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Abstract

A major obstacle for the understanding of long electrical discharges is the complex dynamics of
streamer coronas, formed by many thin conducting ﬁlaments. Building macroscopic models for
these ﬁlaments is one approach to attain a deeper knowledge of the discharge corona. Here, we
present a one-dimensional, macroscopic model of a propagating streamer channel with a ﬁnite
and evolving internal conductivity. We represent the streamer as an advancing ﬁniteconductivity channel with a surface charge density at its boundary. This charge evolves selfconsistently due to the electric current that ﬂows through the streamer body and within a thin
layer at its surface. We couple this electrodynamic evolution with a ﬁeld-dependent set of
chemical reactions that determine the internal channel conductivity. With this one-dimensional
model, we investigate the formation of persisting structures in the wake of a streamer head. In
accordance with experimental observations, our model shows that a within a streamer channel
some regions are driven towards high ﬁelds that can be maintaned for tens of nanoseconds.
Supplementary material for this article is available online
Keywords: streamer, electric discharge, model reduction

1. Introduction

channel. On the other hand, detailed models for the streamer
channel generally assume that the streamer has already
bridged the gap and established a conducting path between
the electrodes [6, 7].
Our lack of macroscopic models is particularly aggravating since at a coarse level streamers appear to be essentially one-dimensional objects; one expects (or rather wishes)
that they can be modeled by abstracting away microscopic
details and considering only macroscopic quantities such as
the channel width, the linear charge density and the tip
velocity. This was the motivation for the model for streamer
trees presented in [8], where the macroscopic dynamics were
justiﬁed in part by phenomenological considerations and in
part by appealing to experimental data. For example, the
electrostatic interaction between different channel segments
was modeled by an ad hoc kernel derived as the simplest
expression that satisﬁes some required properties. The electrical conductivity of the channel was also ﬁxed and not
calculated self-consistently.

Appearing often as the initial stage of a gas discharge, a
streamer is an ionized ﬁlament that advances due to electron
impact ionization at its tip. Typically tens to hundreds of
streamers emerge from a pointed electrode after the sudden
application of an intense electric ﬁeld. Streamers are also the
building blocks of high-altitude discharges in our atmosphere
and they precede and drive the propagation of hot leader
channels in long gaps and in lightning.
Although the microphysics of a streamer head is now
relatively well understood [1, 2], we still lack solid macroscopic models to understand the long-time properties of a
streamer channel and the interactions between all ﬁlaments
within a large streamer corona. Observations of luminous,
persisting structures in an established streamer channel [3–5]
show that the streamer channel exhibits rich dynamics which
cannot be captured by models that focus on the progression of
the streamer tip and disregard the further evolution of the
0963-0252/17/125006+17$33.00
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In this article, we build a more detailed one-dimensional
model where a streamer is described as an imperfect conductor
that grows within an external ﬁeld. Although we will refer to our
model as one-dimensional, it belongs to the family of so-called
1.5D models, where one imposes a distribution of charge across
the radial dimension, either uniform (disc models) or conﬁned
within a layer. Here, we improve on previous 1.5D models with
the knowledge gained from 2D microscopic simulations over the
last few decades. The main new features of our model are:

streamers in air at atmospheric pressure. We model the
streamer as an axially symmetrical ﬁlament that grows in the z
direction due to the electric ﬁeld created by a spherical
electrode to which it is connected. At a given time t the
streamer spans the distance from the electrode boundary a to
the location of the streamer tip ztip and propagates at a velocity
v=

(i) Integrating the transport of electrons across the full
channel cross-section to allow for the formation of
sharply deﬁned structures.
(ii) A self-consistent chemical model for the evolution of
channel conductivity including attachment, detachment,
recombination and the formation of water clusters.
(iii) Including not only the transport within the streamer
body but also, close to the streamer head, the thin layer
of current on its surface. As we will see, this is essential
to the correct modeling of charge transport.

dztip
dt

.

(1 )

The streamer shape is deﬁned by its radius R(z) in the
range a < z < ztip . In the simplest case, we prescribe R(z) to
have a smooth shape around ztip and asymptotically approach
a prescribed function R  (z ) far from the tip. A simple
expression with these properties is
R (z) = R  (z)(1 - e(z - z tip)

R  (z ))1 2 .

(2 )

At the streamer tip, this shape yields a radius of curvature
R  (ztip ) 2 1 so R  (z ) encapsulates the evolution of the streamer radius. As mentioned in [23], ﬁnding a physically
motivated evolution for the streamer radius remains an
unsolved problem of streamer physics. Here, we will mostly
impose a constant R  (z ) = Rmax , with the exception of
section 4, where, to properly compare with a microscopic
simulation, we impose that the radius grows at a constant rate
in space, R  (z ) = R0 + Kz , where K is obtained from the
microscopic simulation.
Our key assumption is that the streamer is so thin that we
can consider that charge transport in the transversal direction
occurs instantaneously. In that case, all the electric charge
accumulates at the streamer’s boundaries. This behavior is
observed in all microscopic streamer simulations (e.g.
[24–29]). Under this assumption the full electrodynamic state
of the streamer can be described by a linear charge density λ
that satisﬁes

The main motivation of this work is to investigate how the
self-consistent evolution of the channel conductivity in the wake
of a streamer head leads to the spontaneous formation of sharply
deﬁned structures. Due to streamer branching and the computational cost of long microscopical simulations, our model appears
to be the best-suited approach to investigate these structures.
Some other approaches have been developed to simplify
the problem of streamer propagation. Lozanskiĭ [9] proposed to
consider the streamer interior as a perfect conductor and thus
the streamer boundary as an equi-potential surface. Movingboundary (also called contour-dynamics) methods [10–12]
derive from this approach and have been applied to investigate
Laplacian branching of streamers [13–15] and the role of
streamer curvature [16, 17]. Recently these models have also
incorporated a ﬁnite internal conductivity [18, 19] but they are
generally limited to short streamers and relatively simple settings such as homogeneous background ﬁelds. Another family
of reduced streamer models derives from the dielectric breakdown model ﬁrst proposed by Niemeyer and coauthors [20]. In
these models, a streamer corona expands stochastically by the
random accretion of ﬁlaments with a ﬁeld-dependent probability. A variation of this model was applied to sprite discharges in the mesosphere [21]. Finally, we mention corona
models such as the one developed by Akyuz [22], which
considered a branched tree of several perfectly conducting
channels. We note that none of these models considered the
self-consistent evolution of the channel conductivity after the
passage of the streamer head. This was also absent in the model
of streamer trees by Luque and Ebert [8], which can be considered a predecesor for the model presented here.

