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Abstract
We simulate and characterize positive streamers in ambient air in homogeneous background
electric fields from 4.5 to 26 kV cm−1 in a 4 cm gap. They can accelerate or decelerate
depending on the background electric field. Many experiments have shown that a streamer
keeps propagating in a stable manner in the so-called stability field of 4.5 to 5 kV cm−1. Our
fluid streamer simulations in STP air show that: (1) in a homogeneous field larger than
4.675 kV cm−1, a single streamer accelerates, and in a lower field, it decelerates and
eventually stagnates with a small radius and very high field enhancement. (2) In a field of
4.675 kV cm−1, the streamer head propagates with an approximately constant velocity of
6.7 × 104 m s−1 and an optical radius of 55 μm over distances of several centimeters as a
stable coherent structure. These values for the radius and velocity agree well with
measurements of so-called minimal streamers. (3) Behind the uniformly translating streamer
head, the channel conductivity decreases due to electron attachment and recombination, and
the electric field returns to its background value about 1 cm behind the head. The propagation
behavior of the solitary streamer agrees with the original definition of the stability field, which
is the homogeneous field in which a streamer can propagate with a constant speed and shape.

Keywords: positive streamer discharge, isolated streamer head, coherent structure, stability
field

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

1. Introduction

Streamer discharges are transient discharges that serve as pre-
cursors to other gas discharges such as sparks and lightning
leaders. They are rapidly growing ionized channels that are
characterized by a curved space charge layer around their
plasma body, which screens the electric field in their interior

∗ Author to whom any correspondence should be addressed.

and enhances it ahead of them [1–5]. The enhanced field in
the active zone at the streamer head exceeds the electric break-
down value, and the multiplication of electrons in this region
drives the propagation of the streamer. Streamers have multi-
ple applications in various fields, including, but not limited to,
medicine [6], combustion [7], and surface treatments [8].

Streamers can form even if the background electric field
is below breakdown as long as there is an area where the
field is enhanced above the breakdown threshold. This allows
for the observation of streamers in a wide range of electric

0963-0252/21/115007+12$33.00 1 © 2021 IOP Publishing Ltd Printed in the UK

https://doi.org/10.1088/1361-6595/ac2f76
https://orcid.org/0000-0001-9831-1728
https://orcid.org/0000-0003-0811-5091
https://orcid.org/0000-0003-0887-5074
https://orcid.org/0000-0003-3891-6869
mailto:Hani.Francisco@cwi.nl
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6595/ac2f76&domain=pdf&date_stamp=2021-11-22


Plasma Sources Sci. Technol. 30 (2021) 115007 H Francisco et al

fields in the laboratory [9–11]. Numerically, it has been a chal-
lenge to study streamers in low background electric fields due
to issues related to streamer initiation and streamer branch-
ing [12]. In [13], a streamer simulation was performed with a
low background electric field, and that led to the first study of
streamer stagnation dynamics. This was studied more recently
in [14] where decelerating streamers were obtained by having
inhomogenous gas density.

In this paper, we employ an approach that allows us to look
at streamers propagating in low background fields: we initiate
the streamer in a higher field, let it propagate for some time,
and then reduce the background electric field to a much lower
value. This scheme allows us to do a parameter sweep of back-
ground electric fields farther below electric breakdown, going
as low as 4.5 kV cm−1.

In a recent paper [15], we have studied single positive
streamers in dry air in a homogeneous background electric
field of 15 kV cm−1, about half the breakdown field, at standard
temperature and pressure. The radius and the velocity of the
streamers increased with the streamer length, as observed by
many authors before. When the electron attachment rate was
artificially increased in regions below electric breakdown, we
found that with increasing attachment rate, streamer velocities
and radii could grow less, not at all, or even decrease. Addi-
tionally, streamer heads could keep propagating even if the
conductivity of the streamer channels was already negligible
a short distance behind the streamer head. We did not specify
gases where such dynamics could actually be observed.

In the current work, we show that the same variation of
streamer dynamics can occur in ambient air by simply decreas-
ing the homogeneous background electric field. We find that
for a background field of about 4.675 kV cm−1, the streamer
head propagates with a constant radius and velocity. The cur-
rent that flows through the streamer channel is already negli-
gible closely behind the head—the electric field returns to the
background field value at the back of an electrically isolated
streamer head. If the background electric field is even smaller,
the streamer velocity and radius decrease while the maximal
electric field at the head rapidly increases, and this could go
on until the streamer stops. Finding uniform streamer propa-
gation in STP air confirms the old concept of the stability field
[10, 16, 17] that is frequently used in high voltage engineer-
ing but had little support up to now from fundamental physical
modeling.

