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Monte Carlo Simulation of Surface-Charging
Phenomena on Insulators Prior to
Flashover in Vacuum

Kai-Kun Yu, Guan-Jun Zhang, Member, IEEE, Nan Zheng, Yevgeny Raitses, and Nathaniel J. Fisch

Abstract—Before flashover across an insulator under high elec-
tric field in vacuum, there are charging phenomena occurring
on the insulator surface, which significantly affect the developing
process of flashover. Based on the secondary-electron-emission-
avalanche model and by using the Monte Carlo method, a 2-D
analysis of surface charge density on cylindrical and conical in-
sulators prior to flashover in vacuum has been performed under
unipolar voltage. Different materials are employed, i.e., alumina
ceramic, PTFE, PMMA, and PI. The influences of materials,
voltage amplitudes, and coning angles on charge distribution are
investigated. The results reveal that negative charges exist in a
small surface region near the cathode, while the surface charges
positive in a larger region away from the cathode. With increasing
applied voltage, both the negative charge density and region de-
crease, and even vanish, whereas both the positive charge density
and region increase, and the peaks of both regions move toward
the cathode. For the conical insulator with a negative angle, the
positive charge density is greater than that with a positive angle,
and the simulation describes well experimental data relating the
coning angle, the surface charge, and the flashover voltage.

Index Terms—Electron emission, flashover, Monte Carlo
method, surface charging, vacuum insulation.

I. INTRODUCTION

HILE BRIDGING a solid insulating material between

energized electrodes in vacuum, surface-discharge phe-
nomena often occur across the insulator, and its onset flashover
voltage is much lower than the breakdown voltage of either
the vacuum gap or the insulator with the same length. Since
the phenomena greatly restrict the overall performance of a
vacuum-dielectric system, it has been paid much attention for
more than half a century [1]. Generally, a flashover event is
considered as a process that begins with the electron emission
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from the cathode triple junction (CTJ, the proximity of metal
cathode, insulator, and vacuum), giving rise to the secondary-
electron-emission (SEE) avalanche (SEEA) due to the impact
of emitted electrons on insulator surface, and ends with the
breakdown occurring in desorbed-surface gas layer [2].

During the developing process of flashover, the insulator sur-
face is charged due to the SEE phenomena, which greatly dis-
tort the local electric field and affect the flashover development
[3], [4]. Therefore, it is needed to know the surface-charging
behavior for deeply understanding the discharge and flashover
mechanisms. However, up to now, it is still very difficult to
measure the actual surface-charge distribution while applying
voltage. Traditionally, the surface charges can be measured with
an electrostatic probe after removing applied voltage [5]-[7].
Limited by its measurement principle, the result cannot indicate
the real charge distribution prior to flashover with voltage
application. Based on the Pockels effect, Yamano et al. [8] first
reported the real-time surface-charge distribution on PET film
with rod-plane electrode system while applying ac voltage
in vacuum. This method is feasible for thin materials under
quasi-steady voltage excitations (e.g., dc and power frequency
ac). However, for common dielectrics, with other electrode
configuration and under transient voltages, it is difficult to
perform the measurement.

Based on the charge-simulation method, Pillai and Hackam
[9] and Enloe [10] calculated the surface discrete charges on
insulator to describe its charging phenomena. Surface charging
during the flashover event is a dynamic and stochastic process.
Therefore, based on the Monte Carlo method, De Tourreil
and Srivastava [11] and Yamamoto et al. [12] performed the
kinetic simulation with some relatively simplified assumptions
concerning the electron emission.

In this paper, on the basis of SEEA model, a 2-D Monte Carlo
code is used to simulate the charging with some more reason-
able conditions. Different insulating materials with cylindrical
or conical shapes are employed. The simulation results are
useful for correlating the surface charging and final flashover
characteristics in vacuum.