¶l
¶I
=- ,
¶t
¶z

(3 )

where I is the electric current ﬂowing through the streamer
cross section. As we discuss below, the current I must include
not only the volume current ﬂowing through the streamer
body but also a surface current located at the streamer
boundary. We call these two components, respectively,
channel current, IC, and surface current, IS.
2.1.1. The channel current. This current is related to the

electric current density j by an integral over the channel’s
cross-section:
IC =

ò0

R (z )

jz 2pr dr.

(4 )

2. Model
1

The radius of curvature is the radius of the sphere that, being tangent to the
streamer surface at the tip, most accurately approximates the surface in the
neighborhood of that point. This is different from the streamer radius, which
is the distance to the axis of a given point in the streamer surface and hence
vanishes at z = ztip .

2.1. Charge transport

Figure 1 shows a schematic view of our model. Although our
approach can be generalized to other contexts, we focus on
2
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Figure 1. Schematic picture of our streamer model. We simulate a streamer that emerges from spherical electrode at a prescribed electrostatic
potential V. The electrode has a radius a and is centered at the origin. The streamer advances with velocity v in the z-direction and its tip is
located at the time-dependent position ztip . Far to the left of the tip, the streamer channel asymptotically approaches a maximum radius Rmax .
The inset shows the geometry of the electrostatic interaction whereby a charge element dq at z ¢ contributes to the electric ﬁeld at z and thus to
the electric current I at that point.

The current density j results from drift and diffusion of all
charged species s within the streamer:
j=

å (∣qs∣ms ns E -  · Ds ns) ,

expression for one integral in a multi-dimensional integral
expression, saving us one numerical integration.
With these simpliﬁcations (4) reads

(5 )

s

IC (z) = s (z)

where E is the local electric ﬁeld and qs, ms , ns and Ds are
respectively the charge, mobility, density and diffusion
coefﬁcient of species s.
To obtain a model that can be simulated efﬁciently and is
expected to scale to multi-streamer simulations, we introduced a number of simplications. First, we neglect diffusion2.
Also, as the inner electric ﬁeld within a streamer does not
exhibit too large a variability, almost always ranging from 3
to 30 kV cm−1, we approximate the mobility of all species ms
to be independent of the electric ﬁeld. This assumption turns
(3) into a linear differential equation, heavily simplifying its
solution. A ﬁnal simpliﬁcation that we take for the sake of
computing efﬁciency is that the species densities ns are
uniform across the channel and can be taken out of the
integral (4). Below, we show that this yields a closed-form

ò0

R (z )

Ez (z , r ) 2pr dr ,

(6 )

where
s (z ) =

å qs ms ns (z)

(7 )

s

is the channel conductivity.
We calculate the electric ﬁeld in (6) by decomposing it as
Ez = E0z + E1z , where E0 is the background ﬁeld and E1 is
the self-consistent ﬁeld created by the charges in the channel.
The linearity of (6) translates this decomposition into a
current IC0 driven by the external ﬁeld and a current IC1 due to
interactions between channel elements.
For the moment, we leave aside the current driven by the
external ﬁeld, IC0, which we more conveniently discuss in
section 2.1.3, after we have also discussed the surface current
in 2.1.2.
Focusing on the channel current IC1, which depends on
the self-consistent ﬁeld E1, we consider the geometry in the
inset of ﬁgure 1, where we are interested in the electric ﬁeld at
longitudinal coordinate z and at distance r away from the axis.

2

The relative importance of advection versus diffusion is measured by the
Pèclet number Pe = Lu D , where L and u are, respectively the characteristic
length and velocity of the problem and D is the diffusion coefﬁcient. In our
case we have u » 10 5 m s-1, D » 0.2 m2 s-1 [30] so diffusion is only
relevant when Pe  1, at length scales smaller than about 2 μm.
3
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To calculate this, we integrate the contributions of all charge
elements dq at longitudinal coordinates z ¢. The charge in dq is
1
ldj¢dz¢ ,
(8 )
2p
where j¢ is the azimuthal angle of the charge element. Let us
ﬁrst focus on electrostatic interactions in free space (i.e. in the
absence of any electrode): the presence of an electrode is
discussed in the following section. In free space, the
contribution of dq at z ¢ to E1z at z reads
dq =

dE1z
=

(z - z¢) dq
4pe0 [(r - R (z¢) cos j¢)2 + R (z¢)2 sin2 j¢ + (z - z¢)2 ]3

2

.

(9 )

In order to simplify our notation, it is convenient to introduce
x (z ¢ , j¢) = R (z ¢) cos j¢, r (z ¢ , j¢) = (R (z ¢)2 sin2 j¢ + (z - z ¢)2 )1 2 .
For brevity, we leave the dependence on z ¢ and j¢ implicit
and write simply x and ρ. With this notation and combining
(8) and (9) into (6), we obtain
z tip
s (z) R (z )
dr
dz ¢
zb
4pe0 0
(z - z¢) l (z¢) r
dj ¢
.
[(r - x )2 + r 2]3 2

ò

IC1(z) =
2p

ò0

ò

(10)

Figure 2. (a) Interaction kernels GC and GR deﬁned by (13) and (15)
in the text, plotted here for R (z ) = 1. (b) The short-range interaction
in the streamer channel is dominated by electric ﬁelds and
conduction currents off-axis; the ring kernel GR underestimates this
interaction. (c) When the two annular sections are far appart the
interaction ﬁeld is transversally homogeneous and both kernels GC
and GR give similar results.

As we mentioned above, one of the three integrals in (10)
can be solved analytically into a closed-form expression. For
this, we make use of the indeﬁnite integral

ò

r dr
[(r - x )2 + r 2]3

2

=

x (r - x ) - r 2
r 2 r 2 + (r - x )2

+C

(11)

the ﬁeld close to a surface with a smooth charge
density, which is ﬁnite and well deﬁned.
(ii) Microscopical simulations of streamers show that the
electric ﬁeld inside the streamer channel is transversally
quite homogeneous. One is therefore tempted to skip
the integrals in r and j¢ and take the electric ﬁeld at the
central axis as a good approximation. This approach,
called ring method was employed e.g. by [31] and is
equivalent to replacing GC (z, z ¢) in (14) by

and rewrite (10) as
IC1(z) =
2p

ò0

s (z )
4pe0

dj ¢

òz

z tip

dz¢ (z - z¢) l (z¢)

b

x (r - x ) - r 2
r 2 r 2 + (r - x )2

r = R (z )

.

(12)

r= 0

Thus, deﬁning a kernel
GC (z , z¢) = (z - z¢)

ò0

2p

dj ¢

x (r - x ) r2

r2

r 2 + (r - x )2

GR (z , z¢) =

r = R (z )

r= 0

òz

z tip

dz¢GC (z , z¢) l (z¢).

.

