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Abstract
Formation mechanisms of striations along the discharge channel of a single-filament dielectric
barrier discharge (DBD) in argon at atmospheric pressure are investigated by means of a
time-dependent, spatially two-dimensional fluid-Poisson model. The model is applied to a
one-sided DBD arrangement with a 1.5mm gap using a sinusoidal high voltage at the powered
metal electrode. The discharge conditions are chosen to mimic experimental conditions for
which striations have been observed. It is found that the striations form in both half-periods
during the transient glow phase, which follows the streamer breakdown phase. The modelling
results show that the distinct striated structures feature local spatial maxima and minima in
charged and excited particle densities, which are more pronounced during the positive polarity.
Their formation is explained by a repetitive stepwise ionisation of metastable argon atoms and
ionisation of excimers, causing a disturbance of the spatial distribution of charge carriers along
the discharge channel. The results emphasise the importance of excited states and stepwise
ionisation processes on the formation of repetitive ionisation waves, eventually leading to
striations along the discharge channel.

Keywords: striations, dielectric barrier discharge, fluid modelling

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

1. Introduction

Dielectric barrier discharges (DBDs) are broadly used as a
source of non-thermal atmospheric-pressure plasmas in vari-
ous technological applications, spanning from chemical pro-
cessing and surface modification, over flow control to plasma
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medicine [1–5]. Therefore, understanding the physical mech-
anisms required for their stable operation is of high interest.
Experimental investigations have shown that under certain
conditions, atmospheric-pressure plasmas undergo spontan-
eous mode transitions and form instabilities in the form of stri-
ations along the discharge channel [6–10]. Understanding the
origin and formation mechanisms of these instabilities is not
only intriguing from a physical point of view, but also relevant
for stable operation of DBD applications.

The phenomenon of striations, i.e. the appearance of
alternating bright and dark layers along the discharge chan-
nel, is well known for a long time [11–16]. Striated struc-
tures occur in various kinds of discharges at low [12–18]
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and (sub-)atmospheric pressure [6, 8–10, 19–21]. Besides
experimental investigation of striations, usually performed by
electrical or optical measurements [6, 8–10, 14–18, 20, 21],
theoretical investigations have been carried out as well
[8, 19, 21–41]. For instance, the relaxation of electrons to spa-
tially homogeneous state and different striation modes in col-
lision dominated plasma normalised by pressure have been
investigated using a kinetic approach [23–25]. Besides this, the
majority of theoretical studies have been carried out for low or
moderate pressure [22, 26–36], and fewer of them have dealt
with discharges at atmospheric or sub-atmospheric pressure
[8, 19, 21, 37–41]. A thorough investigation of the stratifica-
tion of discharges in inert gases at low pressure (ranging from
5mTorr to 2 Torr) has been conducted using kinetic or discrete
dynamic models [22, 26–29]. The formation of striations in
low-current discharges at low pressure has been explained by
the occurrence of integer and non-integer resonances caused
by the non-local behaviour of electrons [29].

Apart from the kinetic or discrete dynamic models, fluid
and hybrid modelling studies of striations along the posit-
ive column in low-pressure discharges in argon and nitrogen
have been reported in [30–33]. Recently, the modelling of the
appearance of striations in a nitrogen glow discharge at a pres-
sure of tens of Torrs has been presented [35]. Furthermore,
particle-in-cell and fluid models have been applied to describe
their occurrence in low-pressure discharges in neon and argon
[36]. Detailed reviews of experimental and numerical studies
of striations in rarefied gases are given, e.g. in [27, 29, 30, 42].

In contrast to the extensive studies on striations in low-
pressure discharges, the formation mechanisms of striations in
discharges at atmospheric and sub-atmospheric pressure have
been less thoroughly investigated to date, which can be attrib-
uted to the sporadic and often unstable occurrence of striated
structures at (sub-)atmospheric pressure. Moreover, previous
works have shown that, depending on the discharge config-
uration, different mechanisms are responsible for the form-
ation of striations. For example, striations in a plasma dis-
play panel cell with a Xe/Ne gas mixture at pressures in the
range of 100–500Torr have been found to be caused by the
combined effect of surface charges and non-local electron
kinetics [19]. In [37], heating effects have been discussed as
a possible reason of striations in a filamentary DBD in air at
atmospheric pressure. The analysis of striations in a single-
filament DBD in pure argon by means of optical measure-
ments and kinetic studies of the electrons based on the solution
of the spatially inhomogeneous electron Boltzmann equation
has led to the conclusion that they result from a spatial elec-
tron relaxation initiated by a local disturbance [8]. The same
DBD arrangement as in [8] has later been analysed by means
of a spatially one-dimensional fluid model and the results have
indicated that the interplay of direct ionisation and ionisation
processes involving excited species could be a possible trig-
ger for the striations observed in the experiment [43]. The
relevance of excited species and stepwise ionisation for per-
turbation of the ionisation budget, and thus for the formation
of striations, has also been found in [20, 21]. In [21], step-
wise ionisation, deviation from Maxwellian electron energy
distribution and inhomogeneous gas heating has been found as

causal for stratification of a single-filament discharge in argon
with admixtures of helium and nitrogen at 150–300 Torr. The
analysis of striations in an atmospheric pressure neon plasma
jet by optical emission spectroscopy has revealed a modu-
lated density of excited species along the discharge channel
[20]. Furthermore, different non-linear dependences of ion-
isation and recombination rates on the electron density have
been found to cause the appearance of striations in a filament-
ary argon plasma in an RF plasma jet at atmospheric pressure
[38, 39]. The interplay of ionisation and recombination has
also found to be an important factor for the stratification of
atmospheric-pressure RF and DC discharges in a He/H2O gas
mixture, where kinetic non-local effects have been found to
induce an ionisation instability [40, 41].

