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Abstract
We study negative streamers in ambient air using a 2D axisymmetric !uid model. Depending
on the background electric "eld, we observe accelerating, steady and fading negative
streamers. Fading occurs in low background "elds, when negative streamers lose their "eld
enhancement and when their velocities become comparable to their maximal electron drift
velocities. Our focus is on the steady propagation mode, during which streamer properties like
radius and velocity hardly change. However, this mode is unstable, in the sense that a small
change in conditions leads to acceleration or deceleration. We observe steady negative
streamers in background "elds ranging from 9.19 kV cm−1 to 15.75 kV cm−1, indicating that
there is no unique steady propagation "eld (or stability "eld). Another "nding is that steady
negative streamers are able to keep propagating over tens of centimeters, with only a "nite
conductive length behind their heads, similar to steady positive streamers. Approximately
linear relationships are observed between the optical diameter and properties like the streamer
velocity and the streamer head potential. From these linear relations, we obtain rough lower
bounds of about 0.27 mm to 0.35 mm for the minimal optical diameter of steady negative
streamers. The lowest background "eld in which a steady negative streamer could be obtained
is 9.19 kV cm−1. In contrast, steady positive streamers have recently been obtained in a
background "eld as low as 4.05 kV cm−1. We "nd that the properties of steady negative and
positive streamers differ signi"cantly. For example, for steady negative streamers the ratio
between streamer velocity and maximal electron drift velocity ranges from about 2 to 4.5,
whereas for steady positive streamers this ratio ranges from about 0.05 to 0.26.

Keywords: negative streamer, stability "eld, steady streamer propagation, streamer
stagnation, negative streamer fading

(Some "gures may appear in colour only in the online journal)

1. Introduction

Streamer discharges are fast-moving ionization fronts with
self-organized "eld enhancement at their tips [1]. This "eld
enhancement allows them to propagate into regions where the

∗ Author to whom any correspondence should be addressed.

background electric "eld is below breakdown [2]. Stream-
ers are the precursors of sparks and lightning leaders [3, 4],
and they exist in nature as so-called sprites [5, 6]. Streamers
are widely observed in cold atmospheric plasma applications
[7–9], as well as in high-voltage technology [10–12].

Streamers can have positive or negative polarity. Posi-
tive streamers in air have been studied and modelled more
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frequently than negative ones because they initiate more easily
[13, 14]. However, negative streamers also widely exist in
nature and industry [15–22]. In experimental [13, 23–25]
and computational [14, 26–30] comparisons between positive
and negative streamers in the same background "eld, positive
streamers in atmospheric-pressure air were typically faster
and thicker than negative ones, with higher "eld enhance-
ment at their heads and higher plasma densities in their
channels. In higher background "elds, these differences were
smaller.

In this paper, we study the dynamics of negative streamer
propagation in air with simulations. We focus on three main
topics. First, we study negative streamer fading dynamics in
weak background "elds. Second, we look into steady streamer
propagation, i.e., propagation with a constant velocity during
which streamer properties hardly change. We study in par-
ticular how the properties of steady negative streamers vary
with the background "eld. Third, we consider the relationships
between steady negative streamer properties like diameter,
velocity and maximal electric "eld, and we compare these
properties to those of steady positive streamers.

There is a difference between negative streamer fading and
positive streamer stagnation. A fading negative streamer loses
its "eld enhancement, but electrons near the streamer head
continue their drift motion. In contrast, a stagnating positive
streamer will eventually come to an approximate halt due to
the relative immobility of positive ions [31, 32], and its "eld
enhancement tends to increase before stagnation.

There are relatively few experimental studies in which the
propagation of negative streamers in air was captured. Most
relevant for the present paper is the work of Briels et al [13], in
which positive and negative streamers were studied at various
voltages in a needle-to-plane gap of 4 cm. Negative streamers
could form at voltages above 30 kV, and they could cross the
gap at voltages above 56 kV. Negative streamers in air were
also captured in [18], on microsecond time scales in a meter-
sized gap, and in [33], in a wire-plate geometry.

Several authors have numerically studied the propagation
of negative streamers. In [26], negative streamer deceleration
was simulated in atmospheric air in weak uniform electric
"elds. In the numerical study of [28], a negative discharge
in air at standard temperature and pressure was found to
extinguish after less than 2 mm propagation in a low back-
ground "eld. However, the authors noted that a negative dis-
charge of only 2 mm cannot be considered a fully developed
streamer.

Recently, Starikovskiy et al [34] simulated decelerating
streamers in 5 cm and 14 cm gaps for both voltage polarities.
Regardless of the gap geometry, the authors found that a
negative streamer in air decelerated with a decrease in the
maximal electric "eld and an increase in the radius, and it
eventually transformed to a discharge mode dominated by
electron drift. Furthermore, they showed that the deceleration
dynamics of negative and positive streamers were completely
different.

From a numerical modelling point of view, negative
streamer fading is easier to simulate than positive streamer
stagnation. As pointed out in [34–36], the electric "eld can

diverge when positive streamer stagnation is simulated using a
!uid model with the local "eld approximation. Such problems
can be avoided by using an extended !uid model [31] or by
modifying the impact ionization source term [32].

To understand streamer propagation, the phenomenolog-
ical concept of a ‘stability "eld’ has frequently been used
[1, 3, 37, 38]. The stability "eld was de"ned as the back-
ground electric "eld required for steady streamer propagation
[26, 32, 36, 39]. This "eld is here referred to as ‘the steady
propagation "eld’. More commonly, the stability "eld has been
de"ned as the minimal electric "eld required for a streamer
to cross a gap [3, 37, 40, 41]. As pointed out in [32, 39–44],
both the steady propagation "eld and the stability "eld are
not unique. They depend not only on factors such as the gas,
humidity, and applied voltage polarity, but also on streamer
properties like the velocity and radius. We will discuss the
steady propagation "eld and the stability "eld in more detail
in section 3.2.

Several observations have been made about the veloc-
ity–diameter relation of negative streamers in air. Experimen-
tally, an empirical "t v = 0.5d2 mm−1 s−1 for both positive and
negative streamers in ambient air at 1 bar was obtained in [13].
In contrast, a linear relationship between velocity and diameter
was predicted in the analytical and numerical study of [29], if
the maximal electric "eld at the streamer head was assumed
constant, and if the relative increase of electron density at the
streamer tip was "xed. However, deviations from linearity are
to be expected, since the maximal electric "eld depends on
factors such as the streamer radius and the applied voltage, and
since the relative electron density increase can also vary.

The present study was performed in parallel with the one
on steady positive streamers described in [32]. In both papers
steady streamers with different properties were obtained, but
using different methods. In [32], the applied voltage was
changed in time to obtain certain constant streamer velocities.
Here we instead use a DC applied voltage (constant in time).
A voltage corresponding to steady propagation is found by
performing simulations with different applied voltages. For
given electrode and initial conditions we only "nd one such
voltage, so we vary the electrode geometry to obtain different
steady negative streamers.

The paper is organized as follows. In section 2, we describe
the 2D axisymmetric !uid model, along with the chemical
reactions and simulation conditions. The simulation results are
presented in section 3. Accelerating, steady and fading nega-
tive streamers are investigated in different background "elds.
Then we discuss stability "elds and steady propagation "elds.
We also study the steady propagation of negative streamers in
different background "elds. In section 4, we address several
important questions about negative streamers, and compare
their properties with those of positive streamers. Finally, we
summarize our "ndings in section 5, and provide some ideas
for future studies.

2. Simulation model

We use a 2D axisymmetric drift-diffusion-reaction type !uid
model with the local "eld approximation to simulate single
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Table 1. List of reactions included in the model, with reaction rate coef"cients and references. The symbol M denotes a neutral molecule
(either N2 or O2). E/N is the reduced electric "eld.