(15)

However, as mentioned in [8], this approximation often
leads to unrealistic oscillations in the presence of strong
longitudinal inhomogeneities such as the streamer head
itself. A comparison between GC (z, z ¢) and GR (z, z ¢), as
shown in ﬁgure 2(a), hints at an explanation. In the
ﬁgure, where we have set R (z ) = 1 so that GC and GR
become functions only of z ¢ - z , we see that the kernel
GR vanishes as z ¢  z , which means that it neglects
interactions between closely spaced rings in the
streamer channel. As pictured in ﬁgure 2(b), these
interactions are dominated by the electric ﬁeld away
from the central axis; only when z ¢ - z  R can we
take (ﬁgure 2(c)) the electric ﬁeld in the axis as
representative of the full cross-sectional interaction.

we write (12) as
s (z )
4pe0

2

,
(13)

IC1(z) =

pR (z)2 (z - z¢)
[R (z¢)2 + (z - z¢)2 ]3

(14)

b

Some comments about this electrodyamic model are in
order:
(i) The integrand in (12) diverges as z ¢  z and j¢  0 .
This of course stems from the divergence of the electric
ﬁeld around a point charge. However, one can prove
that this divergence is integrable and the expressions
(12) and (14) are well deﬁned. Here, we are calculating
4
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Figure 3. (a) A microscopic streamer simulation shows that close to the streamer tip there is a layer of electric current concentrated in a thin

layer at the boundary. Details for this microscopic simulation are provided in section 4. (b) Proﬁles of the electric ﬁeld and electron density
on the central axis in the microscopic simulation. The approximate width of the current sheet (δ) is indicated by the shaded region. (c)
Scheme for the integration scheme of the current sheet used in our macroscopic model.

To estimate δ, we note that the penetration of the ﬁeld is a
consequence of the ﬁnite conductivity of the channel
combined with the streamer velocity. If we assume that
within the streamer, the ﬁeld follows a dielectric relaxation
with a characteristic time t =  0 s (ztip ), the width of the
current layer is d = xvt , where v is the streamer velocity and
ξ is a parameter of order unity that corrects for the curvature
of the streamer head and the fact that the conductivity is not
constant along the layer’s width. In our microscopic tests, we
found x » 4. Note that a similar expression for the width of
the charge layer was derived by D’yakonov and Kachorovskiĭ
[1] but without the factor ξ.
Figure 3(c) illustrates the transversal integration of the
surface current at a given z. We approximate the channel
conductivity (σ) and the z-component of the electric ﬁeld (Ez)
as linear functions between the inner and outer radius of the
layer, respectively R- and R+:

Our kernel GC, deﬁned by (13), is discontinuous
and correctly accounts for interactions between neighboring points. This is necesary to dynamically remove
unphysical oscillations with wavelengths of the order of
the streamer radius R.
2.1.2. The surface current. Besides the channel current

described above, a streamer also contains a sheet of current
around its head. This current, which we name here surface
current, is apparent in ﬁgure 3(a), where we show the electric
current density obtained in a microscopic streamer simulation.
The surface current is the main responsible of moving the
space charge layer forward and it results from the continuous
growth of the streamer channel. Figure 3(b) provides a
microscopical interpretation of the suface current: the electric
ﬁeld is not fully screened close to the streamer head but rather
penetrates a width δ. Within this distance, the electron density
is already much higher that in the background so the
penetration of the electric ﬁeld results in a signiﬁcant current.
Our one-dimensional model works at a coarse spatial
resolution where the current layer can be simpliﬁed as an
inﬁnitely thin surface. However, we still have to incorporate
the ﬁnite contribution of this current to the transport of charge
in the streamer. For this purpose, we need ﬁrst to estimate the
width δ and then, in order to integrate across the channel,
introduce reasonable assumptions about the electric ﬁeld and
electron density within the layer.

Ez (r ) = Ez- -

(Ez- - Ez+)(r - R-)
,
R + - R-

s (r ) = s -

R+ - r
,
R + - R-

(16)

(17)

where E- and E + are the inner and outer values of the zcomponent of the electric ﬁeld and where s- is the inner
conductivity, the outer conductivity being neglected.

5
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We can apply (16) and (17) to integrate the electric
current density jz = sEz across the channel width:
R+

p - +
s (R - R-)
R6
[E +(R + - R-) + E -(3R- + R +)].

IS = 2p

ò

which yields
⎛
⎞
z
IC0 (z) = 2ps (z) aV ⎜1 ⎟.
2
2
1
2
⎝
(R (z ) + z ) ⎠

Ez (r ) s (r ) r dr =

(18)

Turning now to (b), in order to calculate the effect of
mirror charges we consider the geometry shown in ﬁgure 4,
where a charge element dq sits at axial coordinate z ¢ and
radius R (z ¢). The boundary condition imposed by the
presence of the electrode is satisﬁed if we include a mirror
charge dqM located on the line that joins the electrode’s center
and dq and at a distance LM. Following e.g. [32], we ﬁnd that
dqM = -k dq , LM = k2L , where L = (z ¢2 + R (z ¢)2 )1 2 and
k = a L . The z-coordinate of dqM is thus z ¢ M = k2z ¢.
Therefore, we include the effect of the electrode if we update
the kernel function G in (22) as

We incorporate (18) into our model by setting R- =
R (z ), R+ = R (z - d ), s- = s (z ) and using (9) evaluated at
r = R (z ) -  for E- and r = R (z ) +  for E +, where ò is a
small length that captures the discontinuity in the electric ﬁeld
at both sides of the thin charged layer3. We take  = 10 m m;
note that since our model abstracts away the width of the
charge layer, ò is here only a numerical parameter without a
direct relation to any physical streamer property.
Finally, we cast expression (18) into the same form as
(14) by noting that (18) is linear in E + and E-. We ﬁnd
s (z )
IS (z) =
4pe0

òz

z tip

dz¢GS (z , z¢) l (z¢).

G¯ (z , z¢) = G (z , z¢ ; R (z¢)) - kG (z , k2z¢ ; k2R (z¢)) ,

(19)

p +
(R - R-)[U +(z , z¢)(R + - R-)
6
+ U-(z , z¢)(3R- + R +)] ,

U (z , z¢) = (z - z¢)

ò0

2p

2.2. Chemical processes and mobilities

(20)

In general, many chemical reactions between active species
operate within the streamer channel. These reactions inﬂuence
the channel conductivity and must therefore be coupled to the
electrodynamic evolution described in the previous section.
Here, we considered a chemical model composed of 17 species coupled through 78 reactions detailed in the supplementary material, which is available online at stacks.iop.org/
PSST/26/125006/mmedia. The chemical model focuses on
the evolution of electron density and ionic species following
[33–35] and includes the effect of water vapor as modeled by
Gallimberti [36]. We considered a concentration of water
vapor of 1.5% by volume.
The chemical model determines the evolution of the
density of each species s as

1
dj ¢
.
2p [(R (z)   - x )2 + r 2]3 2
(21)

Combining expressions (14) and (19) we calculate the total
self-consistent current from a single kernel G (z, z ¢) =
GC (z, z ¢) + GS (z, z ¢):
IC1 + IS =

s (z )
4pe0

òz

z tip

dz¢G (z , z¢) l (z¢).