These previously published results show that the governing
mechanisms for the stratification of an atmospheric-pressure
discharge are manifold and kinetic non-local effects do not
always play a predominant role. In particular, further insights
are needed into the role of excited species and the ionisa-
tion/recombination budget as triggers of ionisation instabil-
ities. Self-consistent fluid modelling has already proven to
be a suitable tool for this purpose [38, 39, 43]. To this end,
the present article investigates striated structures in a single-
filament DBD in pure argon at atmospheric-pressure by means
of a well-established fluid-Poisson model. While the same
model has been used in [44, 45] to analyse the formation of the
very first (non-striated) discharge channel and the streamer-
surface interaction in the DBD, it is used here to study the
particle gain and loss processes as well as the electron energy
budget under periodic conditions. In fact, this represents the
first in-depth analysis of the formation mechanisms of stri-
ations in a filamentary DBD at atmospheric pressure.

The article is structured as follows. A brief description of
the computational domain and the discharge arrangement is
given in section 2. In the third section, an overview of the
fluid model and solution procedure is provided. The modelling
results are presented and discussed in section four. Finally,
section 5 summarises the findings of the study.

2. Discharge arrangement and computational
domain

The numerical analysis was performed for the asymmetric
DBD configuration used by Hoder et al [8], as illustrated
in figure 1. This arrangement is frequently used to stabil-
ise a single filament at the position with the shortest elec-
trode distance, providing the stable conditions required for
reliable measurements. The configuration consists of two
hemispherical stainless steel electrodes. The grounded elec-
trode (denoted as D, dielectric) is covered by a 0.5mm
thick dielectric layer (alumina, relative permittivity εr = 9).
The powered electrode is bare (denoted as M, metal). The
gas gap between the dielectric and the high-voltage metal
electrode is d= 1.5mm. The DBD was driven by a sinus-
oidal applied voltage Ua = U0 sin(2π f t) with the amplitude
U0 = 1.3 kV and frequency f = 60 kHz (corresponding to a
period of T = 16.67µs). The calculations were performed for
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Figure 1. Schematic representation of the discharge arrangement
and illustration of the computational domains with the used mesh.

atmospheric pressure (p= 760Torr) assuming a constant gas
temperature of Tg = 300K. These parameters were chosen to
be similar to the experimental conditions for which the strat-
ification of the discharge channel has been observed in the
experiment [8]. Similar to the experiment, the discharge was
initially ignited by applying an elevated high-voltage amp-
litude of U0 = 3 kV in the first half-period, which was then
reduced to the specified working voltage (as illustrated in the
inset in figure 1). For the following analysis, the focus is on
the subsequent periods after the ignition, i.e. the calculations
were carried out until a quasi-periodic state was reached.

3. Fluid-Poisson model

The same time-dependent, spatially two-dimensional fluid-
Poisson model as in [44, 45] was used in the present study.
It comprises the balance equations for the particle number
densities of all considered species, the electron energy balance
equation and Poisson’s equation. The set of balance equations

∂np
∂t

+∇·Γp = Sp (1)

describe the spatiotemporal evolution of the particle densities
np of species p (electrons, ions, neutral particles). Here, Γp

denotes the particle flux and Sp is the source term containing
all gain and loss processes for the given species (either colli-
sional or radiative) [44]. The electric field E=−∇ϕ is self-
consistently determined by solving the Poisson equation

−ε0εr∇2ϕ = ρ (2)

for the electric potential ϕ, where ρ=
∑

p qpnp is the space
charge density, qp is the charge of species p and ε0 andεr are
the vacuum permittivity and the relative permittivity of the
medium, respectively.

The model operates within the framework of the local-
mean-energy approximation, i.e. the electron rate and trans-
port coefficients are incorporated as functions of the mean

electron energy [46]. To determine the mean electron energy
ue = we/ne, the electron energy balance equation

∂we

∂t
+∇·Qe =−e0E ·Γe + S̃e, (3)

is solved, where we and Qe are the energy density and energy
flux of electrons, e0 denotes the elementary charge, S̃e repres-
ents the electron energy source term that takes into account
the gain and loss of electron energy due to elastic and inelastic
collisions, while the energy source term −e0E ·Γe represents
the power input from the electric field.

The particle and energy fluxes are expressed using the drift-
diffusion approximation

Γp = sgn(qp)bpEnp−∇(Dp np), (4)

Qe =− b̃eEwe −∇(D̃ewe), (5)

where bp and Dp denote the mobility and the diffusion coeffi-
cient of the species p, while b̃e = 5be/3 and D̃e = 5De/3 rep-
resent the mobility and the diffusion coefficient for the energy
transport of electrons, respectively.

To reduce the calculation time, which can be tremendous
due to the need for multiple-period calculations, axial sym-
metry of the discharge is assumed. Accordingly, all equations
are solved in cylindrical coordinates. Since the focus of this
work is on the analysis of the axial stratification of the dis-
charge channel (symmetry axis), this assumption appears to
be reasonable. Note that this may affect the accuracy of the
surface discharge description, as the assumption of axial sym-
metry is violated for off-axis discharge channels along the sur-
face. However, the analysis of the formation mechanisms of
striations along the filament between the hemispherical elec-
trodes should not be affected.

The used reaction-kinetic model for argon involves the
species Ar, Ar∗, Ar∗2 , Ar+, Ar+2 and electrons [38, 45].
Note that Ar∗ and Ar∗2 represent lumped excited atomic
and molecular (excimer) states, containing all higher excited
levels. The model takes into account elastic and inelastic elec-
tron collisions, such as excitation, de-excitation, direct and
stepwise ionisation, and recombination. In addition, heavy-
particle collisions, such as chemo-ionisation, neutral asso-
ciation and charge transfer, as well as radiative processes
are taken into account. A detailed overview of the reaction
scheme and reaction rate coefficients is given in the appendix.
The rate and transport coefficients of electrons involved in
equations (1) and (3)–(5) were precalculated using the station-
ary, homogeneous electron Boltzmann equation in multi-term
approximation [47]. Themobilities of ionic species were taken
from [48] and the diffusion coefficients for these species were
determined from the Einstein relation. For Ar∗, the diffusion
coefficient was taken from [49], while no diffusion for Ar∗2 was
assumed.