The paper is structured as follows. Details about the numer-
ical modeling are presented in section 2, where the computa-
tional domain is described along with the initial conditions of
the simulations in section 2.3. Section 3 features and discusses
the results of our simulations. In section 3.1, we present the
case of a uniformly translating streamer in ambient air together
with the more familiar case of an accelerating streamer, and
in section 3.2, we show how streamer behaviour more gener-
ally depends on the background electric field. We also include
decelerating streamers in that section. Section 4 has compar-
isons between our simulation results and experimental mea-
surements, and we discuss there the original concept of the
stability field and its connection to our solitary streamers. We

Table 1. List of reactions included in the model. M stands for both
O2 and N2, and E/N is the reduced electric field calculated from
the electric field E and the gas density N. The electron impact
reactions 1–4 have reaction rate coefficients calculated with
Bolsig+ [18] while the reaction rate coefficients of the ion
reactions 5–11 were taken from [19, 20]. The reaction rate
coefficient of reaction 12 is calculated [21] from the mean electron
energy calculation of Bolsig+.

1 e + N2 → 2e + N+
2 k1

(
E/N

)

2 e + O2 → 2e + O+
2 k2

(
E/N

)

3 e + O2 + O2 → O−
2 + O2 k3

(
E/N

)

4 e + O2 → O + O− k4
(
E/N

)

5 M + O−
2 → e + O2 + M k5

(
E/N

)

6 N2 + O− → e + N2O k6
(
E/N

)

7 O2 + O− → O−
2 + O k7

(
E/N

)

8 O2 + O− + M → O−
3 + M k8

(
E/N

)

9 N+
2 + N2 + M → N+

4 + M k9

10 N+
4 + O2 → 2N2 + O+

2 k10

11 O+
2 + O2 + M → O+

4 + M k11

12 e + O+
4 → 2O2 k12

(
E/N

)

conclude in section 5, where we summarize our results and
communicate ideas for future studies.

2. Discharge model

2.1. Model equations and reactions

We used a plasma fluid model with local field approximation to
simulate positive streamers in artificial dry air at standard tem-
perature and pressure at different homogeneous background
electric fields. The model equations, transport coefficients, and
included reactions and reaction rate coefficients are the same
as in our earlier paper [15].

The electron density ne evolves in time according to the
equation

∂ne

∂t
= ∇ · (neμeE + De∇ne) + Si − Sη + Sph + Sion, (1)

where μe is the electron mobility, E is the electric field, De

is the electron diffusion coefficient, Si is the impact ioniza-
tion source term, Sη is the electron attachment source term,
Sph is the non-local photoionization source term, and Sion is
the source term for electron detachment reactions minus the
electron-ion recombination reaction. Table 1 summarizes the
reactions incorporated in the model.

We used the reactions given in [22] excluding the ion–ion
recombination reactions and the reactions that involved water.
This chemical model is based on [19–21] and focuses on the
electron density evolution, in accordance with our focus on the
conductivity inside the streamer channel.

Nearly all reaction rate coefficients in table 1 are a func-
tion of the reduced electric field, and only reactions 9–11
have constant reaction rate coefficients. The electron Boltz-
mann equation solver Bolsig+ [18] was utilized under the
assumption of spatially dependent electron density evolution
to calculate the reaction rate coefficients for the electron
impact reactions and the transport coefficients μe and De using
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electron–neutral scattering cross sections obtained from the
Phelps database [23, 24] retrieved in March 2019.

The source terms for impact ionization, electron attach-
ment, and electron detachment minus electron–ion recombi-
nation are computed using

Si = k1ne [N2] + k2ne [O2] , (2)

Sη = k3ne[O2]2 + k4ne [O2] . (3)

Sion = k5 [M]
[
O−

2

]
+ k6 [N2]

[
O−]− k12ne

[
O+

4

]
, (4)

where [Zi] stands for the density of the species Zi, and
[M] = [N2] + [O2]. [N2] and [O2] are assumed to be constant
in our simulations as the degree of ionization within streamers
at standard temperature and pressure is small.

