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Abstract
A two-dimensional (axially symmetric) computational model of the
microdischarge formation in a barrier discharge for short (1–2 mm) gaps in
air at atmospheric pressure is proposed. A non-homogeneous electric field,
caused by a residual non-uniform charging of the dielectric barriers, is
considered as an important reason for the filament formation by a Townsend
mechanism. The ion–electron emission from the dielectric covering the
cathode is treated as the principal secondary process; the secondary
emission coefficient in the model is selected to be consistent with the
Paschen voltage. For an applied sinusoidal voltage, this follows the
microdischarge development on a microsecond scale. It is shown that even a
slight inhomogeneity of the initial electric field leads to the formation of a
narrow microdischarge channel.
The two-dimensional dynamics of the radiation from a microdischarge
for the case of the second positive and the first negative systems of nitrogen
is simulated and compared with recent experimental data. The effects of the
secondary emission coefficient and of a distribution of residual surface
charges are investigated. It is shown that the level of inhomogeneity of the
residual surface charge distribution does not affect the radius of the
microdischarge channel, but affects its two-dimensional structure.
The proposed model explains satisfactorily the experimental results for
the velocity of the cathode-directed ionizing wave and the emission of the
N2 second positive system from a microdischarge.
1. Introduction
Barrier discharges (BDs) in gas gaps take place, if at least
one of the two electrodes is covered by a dielectric barrier.
Typically, for BDs applications in air an alternating voltage
of frequencies in the range 50 Hz–100 kHz is applied. It is
well known that BDs at atmospheric pressure in air and other
gases consist of many separate microdischarges (MDs), which
are also referred to as filaments. Experimental and theoretical
studies on the breakdown in BDs have a long history [1–6]
because of many industrial applications.
0022-3727/06/184031+13$30.00
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Recent experimental investigations of single MDs in
N2 /O2 mixtures have been reported in [7–9]. Spatially and
temporally resolved measurements of the emission spectrum of
the second positive and the first negative systems of molecular
nitrogen from an MD by cross-correlation spectroscopy (CCS)
technique provide the possibility to evaluate axial distributions
of physical plasma parameters (reduced electric field strength
and electron concentration) of a MD [7]. Under selected
operation conditions, it was also possible to investigate the
axially and radially resolved structure of the MD radiation
[9]. However, even measurements with high resolution are
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severely limited by the sensitivity of the experimental devices
and provide only the possibility to evaluate spatially averaged
dependences of the MD parameters [7], even though a MD
channel has a complicated two-dimensional (2D) structure
[9]. Therefore, numerical modelling has to be considered an
important tool to provide information of the local parameters
of MDs, which cannot be obtained directly from experiments
as well as a means to help interpret the experimental results.
Despite the considerable progress in the understanding
of microdischarge formation in BDs, the knowledge of
the physical mechanisms of MDs nowadays appears to be
insufficient to provide an adequate complete quantitative
description. The first theory of filaments in BDs [11] was
based on the assumption that MDs are of the same nature
as streamer discharges, i.e. the MD originates from a single
electron avalanche after an avalanche-to-streamer transition.
The problem is that Raethers criterion for the avalanche-tostreamer transition [10]
Ne = 108 –109 ,
where Ne is the threshold electron number in the avalanche, is
usually not fulfilled under the experimental conditions being
considered [1].
Reathers criterion can also be rewritten in the form

(α − η) dx ≈ 20,
where α denotes first Townsend coefficient for ionization and
η refers to the coefficient of electron attachment.
To simulate the MD formation for a typical applied
voltage, the authors [11, 12] used 102 –106 initial electrons
in the first avalanche.
The secondary processes such
as photoemission, ion–electron emission from the cathode
surface and photoionization in the gas volume were included.
The photoemission was considered the dominant secondary
process for MD formation [12]. The computational model [12]
yielded results for the velocity of the ionizing wave (IW),
current and the radiation emitted from the MD that were
in qualitative agreement with the experimental data. Other
computational models, e.g. [13–16] were similar to [11] or
[12]. So the model proposed in [12] can be considered a typical
model.
However, measurements using cross-correlation spectroscopy (CCS) were able to reveal MD properties that cannot
be explained by the simulations using the model in [12]. The
existence of a long (up to 100 ns and even 1 µs) pre-breakdown
phase, characterized by an exponential increase in the emission intensity in the gap, cannot be understood in terms of the
model in [12]. This pre-breakdown phase was first observed
in [17] and investigated in more detail in [7]. Moreover, the
radiation wave directed towards the anode precedes the radiation wave directed towards the cathode as shown in the ‘simulated streak-photo’ in [12], whereas such a wave was absent
in the corresponding CCS pictures. The model [12] also does
not explain the periodical MDs development at the positions
of the previous MDs (memory effect). In terms of the initial
conditions of the MD, the model [12] ignores residual surface
charges on the dielectric surfaces that remain after previous
MDs. Therefore, it can be considered only as a model of a first
4032

MD or of a MD in a single-pulse mode. The analysis of the discrepancies between the modelling results and the experimental
observations can be found in [7].
In the presented paper, a computational model of the BD is
proposed that aims to explain the MD formation in the ordinary
(continuous) mode of a BD in air at atmospheric pressure
between two plane electrodes covered with a dielectric. The
proposed model includes an inhomogeneous residual electric
charge distribution on the dielectric surfaces as an important
cause for the filamentary nature of the BD and considers the
ion–electron emission from the dielectric covering the cathode
as an important process during the MD formation phase. The
two-dimensional (2D) dynamics of the emission of the second
positive and the first negative systems of nitrogen from the MD
is simulated and compared with recent experimental data.
This model was applied first in [18] to explain the
experimentally observed 2D structure of MD radiation.