No. Reaction Reaction rate coef"cient Reference

Electron impact ionization
R1 e + N2 → e + e + N+

2 (15.60 eV) k1(E/N) [50]
R2 e + N2 → e + e + N+

2 (18.80 eV) k2(E/N) [50]
R3 e + O2 → e + e + O+

2 (12.06 eV) k3(E/N) [50]

Electron attachment
R4 e + O2 + O2 → O−

2 + O2 k4(E/N) [50]
R5 e + O2 → O− + O k5(E/N) [50]

Electron detachment
R6 O−

2 + M → e + O2 + M k6 = 1.24 × 10−17 exp(−( 179
8.8+E/N )2) m3 s−1 [51]

R7 O− + N2 → e + N2O k7 = 1.16 × 10−18 exp(−( 48.9
11+E/N )2) m3 s−1 [51]

Negative ion conversion
R8 O− + O2 → O−

2 + O k8 = 6.96 × 10−17 exp(−( 198
5.6+E/N )2) m3 s−1 [51]

R9 O− + O2 + M → O−
3 + M k9 = 1.10 × 10−42 exp(−( E/N

65 )2) m6 s−1 [51]

Electron excitation
R10 e + N2 → e + N2(C3Πu) k10(E/N) [50]

Quenching
R11 N2(C3Πu) + N2 → N2 + N2 k11 = 1.3 × 10−17 m3 s−1 [52]
R12 N2(C3Πu) + O2 → O2 + N2 k12 = 3.0 × 10−16 m3 s−1 [52]

Radiation
R13 N2(C3Πu) → N2(B3Πg) + hν k13 = 1/(42 ns) [52]

negative streamers in arti"cial dry air, consisting of 80% N2

and 20% O2, at 300 K and 1 bar. We use Afivo-streamer
[45], an open-source code for streamer !uid simulations.
The code is based on the A"vo framework [46], which
includes adaptive mesh re"nement (AMR), shared-memory
(OpenMP) parallelism and a geometric multigrid solver. This
code was compared to "ve other !uid simulation codes in
the comparison study of [47]. Furthermore, simulations using
Afivo-streamer were recently compared against experi-
ments in [48], and compared against particle-in-cell simula-
tions both in 2D and 3D for positive streamers in air in [49],
which found good quantitative agreement.

2.1. Model equations

The temporal evolution of the electron density ne is given by

∂tne = ∇ · (µeEne + De∇ne) + Si − Satt + Sdet + Sph, (1)

where µe is the electron mobility, E the electric "eld, De

the electron diffusion coef"cient, and Si, Satt, Sdet and Sph

are the source terms for electron impact ionization, electron
attachment, electron detachment and non-local photoioniza-
tion, respectively. The densities of other species involved in the
model evolve according to the reactions listed in table 1. Ions
and neutrals are assumed to be immobile due to their much
larger mass than that of electrons. We therefore do not include
ion motion in the model, as is discussed in appendix B.

The electric "eld E is calculated in the electrostatic approx-
imation as

E = −∇φ, (2)

where the electrostatic potential φ is obtained by solving
Poisson’s equation

∇2φ = − ρ

ε0
, (3)

where ρ is the space charge density and ε0 is the vacuum
permittivity.

2.2. Chemical reactions and input data

We use a relatively small set of chemical reactions, which
are listed in table 1. Note that positive ion conversion and
electron–ion recombination are not included. Such reactions
can play an important role in air, for example due to the forma-
tion of O+

4 with which electrons can dissociatively recombine,
but in appendix C we show that they have a relatively minor
effect on the negative streamers studied here. From table 1,
the source terms for electron impact ionization, attachment and
detachment are computed as

Si = k1ne[N2] + k2ne[N2] + k3ne[O2], (4)

Satt = k4ne[O2]2 + k5ne[O2], (5)

Sdet = k6[M][O−
2 ] + k7[N2][O−], (6)
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Table 2. Description of the two axisymmetric computational domains used in the
present paper. zhead is the streamer position at which the electric "eld has a
maximum, see section 2.5.

Domain A Domain B

Domain size (r, z) 125 mm, 125 mm 300 mm, 300 mm
Rod electrode One "xed geometry Ten different geometries
Rod electrode length Lrod 9.9 mm 3.3 mm to 26.4 mm
Rod electrode radius Rrod 0.9 mm Lrod/11
Simulations stop when zhead = 30 mm or fading zhead = 100 mm or fading
Simulation results sections 3.1–3.3 section 3.4

where ki (i = 1, 2, . . . , 7) are the reaction rate coef"cients,
[N2], [O2], [O−] and [O−

2 ] are the species densities, and
[M] = [N2] + [O2]. We assume that the number density of
[M] does not change in the model. Note that the three-body
attachment reaction, e + O2 + N2 → O−

2 + N2, is not included
in the model because its reaction rate coef"cient is about two
to three orders of magnitude smaller than k4 [53].

Non-local photoionization in air occurs ahead of a streamer
discharge when an UV photon ionizes an oxygen molecule
at some isotropically distributed distance. The UV photon is
emitted from an excited nitrogen molecule with a wavelength
in the range 98–102.5 nm. Photoionization is typically consid-
ered as an important source of free electrons for both positive
and negative streamers in air [14, 23, 26–29, 54]. Here we use
Zheleznyak’s model to describe photoionization [55]. Then the
photoionization source term Sph in equation (1) is given by

Sph(r) =

∫
I(r′) f (|r − r′|)

4π|r − r′|2
d3r′, (7)

where r is a given observation point, r′ the source point
emitting UV photons, I(r′) the source of ionizing photons,
f (|r − r′|) the photon absorption function, and 4π|r − r′|2 is a
geometric factor. In Zheleznyak’s model, I(r′) is proportional
to the electron impact ionization source term Si given by
equation (4) as

I(r′) =
pq

p + pq
ξSi, (8)

where pq = 40 mbar is the quenching pressure, p the gas
pressure, and ξ is a proportionality factor, which is here set to
ξ = 0.075 for simplicity as in [36, 48, 49, 56, 57], although it is
in principle "eld-dependent [55]. We solve equation (7) using
the so-called Helmholtz approximation [54, 58], for which the
absorption function is computed from Bourdon’s three-term
expansion [58]. See the appendix of [47] for more information.

With the local "eld approximation, the electron velocity
distribution is assumed to be relaxed to the local electric "eld.
Therefore the transport coef"cients µe and De, and the reaction
rate coef"cients (k1–k10) are functions of the reduced electric
"eld E/N, where E is the electric "eld and N is the gas number
density. These coef"cients were computed with BOLSIG+,
a two-term electron Boltzmann equation solver [59], using
the temporal growth model. Electron-neutral scattering cross
sections for N2 and O2 were obtained from the Phelps database
[50, 60].

Figure 1. Schematic view of computational domain A. Right: the
rod electrode geometry, boundary conditions for the electric
potential φ and initial electric "eld E without a streamer. Left: the
axial background electric "eld Ebg(z) and the average electric "eld
Er–p between the rod electrode tip and the grounded electrode. Ep–p
is the average electric "eld between the upper and lower plate
electrodes.

2.3. Computational domains and initial conditions

We use two axisymmetric computational domains in the sim-
ulations, as described in table 2. Domain A measures 125 mm
in the r and z directions, whereas domain B measures 300 mm
in both directions. Both domains have a plate–plate geome-
try with a rod-shaped electrode of length Lrod placed at the
centre of the upper plate, see "gure 1. For domain A we use
Lrod = 9.9 mm and for domain B we use ten different electrode
lengths ranging from 3.3 mm to 26.4 mm. All electrodes have
a semi-spherical tip and a radius Rrod given by Lrod/11, which
means that longer electrodes are also wider. Also note that
for longer electrodes, the distance between the electrode tip
and the grounded electrode is shorter, but the electrode length
is always signi"cantly smaller than the domain length, see
"gure 1.

We apply the same initial and boundary conditions for both
domains. A "xed electric potential φ0 is applied on the upper
domain boundary and the rod electrode. The lower domain
boundary is grounded. A homogeneous Neumann boundary
condition for the electric potential is applied on the outer axial
boundary.