II. THEORETICAL ANALYSIS AND
ELECTRODE CONFIGURATION

During the developing process of surface flashover in vac-
uum, energetic electrons interact with the insulator surface,
leading to the absorption or backscattering of incident electrons
or emission of secondary electrons. The SEE rate ¢ is a function
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of the kinetic energy E; of electrons impinging upon the
insulator surface with different incident angle ¢. Synthetically
considering the descriptions of Burke [13] and Rodney and
Vaughan [14], here, a comprehensive analytical expression is
proposed to describe the SEE yield 6 /4,,, of insulating materials
as follows. Compared with current formula, this description is
more fitted to the experimental results reported [15]—[17]

§(Ei, ¢)/0m=1.526 (1+k,¢/2m) (1—exp(—z"7%7)) /207
()

with
z=1.284E;/E,, 2)

where k; is a smoothness factor of material surface ranged
from O to 2 (e.g., O for textured carbon, 1.5-2 for a polished
or crystalline surface, and 1 for usual surface); in this paper,
all the materials used are assumed with the usual surface, and
ks is selected as one, and ¢ is the incident angle to the normal
direction.

Note that there are elastic and inelastic backscatterings of
incident electrons in SEE, and while the energy of impact
electron is below 50 eV, the backscattering of incident elec-
trons has a considerable proportion. There are no sufficient
data to precisely describe the contribution of backscattering
electrons for dielectric materials. Some measurements suggest
that backscattering electrons are responsible for local minimum
and maximum on the SEE curves of dielectric materials in
the low-energy range [18], [19]. This complex behavior is not
addressed in this paper, where the backscattering proportion 7
is taken into account in order to distinguish the “true” secondary
electrons by using the following expression [13]:

n(E;) = 0.115(Ei/1000)70‘223' 3)

The backscattering proportion 7 can greatly affect the simu-
lation result of sample surface charge density, particularly near
the cathode where the electron energy is low, and in this paper,
it is considered.

Four kinds of commonly used materials are employed in
the simulation, i.e., alumina ceramic (AlyO3), polytetrafluoro-
ethylene (PTFE), polymethyl methacrylate (PMMA), and poly-
imide (PI), and their SEE curves with the incident electron
angle ¢ = 0 are shown in Fig. 1 according to (1). The charac-
teristic SEE values of these materials are listed in Table I [12],
[13], [15]-[17].

The energy E, of emitted secondary electrons is somewhat
difficult to be definitely determined. Based on experimental
measurements of different materials (metals and insulators),
Von Seggern [20] gave an approximately analytical description
of E, as follows, which is valid for most insulation surface:

2
9(Bo) = a;exp(—b;E,). )
i=1

Here, with a; = 0.476, as = —0.476, b = 0.4, and by, = 2.5.
The probability distribution of secondary electrons with differ-
ent energy F, is shown in Fig. 2. The energy of most electrons
is of a few electronvolts.
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Fig. 1. SEE yield curve of different insulating materials.
TABLE 1
SEE CHARACTERISTIC VALUES FOR DIFFERENT MATERIALS
Materials O E, E; E,
ALO, 6.4 650 52 11800
PTFE 3.0 300 50 1850
PMMA 2.3 240 56 1062
PI 1.9 150 43 517
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Fig. 2. Secondary-electron energy distribution.

Parallel flat electrodes with cylindrical or conical insula-
tor are the commonly used electrode-sample configuration, as
shown in Fig. 3. The stainless steel is employed as the electrode
material. For the cylindrical insulator, it is with the radius of
10 mm and the height of 10 mm, and for conical insulator,
the radius of its narrow end is 10 mm, and the other end is
dependent on the coning angle 6. These scales are used in
the simulation. The applied voltage is considered as unipolar
voltage in the simulation.

III. MONTE CARLO SIMULATION OF
SURFACE-CHARGING PHENOMENA

The Monte Carlo random-walk process is employed to sim-
ulate the charging phenomena, as follows.