2. Fundamentals of the model
In all the simulations carried out in the framework of the
model in [12], an intense initial electron avalanche (about
106 initial electrons) was considered. This leads to a fast
accumulation of positive space charges near the anode, which,
in turn, leads to MD formation on the 10 ns time scale. At
the same time, this initial avalanche also causes the formation
of the MD to occur at random positions. Such a short time
scale for MD formation may also be caused by an arbitrary
choice of the secondary emission coefficient (i.e. primarily the
photoemission coefficient).
If the MD formation starts with only one or a few initial
electrons, then the electron number in the first avalanche is very
low, even near the anode. In this case, the emitted radiation is
too weak to cause considerable photoemission. Therefore, an
ion–electron emission from cathode or the dielectric covering
the cathode must be considered the dominant mechanism
that maintains the electrical discharge process. To avoid an
arbitrary time scale for a pre-breakdown stage, it is possible
to select an emission coefficient that is consistent with the
Paschen voltage. In this case, the time scale of the process
expands to the microsecond scale. The assumption of a
constant applied voltage is no longer valid, and the actual timedependence of the voltage must be taken into account.
The next step involves taking into account the residual
surface charges on the dielectrics covering the cathode and
anode. Their existence and their spatial distributions across
the surfaces of the dielectrics have been discussed, e.g. in [4].
The expected effects of their inclusion in the model are:
• they reduce the applied voltage necessary for MD
formation;
• they lead to a memory effect (new MDs originate in the
same spot where the previous MD occurred).
It is necessary to separate electron emission from the
dielectric cathode itself and the emission of the electrons
accumulated on the surface (‘adsorbed’ electrons) [19]. It
was shown in [19] that adsorbed electrons cannot play an
important role in ion–electron emission because of their low
surface density.
Photon-induced processes, namely photoionization in the
volume and photoemission from the cathode, can also play a
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role in the MD development. Photoionization in the oxygen–
nitrogen mixtures utilizes photons of the wavelength range
98 nm < λ < 102.5 nm [20], which are able to ionize oxygen
molecules, while their absorption by nitrogen molecules is
negligible.
The impact of photoionization processes on the
development of filamentary discharges is not as clear as
it appears from some accounts in the literature. Recent
data obtained in [21] demonstrate the existence of this
process, even for relatively large pd values (p is pressure
and d is distance from the radiation source). Usually an
account of photoionization in air-like mixtures is based on the
approximations given in [20,22]. However, these data are valid
only for quasi-stationary emission conditions but do not apply
to the transient propagation of an ionization front. In [23], it
was demonstrated that the quasi-stationary approximation is
not applicable for a description of the population of N2 (C)
species and N+2 (B) species in a streamer discharge. This
conclusion can also be extended to other excited species. In the
case of a MD, both quasi-stationary and transient phases exist.
For the phase of the propagation of the IW across the gap, the
approximations [20,22] are problematic, but there are no other
reliable data on photoionizing radiation in the literature.
Photoemission from the cathode can be caused by the
same radiation that can cause photoionization [16]. However,
photoionization produces electrons in the vicinity of the MD
plasma, while the photoemission intensity at the cathode
dielectric is much weaker due to a geometrical factor that varies
with distance r from the ionization front as r −2 . Therefore, it is
possible to neglect photoemission relative to photoionization
during the formation stage of the MD. However, photoemission
must be taken into account during the MD quenching phase
during which an expansion of the MD across the cathode
surface occurs. Since we focus on the MD formation here,
we exclude photoemission from our model and terminate our
simulation after an ionization front arrives at the cathode just
before the start of the MD quenching phase.
Another question that must be addressed is the possibility
of the emission of adsorbed electrons. If their bond energy
is in the range 1–2 eV [19], they can be ejected by photons
with energy corresponding to the (0–0) band of the N2 second
positive system whose intensity is relatively high. However,
there are no experimental confirmations of this process.
Finally, the initial conditions and the boundary conditions
in the proposed physical model can be summarized as follows:
(1) a sinusoidal anode voltage is applied;
(2) residual surface charges are present on the dielectrics at
the beginning and further accumulation of electric charges
occurs on the dielectric surfaces;
(3) the discharge process starts as soon as the Paschen voltage
across the gap is achieved;
(4) a low initial electron concentration is assumed initially;
(5) secondary processes such as ion–electron emission from
the cathode dielectric and photoionization in a gas volume
are considered; the ion–electron emission coefficient is
chosen to be consistent with the Paschen voltage.