(24)

where we made the dependence on R (z ¢) explicit. Henceforth,
we calculate the self consistent current using Ḡ instead of G in
equation (22).

b

where
GS (z , z¢) =

(23)

(22)

b

2.1.3. Background field and inclusion of an electrode. In most

experiments, streamers start from an enhanced electric ﬁeld
around a high-voltage, pointed electrode. To reproduce this
setup, we consider here that the streamer emerges from a
spherical electrode at an electrostatic potential V (see ﬁgure 1)
that is centered at the origin and has a radius a. In our model,
we account for this electrode in two places: (a) in the
background electric ﬁeld E0 introduced earlier and (b) in a
modiﬁcation of the kernel in (22) to include the effect of
mirror charges required to satisfy the boundary conditions
imposed by the electrode.
For the ﬁrst point (a), the component of the total current
due to the background ﬁeld is what we called IC0 in
section 2.1.1. It can be calculated by integrating the zcomponent of the electric ﬁeld created by the electrode,

¶ns
= Cs =
¶t

å

Asr k r n(r ,1) n(r ,2) ...,

(25)

r Î reactions

where Cs is the net creation of species s, Asr is the net number
of molecules of species s created each time that reaction r
takes place, kr is the rate coefﬁcient of reaction r and
 (r , 1),  (r , 2), ... are the indices of the input species of
reaction r. Here, the rate coefﬁcient kr is, in general, a function of the local electric ﬁeld. Since the transversal variation
of the electric ﬁeld is dynamically suppresed by the kernel
described in the previous section, here it is justiﬁed to calculate the rate coefﬁcients from the electric ﬁeld at the
streamer axis. Thus kr depends on
Eaxis (z) =

3

Another option would be to use R+ and R- also for the evaluation of the
electric ﬁeld but we note that in our model the space charge is concentrated
within an inﬁnitely thin layer around the streamer so we feel that using the
jump of electric ﬁeld better follows the spirit of the model. In any case, since
δ is small compared with our typical distances, both approaches produce very
similar results.

1
4pe0

òz

z tip

dz¢G¯ R (z , z¢) l (z¢) ,

(26)

b

where G¯ R (z, z ¢) is the kernel function obtained from (15) by
adding the effect of mirror charges as in (24).
As the streamer propagates (see next section), it changes the
composition of the gas ahead of its tip through photo-ionization
6
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Figure 4. Computation of mirror charges required to satisfy the boundary conditions of an electrode of radius a. Here we consider a charge

element dq at z ¢, where the channel radius is R (z ¢). The boundary condition imposed by the presence of a spherical electrode located at the
origin are satisﬁed by including a mirror charge dqM as described in the text.

and the enhancement of the electric ﬁeld. Our model does not
include the dynamics ahead of the streamer tip so the effect of
these processes is modeleled by imposing densities ns0 for each
species s at the streamer tip ztip . We consider that the prestreamer dynamics elevate the electron density to a prescribed
value ne0 ; to ensure quasi-neutrality this density is balanced by
concentrations of O2+ and N2+ that follow the relative densities
of O2 and N2 in air. The densities of all other species at ztip are
set to zero.
All charged species contribute to the channel conductivity, which we calculate with (7). We take the electron
mobility as me = 380 cm2 V-1 s-1 [37]. For O-, O2- and O3we use values from [38] fetched from the LxCat database [39]
selecting the approximate mobilities for a reduced electric
ﬁeld of 100 Td. This gives us

2.3. Streamer propagation

At the same time that charge is transported and chemical
reactions are operating within the streamer channel, the
streamer tip advances. It is generally accepted that the speed
of this advance, as deﬁned in (1), depends on the streamer’s
radius and the electric ﬁeld at its tip, Etip . This is,
dztip

= v (E tip, Rmax).
(29)
dt
+
Here Etip can be evaluated from (26) as Etip = Eaxis (ztip
),
+
where ztip means that, since the ﬁeld is discontinuous at ztip ,
we take the value immediately outside the streamer.
Naidis [41] investigated the relation between streamer
radius, peak electric ﬁeld and velocity. He considered the active
area ahead of the streamer where the electric ﬁeld is above the
breakdown threshold Ep. By assuming that the multiplication
factor M of the electron density within this area (or rather, its
logarithm) is roughly the same for all streamers, Naidis derived
the following expression for the streamer velocity v:

m O- = 4.5 cm2 V-1 s-1,
m O2- = 2.7 cm2 V-1 s-1,
m O3- = 2.8 cm2 V-1 s-1.

(27)

gRmax E tip

Within our model’s accuracy, all other ions, including water
cluster ions [40], can be assumed to have roughly the same
mobility, which we take as
m ion = 2 cm2 V-1 s-1.

Etip

òE

p

⎛ v  m E tip ⎞
d E n (E )
e
⎟,
= log M + log ⎜
v

 me E )
m
⎝
e Ep ⎠
(30)

E 2 (v

where γ is a factor of order unity that relates the spatial decay of
the electric ﬁeld to the streamer radius (we assume g = 1 2),

(28)

7
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Figure 5. Spatial (a) and temporal (b) discretization schemes for solving our model. As described in the text, we implemented a ﬁnite volumes
method where the streamer length is divided into L cells, with average charge densities deﬁned for each cell. At the cell boundaries, we
evaluate electric currents, species densities and conductivities. The time integration uses a leapfrog scheme that alternates between solving
charge transport and updating densities and conductivities.

n (E ) is the ﬁeld-dependent temporal growth rate of electrons
and me is their mobility. As proposed by Naidis, we take
log M = 8.
The streamer velocity in our model is obtained by solving
for v in (30), given Rmax and Etip . Nevertheless, in section 5
below, we investigate the effect of the velocity on a streamer’s properties by manually tuning the velocity for a given
peak ﬁeld and radius. With that purpose, we multiply the
velocity v resulting from (30) by a factor β.

model detailed in the supplementary material. Some of
the reaction rate coefﬁcients of this model depend on
the local electric ﬁeld, which is calculated from
equation (26).
(iii) The tip of the streamer advances with the velocity
resulting from solving (30). At this tip we impose
moving boundary conditions that ﬁx the species
densities. We impose an electron density that is
determined by the parameter n0e . To ensure quasineutrality, this density is balanced by densities of N2+
and O2+ that follow the relative atmospheric abundances of neutral nitrogen and oxygen.