For the electron density, homogeneous Neumann boundary
conditions are applied on all domain boundaries, including the
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rod electrode. Secondary electron emission due to ions and
photons is not included. It would be more realistic to only
allow an out!ow of electrons from the rod electrode due to
secondary emission [30, 61]. However, this would give rise to
very high electric "elds around the rod electrode and steep den-
sity gradients, which are numerically challenging to simulate.
The arti"cial boundary conditions used here affect discharge
inception, and therefore also the initial streamer properties.
However, we here focus on steady discharge evolution far from
electrodes. For most of the cases we study the back part of
the discharge has a low conductivity (see e.g. "gure 7), so the
arti"cial boundary conditions should not have a major effect
on this steady propagation.

The axial background electric "eld Ebg(z) in "gure 1 is
almost uniform, except for a small region near the rod elec-
trode. Far away from the rod electrode, Ebg(z) is almost equal
to the average electric "eld Ep–p between the upper and lower
plate electrodes. In addition, there is the average electric "eld
Er–p between the rod electrode tip and the grounded electrode,
which is about 1.086 Ep–p in domain A. Note that this ratio
varies for different high-voltage electrode geometries used in
domain B, as will be shown in "gure 8.

As an initial condition, homogeneous background ioniza-
tion with a density of 1011 m−3 for both electrons and positive
ions (N+

2 ) is included. All other ion densities are initially zero.

2.4. Afivo AMR framework

The open-source A"vo framework [46] is used in the model
to provide AMR for computational ef"ciency. The re"nement
criteria are given by

• Re"ne if ∆x > c0c1/α(c1E),
• De-re"ne if ∆x < min{0.125c0c1/α(c1E), d0},
• ∆x ! 1.0 mm,

where∆x is the grid spacing, which is identical in all direc-
tions, and α(E) is the "eld-dependent ionization coef"cient
calculated as Si/(µeEne) from equation (4). We use c0 = 0.8
and c1 = 1.25 to balance the re"nement ahead and on the sides
of the streamer, and d0 = 0.1 mm. The grid has a minimal size
of ∆xmin = 1.8 µm in the simulations.

The A"vo framework provides a geometric multigrid solver
to ef"ciently solve Poisson’s equation (3) and the Helmholtz
equation (7). The rod electrode is implemented by modifying
the multigrid method with a level-set function [62].

2.5. Definitions

We refer to the moment we apply the high voltage V as t = 0 ns.
The streamer position zhead is de"ned as the axial location at
which the electric "eld has a maximum. The streamer length
Ls is then computed as Ls = z0 − zhead, where z0 is the axial
location of the rod electrode tip. The streamer velocity v
is computed as the numerical time derivative of the streamer
position, measured every 0.5 ns. This causes some !uctuations,
so we use a second order Savitzky–Golay "lter with a window
width of 11 to smooth the velocity.

The head potential δφ is here de"ned as the
potential difference induced by the streamer at its head:

δφ = φ(zhead, t) − φ(zhead, 0), where φ(zhead, t) and φ(zhead, 0)
are the actual electric potential and background electric
potential at the streamer head, respectively.

The maximal electron drift velocity vdmax is here de"ned
as the electron drift velocity corresponding to the maximal
electric "eld at a particular instant of time.

The background electric !eld Ep–p is here de"ned as the
average electric "eld between the upper and lower plate elec-
trodes. The average electric !eld Er–p is measured between
the rod electrode tip and the grounded electrode.

The breakdown !eld Ek is de"ned at which the impact ion-
ization rate is equal to the attachment rate. With our transport
data, Ek = 28 kV cm−1 in air at 300 K and 1 bar.

For a negative streamer fading out in a weak background
electric "eld, streamer fading is here arbitrarily de"ned
to occur when the maximal electric "eld Emax decreases to
1.25Ek (35 kV cm−1). Then the streamer position and length
at this moment are de"ned as the fading position zs and
the maximal streamer length Lsmax, respectively. We will
further discuss the de"nition of negative streamer fading in
section 4.4.

To quantitatively compare with experiments, the streamer
diameter d is here de"ned as the full width at half maximum
(FWHM) optical diameter doptical. We compute the optical
diameter from the N2(C3Πu) density, which is approximately
proportional to the light emission intensity, as most light comes
from the N2(C3Πu) → N2(B3Πg) transition [63]. First a for-
ward Abel transform is applied [64], after which the emission
is vertically integrated to obtain a radial pro"le, and then the
FWHM is determined. A more detailed description is given in
[48].

There are actually several different de"nitions of the
streamer diameter, which lead to a different value [52, 65].
To compare different de"nitions of the streamer diameter,
two electrodynamic de"nitions of the streamer diameter are
introduced in appendix A, namely dEz, related to the decay of
the electric "eld ahead of the streamer, and dEr, related to the
location of the maximal radial electric "eld.

3. Simulation results

In section 3.1, we "rst present examples of accelerating, steady
and fading negative streamers in air. Then we discuss stability
"elds and steady propagation "elds in section 3.2. Next, the
dependence of negative streamer fading on the applied voltage
is studied in section 3.3. Finally, we investigate steady negative
streamers in different background "elds in section 3.4.

3.1. Three distinct evolutions of negative streamers

In this section, we investigate negative streamer propagation
in domain A, as shown in table 2. Figure 2 shows examples
of accelerating, steady and fading negative streamers in air
at applied voltages of −162 kV, −146.1 kV and −142 kV,
which correspond to background "elds (Ep–p, see section 2.5)
of 12.96 kV cm−1, 11.688 kV cm−1 and 11.36 kV cm−1,
respectively. Axial pro"les corresponding to these cases are
shown in "gure 3, and their evolutions of the maximal electric
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Figure 2. Time evolution of (a) the light emission pro"le, (b) the electric "eld E with white equipotential lines, (c) the electron density ne and
(d) the space charge density ρ for (1) accelerating (−162 kV), (2) steady (−146.1 kV) and (3) fading (−142 kV) negative streamers in air.
The simulations were performed in domain A until zhead = 30 mm or fading, see table 2. Light emission was computed with a forward Abel
transform, and results are shown using arbitrary units on a logarithmic scale. All panels are zoomed in into the region where −8 !r ! 8 mm
and 20 !z ! 125 mm.
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Figure 3. Time evolution of axial pro"les, line charge density and electron conduction current for (1) accelerating (−162 kV), (2) steady
(−146.1 kV) and (3) fading (−142 kV) negative streamers corresponding to "gure 2. The rows show: (a) the on-axis electric potential φ and
the head potential δφ presented by vertical dotted lines, (b) the on-axis electric "eld E and the background electric "eld Ep–p presented by
dashed lines, (c) the on-axis electron density ne, (d) the line charge density λ, (e) the electron conduction current I. The quantities λ and I are
computed by radially integrating the space charge density ρ and the electron conduction current density ( j = eneµeE) up to r = 15 mm. All
streamers propagate towards the right.

"eld, optical diameter and velocity versus the streamer posi-
tion are shown in "gure 4. Several differences can be observed
between accelerating, steady and fading negative streamers,
which are brie!y discussed below.

The accelerating streamer. With an applied voltage
of −162 kV the streamer accelerates. Figure 4 shows that the
streamer velocity and optical diameter increase almost linearly

with streamer length, which are from about 1.4 × 106 m s−1

to 2.4 × 106 m s−1 and from about 2.4 mm to 3.6 mm, respec-
tively. In contrast, the maximal electric "eld is almost constant,
with only a slight increase from about 95 kV cm−1 to just above
100 kV cm−1. Figure 3 shows that the electron conduction
current at the streamer head rapidly increases as the streamer
grows, from about 0.9 A to more than 2.5 A. Smaller increases
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are visible in the electron density and line charge density at
the streamer head, which are from about 2.0 × 1019 m−3 to
2.7 × 1019 m−3 and from about 6.5 × 10−7 C m−1 to
11.5 × 10−7 C m−1, respectively. The streamer head is neg-
atively charged and the streamer tail is positively charged.

