the avalanche

growth, this evaluation of Ne is very sensitive to the measured Paschen curve and swarm

parameter as well as to the field inhomogeneity. For example, an error of 20% in νeff
due to an inaccurately measured breakdown voltage or due to a distorted electric field

would modify the evaluated value of Ne by a factor of ∼ 10− 20. In addition, electron

release from the electrode surfaces via secondary processes can reduce the breakdown

voltage and consequently the assumed νeff and thus the obtained value of Ne from such

experiments.

Finally, we note that in this contribution we deduced the gas particle number

density N from the pressure p and the temperature T via the ideal gas law. This is
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not correct for non-ideal gases, which e.g. are of relevance at filling pressures of high

voltage apparatus [45]. However, we chose the variables p and T , since they are typically

measured in experiments, whereas N is necessary for the MCC simulation.

6. Summary and Outlook

By means of particle simulation we comprehensively investigated the avalanche-to-

streamer transition in homogeneous electric fields in pure nitrogen, carbon dioxide,

oxygen, argon, sulfur hexafluoride and synthetic air for different gas densities. Discharge

parameters, namely the temporal electron number and the width of the electron

ensemble along the background electric field, were used to obtain well-defined transition

points. We detected relatively small influence of the transition points on the reduced

electric field strength and the gas species, but strong influence on the gas density.

Critical electron numbers differ from those obtained by the Raether- and Meek- criterion

by up to two orders of magnitude. We recognize the future need for investigations

to resolve the large discrepancy between the results from the particle collision model,

the widely-used streamer criteria and the few available experiments. Our simulation

program can be downloaded from www.lxcat.net/download/METHES/ and can be

used to investigate the avalanche-to-streamer transition in arbitrary gas mixtures.

For practical applications, it could be beneficial to evaluate the avalanche-to-streamer

transition in inhomogeneous background fields occurring e.g. close to sharp tips or

rough surfaces. The possibility of using inhomogeneous background fields for arbitrary

configurations could extend the relevance of the present simulation code to further

practical use.
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8. Appendix

8.1. Turning-point in a curve

Figure 5 illustrates the method that is used for determining t2 from the Ne-curve.

Similarly, t1 is determined from the σ2-curve, which is not shown. The transition point

p maximizes d = |p− (p · ê)ê|, with ê being the unit vector along the connection line.

In other words, p is geometrically identified as the point with the largest distance from

the line that connects the first and end point of the curve. The point p is not sensitive

to the chosen starting and end point of the curve.
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Figure 5: Method of determining the turning-point in a curve, here in particular the

point at time t2 from log(Ne) vs time. Comment: ê and d appear not normal due to

the different scaling of the x- and y-axes.

8.2. Numerical settings

The sensitivity of the simulation results on different numerical settings are tested. Figure

6 shows the results for critical electron numbers for different numbers of probe electrons

Nmax and different number of grid nodes. No significant effect of these parameters on

simulation results is observed.
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Figure 6: Electron numbers N1 at transition 1 and N2 at transition 2 vs E/N in argon

at p = 100 kPa and room temperature for different numerical settings.
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