Table 1. Elementary processes considered in the model.
(1) O2 + e → O+2 + e + e
(2) N2 + e → N2+ + e + e
(3) O2 + O2 + e → O−
2 + O2
(4) O2 + N2 + e → O−
2 + N2
(5) O2 + e → O− + O
(6) O− + O2 → O3 + e
(7) O− + O2 → O + O−
2
(8) O−
2 + O2 → O2 + O2 + e
−
(9) O2 + N2 → O2 + N2 + e
(10) N2 + e → N2 (A 1 u+ ) + e
(11) N2 (A 1 u+ ) + O2 → N2 + O2 (a 1 g )
(12) N2 (A 1 u+ ) + O2 → N2 + O + O
(13) N2 (A 1 u+ ) + O−
2 → N2 + O2 + e
(14) N2 (A 1 u+ ) + O− → N2 + O + e
(15) N2 + e → N2 (a 1 −u ) + e
(16) N2 (a 1 −u ) + N2 → N2 (B) + N2
(17) N2 (a 1 −u ) + O2 → N2 + O + O
(18) N2 (a 1 −u ) + O−
2 → N2 + O2 + e
(19) N2 (a 1 −u ) + O− → N2 + O + e
(20) N2 (a 1 −u ) + N2 (a 1 −u ) → N4+ + e
(21) N2 (a 1 −u ) + N2 (A 1 u+ ) → N4+ + e
(22) e + O2 → O2 (a 1 g ) + e
(23) O2 (a 1 g ) + O−
2 → O2 + O2 + e
(24) O2 (a 1 g ) + O− → O3 + e
(25) O2 (a 1 g ) + O2 → O2 + O2
(26) e + A2+ → A + A, A = O, N
(27) e + e + A+ → e + A, A = O2 , N2
(28) e + A+ + B → A + B, A, B = O2 , N2
(29) A− + B+ → A + B, A = O2 , O, B = O2 , N2

3. Description of the model
3.1. Elementary processes and basic equations
3.1.1. Elementary processes and reaction rates. The air is
simulated by a mixture of 20% O2 and 80% N2 (synthetic dry
air) at atmospheric pressure.
The elementary processes taken into account are given in
table 1. The respective reaction rate coefficients are taken from
[24–26].
3.1.2. Basic equations. An axially symmetric drift-diffusion
model of the MD is employed. The dynamic development of
the BD is described by a set of continuity equations for the
densities of the charged and excited particles:
∂ne ∂(ne uez ) 1 ∂(rne uer )
+
+
∂t
∂z
r
∂r




1 ∂
∂ne
∂ne
∂
(1)
−
rDe
= qe + Iph ,
−
De
∂z
r ∂r
∂r
∂z
∂n+
1 ∂
∂
(2)
+ (n+ u+z ) +
(rn+ u+r ) = q+ + Iph ,
∂t
∂z
r ∂r
1 ∂
∂
∂n−
(3)
+ (n− u−z ) +
(rn− u−r ) = q− ,
∂t
∂z
r ∂r
∂n∗k
(4)
= qk∗ ,
∂t
and the Poisson equation is used for electrical potential


∂ 2ϕ
1 ∂
∂ϕ
− 2 −
E = −∇ϕ,
(5)
r
= ρ/(εε0 ),
∂z
r ∂r
∂r
(6)
ρ = e(n+ − n− − ne ).
Here, ne , n+ , n− , n∗k denote the density of, respectively,
the electrons, the positive and negative ions, and the excited
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Table 2. Population kinetics of N2 (C 3

3.1.3.
Photoionization.
The electron sources due to
photoionization are expressed by the integral [20]
pτ
Iph (x) =
p + pτ



ξω
α


eff



νi (x )né (x )f (r) 3 
d x.
4πr 2

exp(−κmin pO2 r) − exp(−κmax pO2 r)
.
r ln(κmax /κmin )

(7)

(8)

Here, κmax = 2 cm−1 Torr−1 and κmin = 3.5·10−2 cm−1 Torr−1
denote the maximum and minimum absorption coefficients in
a given wavelength range. From [20], one obtains (ξ ω/α) ≈
(ξ ω/α)eff = 0.08, which can be considered a constant.
The above described model corresponds to the assumption
that populations of the appropriate excited radiating molecules
are proportional to the local ionization rate (quasi-stationary
approximation).
3.1.4. Emission of the second positive and the first negative
systems of nitrogen from a MD. The photons production rates
of the (0–0) bands of the N2 second positive system (337.1 nm)
and the N+2 first negative system (391.4 nm) are calculated
according to formula
Iα→β = Aα→β nα ,
where Aα→β is the transition rate for spontaneous emission
α → β and nα is the number density of species in the
excited state α. The kinetic scheme for the population of
N2 (C 3 u , v = 0) and N+2 (B 2 u+ , v = 0) proposed in [27]
(see table 2) and the reaction rates calculated there are used in
our model.
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Glass

z

z (mm)

za=0

zad=1.5

zcd=2.7

zc=4.2

d = 1.2 mm

Here, r = |x − x |, pτ denotes the quenching pressure,
νi (x ) is the ionization rate, α(x ) is the first Townsend
coefficient, ω(x ) refers to the number of photons ‘produced’
by electron collisions with molecules per unit length that have
sufficient energy for photoionization, ξ is the efficiency of
photoionization and f (r) is an absorption function defined by
f (r) =