The instantaneous light emission pro"les resemble the
streamer head shape, and the emission intensity increases with
growing streamer length. Note that there is also some light
emission near the rod electrode.

The electric "eld inside the streamer channel is lower than
the background electric "eld. As the streamer grows there is
a decrease in the internal electric "eld, to values as low as
8.6 kV cm−1 when the streamer head is at zhead = 30 mm. This
means that the head potential increases from about −15 kV
to −26 kV, with the de"nition shown in section 2.5.

The steady streamer. With a lower applied voltage
of −146.1 kV, the streamer propagates with a lower velocity of
about 8.9 × 105 m s−1 and all streamer properties stay nearly
constant during its propagation. Figure 2 shows that the radius
of the streamer head is smaller than the channel radius, both
for the optical radius and electrodynamic radius, as de"ned
in section 2.5. This steady propagation mode is unstable, as
will be shown in section 3.4. It marks the transition between
accelerating and decelerating streamers. Quantities such as the
maximal electric "eld, optical diameter, electron density, line
charge density, electron conduction current and light emission
intensity are all lower than those of the accelerating streamer.
However, the internal electric "eld is higher, namely about
11 kV cm−1. This value can be compared to two de"nitions
of a background "eld for the steady streamer, which are the
background electric "eld Ep–p and the average electric "eld
Er–p between electrodes, see sections 2.3 and 2.5. First, the
background electric "eld Ep–p is equal to

Ep–p = |V|/dplates = 11.688 kV cm−1, (9)

where V = −146.1 kV is the applied voltage and
dplates = 125 mm is the distance between two plate electrodes.
Second, the average electric "eld Er–p is given by

Er–p = |V|/(dplates − Lrod) ≈ 12.69 kV cm−1, (10)

where Lrod = 9.9 mm is the length of the rod electrode, as
shown in "gure 1.

The fading streamer. When the voltage is further reduced
to −142 kV, the streamer "rst decelerates and then fades
out. The maximal electric "eld, electron density and electron
conduction current at the streamer head decrease sharply with
growing streamer length. The internal electric "eld behind
the streamer head is close to the background electric "eld
of 11.36 kV cm−1. As the streamer grows the head potential
decreases from about−12 kV to −9 kV, due to the voltage loss
in the streamer channel. The dominant propagation mechanism
therefore gradually shifts from ionization to electron drift.
This radial outward drift increases the streamer diameter, see
"gure 4, and it reduces the streamer’s maximal electric "eld
and electron density, leading to further deceleration. When
the maximal electric "eld approaches the breakdown "eld
(see section 2.5), the discharge no longer generates signi"cant

ionization and light emission, as shown in "gure 2. The veloc-
ity is then comparable to the maximal electron drift velocity
(see section 2.5), as will be further discussed in section 4.4.
The remaining diffuse negative space charge prevents the
inception of a new discharge from the high-voltage electrode.

The line charge density in the streamer head slightly
decreases as the streamer grows. One way to interpret this
is that the electron conduction current in the channel cannot
sustain its steady propagation.However, when the streamer has
faded, this current leads to an accumulation of negative charge
near the streamer head, where the line charge density actually
increases. We will further investigate the fading of negative
streamers in section 3.3.

3.2. Stability fields and steady propagation fields

To understand whether a streamer is able to propagate in a
certain background "eld, the phenomenological concept of a
‘stability "eld’ has commonly been used. There are actually
several related de"nitions of such a stability "eld. In exper-
iments, the stability !eld Est is usually measured as |V|/d,
where V is the minimal applied voltage for which streamers
can cross a gap of width d [3, 12–14, 37, 38, 40–42, 44, 66].
Values of Est between 10–12.5 kV cm−1 for negative streamers
in air were found in [10, 14, 18, 43, 67]. The values of Ep–p

(11.688 kV cm−1) and Er–p (12.69 kV cm−1) found for the
steady propagation case in section 3.1 agree well with these
observations.

This concept of a stability "eld has also been used to esti-
mate the maximal length Lsmax (see section 2.5) of the stream-
ers that do not cross the gap, using the following empirical
equation [68–70]

∫ Lsmax

0
(Ebg(z) − Est) dz = 0, (11)

where Ebg(z) denotes the axial background electric "eld and
the path from z = 0 to z = Lsmax corresponds to the streamer
channel. This means that a streamer stops when the average
background electric "eld Ebg over the streamer’s length is
equal to some "xed stability "eld Est.

The term stability "eld has also been used for the steady
propagation !eld corresponding to steady streamer propaga-
tion, as de"ned in section 1. There have been several numerical
studies of such steady propagation. In [26], a negative streamer
in air with a constant velocity was found in a background "eld
of about 12.5 kV cm−1. However, in [39], it was argued that
such steady propagation "elds can lie in a wide range, and
steady negative streamers in air were found in background
"elds from 10 kV cm−1 to 28 kV cm−1. In section 3.1, we
found a steady propagation "eld of 11.688 kV cm−1 for neg-
ative streamers. We will explore the variability of the steady
propagation "eld in section 3.4.

Steady propagation has also been observed for posi-
tive streamers in air. In [36], a steady propagation "eld of
4.675 kV cm−1 was found for positive streamers. Later, Li et al
found steady propagation "elds for positive streamers ranging
from 4.1 kV cm−1 to 5.5 kV cm−1 [32]. In [39], a larger range
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Figure 4. (a) The maximal electric "eld Emax, (b) the optical diameter d, (c) the streamer velocity v and (d) the ratio between streamer
velocity and maximal electron drift velocity v/vdmax versus the streamer position zhead for negative streamers in air. The simulations were
performed in domain A until zhead = 30 mm or fading, see table 2, with applied voltages from −126 kV to −162 kV. All streamers
propagate towards the right.

of steady propagation "elds for positive streamers was found,
from 4.4 kV cm−1 to 20 kV cm−1.

3.3. Dependence of negative streamer fading on the
applied voltage

We now investigate the dependence of negative streamer fad-
ing on the applied voltage in domain A as well, as shown
in table 2. We consider ten applied voltages, evenly spaced
between −126 kV and −144 kV. Figure 4 shows the evolu-
tion of the maximal electric "eld, optical diameter, velocity
and the ratio between streamer velocity and maximal electron
drift velocity for the corresponding streamers until they have
just faded, together with the accelerating and steady cases
corresponding to "gure 2.

With a lower applied voltage, fading occurs earlier. How-
ever, the fading negative streamers are otherwise highly sim-
ilar in terms of the temporal decay of the maximal electric
"eld, velocity, optical diameter and head potential, as well as
the spatial decay of the electron density, line charge density
and electron conduction current along the streamer direc-
tion. Before fading, the optical diameter of fading streamers
remains approximately the same as that of the steady streamer.
During the fading phase, the streamer head becomes rather
diffuse with the optical diameter increasing due to electron
drift, and the streamer channel has lost most of conductivity
due to attachment. The variation in streamer velocity v is larger
than the variation in maximal electron drift velocity vdmax,

see section 2.5, so that the variation in their ratio is mostly
determined by the streamer velocity. For the steady streamer
at V = −146.1 kV, the ratio v/vdmax is about 2.87. Note that
for the fading streamers, this ratio decreases to about one at the
moment of fading. Since they keep propagating, the position
of streamer fading and the corresponding maximal streamer
length (see section 2.5) depend on some threshold for what is
still considered a streamer. We use an arbitrary fading criterion
Emax ! 35 kV cm−1, see section 2.5. If we would use another
threshold, for example Emax ! 50 kV cm−1, this would lead to
earlier fading.