Equations (1)–(3) were closed by imposing a set of phys-
ically based boundary conditions and appropriate initial con-
ditions. In the case of the Poisson equation, Dirichlet bound-
ary conditions were applied at the grounded (ϕ= 0) and at

3



Plasma Sources Sci. Technol. 32 (2023) 055011 A P Jovanovíc et al

the powered (ϕ = Ua) electrode, while the boundary condi-
tion −ε0εrE ·ν = σ was used to account for the accumulated
surface charges at the plasma-dielectric interface. The sur-
face charge density σ was determined by solving the balance
equation

∂σ

∂t
=
∑
p

qpΓp ·ν (6)

at the plasma-dielectric interface and ν denotes the outward
normal vector to the boundary. On the remaining boundaries,
zero flux boundary conditions were imposed for the electric
potential. The boundary conditions applied for the balance
equations at plasma-facing walls describe the partial reflec-
tion of particles and the ion-induced emission of secondary
electrons, as further detailed in [44]. The same values for the
reflection and secondary electron emission coefficients as in
[43] were used. The reflection coefficient for neutral species
was set to 0.3 both for the dielectric and the metal surface,
while for ions it was set to 5× 10−4 (metal) and 5× 10−3

(dielectric), respectively. Reflection coefficients of 0.3 (metal)
and 0.7 (dielectric) were used for electrons. A secondary elec-
tron emission coefficient of 0.07 at the metal and 0.02 at
the dielectric surface was used. The mean energy of second-
ary electrons was set to 2 eV. In accordance with [43], quasi-
neutral initial conditions were employed by assuming a uni-
form density of 1012 m−3 for heavy particles and 2× 1012 m−3

for electrons. The initial mean electron energy was set to be
3 eV. No initial surface charges were considered on the dielec-
tric surface.

The set of partial differential equations was solved in a
fully coupled manner using the commercial software package
COMSOL Multiphysics® [50]. The Matlab-Comsol toolbox
for plasma models, MCPlas, was used for automated imple-
mentation of the model [44]. The calculations were performed
on a compute server with two Intel Xeon E5-2690 CPUs,
having in total 128GB of RAM. With a mesh consisting of
500 000 elements and about 3million degrees of freedom, cal-
culations lasted on average 7 days per period (after reach-
ing quasi-periodic state). A more detailed description of the
model, its implementation, numerical details and the solution
procedure can be found in [44].

4. Results and discussion

The discharge was initiated by the increased voltage amp-
litude, which leads to a strong discharge in the first half-period.
The features of this particular discharge have been investigated
recently [45]. After the occurrence of the first discharge event,
two periods of the applied sinusoidal voltage were required to
establish a quasi-periodic state.

To illustrate the discharge behaviour after reaching a quasi-
periodic state, figure 2 shows the electric current, the applied
voltage Ua, the gap voltage Ug and the memory voltage Um =
Ua −Ug together with the spatiotemporal evolution of the
electron density and the reduced electric field E/N, with N
being the background gas density, on the symmetry axis. Note
that the gap voltage was determined as the potential difference

Figure 2. Temporal evolution of the electric current I and voltages
Ua, Ug and Um (a); spatiotemporal evolution of the electron density
(b) and reduced electric field (c) along the symmetry axis in log
scale. One period after reaching the quasi-periodic state is shown.
‘M’ and ‘D’ denote the metal electrode and the dielectric,
respectively, while ‘+’ and ‘−’ indicate the momentary anode and
cathode. Dashed grey lines mark the characteristic times discussed
in the manuscript.

between the dielectric and metal electrode tip and the elec-
tric current was calculated as the surface integral of the total
current density at the metal electrode. The given time interval
ranges from the last quarter of the second to the last quarter
of the third period and it can be seen that one discharge event
occurs during each half-period.

The first discharge occurs during the rising slope of the
applied voltage in the positive half-period (M+/D−, i.e. the
metal electrode is the momentary anode and the covered elec-
trode is the momentary cathode), when the gap voltage reaches
the breakdown voltage of about 700V. It manifests as a strong
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current peak with a maximum amplitude of approx. 17mA
(cf figure 2(a)). The second discharge starts during the fall-
ing slope of the applied voltage, at the moment when the gap
voltage reaches the breakdown voltage of about −520V. It
lasts for most of the negative half-period (M−/D+, i.e. the
covered electrode is the momentary anode and the metal elec-
trode is the momentary cathode). The current is much weaker
than during the previous discharge and reaches a peak value
of about 3mA (cf figure 2(a)).

In line with the hypothesis of Černák et al [51], the full
development of the discharge is preceded by a microscopic
positive streamer impacting the cathode. The generation of
the positive streamer results from fewmicroseconds long elec-
tron avalanching process, i.e. it has a multi-avalanche nature.
Such mechanism takes place in both polarities. The impact
of the microscopic positive streamer onto the cathode results
in a steep current rise with a characteristic local maximum
at the moment when the streamer reaches the surface, sim-
ilar as observed in [52–54]. This phase is followed by a sec-
ondary ionisation wave, observed as an additional increase
in the electron density in both half-periods (cf figure 2(b)).
All characteristic phases in the DBD evolution, i.e. Town-
send pre-phase, streamer phase, glow phase with cathode layer
formation, and decay phase [55–57] can be distinguished (cf
figures 2(b) and (c)). The observed behaviour generally agrees
with the results of optical and electrical measurements for the
low-current-mode discharges exhibiting a stratified discharge
channel in the corresponding experiment [8]. This applies to
both themagnitude and temporal duration of the discharge cur-
rent and the spatiotemporal evolution of the discharge. How-
ever, it should be noted that especially in the M+/D− phase,
the maximum value of the current is overestimated by the
model due to the assumed axial symmetry of the discharge. In
fact, this assumption breaks as soon as surface discharge chan-
nels spread on the hemispherical electrodes during the transi-
ent glow phase [45].