N2 (X, v  ) + e → N2+ (B, v) + e + e
N2+ (B, v) + N2 (X) → N2+ (A) + N2 (X, v  )
N2+ (B, v) + O2 (X) → N2+ (A) + O∗2
N2+ (B, v) + O2 (X) + molecule → products
N2+ (B, v) → N2+ (X, v  ) + hν

+

particles, qα (|E|, . . . , nα , . . .) denote the source terms due to
the plasma kinetics (q+ = qe + q− ), Iph refers to the source
term due to photoionization of the gas molecules, uα (|E|) are
the drift velocities of the plasma components, De (|E|) is the
electron diffusion coefficient and ρ denotes the space charge
density.
The local dependences of all kinetic coefficients on the
reduced electric field strength |E|/N are included in the model.
All positive ions are considered collectively as ‘generalized
positive ions’.

= 0) and N+2 (B 2 u+ , v = 0) [27].

-

N2 (X, v  ) + e → N2 (C, v) + e
N2 (C, v) + N2 (X) → N2 (a  ) + N2 (X)
N2 (C, v) + O2 (X) → N2 (X) + O + O
N2 (C, v) → N2 (B, v  ) + hν

u, v

Figure 1. BD geometry.
(This figure is in colour only in the electronic version)

3.2. Initial conditions and boundary conditions
The BD geometry under consideration is shown in figure 1.
Two parallel plate electrodes are covered by glass as the
dielectric. The dimensions are as follows: gas gap width
d = 1.2 mm and the thickness of the dielectric material is
1.5 mm. These dimensions are similar to the experimental
conditions used in [7]. The dielectric constants are assumed
to be ε = 1 for the gas gap and ε = εd = 5 for the dielectrics.
Inside the dielectrics we assume ρ = 0.
The BD operates in synthetic air at atmospheric pressure
and T = 300 K.
A sinusoidal voltage U = Ua sin(2πf t + ϕ0 ) is applied to
the electrodes. The electron emission current from the cathode
is assumed to be proportional to the incoming positive ions
current:
Je (r, zcd , t) = γi Je (r, zcd , t).
(9)
Here, the ion–electron emission coefficient γi is estimated to
be consistent with the Paschen voltage using the Townsend
criterion:
γi α(e(α−η)d − 1)
= 1,
(10)
α−η
where the coefficients are calculated for the Paschen voltage
applied across the gap.
For the gap width and gas pressure being considered,
the Paschen voltage corresponds to the reduced electric field
strength in the gap (E/N )P = 169 Td. Thus from (10) we
obtain γi = 0.006. In this case, the electric field strength in
the gap is EP = 41.33 kV cm−1 that corresponds to the applied
voltage UP = 7.44 kV.
The accumulation of the surface charges is described by
the following equations for the surface charge densities on the
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Rmax

∂ne
(Rmax , z, t) = 0,
∂r

Gas gap

I
za

II
zad

III
zcd

(n+ u+r )(Rmax , z, t) = (n− u−r )(Rmax , z, t) = 0.

Cathode

Anode

0

(4) At the artificial boundary r = Rmax

dielectrics

r

zc

The Poisson equation (5) is solved in the entire domain. Inside
the dielectrics, it is reduced to the Laplace equation. The
boundary conditions are:

z

(1) on the anode and cathode surfaces

Figure 2. Definition of the various domains for the computation.

dielectrics near the anode σa (r, t) and near the cathode σc (r, t):
∂σa
= −|Je (r, zad , t) + J− (r, zad , t)|,
∂t

(11)

(13)

Here, σ0 is a uniform charge density and the additional term
describes a disturbance that is assumed to be Gaussian with
characteristic parameters N0 and r0 .
The simulations begin at the time when the electric field
strength in the gap is high enough to sustain a Townsend
discharge. This time is considered t = 0, with an appropriate
value of the parameter ϕ0 . At this time, we assume an initial
electrons density ne (r, z, 0) = n0 .
The domain on the (z, r) plane in which the computation
is carried out is shown in figure 2. It consists of: (I) the nearanode dielectric za < z < zad , (II) the gas gap zad < z < zcd
(zcd − zad = d is the gap distance) and (III) the near-cathode
dielectric zcd < z < zc . The maximum value of the radius used
Rmax = 3 mm is sufficiently large, so that the computational
results are independent of its choice.
The continuity equations for the charged and excited
particles (1)–(4) are solved in domain II. The initial
concentrations of the particles are given by:
ne (r, z, 0) = n0 (r, z),
n+ (r, z, 0) = n− (r, z, 0) = n∗k (r, z, 0) = 0.

ϕ(r, za , t) = U (t),

ϕ(r, zc , t) = 0,

(19)

(2) on the axis r = 0 and at the artificial boundary r = Rmax
∂ϕ
(0, z, t) = 0,
∂r

∂ϕ
(Rmax , z, t) = 0,
∂r

(20)

(3) at the near-anode dielectric

∂σc
= |Je (r, zcd , t)| + |J+ (r, zcd , t)|.
(12)
∂t
Here, Je , J+ and J− denote the current densities for electrons,
positive and negative ions, respectively, at the dielectric
surfaces.
The initial surface charge density is taken as
σa |t=0 = −σc |t=0 = σ0 + eN0 exp(−r 2 /r02 )/(πr02 ).