We now look at the average electric "eld Ech and the
average background electric "eld Ebg, both measured along
the streamer channel at the moment of fading. These "elds are
related to the stability "eld of fading streamers [1, 65, 71, 72].
Figure 5 shows Ech and Ebg for the ten fading cases, as
well as the steady case at V = −146.1 kV. In general, Ebg is
higher than Ech. Both Ech and Ebg vary, in particular Ebg for
short streamers. For long streamers, Ebg decreases to about
12.8 kV cm−1, which is close to the average electric "eld Er–p

of 12.69 kV cm−1 corresponding to steady propagation, as
given by equation (10). In contrast, Ech slightly increases with
streamer length and it becomes close to the steady propagation
"eld Ep–p of 11.688 kV cm−1 corresponding to steady prop-
agation, as given by equation (9). We remark that Ech can be
related to Ebg via the head potential δφ: δφ = (Ech − Ebg) ×
Lsmax.
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Figure 5. The average electric "eld Ech and the average background
electric "eld Ebg, both measured along the streamer channel at the
moment of fading for the ten fading streamers corresponding to
"gure 4. The background electric "eld Ep–p and the average electric
"eld Er–p (between rod and plate electrode) for the steady streamer
at V = −146.1 kV are also shown.

Figure 6. The simulated maximal streamer length Lsmax versus the
applied voltage V for the ten fading streamers corresponding to
"gure 4. Two estimates based on equation (11) are also presented,
by assuming Est is equal to the value of Ep–p or Er–p for the steady
streamer at V = −146.1 kV.

We can estimate the maximal length Lsmax of fading nega-
tive streamers using equation (11), by assuming the stability
"eld Est is equal to the value of Ep–p or Er–p for the steady
streamer at V = −146.1 kV. As shown in "gure 6, these esti-
mated maximal lengths are close to—but slightly exceed—the
actual maximal lengths. Note that differences depend not only
on the value of Est, but also on the threshold used to identify
negative streamer fading, and that the relative difference is
smaller for longer streamers. Our results con"rm that the
empirical equation (11) can be used to estimate the maximal
streamer length with some "xed conventional stability "eld.

3.4. Dependence of steady propagation fields on the
electrode geometry

In this section, we investigate different steady negative stream-
ers by changing the rod electrode geometry in domain B which
has a length of 300 mm, see section 2.3 and table 2. We

consider ten rod electrode lengths Lrod, ranging from 3.3 mm
to 26.4 mm, with the rod radius given by Lrod/11.

For each electrode geometry, the applied voltage was varied
to "nd a steady negative streamer. Only one steady solution
was found for each electrode. The electron density pro"les of
these ten steady streamers are shown in "gure 7. In "gure 8, the
streamer velocity, optical diameter and maximal electric "eld
are shown versus the streamer position, as well as the back-
ground electric "eld Ep–p and the average electric "eld Er–p.
Note that all streamer properties remain essentially constant.
With a longer rod electrode, the steady streamer propagates
faster, and the optical diameter and maximal electric "eld are
also higher, but the required background electric "eld is lower.

The relationships between streamer properties and the opti-
cal diameter for these steady streamers are further illustrated
in "gure 9. The streamer velocity and head potential have
approximately linear relationships with the optical diameter.

Axial pro"les corresponding to these steady streamers at
zhead = 100 mm are also shown in "gure 10. Here the line
conductivity σ∗ was integrated radially as

σ∗(z) = 2πe
∫ rmax

0
rneµe dr, (12)

where e is the elementary charge and rmax is a few times larger
than the streamer radius.

For these ten rod electrodes, the background electric "eld
Ep–p ranges from 9.19 kV cm−1 to 15.75 kV cm−1 for
Lrod from 26.4 mm to 3.3 mm. Typical values range from
10 kV cm−1 to 12.5 kV cm−1, but for short electrodes the
required Ep–p rapidly increases. We could not simulate steady
streamers for longer or shorter rod electrodes in domain B, due
to branching for longer electrodes and due to the dif"culty in
locating the steady regime for shorter electrodes.

As was discussed in section 3.2, Ep–p is closely related
to the steady propagation "eld. Our results therefore con-
"rm the conclusion in [39] that steady propagation "elds
can lie in a wide range, depending not only on the gas but
also on the streamer’s properties. Since streamer properties
are determined by many factors, including e.g., the electrode
geometry, the applied voltage waveform and initial conditions,
this explains part of the spread in experimentally measured
stability "elds [38, 40–44].

That a longer electrode requires a lower Ep–p for steady
propagation is in agreement with the results for steady positive
streamers in [32]. In [32], it was argued that the length over
which a streamer has a signi"cant conductivity depends on
the product vτ , where v is the streamer velocity and τ a
characteristic time scale for the loss of conductivity due to e.g.,
attachment. With a longer electrode, a faster streamer emerges,
which will therefore have a longer conductive length, so that a
lower background "eld is suf"cient for its "eld enhancement,
as can be seen in "gures 7 and 10.

Figure 11 shows the time evolution of axial pro"les for
the steady streamer with Lrod = 3.3 mm. As can be seen in
"gures 7 and 11, the conductive length is short enough to
cause the internal "eld in the back of the streamer channel
to return to its background "eld of 15.75 kV cm−1. Like for
steady positive streamers [32, 36], steady negative streamers
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Figure 7. The electron density ne for ten steady negative streamers in air with different rod electrode lengths Lrod from 3.3 mm to 26.4 mm.
The simulations were performed in domain B until the streamer reached zhead = 100 mm, see table 2. The time evolution of ne for the case of
Lrod = 3.3 mm is shown on the left. On the right, ne is shown for the remaining nine steady streamers at zhead = 100 mm.

Figure 8. (a) The streamer velocity v, (b) the optical diameter d, and (c) the maximal electric "eld Emax versus the streamer position zhead for
the ten steady streamers corresponding to "gure 7. The corresponding background electric "eld Ep–p and the average electric "eld Er–p
between rod and plate electrode are shown in panel (d) versus the rod electrode length Lrod. All streamers propagate towards the right.

do not require a conductive channel to sustain the propagation,
as will be discussed in section 4.1. The electric "eld in the
streamer channel ranges from about 14 kV cm−1 to Ep–p and

the attachment time ranges from 35–50 ns, which coinciden-
tally agrees well with the electron loss times for steady positive
streamers in air [32, 36]. However, the streamer velocity of
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Figure 9. (a) The background electric "eld Ep–p and the average
electric "eld Er–p, (b) the maximal electric "eld Emax, (c) the head
potential δφ and (d) the streamer velocity v, maximal electron drift
velocity vdmax and their ratio v/vdmax versus the optical diameter d
for the ten steady streamers corresponding to "gure 7. Each symbol
in panels (b)–(d) represents one steady streamer, by taking an
average over the propagation from zhead = 150 mm to
zhead = 100 mm.

about 6 × 105 m s−1 in "gure 11 is much larger than that of
steady positive streamers (about 0.3–1.2 ×105 m s−1), which
leads to a longer conductive length. Another difference is that
the electron density contains an overshoot near the head of
negative streamers, as can be seen in "gures 3(c1)–(c3), 10(b)
and 11(b).

We remark that the steady streamers are unstable, in
the sense that a tiny change in the applied voltage causes
them to either accelerate or decelerate. This instability is
illustrated in "gure 12, which shows streamer velocity ver-
sus position for cases with applied voltages that differ
by ±1 kV from the steady values. With these different applied
voltages, the streamer continually accelerates or decelerates.
Hence, the steady streamer is not really stable, but exists

Figure 10. (a) The on-axis electric "eld E and the background
electric "eld Ep–p, (b) the on-axis electron density ne, (c) the line
conductivity σ∗ and (d) the electron conduction current I for the ten
steady streamers at zhead = 100 mm corresponding to "gure 7. All
streamers propagate towards the right.

only at the unstable boundary between accelerating and fad-
ing streamers. Any minor change in input data or numerical
parameters would also lead the steady streamer to eventu-
ally accelerate or decelerate. The results in "gure 12 indicate
that this instability is stronger for a slower negative steady
streamer.