The photoionization source term is given by

Sph(r) =
∫

d3r′
I(r′) f (|r − r′|)

4π|r − r′|2 , (5)

where I (r) is the source of ionizing photons, f (r) is the absorp-
tion function, and 4π|r − r′|2 is a geometric factor. Follow-
ing Zheleznyak’s model [25], the photon source term I (r) is
calculated using

I (r) =
pq

p+ pq
ξSi (r) , (6)

where p is the actual gas pressure, pq is a gas-specific quench-
ing pressure, and ξ is a proportionality factor. In principle,
this proportionality factor is field-dependent [25], but in this
paper, we set it to ξ = 0.075. Furthermore, we use a quench-
ing pressure of pq = 40 mbar. In Zheleznyak’s model, f (r) is
an effective function for the absorption of photons in the wave
length range of 98 to 102.5 nm. It is obtained with

f (r) =
exp(−χmin pO2r) − exp(−χmax pO2r)

r ln(χmax/χmin)
, (7)

where χmax ≈ 1.5 × 102/(mm bar), χmin ≈ 2.6/(mm bar),
and pO2 is the partial pressure of oxygen. We used a set
of Helmholtz differential equations [26, 27] with Bourdon’s
three-term parameters [26] to evaluate the photoionization
integral.

The charged species N+
2 , N+

4 , O+
2 , O+

4 , O−, O−
2 , and O−

3 ,
and the neutral species O and N2O evolve in time according to
the continuity equation

∂ [Zi]
∂t

= −si∇ · ([Zi]μiE) + SZi , (8)

where si = ±1 is the sign of the electric charge of species i and
μi is their mobility. Since ion mobilities are typically about two
orders of magnitude lower than electron mobilities, we neglect
ion motion for simplicity in most of this paper. However, we
investigate the effect of ion motion in section 3.5, in which all
ion mobilities are set to 2.2 ×10−4 m2 V−1 s−1 [28]. Finally,
neutral species are always immobile in our simulations.

Calculations for the electric potentialφ and the electric field
use the equations

∇2φ = − ρ

ε0
, E = −∇φ, (9)

where ρ is the space charge density and ε0 is the vacuum
permittivity. The space charge density is calculated using
ρ = e (ni − ne) where e is the elementary charge and ni is the
density of all positive ions minus the density of all negative
ions.

2.2. Computational method and domain

The simulations were run using Afivo-streamer [29, 30], a sim-
ulation tool for plasma fluid models that uses geometric multi-
grid techniques, an octree-based adaptive mesh refinement
system, and OpenMP parallelization. The present results are
for single streamers, and these assume that they are cylindri-
cally symmetric. This allows the calculation to be performed
effectively in just the two coordinates r and z.

Our computational domain in this study is cylindrically
symmetric and has a length of 40 mm and a radius of 20 mm.
To disregard boundary effects, the simulation is set to end once
the streamer head is within 10 mm from the opposite end of
the domain. The streamer head position is identified as the
point where the electric field is maximum in the domain.

The electric potential was fixed at z = 0 mm and z = 40 mm
to achieve a homogeneous background electric field pointing
in the −ẑ direction. At r = 20 mm, Neumann zero bound-
ary conditions (∂rφ = 0) were applied on the electric poten-
tial, and for r = 0 mm, the boundary condition follows from
cylindrical symmetry. Neumann zero boundary conditions are
applied for the electron density at all boundaries, and no
background ionization was introduced into the domain.

We used the same refinement criteria as described in [15]:
adaptive mesh refinement is employed with the grid set to
have a minimum size of 2.4 μm. The refinement and dere-
finement criteria are based on the local electric field value
as in [29] with an additional criterion based on the charge
density: refine if α(1.2 × E)Δx > 0.5 and derefine if both
α(1.2 × E)Δx < 7.5 × 10−2 and |ρ|/ε0 < 9.0 × 1010 V m−2,
where α(E) is the field-dependent ionization coefficient, E
is the electric field strength, and Δx is the grid spacing. To
obtain a clearer picture of the equipotential lines in the regions
behind the streamer head, we modified our derefinement crite-
rion for the streamers with a background field of 4.65 kV cm−1

and below so that derefinement stops when the cell width
gets to 4 μm.

2.3. Initial conditions

For homogeneous background electric fields of at least
14 kV cm−1, streamers easily initiate and propagate from a
neutral seed of equal electron and positive ion densities, which
we placed on the upper boundary of the domain, along the axis
of symmetry. Another neutral seed is placed below the first
seed to provide an initial source of electrons. The first seed is
0.25 mm wide, 1 mm long, and has 2.25 × 1020 m−3 electrons
and positive ions while the second seed is 0.2 mm wide, 2 mm

3
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Figure 1. Initial conditions for the different background electric
fields used in this paper. Shown are contour plots for the electron
number densities together with black equipotential lines. The
leftmost panel (a) is for streamers in background fields of
14 kV cm−1 and higher, the middle panel (b) is for streamers with
background fields below 14 kV cm−1 to 9 kV cm−1, and the
rightmost panel (c) is for streamers in fields below 9 kV cm−1. Note
that the computational domain extends from 0 to 40 mm in the z
direction and 0 to 20 mm in the r direction, and only a part of the
domain is shown in this figure.

long, and has 1017 m−3 electrons and positive ions. Both seeds
decay with a Gaussian profile. This set-up is illustrated in the
left-most panel of figure 1.