The most pronounced phases with the highest electron
density are the streamer and transient glow phases, which
occur in both half-periods and have a strong influence on the
striation formation. In the following, they are discussed separ-
ately for both half-periods.

4.1. Discharge in the positive half-period (M+/D−)

To illustrate the discharge occurring during the positive half-
period, the spatiotemporal evolution of the electron dens-
ity and reduced electric field E/N are displayed in figure 3
along with the temporal evolution of the electric current. The
streamer phase starts at t= 50.4µs and goes along with a rapid
increase of the discharge current. The fast current increase is a
result of the exponential increase of the electron density dur-
ing the positive streamer propagation. As the streamer closes
the gap, the current features a local maximum at 50.5µs with a
peak value of 0.36mA, similar to the observations in [52–54].
At the same time, the cathode layer is formed with a maximum
reduced electric field of about 1000 Td in the thin sheath region
(cf figure 3(b)).

Figure 3. Spatiotemporal evolution of the electron density (a) and
reduced electric field E/N (b) during the positive half-period. The
current is overlaid over the data to illustrate the different phases in
the discharge development. Due to strong variation, the decade
logarithm of these quantities is displayed.

The transient glow phase occurs afterwards and lasts
until t= 54µs. During this phase (approximately 0.5µs after
streamer arrival at the cathode), the electron density starts to
increase near the momentary anode (z= 0). From this point,
the maximum of the electron density moves towards the cath-
ode in the form of an ionisation wave (cf figure 3(a)), as can
also be seen in the spatiotemporal development of the reduced
electric field (cf figure 3(b)). This process repeats over time,
resulting in characteristic temporal structures of the electron
density and the electric field as well as local peaks in the
electric current (cf figures 3(a) and (b)). At the same time,
multi-peak structures appear along the discharge channel that

5



Plasma Sources Sci. Technol. 32 (2023) 055011 A P Jovanovíc et al

Figure 4. Spatial distribution of the electron density in log scale
during the streamer phase at times t= 50.4µs (a), t= 50.48µs
(b) and t= 50.5µs (c).

resemble the striations observed in the experiment [8]. With
additional charge production during this phase the electric cur-
rent further increases to a maximum peak value of 17mA.

To better understand the mechanisms governing the
streamer phase and the transient glow phase, both phases are
discussed separately in the following.

4.1.1. Streamer phase. To illustrate the discharge develop-
ment over the course of the streamer phase, the temporal evol-
ution of the electron density is presented in figure 4. At the
beginning of the streamer phase, the discharge channel extends
from approx. 0.35mm in front of the momentary cathode to
less than 0.1mm in front of the momentary anode and has a
radius of about 0.25mm (figure 4(a)). Due to the increase of
the electric field strength (cf figure 3(b)), a local maximum
of the electron density emerges between the bulk plasma and
the momentary cathode (figure 4(b)). This indicates a further
space charge accumulation and local disturbance of the elec-
tric field. The local field disturbance results in the inception of
a positive streamer propagating in the short gap between the
bulk plasma acting as virtual anode and the dielectric. From
the movement of the ionising front (determined as the posi-
tion of the local electric field maximum at the streamer head),
the velocity of the streamer was estimated. It reaches a max-
imum value of around 5× 103 ms−1 and has an average of
3× 103 ms−1. This is in agreement with the starting velocity
of the streamer bridging the entire gap during the initial dis-
charge event [45], i.e. the propagation distance is too short to
reach velocities typical for streamers in longer gaps. When
the streamer reaches the cathode (figure 4(c)), the volume
propagation stops and the cathode layer is formed. The radius
of the streamer at this moment is about 0.1mm. This value is
in agreement with the streamer radius of about 80µm determ-
ined as full-width at half-maximum of Abel-inverted profiles
measured in a coplanar surface DBD in argon [58].

It is worth to mention that the streamer stops its propaga-
tion approx. 15µm in front of the momentary cathode. This
behaviour differs from the case of the very first discharge
event without surface charges on the dielectric surface, which
has been thoroughly investigated in [45]. When no surface
charges are present, the primary volume streamer stops its
axial propagation approx. 40µm in front of the dielectric, is
deflected, and continues its propagation in radial direction.
At the same time, an additional discharge develops between
the deflected streamer and the dielectric surface [45]. In the
present case of quasi-periodic conditions, surface charges
remaining from the previous discharge modify the configur-
ation of the electric field in the sheath region between the
streamer head and the dielectric surface and prevent the imme-
diate deflection of the volume streamer.

The axial profiles of the densities of electrons, ions and
excited species as well as the mean electron energy during the
streamer phase are presented in figure 5. In addition, the elec-
tron production rates and the reduced electric field are shown
in figure 6 to determine the dominant processes responsible for
the streamer inception and propagation. In figure 5(a), it can
be seen that at the moment of streamer inception, almost the
whole gap is quasi-neutral except for the sheath regions near
the surfaces. Due to the strong atomic-to-molecular ion con-
version, Ar+2 is the dominant ion species at this instant. Note
that the densities of all species are uniform in the plasma bulk,
i.e. there is no stratification.

As the voltage increases, the drift of electrons towards the
anode leads to an increase of the positive space charge in
the sheath region near the momentary cathode (figure 5(a)).
The increasing positive space charge and the accumulated
negative charges on the dielectric (originating from the dis-
charge in the previous half-period) enhance the electric field
to about 155 Td (cf figure 6(a)) and, consequently, the mean
electron energy rises to approx. 7 eV (figure 5(a)) in the
proximity of the momentary cathode. With the increase of
the electric field, the influx of ions to the momentary cath-
ode initiates the Townsend pre-phase. The electrons in this
region now have an energy which is high enough to excite
and ionise the ground state atoms (notice an increase in Ar+

ion density in figure 5(a)), promoting the further increase
of the space charge and the electric field. It should also be
mentioned that after the direct ionisation, the electrons gain
enough energy for excitation and additional ionisation of
excimers in the sheath region. In the bulk plasma, the elec-
tron loss due to dissociative recombination is the dominant
process, while electron production processes are negligible
(figure 6(a)).