Step 1) While the voltage is applied across the insulator,
primary electrons are emitted from the CTJ, and
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Fig. 4. Emission direction of primary and secondary electrons.

they are accelerated under the applied field. It is
assumed that they are emitted as a bundle [11], [12].
Their emitted angle « is considered to obey a cosine-
law distribution about the normal axis perpendicular
to the cathode [21], as shown in Fig. 4. Here, the
charges’ imaged in the electrode are not taken into
account, because in comparison with the applied
electric field, the image force due to image charges
can be neglected.

Some of the emitted electrons will hit the insulator
surface with the incident angle ¢ due to their cosine-
law movement distribution, then secondary electrons
may be emitted according to the SEE yield curve as
shown in Fig. 1 fitted by (1), and (3) is considered
to clarify the influence of electron backscattering.
While 6 > 1, secondary electrons are emitted, and
the surface is positively charged, and otherwise, the

Step 2)
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surface acquires negative charges. The energy Ej
distribution of the secondary electrons is as shown in
Fig. 2 fitted by (4). Previous studies usually simpli-
fied the emitted electrons to be monoenergetic [11],
[12]. The emission direction 3 of secondary elec-
trons also obeys the cosine-law distribution about
the insulator surface [21], as shown in Fig. 4.

The secondary electrons are also accelerated by the
electric field while traveling toward the anode in
vacuum. Some of the secondary electrons will hit
the insulator surface and may induce new secondary
electrons before they arrive at the anode. After all
the electrons reach the anode, the surface-charge
distribution on the sample and also the electric field
induced by the surface charges is calculated at once,
then another bundle of electrons is emitted from the
CTJ. In this process, the changed surface charge and
electric field distribution is taken into account. The
earlier steps are repeated until all electron bundles
arrive at the anode.

Step 3)

It is assumed that the primary field-enhanced electrons are
emitted from the cathode surface in a range of 0—10 pm near
the CTJ, the numbers of electrons in a bundle are 1 x 106 /cm,
and 5000 bundles of electrons are emitted [12]. The energy of
primary electrons emitted from the cathode is dependent on the
cathode material and is approximately equal to its Fermi energy
level E'r. For stainless-steel cathode, Er is 11.1 eV in our
simulations [21]. In the horizontal direction, it is considered
that the movement of both primary and secondary electrons
is dependent on the applied electric field F, = U/d. In the
vertical direction, their movement is dependent on the surface-
charge electric field F| = 0/(2¢¢), which is greatly deter-
mined by the surface charges accumulated, and its initial value
is zero while the first primary electrons are emitted. Although a
negligibly small initial surface charge is a valid approximation
for Al;Og or for the organic dielectrics considered in this paper,
for ferroelectrics, the influence of the initial surface charge due
to polarization of the material is not negligible [22]. In fact, in
ferroelectrics, the surface charge has been shown to influence
the parameters of surface flashover, and the polarization of the
ferroelectric material affects the first crossover energy of SEE.
Here, the final energy and incident angle of each electron while
hitting on the insulator surface is determined by the F', and F, .
The effect of charge image force from the cathode and insulator
is small enough to be neglected. The SEE properties of each
insulator surface are assumed to remain stable, as in (1)—(3),
and Fig. 1 while charging builds up, and to be homogeneous
over the entire surface.

IV. RESULTS AND DISCUSSION

A. Influence of Applied Voltage Amplitude on
Surface-Charge Distribution

Fig. 5 shows the charge distribution on cylindrical PMMA
insulator under 10, 20, 30, 40, and 50 kV, respectively.