Single streamers are more difficult to obtain in lower
background electric fields because either the field enhance-
ment proves to be insufficient for streamers to initiate or the
streamer branches after propagating a short length. Branching
breaks the cylindrical symmetry of a single streamer channel,
and thus cylindrically symmetric simulations are not appropri-
ate to describe such phenomena [31]. To investigate low-field
streamers, a streamer is first initiated and allowed to propa-
gate for some time in a higher background field before the
background electric field is instantaneously reduced to a lower
value. This approach allows us to study single continuously
propagating and non-branching streamers in fields lower than
14 kV cm−1.

For electric fields from 9 kV cm−1 to 12 kV cm−1, a
streamer was first initiated in a field of 14 kV cm−1 and

Table 2. Reactions to calculate the optical emission of streamers.
Bolsig+ [18] with the Phelps database [23, 24] was used to
calculate for kex

(
E/N

)
, while kN2

q = 0.13 × 10−10 cm3 s−1,
kO2

q = 3.0 × 10−10 cm3 s−1, and τ 0 = 42 ns are from [32].
Reaction 4 leads to the emission of optical photons with
wavelength 337.1 nm [32] or energy 3.7 eV.

1 e + N2 → e + N2
(
C3Πu

)
kex

(
E/N

)

2 N2
(
C3Πu

)
+ N2 → 2N2 kN2

q

3 N2
(
C3Πu

)
+ O2 → N2 + O2 kO2

q

4 N2
(
C3Πu

)
→ N2

(
B3Πg

)
+ hν 1/τ 0

allowed to grow for 20 ns before instantaneously reducing the
background electric field. Thus, the low-field streamers
grow from a streamer with a 53.5 μm radius and head at
z = 37.6 mm as shown in the middle panel of figure 1.

For even lower fields, this approach still encounters the
same initiation and branching problems that were previously
stated. Thus, for streamers in background electric fields below
9 kV cm−1, we used the 9 kV cm−1 streamer after 40 ns of
propagation as the initial condition, i.e. the field was reduced
twice. First, the field was changed from 14 to 9 kV cm−1 after
20 ns, and then it was modified further to the final electric field
after 40 ns. This gives a 155 μm wide streamer with its head
at z = 33.4 mm as the starting state for these lower field sim-
ulations. This initial condition can be seen in the right-most
panel of figure 1, which matches the left-most panel of figure 2.
This last approach allowed us to simulate single streamers in
background electric fields as low as 4.5 kV cm−1.

2.4. Calculation of optical radii

All radii given in the present paper are optical radii, as they
would be measured experimentally. More precisely, this opti-
cal radius is half of the full width at half maximum of the
calculated optical emission, in contrast to the definition of the
streamer radius as the location of the maximum of the radial
component of the electric field in previous papers [15, 33].
Four additional reactions were added to our model to incorpo-
rate the density of N2

(
C3Πu

)
, the excited state of N2 responsi-

ble for most radiation in the visible spectral region [3]. These
reactions are listed in table 2 with their corresponding reaction
rate coefficients.

We compute the optical radius from the density of
N2

(
C3Πu

)
. A forward Abel transform was done on[

N2
(
C3Πu

)]
in cylindrical coordinates to get its 2D

projection in Cartesian coordinates. From the 2D projection
we only considered the area below z = 33 mm to disregard
the effects of the seeds used for initiation. The densities were
normalized and summed along the vertical axis, producing a
1D profile along the horizontal axis from where we searched
for the maximum density. From the point of maximum
density, the farthest coordinates in the horizontal direction
where the density was at least half of the maximum density
were identified, and the distance between these two identified
points was regarded as the head diameter. Half of that value is
the optical radius we report.
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Figure 2. Time evolution of the electron density of streamers in air at different background electric fields. Purple equipotential lines are
included. The panels of the 4.65 kV cm−1 streamer differ by time steps of 100 ns, while the 14 kV cm−1 streamer is shown in time steps of
17.5 ns. The full z axis is shown, but the figure zooms into the radial region r � 3 mm, while the full simulation domain extends up to
r = 20 mm. Note that despite the limit in the color legend, the maximum electron density for the presented cases of the 4.65 kV cm−1

streamer goes above 10 × 1019/m3.