As soon as the electron density becomes high enough to sig-
nificantly disturb the electric field, streamer inception occurs
[11]. The critical electron density here exceeds 1018 m−3.
As the positive streamer propagates towards the moment-
ary cathode, the density of electrons and ions increases from
about 1018 m−3 to approximately 1020 m−3 (cf figure 4(a) and
figures 5(b) and (c)). At the same time, the reduced electric
field in front of the ionising front increases from 245Td to
about 1000 Td. Behind the streamer head, E/N drops quite
fast from around 20 Td to less than 1 Td in the plasma
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Figure 5. Particle densities of all included species (left axis) and
mean electron energy (right axis) along the symmetry axis (r= 0) at
the times t= 50.4µs (a), t= 50.48µs (b) and t= 50.5µs (c). Four
regions can be distinguished, a cathode layer, negative glow,
positive column and anode layer.

bulk (figures 6(b) and (c)). The maximum of the mean electron
energy closely follows themovement of the ionising front. The
mean electron energy increases from 7.7 eV to the maximum
of 13.2 eV when the cathode layer is formed (figure 5(c)).
Behind the ionising front, it is much lower (approx. 5 eV).
After the streamer arrives at the cathode, it leaves an increased
density of excited states and ions behind (figure 5(c)). Now,
the spatial distribution of particle densities resembles a glow
discharge (figures 5(c) and 4(c)), with distinguishable cathode
layer, negative glow, positive column and the anode layer, sim-
ilar as in the experiment [8].

Although the impact of stepwise ionisation processes in
the sheath region increases with time, their contribution
is still orders of magnitude smaller than that of direct

Figure 6. Rates of electron production (left axis) and reduced
electric field (right axis) along the symmetry axis at the times
t= 50.4µs (a), t= 50.48µs (b) and t= 50.5µs (c). The displayed
range on E/N axis is limited to emphasise the increase of the field
behind the ionising front.

ionisation (figures 6(b) and (c)). Thus, the direct impact
ionisation is themain driving process for the streamer propaga-
tion towards the cathode. Behind the ionising front, the elec-
trons gain enough energy to excite ground state atoms and ion-
ise already excited states. This results in an additional local
maximum in the rates of stepwise ionisation and ionisation
of excimers (figure 6(b)). In turn, the local space charge pro-
duction due to these processes leads to a local increase of
the reduced electric field to approx. 26 Td. The mean elec-
tron energy also increases, so that another local peak in the
direct ionisation starts to emerge further from the cathode
after the arrival of the streamer at the momentary cathode
(cf figure 6(c)). These processes lead to the increase of the
density of Ar+ and Ar∗ behind the ionising front (figure 5(c)).
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Figure 7. Spatial distribution of the electron density in log scale during the transient glow phase of the DBD at the times t= 51.1µs (a),
t= 51.6µs (b), t= 51.8µs (c) and t= 52µs (d).

The distribution of these species is crucial for the occurrence
of the striated structures in the later phase of the discharge.

4.1.2. Transient glow phase. The spatial distribution of the
electron density is presented in figure 7 at characteristic times
during the transient glow phase. It can be seen in figure 7(a)
that the surface discharge starts propagating just above the
dielectric after the volume streamer has arrived at the cathode.
The strong influx of secondary electrons produced during the
surface discharge leads to a significant increase in the density
of electrons and ions in the discharge channel. This results in
the start of the transient glow phase, which lasts much longer
than the streamer phase and spans over several microseconds.
It shows a more complex behaviour, eventually resulting in the
stratification of the discharge channel.

It can be seen that the influx of secondary electrons trig-
gers the ionisation wave observed in figure 3(b). The ionisa-
tion wave moves from the anode towards the momentary cath-
ode with a velocity of approx. 100m s−1, increasing the charge
carrier densities uniformly in the gap and shifting the elec-
tron maximum towards the cathode (cf figure 7(c)). At this
moment, a discharge channel with a radius of approx. 120µm
can be observed across the gap. Local maxima of the excited
states remaining from the streamer phase (cf figure 5(c)) cause
the formation of distinct maxima of the electron density, which
can be seen in figures 7(c) and (d). At the end of the tran-
sient glow phase, four distinctive maxima can be observed.
Note that an additional maximum develops in the surface
part of the discharge channel (cf figure 7(d)), similar to the
experiment [8].

Figure 8 exhibits the particle densities of all species along
the symmetry axis of the discharge during the transient glow
phase. It can be seen that at the beginning of this phase,
the quasi-neutral channel extends almost from the cathode to
the anode. Only in the narrow cathode and anode layer (less
than 100µm in front of cathode and anode), the density of
Ar+2 ions is higher than the density of electrons (figure 8(a)).
Again, at the start of the transient glow phase, the dens-
ity of Ar+ ions has dropped due to their strong conversion
into molecular ions. The positive space charge in the anode
region results in a stronger electric field and higher mean
electron energy, leading to an increase of the electron and
Ar+ ion production (figure 8(a)). As the secondary electrons
produced during the surface discharge slowly drift towards
the anode, they gain enough energy to further ionise the gas
in the bulk plasma. Consequently, a rather uniform increase
of the charge carrier densities along the discharge channel
can be observed (figure 8(b)). It should be stressed that the
local maxima of the excited states that remained from the
streamer phase lead to a localised enhancement in ionisa-
tion (figures 8(c) and (d)). The ionisation wave ultimately
leads to an increase of the density of charged species by almost
two orders of magnitude in comparison to the streamer phase
(figure 8(d)).