(18)

(14)

The boundary conditions for the continuity equations are:

∂ϕ
σa (r, t)
∂ϕ
,
(r, zad +, t) = εd (r, zad −, t) +
∂z
∂z
ε0
ϕ(r, zad +, t) = ϕ(r, zad −, t),

(21)

(4) at the near-cathode dielectric
∂ϕ
σc (r, t)
∂ϕ
(r, zcd −, t) = εd (r, zcd +, t) −
,
∂z
∂z
ε0
ϕ(r, zcd +, t) = ϕ(r, zcd −, t).

(22)

4. The numerical procedure
For a finite-difference approximation of the problem described
by the set of equations, initial and boundary conditions
(1)–(22), we use a monotonic fully conservative highresolution two-dimensional numerical scheme [28].
For the continuity equations (1)–(4), the scheme [28]
is based on Van Leer’s MUSCL approach [29], which was
adapted for gas discharge problems in [30]. For ion transport,
a 2D method is constructed simply by 1D splitting. For electron
transport, a genuinely 2D method is used, which is based on
Colella’s approach [31] leading to a less restrictive Courant
condition. An implicit algorithm for the account of diffusion
term was proposed in [28].
For the solution of the Poisson equation (5), an iterative
alternating directions implicit algorithm is used similarly to
[28]. Additionally, we apply sub-domain decomposition to
improve the convergence of the algorithm. Iterations in the
sub-domains I, II and III were carried out in the following
sequence:

(1) at the near-anode dielectric
∂ne
n+ (r, zad , t) = 0,
(r, zad , t) = 0,
∂z
(2) at the near-cathode dielectric
Je (r, zcd , t) = γi J+ (r, zcd , t),

(15)

n− (r, zcd , t) = 0,
(16)

(3) on the axis r = 0
∂ne
(0, z, t) = 0,
∂r

(17)

(1) Solution of Poisson equation in domain II with given
values of the potential on the left and right boundaries.
(2) Solution of the Laplace equation in domain I with given
values of the potential on the left boundary and an electric
field component Ez on the right boundary determined from
the boundary conditions.
(3) Solution of the Laplace equation in domain III with given
values of the potential on the right boundary and an electric
field component Ez on the left boundary determined from
the boundary conditions.
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Figure 3. The initial electric field distribution in an air gap |E(r, z)|
in kV cm−1 .

The boundary conditions on the other boundaries are the same
as described above. The iteration cycle is repeated until
convergence with a given accuracy is achieved. An additional
advantage of the above algorithm is the possibility to use
independent grids for the various domains.
Since different MD stages have different ranges of
physical parameters and different time scales, the following
procedure was used to minimize a computational time.
The Townsend pre-phase and the initial part of the spacecharge-dominated phase are calculated using a relatively rough
grid, which is uniform in z (steps are of the order of 20–25 µm)
and non-uniform in r (highest resolution of the order of 20 µm).
During this stage, photoionization is not included because of
low emission intensity.
To simulate the MD formation phase (timescale of
∼100 ns or less), all the quantities are interpolated into a refined
mesh. Highest resolutions are 2–4 µm in r and 1–4 µm in z
depending on r0 , the lowest resolution in z was 10 µm. At the
beginning of this stage, photoionization is included.
The grid in z is refined in the front region of the MD
and is adapted during its propagation. The grid adaptation
procedure preserves the net points near the ionization front
and avoids interpolation for high gradients. It was found that
for reliable computations a spatial resolution of better than
1–5 µm (depending on r0 ) in both directions was necessary.
However, for the simulation in the proximity of the cathode a
resolution in z of better than 1 µm was necessary. Therefore,
when the ionization front reaches a distance of 0.1–0.2 mm
from the near-cathode dielectric, the mesh in z is refined again
to 1–2/3 µm, preserving all grid points near the front.
The time steps are limited by the following conditions.
(1) By the Courant criterion [31] t < CC min{z/uz ,
r/ur }.
(2) By the characteristic time for plasma-kinetic reactions
t < Ci min{1/νchem }, νchem = (∂ ln nα /∂t).
(3) By the relaxation time t < Cr min{ε0 /σp }, σp is the
specific conductivity of discharge plasma.
All coefficients must be less then 1. In the present
calculations, we use CC = 0.9, Ci = 0.2, Cr = 0.2.
4036

Figure 4. Axial distributions of the reduced electric field strength
E/N (solid lines) and of the electron number density ne (dashed
lines) for different times during (a) the quasi-stationary Townsend
phase and the start of the space charge phase and (b) the IW
propagation (filamentary phase), t1 = 5495 ns.