4. Discussion and analysis

Below, we discuss several important questions about negative
streamers in air, and compare their properties with those of
positive streamers.
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Figure 11. Time evolution of (a) the electric "eld E and (b) the
electron density ne along z axis for the steady streamer with
Lrod = 3.3 mm from "gure 7. The background "eld Ep–p ≈
15.75 kV cm−1 is shown in panel (a) for comparison. Zoomed views
of E and ne at t = 330 ns and 99 mm !z ! 100 mm are included,
revealing an overshoot in ne in the streamer head.

Figure 12. Illustration of the instability of steady negative
streamers. The streamer velocity v is shown versus the streamer
position zhead for steady streamers with Lrod = 3.3 mm, 13.2 mm and
26.4 mm, together with cases in which the applied voltages differ
by ±1 kV from the respective steady values. All streamers
propagate towards the right.

4.1. Does a negative streamer require a conductive channel
to sustain its propagation?

A key difference between negative and positive streamers is
that negative streamers propagate in the same direction as the
electron drift velocity, whereas positive streamers propagate
opposite to it. This means that positive streamers ‘suck up’

free electrons ahead of them, a bit like a vacuum cleaner,
which come out at the back of the streamers. In contrast, a
negative streamer ‘emits’ electrons in the forward direction,
"guratively speaking like a garden hose. The excess of these
electrons (compared to the positive ion density) forms the
negative charge layer that provides "eld enhancement.

In case of steady propagation, which is an unstable mode,
the net charge in the streamer head region is conserved. The
electric "eld, modi"ed by the streamer, is then such that the
net charge simply translates, while ionization is created at the
streamer tip and lost at its back. A negative streamer therefore
does not require a conductive channel in order to sustain
its propagation, as shown in "gure 7. The same observation
was recently made for positive streamers in [36], which were
referred to as ‘solitary streamers’.

Furthermore, our results show that an accelerating negative
streamer also does not require a conductive channel connected
to an electrode. In such streamers, the head charge increases
over time, but this head charge can be supplied by polarizing
the channel behind the streamer.

4.2. Is there a minimal steady negative streamer?

For positive streamers, the concept of a minimal streamer, with
a certain minimal diameter dmin, was postulated in [73]. In the
experiments of [74], a relation p · dmin = 0.20 ± 0.02 mm bar
for the minimal optical diameter was found in air at room tem-
perature, at pressures from 0.013 to 1 bar. In nitrogen, stream-
ers were found to be thinner, with p · dmin = 0.12 ± 0.03 mm
bar. By improving gas purity and optical diagnostics, similar
trends but with somewhat lower values of p · dmin, namely
0.12 mm bar for air and 0.07 mm bar for nitrogen, were found
in [75]. Furthermore, in the theoretical and numerical study
of [29], the minimal optical diameters of positive streamers in
air at atmospheric pressure were related to Emax. For Emax =
140 kV cm−1 and 160 kV cm−1, minimal diameters of 0.27 mm
and 0.20 mm were respectively predicted, in the limit of zero
streamer velocity. In [39], steady propagation for both positive
and negative streamers in air at atmospheric pressure was sim-
ulated. Smaller minimal diameters of 0.072 mm for positive
streamers and of about 0.5 mm for negative streamers were
suggested, where the diameter was de"ned as the FWHM of
the electron density.

In another numerical study of [14], a minimal electrody-
namic diameter (dEr, see appendix A) of about 1.3 mm in air
at atmospheric pressure was observed for negative streamers.
Experimentally, few measurements appear to be available for
minimal negative streamer diameters. In [13], the negative
streamer with a minimal optical diameter of 1.2 mm was
observed in air at 1 bar. However, negative streamer inception
required a rather high applied voltage in the above two studies,
and thinner negative streamers could be generated with a
different electrode geometry and applied voltage waveform.

From our simulations, we can estimate a lower bound for
the minimal optical diameter of steady negative streamers
in air. The variation of their optical diameter d in different
background "elds is shown in "gure 9. The streamer optical
diameter has approximately linear relationships with several
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quantities: the streamer velocity v, the ratio between streamer
velocity and maximal electron drift velocity v/vdmax, and
the head potential δφ, as shown in "gure 13. These linear
relationships can be described by

v(d) = 4.28 × 108d + 9.41 × 104, (13)

v(d)/vdmax(d) = 1.24 × 103d + 0.56, (14)

δφ(d) = −9.60 × 106d + 2.59 × 103, (15)

where all above quantities have for simplicity of notation been
divided by their respective units (using metres, seconds and
volts). Based on these relations, rough estimates can be made
for a lower bound on the minimal optical diameter dmin:

• The diameter at which v = vdmax, which gives
dmin = 0.35 mm.

• The diameter at which δφ = 0, which gives
dmin = 0.27 mm. Note that in this theoretical limit
there is essentially no space charge, and thus no light
emission to deduce an optical diameter from.

So for the minimal optical diameter, these rough lower
bounds give 0.27 mm to 0.35 mm, smaller but comparable to
the measured minimal optical diameter of 1.2 mm found in
[13].

4.3. The ratio between streamer velocity and electron drift
velocity

For negative streamers, the ratio between streamer velocity
and maximal electron drift velocity v/vdmax should be greater
than one [1, 34, 76]. In our simulations, v/vdmax ranges from
about 2.0 to 4.5 for steady negative streamers. In contrast,
this ratio was observed to be about 0.05 to 0.26 for steady
positive streamers in [32]. To understand why these ratios are
so different for steady negative and positive streamers, it is
useful to consider an analytic approximation for uniformly
translating streamers, as was done in [29]. If we assume that
∇ · (µeEne) ≈ µeE · ∇ne (i.e., µe is assumed constant and
∇ · E = 0), and if we ignore effects due to diffusion and
photoionization, we can derive the following expression

− v

vd

∂zne

ne
± ∂zne

ne
= ᾱ, (16)

where v is the streamer velocity (in the +z direction), vd =
|µeE| the absolute value of the electron drift velocity, ᾱ the
effective ionization coef"cient, and the + sign corresponds
to negative streamers and the − sign to positive ones. If we
introduce the length scale λne = ne/|∂zne| and consider the
fact that ∂zne is negative for a streamer propagating in the +z
direction, equation (16) can be written as

|v|/vd = ᾱλne ± 1, (17)

with the + sign corresponding to negative streamers and
the − sign to positive ones. Note that v is assumed constant
here, whereas vd, ᾱ and λne all vary ahead of a streamer.

Even without knowing the values of ᾱ and λne , a couple
of statements can be made about the ratio v/vdmax. First, for

Figure 13. Linear relationships between the optical streamer
diameter d and (a) the streamer velocity v, (b) the ratio v/vdmax and
(c) the head potential δφ, respectively. The maximal electron drift
velocity vdmax is also shown in panel (a). The open circles ◦
correspond to the steady cases shown in "gure 7. Estimates of a
minimal optical diameter dmin for the steady streamers are indicated
by full circles •. These estimates are given by: (b) the diameter at
which v/vdmax = 1 and (c) the diameter at which δφ = 0.

steady positive streamers, v/vdmax can in principle be arbitrar-
ily small, in agreement with the value of 0.05 mentioned above.
The limit of zero streamer velocity corresponds to λne = 1/ᾱ,
and thus a density pro"le proportional to exp

(
−
∫
ᾱ dz

)
. On

the other hand, for steady negative streamers, v/vdmax cannot
be lower than one, as expected. In high background "elds
streamers usually accelerate, but if their properties do not
change rapidly, equation (17) is still approximately valid. The
fact that negative and positive streamers become similar in
high background "elds [13, 14, 26] therefore suggests that the
term ᾱλne then becomes large.

If we hypothetically assume that a steady positive and
negative streamer exist with the same values of ᾱ and λne , then
equation (17) implies that v/vdmax " 2 for the steady negative
streamer, since this ratio cannot be negative for the steady
positive streamer. However, ᾱ and λne are generally different
for positive and negative streamers. In simulations in another
computational domain, which are not presented here, we have
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Table 3. Comparison between steady negative and positive streamers, corresponding to the lowest and highest respective background
electric "elds. For the steady negative streamers, properties were obtained at the moment corresponding to "gure 10, and for the positive
ones they were obtained from [32].