To better understand the formation of the striations, the spa-
tial distributions of the reduced electric field E/N, mean elec-
tron energy ue and space charge density ρ (figure 9) as well as
the main electron production rates (figure 10) are shown for
the four characteristic times during the transient glow phase.
At the start of the transient glow phase, the field is weak in the
plasma bulk (less than 10 Td), while it reaches approx. 60 Td
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Figure 8. Distribution of all particle densities along the symmetry axis (r= 0) for the conditions of figure 7.

Figure 9. Distribution of the reduced electric field E/N, mean electron energy ue and space charge density ρ along the symmetry axis
(r= 0) for the conditions of figure 7. The displayed range is limited to emphasise the striations.

in the thin boundary layers near both surfaces (figure 9(a)).
Consequently, the electron energy gain from the electric field
is small. This leads to a much lower value of the mean electron

energy of around 5 eV in the bulk and 5.5 eV near the anode
in comparison to the streamer phase. Due to the lower mean
electron energy, direct ionisation of the ground state atoms is
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Figure 10. Rates of electron production along the symmetry axis (r= 0) for the conditions of figure 7. The symbols represent the transport
term, i.e. ∇·Γe, where gain and loss due to this term is distinguished.

no longer the dominant process. Instead, stepwise ionisation
and the ionisation of the excimers is the main source of
electrons at this moment (figure 10(a)). The slightly higher
mean electron energy near the momentary anode leads to an
increase in the density of atomic argon ions in the anode layer
(cf figure 8(a)), while chemo-ionisation processes are negli-
gible at this moment.

Although at the start of the transient glow phase the ion-
isation is strongest in the sheath region near the momentary
anode, the ionisation also occurs along the entire discharge
channel due to the high density of metastable argon atoms and
molecules in the plasma bulk (cf figure 8(b)). Note that the rate
of chemo-ionisation processes increases due to the increase
in the Ar∗ density. However, their contribution is still orders
of magnitude lower than that of stepwise ionisation and ion-
isation of excimers. Secondary electrons originating from the
surface discharge now play an important role in the further dis-
charge development. Namely, on their way to the anode, these
electrons accumulate high enough energy for stepwise ion-
isation of excited states (figures 10(b)–(d)). The ionisation is
enhanced at the locations where the excited states have a max-
imum. Depending on the position where the inception of the
streamer in the streamer phase occurred, themaxima are closer
or further away from the momentary cathode (cf figure 8(c)).
These local ionisation maxima, in turn, lead to the strong

modulation of the electric field with characteristic peaks along
the discharge channel (approx. 15 Td) (figures 9(b)–(d)). The
mean electron energy varies around 5 eV along the gap, with
distinctive peaks up to about 5.5 eV and dips near the elec-
tric field maxima. The process repeats over time, producing
distinct maxima in all three presented quantities. Note that
subsequent faster ionising waves, observed as a character-
istic temporal structure in the electron density and the electric
field (cf figure 3), originate from the surge of secondary elec-
trons due to the mode change in the surface discharge. This
repetitive behaviour provides the conditions for the formation
of the observed striations along the axis (cf figures 8(b)–(d)).
It is important to mention that this effect is enhanced by
the local trapping of electrons, where a reversal of the elec-
tric field occurs. This is similar to the findings reported
in [17, 36].

It should be stressed that the electron production processes
are an order of magnitude higher than the loss of electrons
due to their transport. Thus, the electron loss during this
phase is reaction-dominated as shown in figures 10(a)–(d).
Note that the three-body recombination process is negligible,
while the contribution of the dissociative electron-ion recom-
bination process varies over time. However, it is consist-
ently lower than ionisation processes in the largest part of
the discharge channel. These findings are in agreement with
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Figure 11. Abel-transformed distribution of the electron density at
the time of most intense striations (t= 52µs).

previous works, where the importance of excited states, step-
wise ionisation processes and the balance between ionisation
and recombination processes for striation formation have been
reported [21, 38, 39, 43].

It is important to note that the intensity profiles obtained
from optical measurements cannot be directly compared to
the density profiles shown here. The present model includes
lumped states for excited argon atoms and molecules and
an extended reaction kinetics model is required for predic-
tion of emission profiles [59]. Therefore, figure 11 displays
an artificial emission profile, which was calculated from the
spatial distribution of the electron density after line-of-sight
integration (Abel transformation was done using the pyAbel
software [60]). Although the striations can be distinctively
observed, the assumed axial symmetry leads to a broadening
of the intensity maximum close to the momentary cathode.
In the experiment, surface streamers follow a random direc-
tion, resulting in localised peaks close to and just above the
surface [8].

4.2. Discharge in the negative half-period (M−/D+)

To illustrate the discharge during the negative half-period,
where the metal electrode acts as cathode (M−/D+), the spa-
tiotemporal evolution of the electron density and the reduced
electric field is displayed in figure 12 together with the elec-
tric current. It can be seen that the discharge evolution exhib-
its similar features as in the positive half-period. The streamer
propagation and transient glow phases can be distinguished

Figure 12. Spatiotemporal evolution of the electron density ne
(a) and reduced electric field E/N (b) during the negative
half-period. The current is placed over the data to illustrate the
different phases of the discharge development. Due to strong
variation, the decade logarithm of these quantities is displayed.

here as well. However, the transition between them is now
continuous and much faster than in the positive half-period.
The streamer propagation results in an increase of the elec-
tron density and electric field, causing the steep increase of
the electric current. The characteristic local maximum is less
pronounced and manifests as the change of the slope of the
current. During the transient glow phase, the current increase
is slower. The current reaches a maximal value of about 3mA.
Afterwards, it starts to slowly decay during most of the neg-
ative half-period. The current amplitude is lower compared
to the transient glow phase during the positive half-period,
which is due to the absence of the surface discharge on the
dielectric. Moreover, the lack of secondary electrons from the
surface discharge prevents the temporal structure formation
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Figure 13. Spatial distribution of the electron density in log scale
during the discharge in the negative half-period at the times
t= 56.7µs (a), t= 56.781µs (b) and t= 57µs (c).

in the electron density and electric field during the transient
glow phase.