From Fig. 5, it is shown that there are negative charges exist
in a small region near the cathode and, then, turn to positive
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Fig. 5. Surface-charge distribution on cylindrical PMMA insulator under
different voltage steps.

charges in a big region away from the cathode. While increasing
the applied voltage, the density and area of negative charges de-
crease, but the density and area of positive charges increase, and
both the peak of negative- and positive-charge regions move
toward the cathode. This is because, while primary electrons
just emit from the CTJ under a lower voltage, these electrons
gain relatively lower energy under a lower applied electric field,
and some of them with a small emissive angle « just trans-
port over a short distance, then hit the insulator surface with
the energy lower than FE, thus resulting in negative-charging
phenomena near the cathode. Obviously, for primary electrons
with bigger «, it is difficult for them to hit on the insulator
unless the insulator surface is highly charged and the vertical
electric field F' is high enough. For the area near to the anode,
due to the high-energy gain of some electrons across a long
transport distance under applied voltage, their energies are close
to and even beyond another critical value F5, leading to the
relatively lower positive charge density. Moreover, for the area
between the two electrodes, the energy of electrons corresponds
to the curve region with a high SEE coefficient in Fig. 1, thus
resulting in the higher positive-charging phenomena. Similarly,
with the increase of applied voltage, the emitted electrons will
gain higher energy from the applied electric field, thus resulting
in that both the peak locations of negative and positive charges
move toward the cathode. Both the density and area of positive
charges increase, but both the density and area of negative
charges decrease, as shown in Fig. 5.

In Fig. 5, while the applied voltage is 10 kV, the maxi-
mal values of the negative- and positive-charge densities are
~ —4.34 x 1078 and 1.22 x 10~8 C/cm? and located at ~0.4
and 9.1 mm away from the cathode, respectively. However,
while the voltage is 50 kV, the maximal values of the negative-
and positive-charge densities are up to ~ —7.27 x 107 and
7.50 x 1078 C/cm? and located at ~0.2 and 2 mm away
from the cathode, respectively. Jaitly and Sudarshan [5] per-
formed the flashover experiment across PMMA in vacuum
(with PMMA length of 20 mm and dc voltage application),
and they measured the surface-charge distribution between two
electrodes via an electrostatic probe after flashover occurred.
Moreover, the distribution tendency of the surface charge is
nearly consistent with Fig. 5, particularly in the middle of two
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Fig. 6. Surface-charge distribution on different cylindrical insulators under
different voltage steps. (a) Under 30 kV. (b) Under 50 kV.

electrodes. They did not give the charge distribution very close
to the cathode and anode, because this kind of probe could
not be located too near to the electrodes. Positive charges with
high density near the cathode will result in the enhancement of
local electric field and, henceforth, the occurrence of flashover
phenomena.

B. Surface-Charge Distribution of Different Materials

Fig. 6 shows the charge distribution for cylindrical insulator
with four different materials, and the applied voltage is 30 and
50 kV, respectively. It is shown that the charge distribution are
various, with different materials and voltage amplitudes.

Compared with Fig. 1 and Table I, we can notice that, for
PI with the smallest J,,, and the narrowest interval between E;
and Ej, its surface positive charge density and region is the
smallest among the four kinds of materials. On the contrary,
the charge density of alumina ceramic is the largest, then PTFE
and then PMMA. It is concluded that surface charge density
is closely related with the SEE yield curve, and the higher the
SEE rate, the larger the surface positive charge density. Under
the applied voltage as high as 50 kV, the emitted electrons can
gain higher energy from the applied electric field; the negative-
charge region near to the cathode nearly disappears and even
turns positive, as shown in Fig. 6(b).

Sudarshan ef al. [23] first reported that, while coating alu-
mina ceramics with CusO or CryO3 layer with low SEE co-
efficient, their flashover voltages are significantly improved,
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which indicates that SEE characteristics greatly affect the
surface-charging phenomena and, thus, the flashover voltage of
insulator. The authors conducted the flashover experiments of
alumina and PTFE in vacuum and found that, under the same
experimental conditions (with vacuum level of 4 x 1074 Pa,
gap spacing of 5 mm, and dc voltage application), the flashover
voltage of PTFE (~55 kV) is much higher than that of alu-
mina ceramic (~45 kV) [24], which agrees with their surface-
charging differences shown in Fig. 6. Remarkably, we noticed
that, after a flashover event, the surface charge density of PTFE
is much higher than that of alumina. The possible reason is that
the surface resistivity of PTFE is relatively higher than that of
alumina, so the surface charges on PTFE leak more slowly than
that on alumina after flashover shot and, thus, displays higher
residual charges.