3. Simulation results

First, in section 3.1, we will discuss the particular cases of
single streamers in a background field of 4.65 kV cm−1 and
14 kV cm−1 which are examples of solitary and accelerating
streamers. Then we will look at streamer behavior as a function
of the background field in section 3.2.

3.1. Solitary streamers and accelerating streamers

Figure 2 shows the evolution of streamers in background elec-
tric fields of 4.65 and 14 kV cm−1. The panels show the color-
coded electron density together with equipotential lines in pur-
ple. For the lower field, the streamer is shown in time steps of
100 ns, while for the higher field, in time steps of 17.5 ns. The
same streamers are presented in figure 3 showing the electric
potential, the electric field and the electron density along the
streamer axis, and the line charge density and the electric cur-
rent. The last two are obtained by integrating the charge density
and the current density across the streamer cross section. The
integration was done up to r = 5 mm. Several basic differences
can be noted between the two streamers as they propagate
through the 40 mm gap.

The solitary streamer. The streamer in the 4.65 kV cm−1

field grows by about an equal length within each time step of

100 ns. The electron density is strongly reduced about 10 mm
behind the streamer head, and the electric field returns to its
background value in this region and further behind, as can
be seen from the straight and equidistant equipotential lines.
Overall, the pattern of electron density and deflected equipo-
tential lines is transported almost uniformly, without changes
in shape. The streamer transports a constant amount of pos-
itive charge within its finite length, and there is no negative
charge visible in the line charge density in figure 3. We will
call this streamer a solitary streamer or a uniformly translating
streamer.

The accelerating streamer. The streamer in the
14 kV cm−1 field is shown in time steps of 17.5 ns in
figure 2. It clearly accelerates, and its head radius increases.
The electron density varies little along the whole channel
for all time steps. There is electric current flowing in the
order of 100 mA along the whole channel, and the back
part charges negatively while the front part accumulates
positive charge—there is electric polarization along the whole
channel. This is visible in the line charge density as well as
in the field distortion along the whole body of the streamer
channel. We will call this streamer an accelerating streamer.

Later in section 3.2 we will also discuss decelerating
streamers and the fact that the solitary streamers exist only
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Figure 3. Axial profiles, line charge density, and current of the
streamers in the same background fields of 14 and 4.65 kV cm−1 as
in figure 2. Here they are shown when their maximal electric field is
at z = 15, 20, and 25 mm. The panels show, from top to bottom, as a
function of the axis coordinate z: (a) the electric potential φ on axis,
(b) the electric field profile E on axis, (c) the electron number
density ne on axis, (d) the line charge density λ, which is the charge
density integrated over the radial cross section (where the dashed
lines represent negative values), (e) the electric current I, which is
the current density also integrated over the radial cross section. The
legend on the first panel applies to all panels.

on the borderline between accelerating and decelerating
streamers.

Attachment and recombination. The lowest electric field
inside the accelerating streamer is 4.7 kV cm−1, located around
the middle section of the streamer channel. For the soli-
tary streamer in the 4.65 kV cm−1 background field, the

Figure 4. Attachment and electron–ion recombination time in STP
air. The attachment time is plotted as a function of the electric field
E in green. The recombination time depends on electric field E and
on O+

4 density, and lines for three different O+
4 densities are

presented. The attachment and recombination times in the channel
of the 14 kV cm−1 and 4.65 kV cm−1 streamers are also included as
blue and orange crosses for interior electric fields of 4.7 kV cm−1

and 0.5 kV cm−1.

electric field right behind the ionization front is as low as
0.5 kV cm−1 and rises to the background value behind the
solitary structure.

The different interior electric fields and ion densities deter-
mine the attachment times—the average times until an elec-
tron attaches to an oxygen molecule, and the recombination
times—the average times until an electron recombines with
an O+

4 ion. It should be noted here that the positive ions
rapidly convert into O+

4 ions. Together with the streamer veloc-
ity, these times determine over which length the streamer
maintains its conductivity.

Figure 4 shows some recombination times for different O+
4

densities and the attachment time against the electric field. The
two crosses correspond to the recombination times in the inte-
rior of the 14 kV cm−1 streamer and of the 4.65 kV cm−1

streamer. The recombination times and attachment times in the
solitary streamer channel are as short as about 25 ns due to the
combination of low electric field and high O+

4 density, while
they are of the order of 105 ns for the accelerating streamer.
The high O+

4 density in the solitary streamer is due to the high
electric field at its tip; this high field creates a high ionization
density.