Figure 13 illustrates the development of the electron density
during the negative half-period. Slightly before the streamer
inception takes place, a distinct discharge channel extends
from approx. 0.25mm in front of themomentary cathode to the
momentary anode. Note that at this time t= 56.7µs, the chan-
nel still covers a part of the dielectric (figure 13(a)). With ful-
filment of the streamer inception condition, the streamer starts
to propagate towards the momentary cathode (cf figure 12). It
closes the gap in about 7 ns (figure 13(b)). From the move-
ment of the ionising front (cf figure 12(b)), the streamer
propagation velocity was determined. It is similar in mag-
nitude to the streamer phase during the positive half-period
(4.5× 103 ms−1).

In figure 13(b) it can be seen that the electron density
reaches a maximum in the proximity of the momentary cath-
ode at the end of the streamer phase. As the propagation slows
down, a thin cathode layer forms 5µm in front of the surface,
resulting in a strong electric field. In contrast to the discharge
in the positive half-period, the surface discharge along the
cathode or radial expansion of the filament on the metal elec-
trode are absent. This results in amuchweaker electric current.
The discharge remains localised close to the symmetry axis
with only narrow broadening near the tip of the momentary
cathode (M−/D+). An increase of the electron density along
the discharge channel, with less pronounced localised maxima
in the proximity of the dielectric, is found during the transient
glow phase (figure 13(c)). Note that the maximum of the elec-
tron density remains at the tip of the momentary cathode over
the whole time of the discharge duration (figures 13(b) and
(c)). This maximum masks the striations, making them barely
visible (cf figure 13(c)).

To better understand the dominant processes during the dis-
charge and to further analyse how they lead to the striation
formation, the axial distribution of the particle densities of

Figure 14. Particle densities of all considered species (left axis) and
mean electron energy (right axis) along the symmetry axis (r= 0)
for the conditions of figure 13.

all species, the mean electron energy (figure 14), the elec-
tron production rates and the reduced electric field (figure 15)
are shown at radial position r= 0. Just before the streamer
inception (figure 14(a)), the densities of all species, except
argon excimers, are uniform in the plasma bulk. This indic-
ates that the spatial distribution of charge carriers left over
from the discharge in the previous half-period does not play
a role in the formation of the striations. Most of the gap
is quasi-neutral, except for the narrow 0.25mm-wide sheath
region in front of the momentary cathode where Ar+2 ions
have a higher density than the electrons. As in the posit-
ive half-period, Ar+ ions are effectively converted to Ar+2
by atomic-to-molecular ion conversion. The dominant charge
carrier loss process is dissociative recombination, as shown in
figure 15(a).
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Figure 15. Rates of electron production (left axis) and reduced
electric field (right axis) along the symmetry axis (r= 0) for the
conditions of figure 13. The E/N range is limited to emphasise the
field modulation.

With the increase of the absolute value of the gap voltage,
the electric field in the sheath region increases (figure 15(a)).
This enhances the influx of ions to the momentary cathode
and supports electron multiplication during the Townsend pre-
phase. It also leads to an increase of the mean electron energy
in the sheath region. The mean electron energy reaches a value
of 7 eV near the momentary cathode, while it remains lower
than 1 eV in the remainder of the gap (figure 14(a)). During
the further development, the secondary electrons gain enough
energy to excite and ionise the ground state atoms leading to
the accumulation of a positive space charge and consequently
the further increase of the electric field near the momentary
cathode. When the critical value of the space charge, i.e. the
electric field, is reached, the positive streamer onset occurs.

Upon reaching the momentary cathode, a thin cathode layer
is formed, where the reduced electric field reaches a value
of more than 4600 Td. The mean electron energy is highest
in the sheath. It ranges between 8 eV just at the moment-
ary cathode and 6 eV approx. 0.5mm away from it. Then it
decays towards the momentary anode from 6 eV to less than
1 eV. Due to the maximum of the mean electron energy in the
thin sheath layer, a strong production of electrons, ions and
excited states takes place just in front of the momentary cath-
ode (figures 14(b) and 15(b)). The electron density reaches a
value of 8× 1020 m−3, which is almost three orders of mag-
nitude higher than in the rest of the discharge channel. This
value is one order of magnitude higher than the one observed
during the streamer phase in the positive half-period, which
can be explained by the fact that the streamer approaches a
metal surface where no charges are accumulated. Behind the
streamer head, the increase of the ionisation of excimers and
excited atoms can be observed in figure 15(b). These processes
gradually lead to the start of the transient glow phase.

During the transient glow phase, the ionisation wave moves
towards the momentary cathode and produces charge carri-
ers all along the discharge channel. This is also illustrated by
the increase of the electron density along the gap represen-
ted in figure 12. Simultaneously, the density of most of the
species increases by almost one order of magnitude in the
entire gap (figure 14(c)). For instance, the density of elec-
trons and Ar+2 ions reaches a value of about 2× 1021 m−3

in front of the momentary cathode, while in the rest of the
gap it is above 1020 m−3. The mean electron energy also
increases throughout the gap, reaching an average value of
about 4 eV (figure 14(c)). However, note that the reduced elec-
tric field in the whole gap remains quite low with a value of
less than 3 Td (cf figure 14(c)). Due to this, electrons cannot
gain enough energy for direct impact ionisation. The dom-
inant processes for electron production are now solely the
stepwise ionisation near the momentary cathode and the ion-
isation of excimers in the rest of the gap (figure 15(c)), chemo-
ionisation processes are orders of magnitude lower. The local
maxima of argon excimers now lead to the localised increase
of ionisation. About 20 ns after the arrival of the streamer at
the cathode, striated structures emerge near the momentary
anode (figure 15(c)). Similar as in the positive half-period, the
localised space charge surplus causes localised maxima and
minima in the reduced electric field varying between 0 and
5Td and enhancing the striations. It is important to note that
the striations appear at the same position as in the positive half-
period discharge. This means that the location of the striations
is not related to the momentary cathode but to the position of
the dielectric and the location of the excited species maxima.

