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Breakdown of a Gas Gap in a Surface Barrier Discharge
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Abstract—The processes that occur in a surface barrier discharge in oxygen at atmospheric pressure have been
studied by numerical modeling. Modeling is performed assuming the existence of local equilibrium, and the
dynamics of charged particles in the gas gap is calculated using continuity equations. The configuration of the
electric field in the discharge zone is determined by integration of the Poisson equation. It turns out that the
breakdown of the gas gap is determined by the photoemission from the cathode surface. The appearance and
development of the microdischarge channel are sustained by the cathode layer that is formed at the conducting
cathode. The parameters of the cathode layer obtained in oxygen at atmospheric pressure are virtually the same

as for the ordinary cathode layer of the glow discharge.
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A barrier discharge of any configuration is a unique
plasmachemical reactor that makes it possible to carry
out relatively simply nonequilibrium chemical synthe-
sis, including the synthesis of ozone, on an industrial
scale [1]. The dynamics of processes in coplanar and
volume barrier discharges has been extensively studied
[2—4]. So-called creeping discharges have been little
studied. Studies of fast processes above the dielectric
surface [5-7] left some unresolved questions. The
present work deals with the systematic and detailed
study of the dynamics of processes in a surface barrier
discharge, including the kinetics of ozone synthesis.

FORMULATION OF THE PROBLEM

A barrier discharge is developed on the surface of
the dielectric of a discharge cell when a high voltage is
applied to high-voltage electrodes (Fig. 1). High-volt-
age electrodes can be of different shape, and any num-
ber of them can be in the system. The discharge in such
a system is developed normally to the electrode surface
along the dielectric surface in the form of thin discharge
channels, microdischarges (Fig. 2). The length of the
channels depends on the applied voltage, and the thick-
ness is virtually constant and equal to ~100 micron [2].

The surface discharge has been experimentally and
theoretically studied [5-7]. In the present paper, we
report the results of a numerical study of a surface bar-
rier discharge in oxygen at atmospheric pressure.
Numerical modeling of the discharge was performed in
the two-dimensional approximation assuming the
existence of local equilibrium. The coordinate system
is shown in Fig. 1.

The dynamics of charged and neutral particles in the
discharge zone is described by the set of Boltzmann
equations. Under the conditions of local equilibrium,

the Boltzmann equations are transformed into the set of
continuity equations:

an,- s TN
5 +div(j,) = S, (D

j. = D,grad(n,) + Vin,, )

where n;, j;, D;, S;, and V; are the density of charged
particles, the current density, the diffusion coefficient,
the source, and the velocity of the ith particle, respec-
tively. For each charged particle, the source is thought
of as integrals describing the processes of ionization,
adhesion, and detachment of particles, as well as their
dissociation. The mathematical model implies the pres-
ence of electrons and positive and negative ions. Two
types of negative ions—atomic and molecular oxy-
gen—are considered.

To solve the set of Egs. (1) and (2), we determined
the boundary and initial conditions. According to the
discharge cell model, two types of surfaces exist: actual
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Fig. 1. Discharge cell of the surface barrier discharge.
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Fig. 2. Photograph of the surface layer of the barrier dis-
charge [5].

(the surface of the electrode and dielectric) and virtual
(the outer boundary of the discharge zone in a gas). The
dielectric and electrode surfaces were considered as
sources of secondary electrons that are due to photo-
emission and ion emission. The secondary electron
density is related to the ion and photon flux to the sur-
face by the equation

3)

where v, is the secondary electron emission coefficient
(these electrons appear when positive ions impinge the
surface); v, is the coefficient of electron photoemission
from the cathode; V, and V, are the magnitudes of the
velocities of positive ions and electrons, respectively.
The photon flux density ¢ at the cathode surface was
taken to be proportional to the ionization rate in the dis-
charge volume and was determined by integration over
the entire discharge region. It was assumed that all par-
ticles arriving at the surface of the conducting high-
voltage electrode are removed from the discharge
region. All particles that arrive at the dielectric surface
are deposited on it, and the charge of these particles was
taken into account in calculation of the electric field

nVe = y.nV,+ thq)’
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strength. The particles that reached the outer bound-
aries of the discharge region can leave the integration
region.

The initial conditions were as follows:

(1) The density of charged particles in the gas was
taken to be zero.

(2) The initial charge density at the dielectric surface
was determined by the preceding discharge.

To correct for the effect of cell diffusion in the cal-
culation of the dynamics of charged particles, the FCT
method was used [8]. To determine the electric field
configuration in the discharge region, two integration
regions were considered: the dielectric and the gas,
which differ in permittivity. For each of the regions, the
Poisson equation was solved:

L= 1
div(E) Sogip,. 4)

At the dielectric—gas interface, these solutions were
combined by known relationships between the normal
and tangential components of the electric field strength,
taking into account the charge deposited onto the
dielectric surface.