2.4. Summary of the model

We conclude this section with a short recapitulation of the
model for easier reference.
(i) The transport of charge within the channel is determined by equation (3),

3. Numerical implementation

¶l
¶I
=- ,
¶t
¶z

Figure 5 sketches the spatial and temporal discretizations that
we implemented for the model described above. At a given
time the streamer length is divided into cells 1,  2, ... L
with boundaries deﬁned as i = (zi - 1 2, zi + 1 2 )... L =
(zL - 1 2, ztip ). Note that the right boundary of the rightmost
cell is ztip and that this boundary moves as the streamer
advances. The rest of the cell boundaries are ﬁxed within a
time step but, as described below, the mesh structure is
updated at certain times during the simulation.
To each cell, we assign an average charge density li
whereas the density of species s, ns, i  1 2 , and the channel
conductivity, si  1 2 , are deﬁned at the cell boundaries zi  1 2 .
We integrate in time using a leapfrog method, whereby we
alternate between a step that advances the streamer head and
solves (3) for charge tansport from time t j - 1 to tj and a step

where the current intensity is given by
I = IC 0 + IC1 + IS ,

with IC0 given by equation (23) and IC1 + IS determined
by equation (22) where the interaction kernel G has
been replaced by Ḡ , deﬁned in (24). In turn, G is the
sum of GC from (13) and GS from (20).
(ii) In the above expressions, the electric current depends
on a local, time-dependent electric conductivity. This is
calculated from the mobilities and densities of all
charged species, as expressed in (7). The densities of all
species follow the balance equations (25) of a kinetic
8
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update the species densities and the channel conductivity
from time t j - 1 2 to t j + 1 2 . We integrate (26) with a Gauss–
Legendre quadrature in each spatial cell to obtain Eaxis at
points zi  1 2 . From this, we compute all chemical reaction
rates kr in equation (25). Note that within this kind of timestep
the temporal evolution of chemical species at a given point
zi  1 2 is decoupled from all other points and can be solved
independently. Here, we also apply a Crank–Nicolson scheme
but in this case, this method leads to a nonlinear equation
which we solve using the Newton–Raphson method.

3.1. Charge transport and streamer progression

In the ﬁrst kind of step, we integrate the transport of charge
and advance the streamer tip from t j - 1 to tj assuming ﬁxed
particle densities and channel conductivity. To simulate the
transport of charge through the streamer channel we implement a ﬁrst-order accurate spatial discretization of (3). As the
length of the rightmost cell of the streamer (ztip - zL - 1 2 )
changes as the tip advances, our approach is more clearly
formulated in terms of the total charge in a cell,
qi = li (zi + 1 2 - zi - 1 2 ). In these terms, the spatially discrete
form of (3) reads
dqi
= Ii - 1
dt

2

- Ii + 1 2.

3.3. Adaptation of the spatial mesh

So far we have described the update of streamer variables
within a ﬁxed spatial mesh (with the exception of the right
boundary at ztip ). However, this scheme presents two
problems:

(31)

(i) The rightmost spatial cell, bounded by ztip , grows
disproportionally long. To prevent this, whenever the
length of this cell exceeds a length Dz we split it at
zL - 1 2 + Dz /2 and increase the total number of cells,
L. We split the total charge in the cell assuming a
constant charge density and we interpolate linearly the
values of the species densities at the newly created cell
boundary.
(ii) Generally, we need a high resolution close to the
streamer tip but it is wasteful to use similar cell sizes
along the full length of the streamer. To improve the
efﬁciency of the code without sacriﬁcing too much
accuracy, we employ an adaptative mesh. Every
ncoarsen = 10 time steps, we update our mesh by
merging cells where an estimate of the logarithmic
slope of the absolute value of the charge density is
below a given threshold  coarsen = 5 ´ 10-2 .

In a charge-transport timestep, we integrate (31) calculating
Ii  1 2 from equations (22) and (23). For the self-consistent
current, we compute numerically the integrals involved in
(22) using a Gauss–Legendre quadrature for z ¢ within each
cell and for the azimuthal angle j¢. In our ﬁrst-order accurate
scheme, we assume a constant linear charge density inside
each cell, which leads to a linear system
Ii + 1

2

=

L

å aik (t ) qk + bi (t ) ,

(32)

k= 1

where the ﬁrst term results from self-interaction (IC1 + IS ) and
the second term from the background ﬁeld (IC0). Even though
we ﬁx conductivities aik and bi change during a timestep due
to the advancing streamer tip. Deﬁning the matrix W (t ) with
elements Wij (t ) = ai - 1 j (t ) - aij (t ) and the vector V(t) with
components Vi (t ) = bi - 1 (t ) - bi (t ), (31) has the matrix form
dq
= W (t ) q + V (t ).
dt

(33)
3.4. Implementation

This equation is coupled with equation (29), which determines the advance of ztip . As this advance is generally smooth
and not too far from uniform translation, an explicit Euler
integration is accurate enough. Since the tip velocity depends
+
on the peak electric ﬁeld Etip , we integrate (26) at z = ztip
also
by means of a Gauss–Legendre quadrature.
With this approach, given the status of the streamer at
time t j - 1 we calculate ztip (t j ) and thus W (t j ) and V (t j ). We
then integrate (33) in time with a semi-implicit Crank–
Nicolson scheme, which yields the following linear system to
obtain the charge at time t j + 1:
⎡
⎤
Dt
W (t j + 1) ⎥ q (t j + 1) =
⎢⎣1 ⎦
2
Dt
[V (t j ) + V (t j + 1)].
+
2

Our simulations are dominated by the computation of electrostatic interactions. As we calculate, all pairs of interactions
between cells, it takes O (L2 ) computations to ﬁnd the time
derivative of the charge density. Furthermore, each of these
O (L2 ) computations involves a two-dimensional integral (in
z ¢ and in j¢). It is thus clear that computational efﬁciency was
a prime concern for us.
Fortunately, most of these calculations are independent
from each other and therefore our problem is easily parallelizable. We developed two versions of our code: one runs in
standard multicore processors and is parallelized using
OpenMP and another is implemented using the compute
uniﬁed device architecture (CUDA) and runs in general-purpose graphics processing units. As the latter version beneﬁts
from massive parallelism, it runs between 1.5 and 14 times
faster than the OpenMP version, depending on the resolution.
The slowest, non-CUDA based version of the code took about
2 d to simulate 100 ns.
In all simulations reported here, we used a smallest
spatial mesh size Dz = 100 m m but we checked that using a
higher resolution results in negligible differences. We

⎡
⎤
Dt
W (t j ) ⎥ q (t j )
⎢⎣1 +
⎦
2
(34)

3.2. Update of the species densities

Alternating with the step that we just described, we perform
steps where, for given values of li and ztip at time tj, we
9
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Figure 6. Comparison beween a microscopic streamer model (left), a microscopic model with a constant mobility (center) and the 1D model
presented in this work (right). All models are applied to a positive streamer propagating to the right under conditions as similar as possible
given the differences between the two approaches. For each of the models, we show the evolution of the axial electric ﬁeld. All curves are
plotted at regular intervals of 1 ns.