5. Simulation of the microdischarge formation
The results in this section are presented for a specific set of
parameters: Ua = 7 kV, f = 6.5 kHz, σ0 /e = 4.2 · 1010 cm−2 ,
n0 (r, z, t) = 102 cm−3 , r0 = 0.1 cm and N0 = 1.4 · 108 . The
size parameter r0 was varied from 0.03 to 0.3 cm; its effect is
discussed below. The calculation starts at Ustart = 2.65 kV.
The initial electric field distribution |E(r, z)| is shown
in figure 3. The electric field strength varies along the
dielectric surfaces from 41.9 kV cm−1 (r = 0) to 40.2 kV cm−1
and along the axis from 41.9 kV cm−1 (left and right) to
41.3 kV cm−1 (middle). The maximal variation is about only
4% of the maximum electric field strength value. Because
of the inhomogeneous electric field in the gap, the discharge
begins near the axis before it starts in the peripheral regions.
Therefore, the discharge channel is formed around the axis.
The first phase of the simulated MD can be labelled a
Townsend phase of stabilization. First, the initial electrons are
multiplied by ionization, but subsequently they accumulate on
the anode dielectric. Subsequently, the ions dominate in the
gap. Positive ions become the source of ion–electron emission
from the cathode and then the electron concentration increases
again. The stabilization phase lasts for several microseconds
and leads to the quasi-stationary Townsend phase as shown
in figure 4(a). It is characterized by an exponential temporal
growth of the densities of charged particles in every position of
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the gap. The electron number density exponentially increases
from the cathode to the anode. The subsequent space-chargedominated phase leads to the formation of a cathode directed
IW. It is characterized by a high velocity of propagation. The

Figure 8. Effect of the secondary emission coefficient γi on the IW
propagation: Variation of (a) the peak values of ne and E/N , (b) the
velocity of the IW, (c) the anode voltage Uanode and the voltage drop
along the axis Ugap with the front coordinate.
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local electric field strength is high and electron densities are
large near the front of ionization. These dependences are
shown in figure 4(b).
When the ionization front reaches the cathode, the
following components of the MD channel can be identified
in figures 4(b) and 5(a). The ‘diffuse’ part near the anode
is characterized by a low electron concentration near the
anode which exponentially increases towards the middle of
the gap; the channel radius decreases towards the cathode.
The ‘streamer’ part is characterized by a high and almost
uniform electron concentration along the axis; the channel
radius increases towards the cathode. The cathode layer is
confined to the vicinity of the cathode dielectric. The 2D
distribution of the emission intensity of the second positive
system of N2 is shown in figure 5(b).
The calculated propagation velocity of the IW is shown
in figure 6 together with experimental results for synthetic
air [7, 8] as well as earlier calculations [4]. (The velocities
obtained in [4] are calculated from the ‘simulated streak-photo’
of the MD.)
The experimental conditions in [7] are the same as in
present simulation, excepting a semi-spherical shape of the
electrodes (radius of dielectric surfaces R = 7.5 mm). Since
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MDs develop in a narrow region near the axis (about 0.3 mm
radius) this difference can be considered as negligible. In [8]
MDs developed in a shorter gap, for a gap width d = 0.9 mm
and R = 4.5 mm. The results of calculations presented
in [4] were obtained in the model [12] for different initial
and boundary conditions, discussed in sections 1 and 2. For
comparison of the results, a distance of the ionization front
from the cathode dielectric is selected as a parameter.
Our calculated velocity is somewhat lower than the
corresponding experimental results. A possible reason for this
difference may be the omission of photoemission from the
cathode in the model. Experiment and calculation agree that
the velocity of the IW increases from the anode to the cathode.
Near the cathode the velocity calculated here is significantly
higher than that obtained in the earlier calculations [4].
Photoionization is important during the channel propagation
phase and causes the high velocity of the IW (figure 6). It also
causes the expansion of the BD along the cathode dielectric
as shown in figure 5. If we neglect photoionization then
the values of electron number density and of the reduced
electric field strength at the front of ionization become higher,
figure 7.
The propagation of the IW occurs at an almost constant
applied voltage, similar to the model in [12]. However, this
value is unknown a priori. The IW reaches the cathode when
U (t) = 4.13 kV. This value is much smaller than the voltage
amplitude Ua = 7 kV. In the case of Ustart = 4.13 kV under the
initial conditions used here, we obtain an electron avalanche
multiplication factor on the axis given by

(α − η)dx ≈ 11.8.
This value does not satisfy the Raether criterion. Therefore,
under these conditions, a MD cannot be developed simply by
an avalanche-to-streamer transition.

6. Effects of model parameters
6.1. Effect of the secondary emission coefficient
The value of γi was determined from (10) consistent with the
value of the Paschen voltage, which was obtained for metallic
electrodes. In reality, it can be lower or higher, if one takes
into account the possible emission of the adsorbed electrons
from the surface of the cathode dielectric. Here we also
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investigated the effect of higher γi values. To avoid effects
of other secondary processes, photoionization was excluded.
The simulation results are summarized in figures 8(a)–(c).
The IW starts earlier (i.e. for a lower anode voltage) for larger
values of γi . However, in spite of different anode voltages, the
voltage drop along the axis calculated as
 zcd
Ez (0, z, t)dz,
Ugap =
zad

at the time when the ionization front arrives to the cathode
dielectric, is essentially independent of γi , figure 8(c). The
difference in the velocities of the IW and in the peak values of
the reduced electric field strength and electron number density
on γi is not significant, figures 8(a) and (b).
The ‘boundary’ between the ‘diffuse’ and the ‘streamer’
part of the MD is closer to the cathode as the value of γi
increases, so the MD is more diffuse.
6.2. Effect of the initial discharge voltage