The slow propagation of the solitary streamer also gives
electrons sufficient time to get attached to oxygen molecules
and recombine with O+

4 molecules. The accelerating streamer
propagates much faster, with a higher internal field, leaving no
time for electron attachment or recombination. We see in the
third panel of figure 3 that the electron density of the solitary
streamer decays behind the ionization front by several orders
of magnitude while the electron density in the channel of the
accelerating streamer is essentially constant.

In figure 5, several plots zooming in on the head of
the solitary streamer are presented. The electric field inside
the channel of the solitary streamer is screened to a low
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Figure 5. Plots of the 4.65 kV cm−1 streamer zoomed into the streamer head when it is at z = 20 mm. From left to right: (1) electric field
with white equipotential lines, (2) space charge density, (3) electron density, and (4) negative ion density.

value, represented by the widely separated horizontal equipo-
tential lines. Almost all the net charge is located on the
streamer surface—the positive space charge layer shown in
the second panel of figure 5. The low electric field in the
streamer interior leads to fast electron attachment as discussed
above, and this is evident in the electron density contour plot,
where the electron density reduces in magnitude behind the
streamer head. Electron attachment produces negative ions,
and since recombination time and attachment time are nearly
equal behind the ionization front, about half of the electrons
are lost due to attachment and the other half to electron–ion
recombination. Thus, the density of negative ions at the back
end of the channel is about half of the electron density at the
streamer head.

3.2. Propagation modes as a function of the field

Now we study the evolution of streamers as a function of
the background electric field. Three parameter regimes can be
identified in figure 6, which has the velocity, optical radius, and
maximum electric field of the streamers as a function of length.
First, there are the accelerating streamers that speed up as they
lengthen, and their radius increases as they accelerate. This
is the case for streamers in background electric fields above
4.65 kV cm−1. This is also the case most frequently reported
and commonly observed in streamer simulations.

Second, there are uniformly propagating streamers, in a
background field of 4.65 kV cm−1. They exist as a limit
between accelerating and decelerating streamers, and they
maintain a nearly uniform velocity. Other streamer proper-
ties such as the head radius and enhanced electric field do not
change in time either. For the streamer in our simulation, the
radius remained at 65 μm while it was uniformly propagat-
ing. These solitary streamers can maintain their shape because

they have a finite and constant length where the electron den-
sity is relevant and the electric field is modified. They carry
a fixed amount of positive charge over a finite length, and
therefore act as a point charge from a sufficiently far distance.
The streamer is able to propagate indefinitely in this back-
ground field. This behavior can be related to the old concept
of the streamer stability field, which we discuss further in
section 4.1.

Third and last, there are the decelerating streamers. We find
them in fields below 4.65 kV cm−1. Streamers in such fields
slow down as they lengthen, and their head radius decreases
in time while the maximum electric field increases. This hap-
pens because the electric screening of the streamer interior
improves when the ionization front slows down. The decreas-
ing radii of the decelerating streamers can be explained by
the decreasing potential in the streamer head due to volt-
age lost in the streamer channel [14]. Some of our simulated
decelerating streamers do not manage to cross the domain, as
shown by the case of the streamer with a background field
of 4.5 kV cm−1. The streamer decelerated and eventually
stagnated with a streamer radius of 49 μm. This stagnating
behavior was described earlier in [13, 14, 34] and observed
experimentally in [11, 35]. Numerically, we observe that the
simulation time steps, which are usually in picoseconds, drop
by two orders of magnitude because the maximum electric
field values suddenly increase to magnitudes greater than
300 kV cm−1 in a very small region ahead of the ionization
front. One reason for this numerical instability may be the
artificial diffusion of electrons from the channel to the high-
field region ahead of the streamer tip [36]. The physical pro-
cess of streamer stagnation was always accompanied by such
numerical instabilities in our simulations.

7



Plasma Sources Sci. Technol. 30 (2021) 115007 H Francisco et al

Figure 6. Properties of positive streamers as a function of length in different background fields, as indicated in the panels. Top panels show
the streamer velocity, middle panels the optical radius, and bottom panels the maximum electric field. Plots on the right have a different
range of values in the vertical axis and focus on the streamers in fields of 5 kV cm−1 and lower. Radii have uncertainties of ±1.2 μm due to
the finite size of the numerical grid.

Although we used different initial conditions depending on
the applied electric field, we still expect actual streamers in low
background fields to grow in a similar manner as we have iden-
tified. Streamers are characterized by their velocity, radius,
and maximal electric field, which determine how they prop-
agate. As long as they share the same properties as our results,
their dynamics would be the same. Additionally, in [13] it was
observed that beyond 1 cm from the point of initiation, the
initial condition is forgotten by the streamer.