2 mm and a ‘radius’ of 0.2 mm. We apply a potential difference of 50 kV between this needle and a planar electrode
located 2 cm away from the tip. We start the streamer placing
a neutral, spherical gaussian seed with an e-folding length of
0.15 mm and a total of 4.6 ´ 109 free electrons.
Turning now to the parameters of the macroscopic, 1D
model presented in this work, we simulate the protrusionplane geometry of the microscopic model by starting from an
existing 2 mm long ionized channel attached to a conducting
plane, which we simulate by using a large electrode radius in
the geometry described in ﬁgure 1. To this conﬁguration, we
apply an external uniform background electric ﬁeld of
25 kV cm−1, which coincides with the average electric ﬁeld in
the microscopic simulation. Finally, we take ne0 = 6 ´
1013 cm-3, which is close to the value resulting from the
microscopic simulation.
A major problem for this comparison is that in the
microscopic model the streamer expands signiﬁcantly. As
mentioned above, lacking a self-consistent evolution of
streamer radius is the main limitation of our 1D model.
Nevertheless, we can check if all other features of the model
are consistent with the microscopic simulation by externally
imposing a ﬁxed dependence of the tip radius with respect to
the streamer length. This was the motivation of introducing
R  (z ) in (2) instead of a constant Rmax . From the microscopic
model and the conﬁguration described above, we found
R  (z ) » R0 + Kz with K = 0.1 and R0 = 0.5 mm .
The results of the comparison are plotted in ﬁgure 6,
where we show the axial electric ﬁeld within 10 ns of evolution. The ﬁgure shows that the 1D model overestimates the
peak electric ﬁeld by about 30% although the overall speed is
remarkably similar to the microscopic simulation. In part, this
is probably a coincidence, since for a given peak electric ﬁeld
and streamer radius the expression (30) provides an unequivocal value for the streamer velocity. In this case, the

emphasize here that one of the advantages of our model is that
it allows larger mesh sizes than a microscopical model, since
here the charge layer (with a width on the order of 100 μm) is
represented by an inﬁnitely thin surface, removing the
requirement of resolving the distribution of charge and densities within this layer. The time-steps in our simulations are
Dt = min (2 ´ 10-12 s, Dz v ), where v is the instantaneous
streamer velocity.

4. Comparison with microscopic simulations
In this section, we test the model described above and its
implementation against a microscopic streamer code. For this
purpose, we use the existing ARCoS code4, which has been
previously applied to problems of streamer dynamics both at
atmospheric pressure [42, 43] and in the context of high
altitude atmospheric discharges (sprites) [4, 29, 44, 45]. The
code is based on an adaptive-reﬁnement scheme [26] and is
capable of working with slightly non-axisymmetric streamers
and inhomogeneous backgrounds (for a review, see [23]). The
microscopic model includes electron impact ionization of N2
and O2 molecules as well as dissociative attachment to O2.
Swarm parameters are solved ofﬂine using Bolsig+ [46] with
the cross-sections from [47] fetched from the LxCat database
[39]. In order to evaluate the effect of approximating the
electron mobility as constant, we ran two instances of the
code, once with a ﬁeld-dependent mobility and once with a
constant mobility me = 380 cm2 V-1 s-1 (i.e. same as in the
1D model).
For our comparison, we selected the propagation of a
positive streamer at atmospheric pressure initiated from a
needle mock-up as described in [43] with a needle ‘lenght’ of
4

http://md-wiki.project.cwi.nl/index.php/ARCoS_code
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higher leading ionization produces a stronger ﬁeld enhancement and faster streamer propagation.
Microscopic simulations show that the difference in
propagation direction of electrons relative to the streamer
translates into a higher electron density in the interior of
positive streamers. An example can be found e.g. in [48],
where the difference is close to a factor 10. Therefore, to
properly model differences between positive and negative
streamers, we have to not only change the signs in (30) but
also our parameter n0e , which describes the multiplication of
electrons ahead of the streamer tip.
To simplify our discussion, for this parametric analysis
we assumed identical reference values of n0e for positive and
negative streamers. However, accurate streamer simulations
must account for differences in these values depending on the
polarity of the streamers. In the following section, we use a
lower value of n0e to model negative streamers.
The leading ionization in the streamer head has a strong
effect on the screening of the electric ﬁeld inside the channel.
This is clearly shown in ﬁgure 9, where we zoom in on the
electric ﬁeld scale of panels (b) and (c) of ﬁgures 7 and 8. We
see that the sign of expression (30), which, remember, here is
the only difference between positive and negative streamers,
has a small effect on the screened ﬁeld. However, a higher
leading ionization leads to stronger screening of the electric
ﬁeld in the channel. This is a consequence of a higher conductivity of the streamer channel and, as we see below, has
important consequences for differences between positive and
negative streamers in the long-time evolution of the established streamer channel.

Table 1. Main parameters for a streamer simulation in our 1D model
and the values that we take as a reference to investigate their role.

Parameter

Description

Reference value

a
n0e
V
Rmax
β

Radius of the electrode
Electron density at the streamer tip
Voltage of the electrode
Largest streamer radius
Extra factor to manually change the
streamer velocity

5 mm
4 ´ 1013 cm-3
50 kV
1 mm
1

microscopic model deviates slightly from expression (30)
compensating the difference between the peak electric ﬁelds.
We emphasize that the internal electric ﬁelds are very
similar between the microscopic and the 1D simulations, both
showing a clear enhancement close to the electrode. This
enhancement and its persistence will be the subject of
section 6.
Finally, we notice that the simulation with a constant
mobility is signiﬁcantly slower than the two other simulations. This is mainly due to a slower expansion, which, given
the dependence of velocity with the streamer radius, leads to a
slower propagation.
We conclude that the 1D model presented here is reasonably accurate and is capable of closely reproducing the
results of more detailed, microscopic simulations as long as it
is provided with appropriate values of streamer radius and
leading ionization. In the following section, we investigate in
more detail the role of these two parameters among others.

