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ABSTRACT

Porous materials instead of solid ones are
planned to be used as high voltage insulations to
reduce weight. Due to non-ideal compositions
cavities inside the insulation material may lead to
discharges. These discharges are called
microplasmas or partial discharges.

Analytic approximation for modelling of the
discharge processes can be very complex even in
simple cavities. Thus, for detailed analysis
numerical simulations are required. In this work
a three dimensional plasma simulation tool based
on the Particle-in-Cell Monte-Carlo method
(PIC-MC) is used. The applicability of PIC-MC
simulations for small single cavities at
atmospheric pressure has been shown previously
[1,2]. Subsequently, asymmetric propagation
behaviour was revealed by PIC-MC for multiple
cavities, aligned in series with respect to the field
vector [3].

In contrast, this work analyses the microplasma-
propagation in multi cavity arrangements, which
are aligned in parallel. Two scenarios are
investigated: One with two separated cavities and
one with an opening allowing particle transfer.
Thus, the interactions between two cavities
solely by electric field influence and via
additional charge transfer are compared.

1. INTRODUCTION

Electric fields e.g. in high-voltage applications
get stronger due to miniaturisation. Non-ideal
production processes may create voids inside the
insulations. Depending on their size and

alignment, these microcavities may cause Sso-
called partial discharges leading to accelerated
device degradation. Furthermore, for plasma
surface modification discharges are ignited
intentionally and are called microplasmas [4-6]

In many applications a good compromise
between weight and functionality of electrical
insulations is aimed for. Thus, porous materials,
so called foams, are used instead of solid
insulations. Herein, more cavities exist and are
not distributed regularly. The cavities can be
connected or encapsulated which is referred to as
“open-cell foam” or “closed-cell foam”,
respectively. [7]

Modelling of discharge processes with analytical
calculations in foams is very complex and
requires numerical simulations for description
and optimization of applications. In this project a
Particle-in-Cell Monte Carlo simulation tool
(PIC-MC) is used [8,9]. Thereby, the
microplasmapropagation processes observable
during measurements are simulated.

2. PIC-MC SIMULATION TOOL

The simulations are done with a PIC-MC
simulation software, which formally was
developed by Fraunhofer IST for low pressure
plasma processes [9]. This tool uses an efficient
parallelisation method and is compatible with
high performance computing clusters. The use of
a parallel iterative field solver in combination
with parallelized DSMC (Direct Simulation
Monte Carlo) code enables even three
dimensional plasma simulations.  Arbitrary
geometric models can be handled via a mesh
interface. High resolution simulations of gas



discharges are possible with the particle-based
PIC-MC simulation model, which calculates gas
and plasma dynamics by means of representative
macroparticles. The averaged particle states
deliver temporally and spatially macroscopic
state variables [2,9]. The PIC-MC tool calculates
the discharge processes basing on the Townsend
criterion. Thus, UV radiation or photons are not
considered. Regarding to dimensions and
pressure used for microcavity conditions the
Townsend criterion is a reasonable approach
[10]. PIC-MC is typically feasible for
simulations with high Knudsen numbers, which
is typical for rarefied gas flow conditions
[11,12]. In this project atmospheric pressure
conditions are possible due to the small cavity
diameters. The applicability of this PIC-MC tool
was already shown in [1-3].

3. SIMULATION MODELL

In this work two multiple microcavity
arrangements were tested with the PIC-MC
software. Two single cavities from [1] were
assembled to parallel arrangements as shown in
Fig. 1. The single cavities have a height of 300 um
and width of 500 um. Simulations are done in
quasi 2D, where the third spatial direction has a

depth of 1pum with periodic boundary
conditions.
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Fig. 1 Simulation models with characteristics and places of
start electrons (A, B, C, D),
a) separated multi cavity, b) connected multi cavity

Two different scenarios were simulated: The first
one consists of two separated microcavities
oriented in parallel with respect to the field
vector (Fig. 1a). In the second model, the
separating insulation barrier was build up thicker
and the cavities are connected via a small
opening (Fig. 1 b). Both model arrangements are
completely surrounded by an insulating dielectric
boundary (g, = 3). The simulations are done with
the cathode (top) as ground electrode and a high

voltage of 3 kV potential at the anode (bottom).
Due to the fast discharge process within a few ns,
we assume constant applied voltage (DC) and
thus constant electric field strength of
approximately 10 kV/mm during the whole
simulation run. The simulation domains are filled
with pure Nitrogen (N,) at atmospheric pressure
(10° Pa) at ambient temperatures. Electron- and
ion-densities are applied as under typical ambient
conditions [13]. This leads to a negligible
number of charged particles (averaged under 0.1
particles) in the observed domain. Thus, for
initiation of the avalanche process one or more
electrons are introduced selectively. The
description of the gas discharge is done by
simulation of electron-, ion- and neutral particle
densities of the gas species. Reactions of N,, N,*
and e are considered. The temporal development
of the electric potential in the microcavity
arrangements is also observed.