3.3. Nonlinear dependence of field enhancement and
plasma chemistry on the background field

The streamer dynamics nonlinearly depend on the background
electric field Eback. In the top panel of figure 7, we see the
maximal field Emax as a function of the background field Eback,
evaluated at the moment when the streamer heads are at
z = 20 mm. The curve has a minimum of about
Emax = 120 kV cm−1 for a background electric field around
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Figure 7. Maximal (top) and minimal (bottom) electric field in the
streamer as a function of the background electric field. The maximal
field is measured at the streamer head while the minimal field is
from behind the streamer ionization front. The values were acquired
when the streamer heads were at position z = 20 mm.

Eback = 12 kV cm−1. For Eback increasing up to 26 kV cm−1,
the maximal field increases up to 140 kV cm−1, while below
10 kV cm−1 the maximal electric field increases rapidly, until
it diverges for Eback = 4.5 kV cm−1. As the electron energy
distribution and the induced plasma chemistry depend on
the electric field configuration, we conclude that the plasma
chemistry could also depend nonlinearly on the background
electric field. This observation requires further investigation
in the future.

The minimum electric field behind the ionization front
of the streamers as a function of the background field is
presented in the bottom panel of figure 7. We found that the
minimum electric field inside the streamer channel depends
almost linearly on the background electric field. It vanishes
for the stagnating streamer, and it reaches 9 kV cm−1 for
Eback = 26 kV cm−1.

3.4. Heating

In [37] a streamer that propagated for a few hundred nanosec-
onds was found to already heat the gas significantly. As the
solitary streamer also took a couple hundred nanoseconds to
cross the computational domain, we evaluated the tempera-
ture increase. We used the expression Q =

∫
j · Edt [38] to

Figure 8. Charge density of the 4.65 kV cm−1 streamer without ion
motion (left) and with ion motion (right), including green
equipotential lines.

calculate the deposited electric energy density Q; here j is the
electric current density. Even if we assume that the full
deposited energy is converted into heat, the temperature on
the axis of the solitary streamer increases only by 6 K after
400 ns.

The difference with the result of [37] lies in the fact that
the energy deposition per electron is not determined by time,
but by the distance the electron travels in the electric field. In
the solitary streamer the electrons attach or recombine after a
short propagation distance. It should be noted though that the
electron density is higher in the head of the solitary streamer
than in a higher background electric field.

3.5. Ion motion

As electrons attach to oxygen and form negative ions in
the channel, we briefly explore the effect of ion motion
on streamer behavior. Incorporating ion motion in streamer
simulations with 14 kV cm−1 and 9 kV cm−1 back-
ground fields did not visibly change anything in the results.
For these cases, the streamer still propagates fast enough
that ion motion has negligible effects. We only start to observe
effects in low background electric fields, when enough time
is available to deplete the electron density through attachment
and recombination.

Figure 8 shows the total charge density of the solitary
streamer with and without ion motion. We see that the chan-
nel of the streamer with ion motion is wider at the back. The
space charge layer of these streamers is made up of positive
ions, and without ion motion they remain fixed in space. Only
reactions can change the densities of these ions in time. With
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Figure 9. Velocity (top panel) and maximum electric field (bottom
panel) of streamers against streamer head position for simulations
with and without ion motion. Broken lines stand for simulations
with ion motion. The legend on the top panel applies to the bottom
panel as well.

the inclusion of ion motion, these ions are now moving radi-
ally outward in response to the electric field they are subjected
to. The ion drift in the local field also causes the streamer head
to lose some focus, leading to slower propagation. We observe
similar phenomena in negative streamers, whose space charge
layers are made up of the very mobile electrons.

When ion motion is included, the streamer propagates more
slowly. This can be observed in the upper panel of figure 9,
where streamers in the same background field with and without
ion motion are presented. The previously discovered uniformly
translating streamer at 4.65 kV cm−1 decelerates when ion
motion is included in the simulation. A new background elec-
tric field for uniform translation was found at 4.675 kV cm−1,
only slightly higher than the previous background field, with
a slightly lower uniform velocity of 0.66 × 105 m s−1. Thus,
the effect of ion motion on streamer dynamics does not appear
to be strong in this case. We will be using this new uniformly
translating streamer for our comparisons in section 4.

The maximal electric field of the streamers in fields of 4.65
to 4.7 kV cm−1 with and without ion motion is plotted as a
function of the streamer head position in the lower panel of
figure 9. When ion motion is included, the maximal electric
fields at the same background electric field are higher, which
is consistent with the smaller head radii.