5.2. Electrode potential

5. Parametric analysis

The effect of a change in the potential applied to the electrode is
easier to explain. A higher potential leads to higher electric ﬁelds
and faster propagation both in positive and negative streamers.
On the other hand, we also notice in ﬁgures 7 and 8 that
the screened electric ﬁeld is higher when the applied potential
is higher. With our parameters, the higher ionization caused
by a slightly higher peak electric ﬁeld is not sufﬁcient to
compensate the higher background ﬁeld.

As we mentioned in the introduction, one of the advantages of
a simpliﬁed model, such as the one we have introduced here,
is that we can manually adjust parameters that in microscopic
simulations are emergent properties of the dynamics. This
helps us to reason about the relationships between different
streamer features.
In this section, we take one set of reference parameters
and investigate how the streamer dynamics are affected by
changes in the most relevant of these parameters. The reference parameters are listed in table 1. With these parameters,
we run simulations for both positive and negative streamers,
the only difference between the two being the signs in the
velocity expression (30). Afterwards, we also run simulations
where we altered one of the reference parameters. We show
the outcome of these simulations for positive and negative
streamers in ﬁgures 7 and 8.

5.3. Streamer radius

Focusing now on the effect of streamer radius, we see that in
general a larger radius leads to a lower peak electric ﬁeld but
faster propagation. This is consistent with the observations of
[49], which were reproduced numerically in [43]. The reason for
this behavior is that a larger radius implies a slower decay of the
electric ﬁeld ahead of the streamer, which greatly favors the
multiplication of electrons and thus the further advancement of
the streamer. This is accounted for in the velocity expression
(30) derived by Naidis, which, for a ﬁxed peak electric ﬁeld,
predicts a higher velocity for a larger streamer radius.
The electric ﬁeld left in the channel in the wake of the
streamer head is also inﬂuenced by the streamer radius.
Figures 7 and 8 show that a larger radius implies a better

5.1. Boundary electron density (leading ionization)

As shown in ﬁgures 7 and 8, a change in n0e , which stands for
the electron density at the streamer tip, has a signiﬁcant effect
on the properties of both positive and negative streamers. A
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Figure 7. Effect of the most relevant parameters on the evolution of positive streamers. The uppermost plot shows the evolution of a streamer
with the parameters of table 1; in each subsequent row, we have altered one of these parameters. This change is denoted by, for example,
2 ´ b , which indicates that in the corresponding simulation, we increased β by a factor 2. For each conﬁguration, we show snapshots of the
axial electric ﬁeld at intervals of 1 ns. Each snapshot is colored according to its time, as indexed in the colorbar at the top and right.

screening of the internal electric ﬁeld. This can be explained
by the stronger conduction of electricity in a wider channel.

In ﬁgures 7 and 8, we also see that artiﬁcially sloweddown streamers have a higher electric ﬁeld at their tips. This
illustrates the competing dynamics that take place in a
streamer: the electrostatic relaxation of the streamer body
strives to transport charge towards the tip but the ongoing
propagation acts against this accumulation of charge. When
we slow down the propagation, we allow more charge to
reach the streamer head where it creates a higher enhanced

5.4. Velocity

As mentioned above, we multiplied the velocity resulting from
expression (30) by a factor β to investigate the role of streamer
velocity. Unsurprinsingly, a larger β leads to faster propagation.
12
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Figure 8. Effect of the most relevant parameters on the evolution of negative streamers. See the main text and the caption of ﬁgure 7 for a

more complete description.

ﬁeld. A quickly propagating streamer inhibits this accumulation and therefore has a lower peak electric ﬁeld. On the
other hand, the artiﬁcial changes in the streamer velocity
resulting from the factor β have only minor effects on the
screened electric ﬁeld inside the streamer channel.

evolution in the streamer channel. Thanks to this, we are
capable of investigating the formation of persisting, luminous
inhomogeneities in the streamer channel. In sprites, these
inhomogeneities are called beads when they are point-like
and glows if they span a signiﬁcant length of the channel
[4, 29, 45, 50, 51]. These structures have also been observed
in laboratory discharges at atmospheric pressure [3, 5], where
they appear some centimeters behind the streamer head and
persist at least for about 100 ns [3]. Previously, these structures have been called secondary streamers because in short
gaps they often appear as a re-brightnening of the channel

6. Long-lived glows in streamer channels
We designed our scheme with an emphasis on the detailed
modeling of charge-transport and self-consistent chemical
13
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Figure 9. Screening of the internal electric ﬁeld in simulations of positive and negative streamers with different ionization levels at the tip.
Here, we show the results of panels (b) and (c) of ﬁgures 7 and 8 with a zoomed-in scale for the electric ﬁeld.

after the gap has been bridged [6, 52]. However, as shown by
the experiments of [3, 5] these glows settle after some
expansion and do not really propagate so the word streamer is
misleading here. We therefore chose to refer to them simply
as glows.
Our model is well suited to investigate this phenomenon.
As explained in [4], the appearance of these luminous structures is driven by an attachment instability [6, 53, 54] which
is triggered by relatively high internal electric ﬁelds inside the
channel due to incomplete screening. In section 5, we found
that screening is weaker for streamers with a low leading
ionization and a small radius. We also discussed that this low
leading ionization is typical of negative streamers, which
explains why in the experiments of Kochkin et al [3, 5, 56]
glows appear preferentially in negative discharges.
In our model, the high values of the leading ionization n0e
associated with positive streamers propagating in virgin air,
such as that of table 1 did not produce long-lived glows in the
channel. However, under some circumstances glows form in
positive streamers. That is, for example, the case in sprite
streamers, which are generally positive streamers but nevertheless often contain glows, as shown in the microscopic
simulations of [4, 29, 45, 51]. The microscopic simulations of
section 4 (both micro- and macroscopic) also show the formation of a small glow close to the electrode.
With this in mind, we simulated a negative streamer with
a radius of Rmax = 0.5 mm and an electron density at the
streamer tip ne0 = 1013 cm-3, which according to the discussion in the preceding section is more reasonable for negative
streamers than the reference value in table 1. All other parameters are mantained from those in that table.
The main results of this simulation are plotted in
ﬁgure 10. Focusing ﬁrst on the evolution of the electric ﬁeld,
we see that in the initial stages of propagation the passage of
the streamer head leaves in its wake an electric ﬁeld close to
20 kV cm-1. Rather than being screened, this electric ﬁeld
increases to values somewhat below 30 kV cm-1, where it

stays up to the end of our simulation time of 100 ns. Our
chemical model does not incorporate reactions such as energy
pooling and vibrational relaxation that are relevant for timescales longer than 100 ns; therefore we cannot determine
precisely the full duration of the glow. Nevertheless, it
remains close to a steady state for a duration of at least 50 ns
and probably signiﬁcantly longer. This enhancement of the
channel ﬁeld creates a sharply deﬁned plateau that extends for
about 5 mm . This high-ﬁeld segment is visible, as a glowing
segment, in the atmospheric-pressure experiments mentioned
above.
In the second panel of ﬁgure 10, we show the evolution
of the electron density within the channel. We see that the
increase of electric ﬁeld coincides with an electron density
that decays faster than in the surrounding areas. The reason
for this difference is the dependence with the electric ﬁeld of
the rate of dissociative attachment to oxygen,
e + O2 ⟶ O + O-.