4. RESULTS AND DISCUSSIONS

The discharge process in a single microcavity is
shown in [1]. In this work the interaction through
electric field and plasma coupling between two
adjacent cavities in field direction parallel
oriented is determined (Fig. 1). In both
arrangements  the  electric  potential s
homogeneous at the beginning.

4.1. SEPARATED MULTI CAVITY

At first a simulation with two separated cavities
is analysed (Fig. 1a). One start electron is
introduced in the left cavity near the cathode (Fig.
1a place A) and one in the middle (at half
potential; Fig. 1 &, place C) in the right cavity. The
discharge process appears similar to single
cavities: After initialisation of the start electrons
at 0 ns a primary avalanche starts which reaches
the anode within approximately one nanosecond.
The electric density remains for some ten
nanoseconds (Fig. 2) until secondary avalanche.

A ¥

e-density_10ns

_‘
Fig. 2 Electron density in separated cavities at 10 ns by start-
electrons in both cavities (Fig. 1 a, places A, C)



The generated positive ions may create
secondary avalanches through electrons which
start at the cathode. As in single cavity
arrangements, secondary avalanches are only
generated by start-electron initialisation near the
cathode. Initialisation of start-electrons at half
potential doesn’t lead to discharges. Thus, in the
left cavity a discharge channel is build up and in
the right cavity the electrons are absorbed (see
arrow Fig. 3 compared to Fig. 2).
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Fig. 3 Electron density in left cavity and without electrons in right
cavity at 150 ns

The field distortion in the left cavity is too far
away to trigger a discharge in the right cavity by
field enhancement (see arrow Fig. 4). No field
coupled streamer propagation at these parameters
occurs.
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Fig. 4 Electric potential during secondary avalanche in left cavity
at 150 ns

To determine if avalanches are suppressed by
discharge channel, behaviour of two separated
cavities with a start-electron near cathode in each
cavity was tested (Fig. 1a, places A, B). Both
cavities show discharge channels and are field
free after discharge (Fig. 5).
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Fig. 5 Electron density at 200 ns in both separated cavities with
start-electrons in both cavities (Fig. 1 a, places A, B)

4.2, CONNECTED MULTI CAVITY

An arrangement with two connected cavities was
simulated (see Fig. 1b). Both cavities are
connected with an opening outside the fall

regions. Only one start electron was placed in the
left cavity near the cathode (Fig. 1 b, place D).

We can see the electron density during secondary
avalanche and growing of the discharge channel
(Fig. 6). The electric potential (Fig. 7) shows
negligible field distortion in the right cavity
during discharge in the left one.

Fig. 6 Electron density during build-up of discharge channel in
connected cavities at 20 ns by start-electron in the left cavity (Fig.
1 b, place D)
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Fig. 7 Electric potential at 20 ns regarding to Fig. 6

As usually, the electrons form the anode and
cathode fall region. In the anode fall region the
electrons flow up to the opening between the
cavities (Fig. 8) but do not get through it and are
absorbed in the insulation wall between the
cavities (see arrow Fig. 9 compared to Fig. 8).

Fig. 9 Electron density at 150 ns with absorbed electrons
compared to Fig. 8

Thus, no discharge in the right cavity is
triggered. The left cavity is field free after
discharge process but the right cavity shows still
a nearly homogenous electric field (Fig. 10). This



results in no plasma coupled streamer

propagation with this parameters.
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Fig. 10 Electric potential after discharge process at 150 ns in left
cavity field free and in right cavity nearly homogeneous

5. CONCLUSIONS

PIC-MC simulations with connected and
encapsulated microcavities aligned in parallel
with respect to the electric field direction are
investigated to specify mechanisms  of
experimentally observable findings. For this
purpose, simulations of single discharges are
done. At the chosen parameters in the
encapsulated cavities no field coupled streamer
propagation can be seen. Also, at the chosen
parameters in the connected cavities no field
coupled streamer propagation can be observed by
an opening outside the fall regions. Further
investigations are planned e.g. with parallel multi
cavities and connections near the fall regions.
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