The distribution of potential at the open boundaries
of the integration region was determined by integration
of the charge distributions at the electrode and dielec-
tric surfaces, as well as in the discharge region of the
gas. The charge distribution at the electrode surface was
determined taking into account that this surface should
be equipotential [3].

Calculations were performed for the discharge in
oxygen at atmospheric pressure. The dielectric had the
relative dielectric constant 8.4 and the thickness 2 mm;
the high-voltage electrode in cross section was a 3-mm
square. The results below concern modeling of the
dynamics of discharge processes of the surface barrier
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Fig. 3. Initial distribution of the electric field strength (a) along the dielectric surface and (b) normally to the dielectric surface.
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Fig. 4. (1) Total discharge current and (2, 3) emission cur-
rents induced by (2) photoemission and (3) ion processes at
the cathode surface.

discharge when a constant negative voltage is applied to
the electrode.

Initial Stage of the Discharge and Formation
of the Cathode Layer

The results of calculations of the field strength
before the breakdown of the discharge gap are shown in
Fig. 3. The gas breakdown conditions are met near the
angle formed by the surfaces of the electrode and
dielectric. In this region, with the characteristic size of
several tens of microns, the appearance of electrons
leads to the development of discharge processes.

The appearance of priming electrons in the dis-
charge zone initiates the development of processes that
eventually lead to the gas breakdown along the dielec-
tric surface [4]. The total number of initial electrons
does not exceed a few thousands. There is a definite
delay between the instant of the appearance of initial
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electrons in the gas and the breakdown. Depending on
the initial voltage on the electrode and the number of
electrons, this delay amounts to a few nanoseconds.
After the delay, the current discharge pulse is observed
(Fig. 4). The same figure also shows the plots of emis-
sion currents induced by photoemission and ion emis-
sion processes at the cathode surface. As is seen, the
appearance of the major discharge current is preceded
by a considerable photocurrent. The discharge current
front lasts for a few nanoseconds, whereas the complete
duration of the discharge current is as long as 20-25 ns.

Photoemission is of crucial importance for initiation
of discharge processes. The exclusion of photoemission
processes from the model leads to a considerable (by
one order of magnitude or more) delay of the front of
the discharge current, to an equal increase in its com-
plete duration, and a decrease in its amplitude, which is
inconsistent with experimental data [5, 6]. As the dis-
charge current builds up, the role of photo processes
decreases; at the same time, a noticeable emission cur-
rent appears, which is caused by collisions of positive
ions with the cathode surface.

The change in the significance of emission pro-
cesses, as well as the buildup of the discharge current,
is associated with rearrangement of the electric field
configuration near the cathode (Fig. 5). First of all, the
field strength near the cathode increases by about 30%
and becomes as large as 1500 Td, which follows from
comparison of Figs. 3 and 5. In addition, the longitudi-
nal component of the electric field strength approaches
closely the cathode. Simultaneously with this process,
the region with high field strength along the cathode
surface expands from the dielectric surface to the upper
edge of the cathode (Fig. 6). The parameters of the cath-
ode layer of the surface barrier discharge are virtually
the same as the parameters of the ordinary cathode
layer of the glow discharge; i.e., in a few nanoseconds,
an ordinary cathode layer is formed at the cathode sur-
face. The change in its transverse sizes along the cath-
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Fig. 5. Formation of the cathode layer at # = (a) 15 and (b) 17 ns.
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Fig. 6. Expansion of the cathode spot at the cathode surface
atr=(1)1,(2)15.2,(3) 15.5, (4) 16, (5) 17, and (6) 18.8 ns.

ode surface is the process known as cathode spot
expansion.

The expansion takes place simultaneously with the
development of the discharge current front. Near the
current maximum, the transverse size of the cathode
spot is stabilized: its size is as large as 40—-60 micron
(Fig. 6). The longitudinal thickness of the cathode layer
is about 20-30 micron. The current density at the outer
boundary of the cathode layer is as large as 250 A/cm?.
All these parameters are virtually coincident with the
parameters of the ordinary cathode layer in oxygen at
atmospheric pressure.
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CONCLUSIONS

Thus, the numerical modeling of the processes in
the surface barrier discharge showed that

(1) the breakdown begins with a sharp enhancement
of photoemission from the cathode surface;

(2) the increase in the secondary emission from the
electrode surface leads to the formation of the cathode
layer, and the cathode spot at the surface of the conduct-
ing electrode expands until the charge deposited onto
the dielectric surface stops this process;

(3) in the developed cathode layer, the role of photo
processes in the discharge dynamics decreases and is
replaced by the secondary electron emission induced
by impingement of positive ions onto the cathode sur-
face.
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