Finally, we compare the maximal electron drift velocity
with the velocity of the uniformly translating streamer with
ion motion. The maximal electric field at the streamer head has
a constant value of 171 kV cm−1, which gives us an electron
drift velocity of 5.3 × 105 m s−1, while the streamer velocity is
6.6 × 104 m s−1—almost an order of magnitude smaller than
the drift velocity. This is possible for positive streamers, where
these velocities are directed in opposite directions, but not for
negative streamers.

4. Comparison with experiments

4.1. The stability field

Recently, the concept of the streamer stability field has been
more commonly used in association with streamers propagat-
ing in inhomogeneous electric fields. It relates the maximum
length a streamer could gain to the applied voltage [9, 39–42].
An older definition used the term stability field to mean the
homogeneous electric field in which a streamer would prop-
agate in a stable manner—without changes in velocity and
shape [10, 16, 17].

If we only consider the streamer channel length as the
length behind the streamer head with substantial electron den-
sity, we observe the solitary streamer to have a constant length
as it propagates. The solitary streamer has a uniform shape,
and it follows, using the older definition of the stability field,
that the solitary streamer is propagating in the stability field of
STP dry air at 4.675 kV cm−1. This value agrees with the mea-
sured stability field of 4 kV cm−1 in experiments [16, 17] for
the original definition. With the newer definition, the stability
field is reported to be between 4.5–5 kV cm−1 [9, 43].

4.2. Radius and velocity of solitary and minimal streamers

In the pin-to-plate experiments of [44], it was found that after
several branching events or in a quite weak field, streamers
would approach a minimal diameter, and they were called
minimal streamers. The solitary streamers are essentially the
thinnest streamers that we found in our simulations as the stag-
nating streamers are not much thinner and hardly emit any
light. Therefore we now compare their properties.

The simulated solitary streamer that includes ion motion
has a radius of 55 μm, and this value is not far from the exper-
imental findings in [45], which give 65 μm as the minimal
streamer diameter in 1 bar air. The uniform velocity of our soli-
tary streamer is 0.7 × 105 m s−1, which falls in the range of the
measured velocity of (0.5–1) × 105 m s−1 of minimal stream-
ers. Therefore we can conclude that the simulations match the
experiments within 20%.

5. Conclusions and outlook

We simulated single positive streamers in air at standard tem-
perature and pressure in homogeneous background fields rang-
ing from 4.5 kV cm−1 to 26 kV cm−1 in a 4 cm gap, and we
came to the following conclusions:
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(a) The solitary streamer (or uniformly translating streamer)
with dominant electron attachment and recombination
behind the head lays a theoretical basis for the much
used concept of a stability field. Streamers in higher
fields increase in radius and velocity, while the solitary
streamer transports a fixed amount of positive charge that
is substantial only over a finite length.

(b) The solitary streamer motion explains how a streamer can
propagate over distances in meter length-scales though
the conductivity of the back part of the channel disap-
pears due to attachment and recombination. The velocity
of such a streamer can be an order of magnitude smaller
than the electron drift velocity in its maximal electric
field.

(c) The value of the stability field of 4.675 kV cm−1 in our
simulations in STP air agrees well with experimentally
measured values.

(d) Minimal streamers are the thinnest and slowest streamers
that have been experimentally observed [44]. Our values
for the optical radius and velocity of solitary streamers
agree well with measurements of these so-called minimal
streamers. Even better agreement could possibly be found
if for example humidity, repetition rate, and fluid model
limitations were taken into account.

(e) The solitary streamer causes negligible gas heating even
after propagating for several hundreds of nanoseconds.

(f ) Ion motion plays a minor role for solitary streamers, but
its effect increases as streamers slow down.

(g) The maximal electric field at the streamer head is not a
monotonic function of the background field, but it has a
minimum for a background field of about 12 kV cm−1.
The implications of this on the electron energy distribu-
tion and on the optimization of the plasma chemistry will
need to be investigated.

Future research could look into model reduction based on
the solitary streamer, as it does not depend on time in a co-
moving frame. How our current findings translate to other
gases with different plasma-chemical reactions and photoion-
ization rates also merits further investigation. There is an
avenue for exploring the behavior of accelerating streamers
on longer timescales, and the existence of the solitary positive
streamer also raises the question of whether the solitary mode
of propagation could also be observed in negative stream-
ers. Finally, another open question is how and when solitary
streamers form in background fields with a spatial gradient, as
is common in experiments.
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