(35)

As this reaction requires enough energy to dissociate the O2
molecule, it is favored by higher electric ﬁelds. Since inhomogeneities in the electric current tend to decay due to the spacecharge density that they form, a depletion in the electron density
leads to the rise in electric ﬁeld that we described above.
Recently, Pancheshnyi investigated the effective ionization rate in oxygen–nitrogen mixtures [35]. He showed that,
once one considers charge-exchange and detachment, the
electric ﬁeld ionization threshold of dry air is lower than the
electric ﬁeld that balances dissociative attachment (35) with
impact ionization. At 1 bar, he estimates the threshold reduced
electric ﬁeld as 92 Td, corresponding to 25 kV cm−1.
Although here we investigate humid air, this is close to the
stationary value reached in the high-ﬁeld plateau. It is worth
reviewing here the main mechanisms that determine this
value and the evolution of the electron density.
As we mentioned above, within the glow the main
mechanism of electron removal is dissociative attachment (35).
14
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Figure 10. Formation of glowing structures in a streamer channel. For a simulation of a negative streamer, we show the evolution of the
electric ﬁeld as well as the densities of the negative species. Note the formation of a persistent plateau of enhanced electric ﬁeld betwen 3
and 3.5 cm.

Some of the O- ions that are formed in this reaction release one
electron through associative detachment [55]:
O- + N2 ⟶ e + N2 O.

As we mentioned above, the attachment instability,
which generates the glowing regions in the channel is triggered by high internal electric ﬁelds due to incomplete
screening. Following [4] we may provide a rule of thumb to
predict the formation of glows: they are excited when the
decay rate of the channel conductivity (here determined by
the effective attachment rate of electrons) is higher than the
logarithmic decay rate of the current in the channel. However,
although the ﬁrst of these rates can be accurately approximated as function of the local electric ﬁeld, the evolution of
the channel current is hard to predict. In the particular
simulation of the ﬁgure 10 we measured the decay rate of the
current at time t = 20 ns to be nI » 4 ´ 107 s-1, which
corresponds to a threshold electric ﬁeld of 18 kV cm−1 (this is
the value above which the decay rate of electron density
is faster than nI ). In ﬁgure 10, we see that the plateau is
approximately the region where the electric ﬁeld left immediately after the passage of the streamer head is above this
threshold.
Since the appearance of glows is directly linked to weak
screening, a larger streamer radius, which increases the total
conductance of the channel, should suppress the formation of
glows. This is indeed the case, as shown in ﬁgure 11, where
we show the same plots as in ﬁgure 10 for a streamer with a
radius Rmax = 1 mm . Besides the absence of a glowing

(36)

Other O- ions form O2- via a charge-exchange mechanism
O- + O2 ⟶ O2- + O.

(37)

-

In humid air, the resulting O2 ions quickly form water clusters
[36] and are thus stabilized: this explains the low density of
O2- ions shown in ﬁgure 10.
A third removal mechanism for the O- ions resulting
from dissociative attachment is the formation of ozone ions:
O- + O2 + M ⟶ O3- + M .

(38)

At atmospheric pressure, this mechanism is quite efﬁcient, so
we see in ﬁgure 10 that within the glow the dominant negative
charge carrier is O3-. Since this is a stable ion [35], further
detachment processes are negligible. This pathway contrasts
with the evolution of negative charge carriers at low pressure
such as those in sprites. There, both the stabilization of O2due to water-cluster formation and the three-body removal of
O- are negligible, which means that electron detachment
prevents strong reductions in conductivity and therefore the
precise chemical mechanism that leads to the formation of
glows is still unclear [4].
15
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Figure 11. A simulation with the same parameters as ﬁgure 10 but with a larger streamer radius Rmax = 1 mm . There is no glow under these
conditions.

segment, in ﬁgure 11, we also notice that there is no signiﬁcant dip in the electron density. The production of negative ions, particularly O- and O3- is also notably smaller.
In section 5, we pointed out that the electron density at
the tip of negative streamers is lower than at the tip of positive
streamers. This density determines the conductivity left in the
wake of the streamer head and has a big inﬂuence on how
quickly the internal electric ﬁeld is screened. This explains
why at atmospheric pressure glows are less likely in positive
discharges [56]. However, they are present in positive discharges in high-altitude streamers. One possible explanation
is that a higher background ionization or the imperfect conductivity of the ionosphere generates relatively weaker
streamers with weaker ﬁeld screening.

section 5 highlights some of the tradeoffs that we considered
when designing our scheme:
(i) The model includes parameters that have to be
manually tuned in order to reproduce experimental
observations. As we discussed above, to explain the
differences between positive and negative streamers, we
have to assume different values of n0e . Our model
therefore has less predictive power than a microscopical
simulation. We consider this an unavoidable price to
pay for a macroscopic model. Similar limitations occur
in almost all branches of physics. For example,
electromagnetic macroscopic models require material
properties, such as electric permittivity, that must be
obtained from microscopic calculations or directly from
measurements.
(ii) A more troublesome limitation is the lack of a selfconsistent evolution of the streamer radius. We have
mentioned this issue at several places in this work and,
as we discussed in section 4, an evolving streamer
radius is neccesary to account for the streamer dynamics
observed in microscopic simulations. We believe that
this outstanding topic of streamer physics deserves to be
the subject of future work.

7. Conclusions
The work presented here is a further step towards the objective of realistic and predictive simulations of complete discharge coronas, with an emphasis on the modeling of the long
term evolution of the channel left in the wake of a streamer
head. Although so far limited to single streamers, the model
that we described includes a more accurate charge transport
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Even with those limitations, our model can be used to
investigate the formation of strong inhomogeneities of the
electric ﬁeld and electron densities in the streamer channel.
These inhomogeneities appear spontaneously due to the
incomplete screening of the internal electric ﬁeld. Our model
shows that they are more likely in thinner channels and in
negative rather than in positive streamers.
Since these structures can persist for a long time, we
speculate that they play a signiﬁcant role in the rate of energy
deposition of long sparks into the underlying gas. This issue,
as well as the role of neighboring, interacting channels and
streamer heads, deserves to be investigated further. Although
only a ﬁrst step, our scheme was designed with those applications in mind. However, before it can be generalized to full
coronas, further numerical optimizations are required.
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