Quantity Lowest background "eld Highest background "eld

Negative Positive Ratio Negative Positive Ratio

v (m s−1) 1.47 × 106 1.2 × 105 12.25 5.97 × 105 3 × 104 19.90
REr (mm)a 3.15 0.11 28.64 1.25 0.036 34.72
Ep–p (kV cm−1) 9.19 4.05 2.27 15.75 5.42 2.91
Emax (kV cm−1) 91 152 0.60 80 222 0.36
Emin (kV cm−1)b 8.02 1.17 6.85 13.87 0.42 33.02
max(ne) (m−3) 1.77 × 1019 1.11 × 1020 0.16 1.25 × 1019 3.12 × 1020 0.04
max(n+

i ) (m−3)c 1.68 × 1019 1.13 × 1020 0.15 1.00 × 1019 3.30 × 1020 0.03
Imax (A) 1.23 1.38 × 10−2 89.13 0.16 1.91 × 10−3 83.77
λmax (C m−1) −8.41 × 10−7 1.11 × 10−7 −7.58 −2.71 × 10−7 5.44 × 10−8 −4.98
σ∗

max (S m) 1.09 × 10−6 5.09 × 10−8 21.41 9.13 × 10−8 2.38 × 10−8 3.84
vdmax (m s−1) 3.23 × 105 4.7 × 105 0.69 2.94 × 105 6.1 × 105 0.48
v/vdmax 4.55 0.26 17.50 2.03 0.049 41.43
δφ (kV) −27.61 2.83 −9.42 −8.37 1.52 −5.51

aREr is the electrodynamic radius at which the radial electric "eld has a maximum, see appendix A.
bEmin is the minimal internal on-axis electric "eld behind the streamer head.
cn+

i is the total number density of all positive ion species.

actually found steady negative streamers for which v/vdmax

could be as low as 1.8. Note that without photoionization and
background ionization, the ratio v/vdmax is expected to be close
to one [77].

4.4. The definition of negative streamer fading

When the background electric "eld is too low to sustain steady
propagation, a negative streamer fades out and loses its "eld
enhancement, and the streamer velocity becomes comparable
to the maximal electron drift velocity. However, the discharge
does not fully stop at some point, because the electrons that
make up its space charge layer continue their drift motion,
further lowering the velocity and "eld enhancement. This
makes it hard to uniquely de"ne when a negative streamer has
faded. For the results presented in sections 3.1 and 3.3, we have
somewhat arbitrarily used the criterion Emax ! 35 kV cm−1. A
related criterion could for example be

Emax/α(Emax) " Vc,

where Vc is for example 250 V. Note that eE/α(E), where e
is the elementary charge, can be interpreted as the energy an
electron has to gain from the "eld per ionization.

We can also consider the ratio between streamer velocity
and maximal electron drift velocity v/vdmax. As was discussed
in section 4.3, a negative streamer needs to propagate with at
least the maximal electron drift velocity. Our results in "gure 4
suggest that a criterion like v/vdmax ! κ, with for example
κ = 1.5, could be used to de"ne the moment of negative
streamer fading.

However, it was argued in [39] that for steady negative
streamers Emax can be as weak as ∼1.2Ek, and that the ratio
v/vdmax can be as low as ∼1.03. If that is the case, it is hard to
distinguish between a fading negative streamer and an electron
avalanche with weak "eld enhancement.

Finally, we remark that negative streamer fading differs
signi"cantly from positive streamer stagnation. When positive
streamers stagnate, their "eld enhancement tends to increase
[31, 32]. Only after their velocity has become comparable to
the ion drift velocity, which is much lower than the electron
drift velocity, do they lose their "eld enhancement.

4.5. Comparison between steady negative and positive
streamers

We can quantitatively compare our simulated steady negative
streamers with the results for steady positive streamers in [32].
We consider the steady negative and positive cases correspond-
ing to the lowest and highest respective background electric
"elds, and several properties of these streamers are compared
in table 3. Velocity, radius, ratio between streamer velocity and
maximal electron drift velocity and the maximal electron con-
duction current all differ by more than an order of magnitude
between these steady negative and positive streamers. Due to
their higher velocities, the conductive lengths of the two steady
negative streamers are respectively signi"cantly longer than
that of the positive steady ones.

Given these major differences, it is perhaps a bit surpris-
ing that the steady propagation "elds for these negative and
positive cases differ by a much smaller factor.

Estimation of the internal !eld. We now compare the
steady negative and positive streamers from the point of
view of their electron conduction current, line charge den-
sity, line conductivity and internal electric "eld. If a streamer
translates approximately uniformly with velocity v, its line
charge density λ should translate approximately uniformly
with the same velocity. The evolution of λ is then given by
∂tλ = −∂xI = −v∂xλ, where I is the electron conduction cur-
rent and v is the streamer velocity. General solutions are the
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Figure 14. The average electric "eld E∗(z) in the z direction
according to equation (20), together with the actual on-axis electric
"eld E(z) for steady negative and positive streamers from table 3
corresponding to the lowest background "elds. Both streamers
propagate towards the right.

form I(z) = vλ(z) + I0, but since there is no current ahead of
the streamer, I0 = 0, and

I(z) = vλ(z). (18)

On the other hand, we can also write the current as

I(z) = σ∗(z)E∗(z), (19)

where σ∗(z) is the streamer’s line conductivity given by
equation (12) and E∗(z) is the average electric "eld in the z
direction. If equations (18) and (19) are combined, the result
is

E∗(z) = vλ(z)/σ∗(z). (20)

Figure 14 shows the actual on-axis electric "eld for the positive
and negative steady streamers from table 3 corresponding
to the lowest background "elds, together with results from
equation (20). Behind the streamer head, E∗(z) agrees well
with the on-axis electric "eld E(z) for both steady streamers.
Note that discrepancies are visible ahead of the streamer,
where equation (20) does not apply.

The minimal internal on-axis electric "elds Emin behind
the streamer head are 8.02 kV cm−1 and 1.17 kV cm−1 for
the above-mentioned steady negative and positive streamers,
respectively. These internal "elds are related to the steady
propagation "elds, which they cannot exceed. There is how-
ever a polarity difference. For steady positive streamers, the
internal "eld can be signi"cantly below the background "eld

[32], whereas for steady negative streamers these "elds are
rather similar. In other words, the screening of the electric "eld
is weaker for steady negative streamers.

Our observations of steady negative streamers can be
related to equation (20) as follows. We "nd a lower steady
propagation "eld for a faster steady streamer, which also has a
higher line charge density λ. Equation (20) suggests that this
can only be the case when the line conductivity σ∗ increases
more rapidly than the product vλ, which is primarily driven by
an increase in the radius.

5. Conclusions and outlook

5.1. Conclusions

We have simulated single negative streamers in air at 300 K
and 1 bar in 125 mm and 300 mm long gaps, using a
2D axisymmetric !uid model. With the same initial condi-
tions, accelerating, steady and fading negative streamers were
obtained by changing the background electric "eld. The prop-
erties of the steady streamers remained nearly constant during
their propagation. However, this steady propagation mode is
not stable, in the sense that a small change in parameters or
streamer properties causes them to accelerate or decelerate.
Our main conclusions are listed below:

• With different high-voltage electrode geometries, steady
propagation for negative streamers was obtained in
background "elds ranging from 9.19 kV cm−1 to
15.75 kV cm−1. The lowest background "eld was obtained
for the longest electrode and the fastest steady streamer.
This con"rms that there is no unique steady propagation
"eld (or stability "eld) for such streamers, as was pre-
viously suggested in [39] and as was recently found for
positive streamers [32].