In general, the discharge in the negative half-period is sim-
ilar to the discharge in the positive half-period. The main dif-
ference between the two discharge events is the absence of the
surface discharge leading to a lower discharge current and a
faster transition from the streamer phase to the transient glow
phase during the negative half-period. Note that the stronger
electron production during the streamer phase also contributes
to the faster transition between the two phases. Based on this, it
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follows that the surface discharge and consequently the surge
of secondary electrons originating from the impingement of
positive ions on the surface is responsible for the strong peaks
of the electron density and discharge current and the appear-
ance of pronounced striations during the discharge in the pos-
itive half-period. Although the charge carrier densities in the
plasma bulk are much higher during the positive half-period,
it is interesting that the spatial modulation of the electric field
and mean electron energy remains at similar order of mag-
nitude in both half-periods.

In conclusion, the mechanism of the striation formation is
similar in both half-periods. The striations are caused by the
appearance of an ionising wave in the gap, induced by second-
ary electrons.

5. Summary

The mechanisms of striation formation in a sine-driven single-
filament atmospheric-pressure DBD in argon were investig-
ated using fluid modelling. A detailed analysis of positive
and negative half-periods in the quasi-periodic state was per-
formed to investigate the influence of volume and surface
memory effects. Striated structures along the discharge chan-
nel were observed during the discharges in both the positive
and negative half-period. This confirms that the stratification
of filamentaryDBDs can be analysed by the used fluid-Poisson
model. The provided high spatial and temporal resolution of
the model allows the identification of the main mechanisms
responsible for striated structure formation.

It was found that the formation of striations occurs during
the transient glow phase of the DBD, which follows the Town-
send pre-phase and the streamer phase in both half-periods.
Compared to the discharge during the positive half-period, the
discharge during the negative half-period exhibited a faster
transition from the streamer to the glow phase, weaker stri-

ations, and a longer discharge duration.Moreover, it was found
that the striations in positive and negative half-periods appear
at the same position, i.e. the location of the striations is not
related to the momentary cathode but to the position of the
dielectric.

The striated structure formation was explained by the dis-
turbance of the spatial distribution of the electrons along the
discharge channel due to repetitive ionisation waves. The main
contributions to the electron production were found to be step-
wise ionisation of metastable argon atoms and ionisation of
excimers. The spatial distribution of the excited atoms and
molecules, thus, directly determines the location of the local
maxima of the electron production. Excessive excitation was
found in the sheath region during the streamer phase. The sec-
ondary electrons emitted during the surface discharge ionise
these excited atoms and molecules in the form of an ionisation
wave. In turn, space charges form near the excited state max-
ima, leading to a modulation of the electric field and further
enhancement of the ionisation and striation formation.
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Appendix. Reaction kinetic processes

Table 1. Electron collision processes considered in the reaction kinetics model for argon. The range of kinetic electron energy is given in eV.

Index Process Energy range Data source

Elastic electron collision
1 Ar+ e→ Ar+ e 0− 1000 [62]
Electron-collision excitation and deexcitationa

2 Ar+ e→ Ar∗ + e 11.55− 1000 [62]
3 Ar∗ + e→ Ar+ e 0− 1000
Electron-collision ionisation
4 Ar+ e→ Ar+ + 2e 15.76− 1000 [63]
5 Ar∗ + e→ Ar+ + 2e ⩾ 4.21 [64]
6 Ar∗2 + e→ Ar+2 + 2e 3.23− 50;⩾ 50 [65]; Born approximation
a The deexcitation is taken into account in the reaction scheme by principle of detailed balance where cross
section for this process is obtained as:

Qdeexc(ue) =
gm
g∗m

ue − uexc
ue

Qexc(ue + uexc),

where gm = 1 and g∗m = 48 denote the statistical weights of a given level and Qexc(ue + uexc) is the excitation
cross section (taken from [62]).

Table 2. Heavy particle collision and radiative processes considered in the reaction kinetics model for argon. The rate coefficients of
two-body collisions are expressed in m3 s−1, those of three-body collisions are in m6 s−1 and the coefficient for radiation processes are in
units of 1 s−1. The temperatures Te and Tg are given in K.

Index Process Rate coefficient Data source

Electron-ion recombinationa

7 Ar+ + 2e→ Ar∗ + e 1.0× 10−31(Te/300)−4.5 [66]
8 Ar+2 + e→ Ar∗ +Ar 6.86× 10−13(Te/300)−2/3(1.0− e−418/Tg)/(1.0− 0.31e−418/Tg) [67]
Chemo-ionisation processa

9 Ar∗ +Ar∗ → Ar+ +Ar+ e 1.20× 10−15 [68]
Neutral association process
10 Ar∗ + 2Ar→ Ar∗2 +Ar 8.33× 10−45 [66]
Charge-transfer process
11 Ar+ + 2Ar→ Ar+2 +Ar 2.25× 10−43(Tg/300)−0.4 [69]
Radiative processesb

12 Ar∗ → Ar+ hν 6.70× 105

13 Ar∗2 → 2Ar+ hν 3.13× 105 [38]
a Treatment of the energy gain/loss: In three-body electron-ion recombination (process 7) and chemo-ionisation (process 9) the remaining electron gains all
the excess energy.
b The radiation probability is calculated according to the Holstein’s theory for a cylindrical plasma as keff = 0.196k0

√
λ0/Rf [38, 70], with approximate

filament radius Rf = 10−4 m, wavelength λ0 = 0.106× 10−6 m and transition probability (between 1s4 and the ground state) k0 = 1.056× 108 s−1 taken
from [71].
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