MD is quenched at a very early stage. The next ‘attempt’ to
develop a MD is expected to occur for a higher initial voltage.
Therefore, we investigated the effect of Ustart on the
MD formation and its dynamics. The calculations were
performed excluding a photoionization. The simulation results
are presented in figures 9(a) and (c). It is clearly seen
that a wide variation in Ustart has no significant effect on
the MD parameters and on the IW velocity as a function of
the ionization front coordinate. For higher values of Ustart ,
the boundary between the ‘diffuse’ and the ‘streamer’ part is
slightly closer to the anode.
In spite of very different anode voltages, the voltage drop
along the axis, Ugap , at the time when the ionization front
arrives to the cathode dielectric, is essentially constant for
different values of Ustart , figure 9(c).
However, the time for MD channel formation shows a
strong dependence on the initial voltage. It varies from
≈5.96 µs for Ustart = 2.65 kV to ≈2.05 µs for Ustart = 4 kV.
6.3. Effect of an inhomogeneous surface charge

8

−3

For low electron number densities, ne < 10 cm , the initial
phase of the MD development is rather stochastic. Therefore,
the application of the continuity equations in this case can be
considered only as an ‘average over many MDs’. There is a
probability that for very low initial electron concentration the

The initial surface charge distribution (13) depends on 3
parameters: the uniform charge density σ0 ; the number of
electrons in the non-uniform part of the surface charge N0
and the characteristic size of surface charge inhomogeneity
r0 . The value of σ0 leads to an additional voltage across the
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gap. It causes the formation of a MD at a lower anode voltage
(i.e. the operating voltage is less than the ignition voltage).
The most pronounced effect is expected from the localization
parameter r0 , which is investigated in this section.
In the present computations, the value of r0 was varied
from 0.3 to 3 mm. In every simulation we selected the
appropriate value of Ustart . However, there is no well-defined
procedure to determine this value for a non-uniform electric
field. As shown by the results in section 6.2, the exact choice
of this value has no significant effect on the MD formation and
its dynamics.
The IW velocity is essentially insensitive to the parameter
r0 as shown in figure 6. However, its value affects the 2D
structure of the MD channel. The ‘streamer’ part becomes
considerably longer for smaller values of r0 (figure 10). On
the other hand, for r0 > 2 mm, there is only a ‘diffuse’ part of
the MD. This gives rise to the possibility of evaluating r0 from
a comparison with experimental data [9] (see also section 7).
At the same time, the maximum radius of an emitting channel
depends only weakly on this parameter as the ionizing front
arrives at the cathode.
For the value of r0 = 0.3 mm the calculated distance
from the anode to the boundary between the ‘diffuse’ part
and the ‘streamer’ part of the MD is in agreement with
experimental data [9]. The temporal variations of the 2D
distributions of the MD parameters in this case are presented
in figures 11(a) and (c).
A pronounced filamentary structure in the MD conducting
channel is clearly seen in figure 11(a). The ‘diffuse’ part
and the ‘streamer’ part are clearly distinguished. The channel
diameter varies from 0.4 mm near the anode to 0.2 mm in the
middle to 0.3 mm near the cathode at the time of arrival at the
cathode (+2.7 ns).
A region of high reduced electric field strength is localized
in a confined area in front of the ionization front. Behind the
ionization front, a highly conducting region develops in the
‘streamer’ part of the MD. The electric field in this region is
very low. Overall, the distribution of the excited N2 (C, v = 0)
molecules is very similar to the distribution of free electrons;
some differences are found in the front region because of its
high speed of propagation.

7. Modelling of the microdischarge radiation and
comparison with experimental results
The radiation emitted from the MD exemplified by the
emission of the (0–0) band of the N2 second positive system
is investigated and compared with the experimental results.
The dependence of the emission intensity from the MD
channel on t and z (spatio-temporal distribution) for the second
positive system (λ = 337.1 nm) compared with experimental
data [7] is presented in figure 12. The intensity I (z, t) refers to
the number of photons emitted from the channel unit length per
second (cm−1 s−1 ). The emission during the pre-breakdown
phase is clearly apparent. It increases with time and increases
from the cathode to the anode, before it is transformed into a
cathode-directed wave (also see [7]).
The calculated dynamics of the emission from the MD
channel during the IW propagation in comparison with
experimental data is shown in figures 13(a) and (b). Here,
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Figure 12. Spatio-temporal distribution of the emission intensity
from the MD channel at λ = 337.1 nm: (a) results of the numerical
modelling I , photons cm−1 s−1 , (b) experimental results; G(−) and
G(+) mark the polarity and level of the dielectric glass surfaces [7].