• Steady negative streamers are able to keep propagat-
ing over tens of centimeters with only a "nite conduc-
tive length behind their heads, similar to steady positive
streamers [32, 36]. They transport a constant amount of
charge, and their propagation resembles a solitary wave.
The conductivity in the back of the streamer channel
disappears mainly due to attachment.

• The ratio between streamer velocity and maximal electron
drift velocity v/vdmax for steady negative streamers is
much higher than that of steady positive streamers. For
steady positive streamers, v/vdmax can be as small as 0.05
[32]. In contrast, for steady negative streamers, v/vdmax

cannot be lower than one, and the minimum ratio we
observe is two.

• When we compare the steady negative and positive
streamers corresponding to the lowest and highest respec-
tive background "elds, their properties are totally differ-
ent. The velocity, radius, v/vdmax, and maximal electron
conduction current all differ by more than an order of
magnitude. In contrast, the lowest steady propagation
"elds of 9.19 kV cm−1 (negative) and 4.05 kV cm−1

(positive) differ only by a factor of about two.
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• For steady negative streamers, we observe approximately
linear relationships between the optical diameter and the
streamer velocity, the steamer head potential and the
ratio v/vdmax. From these linear relations, rough estimates
can be made for a lower bound on the minimal optical
diameter, which lie between 0.27 mm and 0.35 mm.

In addition, we have the following minor conclusions:

• In different background "elds, negative streamer fading is
highly similar, although fading occurs earlier in a lower
background "eld. The channel conductivity disappears,
and the ratio v/vdmax decreases to about one.

• It is hard to uniquely de"ne when a negative streamer has
faded. We have proposed several criteria, based on e.g.,
the maximal electric "eld or the ratio v/vdmax.

• There are different de"nitions of the streamer diame-
ter. The electrodynamic diameter is usually larger than
the optical diameter, with an approximately constant
ratio of about two between them for steady negative
streamers.

5.2. Outlook

An interesting question for future work would be how the
steady propagation "eld depends on e.g., the applied voltage
waveform and the initial conditions. Understanding the rela-
tionships that were observed between several streamer proper-
ties requires further analysis as well. Finally, future research
could implement more realistic boundary conditions on the
high-voltage electrode, for example, by including electron
emission, to more realistically study the inception of negative
streamers.
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Appendix A. Diameter comparison

In addition to the optical diameter doptical de"ned in section 2.5,
we here give two other de"nitions of the streamer diame-
ter. First, there is the electrodynamic diameter dEz = 2 × REz,
based on the decay of the on-axis electric "eld ahead of the
streamer head. Near the head, this "eld decay is approximately
quadratic, like that of a charged sphere, which depends on the

Figure A1. (a) The optical diameter doptical, the electrodynamic
diameter dEz and the electrodynamic diameter dEr versus the
streamer velocity v for the ten steady streamers corresponding to
"gure 7. Each symbol represents one case, by taking an average over
the propagation from zhead = 150 mm to zhead = 100 mm. (b) The
ratios of dEr/doptical, dEz/doptical and dEr/dEz versus the streamer
velocity v.

streamer radius. Ahead of the streamer (z > zhead), it can be
approximated by:

E"t(z) = Ebg + (Emax − Ebg)
(

1 +
z − zhead

REz

)−2

, (A.1)

where Ebg is the axial background electric "eld and Emax is
the maximal electric "eld at the streamer head. Since Ebg and
Emax are known, we can obtain the radius REz by locating
the z coordinate at which the actual electric "eld is equal
to 0.25Emax + 0.75Ebg, which corresponds to E"t(zhead + REz).
Second, there is the electrodynamic diameter dEr = 2 × REr,
where REr is the radius at which the radial component of the
electric "eld Er has a maximum [32, 49, 57, 78].

Figure A1 shows these three de"nitions of the streamer
diameter for the cases shown in "gure 7, as well as the ratios
between them. The ratios of dEr/doptical, dEz/doptical and dEr/dEz

are approximately constant, and their values are about 2.1, 1.6
and 1.3, respectively. The ratio dEr/doptical = 2.1 agrees with
the conclusion in [52, 79, 80] that the electrodynamic diameter
is about twice the optical diameter.

Appendix B. Ion motion

Ion motion can be an important mechanism for slow posi-
tive streamers [31, 32], especially when the streamer velocity
becomes comparable to the ion drift velocity. However, as
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Table C1. Additional positive ion conversion and electron–ion recombination reactions. T (K) and Te (K) are gas and electron temperatures,
respectively. Te is computed as Te = 2εe/3kB with the mean electron energy εe obtained from BOLSIG+ [59].

No. Reaction Reaction rate coef"cient Reference

Positive ion conversion
R14 N+

2 + O2 → O+
2 + N2 k14 = 6.0 × 10−17( 300

T )0.5 m3 s−1 [53]
R15 N+

2 + N2 + M → N+
4 + M k15 = 5.0 × 10−41( 300

T )2.2 m6 s−1 [53]
R16 N+

4 + O2 → O+
2 + N2 + N2 k16 = 2.5 × 10−16 m3 s−1 [53]

R17 O+
2 + O2 + M → O+

4 + M k17 = 2.4 × 10−42( 300
T )3.2 m6 s−1 [53]

Electron–ion recombination
R18 e + N+

2 + M → N2 + M k18 = 6.0 × 10−39( 300
Te

)1.5 m6 s−1 [53]

R19 e + O+
2 + M → O2 + M k19 = 6.0 × 10−39( 300

Te
)1.5 m6 s−1 [53]

R20 e + N+
2 → N2 k20 = 1.5 × 10−13 m3 s−1 [81]

R21 e + O+
2 → O2 k21 = 1.5 × 10−13 m3 s−1 [81]

R22 e + N+
4 → N2 + N2 k22 = 2.0 × 10−12( 300

Te
)0.5 m3 s−1 [53]

R23 e + O+
4 → O2 + O2 k23 = 1.4 × 10−12( 300

Te
)0.5 m3 s−1 [53]

Figure C1. Comparison of negative streamer propagation with and
without the additional reactions given in table C1. The streamer
velocity v is shown versus the streamer position zhead for three
different streamers corresponding to "gure 2. With electron–ion
recombination, a steady negative streamer is found at
V = −146.9 kV.

was discussed in section 4.3, a negative streamer needs to
propagate with at least the maximal electron drift velocity,
which is approximately two orders of magnitude larger than
the ion drift velocity. As a result, ion motion has little effect
on the propagation of the negative streamers simulated in this
paper. Note that in regions where the ion density is much
higher than the electron density ions contribute signi"cantly
to the plasma conductivity, but this conductivity is then much
lower than it is near the streamer head.

Appendix C. Effect of electron–ion recombination
reactions

We here investigate the effect of including the additional
positive ion conversion and electron–ion recombination reac-
tions given in table C1. Figure C1 shows how accelerating,
steady and negative streamers are affected by including these
reactions. The simulations were performed in domain A, see

Figure C2. The electron attachment time and e + O+
4

recombination time versus the electric "eld E. The e + O+
4

recombination time depends on the O+
4 density, which in our

simulations was generally below 1019 m−3.

section 3.1. With the extra reactions, negative streamers are
slightly slower due to increased conductivity loss behind the
streamer head. However, the effect is rather small, and the
steady applied voltage changes by only 0.5%.

O+
4 is typically the dominant positive ion in streamer dis-

charges at atmospheric pressure air. In "gure C2, the electron
attachment time is compared with the e + O+

4 recombination
time, where these time scales are given by the inverse of the
respective reaction frequencies. The e + O+

4 recombination
time depends on the O+

4 density, and in our simulations, O+
4

densities were generally below 1019 m−3. Including positive
ion conversion and electron–ion recombination—which we
in hindsight maybe should have done—would therefore not
signi"cantly alter the results presented in this paper.

In contrast, for positive streamers in air, the e + O+
4 recom-

bination time can be shorter than the electron attachment
time due to a low internal electric "eld and high O+

4 density,
so that electron–ion recombination plays a signi"cant role
[31, 32, 34, 36, 57].
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