Due to the similar SEE curve of different materials while
E; < Fy in Fig. 1, the peak position of negative charges is
similar for different materials in Fig. 6. However, the peak
position of positive-charge region for different materials is quite
various because of the difference on their SEE curve while
E; > Ej, and the peak location and density is closely related
to their different F,,, and §,,, as shown in Fig. 1. Under a higher
applied voltage, the emitted electrons can gain higher energy
from the applied electric field; their energy is easily greater than
E), after accelerating across the field, and so, the area near to
the anode corresponds to a lower SEE rate 4, thus as near to the
anode, the positive charge density decreases. For PI, the local
charges near to the anode even turn negative under 50 kV.

C. Influence of Coning Angle on Surface-Charge Distribution

Fig. 7 shows the charge density on the conical PMMA and
alumina insulator while changing its coning angle under 20 kV,
respectively. Due to their different SEE yield, some differences
are observed.

When the coning angle is negative, the surface positive
charge density is significantly higher than when it is positive.
This is because, when 0 < 0°, the electrons emitted from CTJ
easily impact on the insulator surface along the direction of
applied electric field, thus easily leading to the SEE phenom-
ena. Based on the simulation results, when 6 > (0°, the positive
charge density is usually lower than that when 6 < 0°, and at
the same time, the negative charge density is relatively higher.
It is very interesting that the largest positive charge density
corresponds to the angle of —20° ~ —30°; the smallest positive
charge density corresponds to the angle of > 30°. Moreover, for
the negative angle of < —30°, the positive charge density turns
smaller. For a negative angle of < —30°, the free path of emitted
electrons is relatively shorter, so it is difficult for them to gain
enough energy from the electric field and to achieve the SEE
phenomena. When the positive angle is above 45°, there are
nearly no positive charges observed, and only negative charges
exist near the cathode. The reason is that, when the positive
angle is greater than a critical value, the probability of emitted
electrons hitting the insulator surface is much decreased, and
they will easily fly away to the anode directly. Therefore, in
pulsed-power and particle accelerators, the insulator stacks with
45° are typically employed [25].
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Fig. 7. Surface-charge distribution on conical insulators with different coning
angles under 20 kV. (a) PMMA. (b) Al203.

Milton [26], Pillai and Hackam [27], and Yamamoto et al.
[28] had reported the experimental flashover voltage of dif-
ferent materials with different coning angles. Although there
is some discrepancies in their reported data, generally, the
minimal flashover voltage appears at —20° ~ —30°, and the
maximal voltage corresponds to the angle of > 30°, which
highly agree with our simulation results as shown in Fig. 7.
Note also that a transverse magnetic field affects the flashover
characteristics by adjusting the movement angle of emitted
electrons, and suitable magnetic field configuration can pro-
mote the surface withstanding strength [29].

V. CONCLUSION

A computer code using the Monte Carlo method is pro-
grammed to simulate the charge distribution on insulator sur-
face between two flat electrodes prior to flashover in vacuum.
The simulation results reveal that, under applied voltage across
the insulator, a small surface region near the cathode is charged
negatively, while a larger surface region away from the cathode
charges positive. With increasing voltage, both the density and
area of negative charges decrease, and may even vanish, but
both the density and area of positive charges increase, and
the peaks of both regions move toward the cathode. When
the conical insulator’s angle is —20° and —30°, there is the
largest positive charge density observed on its surface, and
for angles above 30°, the positive charges gradually disappear.
These results are consistent with flashover data reported both
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by us and by others. We are setting up the surface-charge
measurement system, and the measurement results will be used
to compare with these simulation results.
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