I2+ (r, z) is the number of emitted photons per unit of area
and second (cm−2 s−1 ). The intensities are integrated over
the lines orthogonal to the plane of observation to allow for a
direct comparison with the experimental data. In figure 13(a),
experimental results are presented which correspond in the
time scale to the calculated results.
The experimental results of the CCS-measurements are
obtained for a mixture of 6 vol.% O2 and 94 vol.% N2 , while
present simulations are made for 20 vol.% O2 and 80 vol.%
N2 . However, the mechanism of the MD development does
not significantly depend on the mixing ratio as was shown
in [8, 9].
In summary, it can be stated that the calculated 2D
distributions of the emission intensity are very similar to
the experimental results.
In particular, the calculated
channel radius 0.1–0.2 mm is the same as the experimentally
determined radius. The best agreement between simulation
and experiment is achieved for r0 = 0.3–0.4 mm.
Similarly, the simulated results for the emission of the
N+2 (0–0) band of the first negative system are presented in
figure 14. There are, at this time, no experimental data for a
meaningful comparison.

8. Conclusions
We propose a Townsend model of a MD in the continuous mode
of a BD in short air gaps at atmospheric pressure. The inclusion
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Figure 13. Emission intensity during the MD propagation at λ = 337.1 nm. (a) CCS-measurements for a mixture of 6 vol.% O2 and
94 vol.% N2 . (b) Results of the calculations of I2+ (r, z) in photons cm−2 s−1 (decimal logarithms) for synthetic air, r0 = 0.03 cm.
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Figure 14. Emission intensity during the MD propagation at λ = 391.4 nm. Results of the calculations in photons cm−2 s−1 (decimal
logarithms) for synthetic air, r0 = 0.03 cm.

of ion–electron emission from the cathode dielectric as the
only secondary process is sufficient to explain the formation of
MDs by a Townsend mechanism. The conditions for filament
formation in the proposed model are not consistent with the
assumption of filament formation via a streamer mechanism,
which requires higher electric field strength in the gap. Using
a sinusoidal applied voltage, the MD formation takes several
microseconds including the Townsend pre-phases, the space
charge dominated phase and the IW propagation phase across
the gap. Photoionization is not a necessary process for filament
development, but it is important during the IW propagation
phase, where it is responsible for the measured high velocity
of the IW. An additional effect of photoionization is the
expansion of the MD channel along the surface of the cathode
dielectric. The comparatively long time scale for the MD
formation observed here is not in contradiction with the
experimental data, because a ‘visible’ phase lasts for hundreds
of nanoseconds in agreement with [7, 17]. This provides a

possible explanation for the pre-breakdown emission of the
N2 second positive system detected in [7, 17] for almost 1 µs
prior to the ionization wave.
It is shown here that residual surface charges on the
dielectrics that remain after a MD are responsible for
subsequent filament formation in the same place. The
inhomogeneous electric field in a gap leads to MD formation.
The simulations show that even very small variation in the
initial electric field strength in the radial direction (less than
1% of its maximal value) leads to the formation of a narrow
MD channel of a radius of 0.1–0.2 mm. At the same time, the
radius of a MD channel depends on this variation very weakly.
Our simulations show that a MD channel consists of a
‘diffuse’ part and a ‘streamer’ part. This corresponds to the
experimental observation of emission from a MD. A MD is
more ‘diffuse’ for larger values of the emission coefficient
and of the characteristic radius r0 of residual surface charge
non-homogeneity. A reasonable agreement between simulated
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and measured 2D structures of MD emissions is achieved for
r0 = 0.3–0.4 mm.
The proposed model explains the experimental results
relating to the MD channel dynamics and the emitted radiation
presented in [7, 9].
The main conclusions can be summarized as follows.
(1) The proposed model explains a MD formation in the
continuous mode of a BD in a short air gap at atmospheric
pressure via a Townsend mechanism. Qualitatively,
the simulation results are not sensitive to the following
model parameters: residual surface charge distribution,
secondary emission coefficient and initial voltage.
(2) The filament formation can be caused by an inhomogeneous electric field due to residual non-uniform charging
of the dielectrics after a MD. The reason is that a Townsend
discharge starts earlier in the regions of higher electric
field. This leads to the development of a MD in place of
the previous MD (memory effect). Any singularity in the
initial conditions or the boundary conditions (such as a
spot of electrons or a sharp electrode) is not necessary for
the development of a filamentary discharge. This mechanism also explains that the BD ignition voltage is larger
than the operating voltage for continuous BDs.
(3) The relatively long (about 1 µs) pre-breakdown phase,
characterized by continuously increasing emission
intensity in the gap, which was detected in experiments
[7, 17], corresponds to the Townsend pre-phase
of a MD.
(4) The MD channel consists of a ‘diffuse’ part and a
‘streamer’ part, which correspond to different features in
the emission intensity from a MD channel as observed
in experiments. The ‘streamer’ part is characterized by
higher, axially almost uniform, electron number density,
while the electron concentration exponentially decreases
towards the anode in the ‘diffuse’ part. Depending on the
initial conditions and the boundary conditions, a MD can
be more ‘diffuse’ or more ‘streamer-like’.
(5) Photoionization can be a reason for the experimentally
observed high velocity of the IW, but it is not a necessary
process for MD formation.
(6) The photon-induced processes (photoemission and
photoionization) are necessary for the expansion of a MD
channel across the surface of the cathode dielectric during
the MD quenching phase.
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