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ABSTRACT

This paper desctibes the temporal characteristics of surface charging on a cylindrical insulator
made of polymethylmethacrylate (PMMA) resin or alumina ceramic, The insulator is subjected
to a de voltage step or to a trapezoidal voltage in vacuum, The charging is observed by using
an electrostatic probe located at the surface of the cathode close to the triple junction where
the insulator, cathode and vacuum meet. The probe signal shows a step increase associated
with the charging. The interval between the voltage rise and the charging, which is defined as
the delay time of charging in this paper, ranges from 105 5 to 10 s depending on the material
and the applied voltage. It also depends on the condition of the insulator-cathode interface, the
electrical prestress and the surface roughness of the insulator. Among these factors, the surface
toughness has the largest effect on the delay time. Two-dimensional Monte Carlo simulation
based on the secondary emission electron avalanche model has been performed to analyze the
charging progress. During the delay petiod, positive charge accumulates on the surface of the
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insulator near the cathode, which further accelerates the charging.

1 INTRODUCTION

HARGING along the surface of an insulating spacer in vacuum is

believed to trigger flashover, as reviewed in [1,2]. Understanding
of the temporal behavior of the charging, however, seems to be inad-
equate. For example, based on the secondary electron emission ava-
lanche (SEEA) mechanism proposed by Boersch ef al. [3], Anderson [4]
explained the voltage-time (V-¢) characteristic of a bridged vacuum
gap exposed to a short voltage pulse. A space charge effect due to the
ionization of desorbed gases in vacuum also was taken into account.
In the theory, however, he assumed that the charging took place im-
mediately after the application of the voltage, thus neglecting the time
necessary for surface charging,

Recently we developed a probe method that enables us to make
real-time observation of the surface charging in vacuum [5]. The probe
measures the change in electric field at the cathode close to the triple
junction where the insulator, cathode and vacuum meet, without dis-
turbing the electric field in the gap or the charge distribution on the
insulator, We have used this method for the investigation of the tem-
poral behavior of charging on a cylindrical insulator exposed to a de
voltage step or a trapezoidal voltage. We have found that charging
takes a substantial period of time after the voltage application.

2 EXPERIMENTAL

The details of the experimental setup and the procedure have been
described in a previous paper [5], so we only explain the charge mea-
suring technigue briefly. The probe is a ring-shaped part isolated from
the grounded plane cathode and is located coaxial with a cylindrical
specimen as shown in Figure 1. The probe was grounded through a
charge-measuring capacitor and the probe signal was converted into
electric field strength vy, which is the sum of the geometrical field
compenent 5, = V,, /d, where V, is the applied voltage, and d the
electrode separation, and the surface charge component E;, where
Er; = B, + E;. The bandwidth of this measuring system is from
dc to 10 MHz.

Test specimens were made of PMMa or alumina ceramic (92% Al,Os)
in the shape of a right cylinder with diameter 54 mm and height 10 mm.
The surface of each PMMA specimen was machined and had an average
roughness of r,=0.71 pm, and maximum roughness 7,q,,=10.3 pm.
The AlyOs specimens were unglazed and had an average roughness
of 7,=1.38 um, rpax=11.0 pm. We also examined for comparison
polished PMMA specimens with average roughness of r,=0.13 um,
Tmaz=1.69 pm, and polished Al;O specimens with average rough-
ness of =016 M, rpar-=334 um. The relative permittivity &,. of
PMMA changes from 3 to 4 depending on the frequency of the applied
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Figure 1. Arrangement of probe, insulator and electrodes.

voltage, while &, of ALOj is ~ 9, independent of the frequency.

These specimens were subjected to a dc voltage step or a trapezoidal
voltage. We generated the step voltage from a dc generator through a
mechanical switch, and the trapezoidal voltage by substituting a HV
semiconductor switch (Pulse Electric Co., HV5-36) for the mechanical
switch. The voltage width ranged from 100 zs to 3 ms. We used the
step voltage with a delay >3 ms before charging began.

3 PROBE SIGNAL

Figure 2 shows an example of the probe signal when a PMMA spec-
imen is subjected to a dc voltage step. The field shows two rapid
increases, first at the beginning of the voltage application (£2,) at
time ¢=0, and secondly due to the surface charging () occurring at
¢=340 ms. Also, it can be seen that each component increases slowly
after the rapid rise. We attribute the slow increase to the change in the
permittivity of PMMA with frequency, since this does not happen when
alumina specimens are tested. In this paper, we define the interval be-
tween the first and the second field rise as the ‘surface charging delay
time'.

The surface charge component keeps its value almost constant even
after the applied field diminishes [3]. The remanent field is due to the
positive charge remaining on the solid dielectric surface. We neutral-
ized the residual charge by a silent discharge caused by introducing a
small amount of air into the vacuum vessel after voltage removal [5].

4 ELECTRIC FIELD STRENGTH
NEAR THE TRIPLE JUNCTION

We have reported the influence of applied voltage on the surface
charging in previous papers [5, 6]. When a specimen was subjected to a
ramped dc voltage, the surface charge component F; increased almost
linearly with the applied voltage [5], and £, depended strongly on the
specimen surface roughness [6]. Figure 3 shows the electric field Er
as a function of the applied voltage V7, for two ALO; specimens with
smooth and rough surfaces, r,=0.16 and 1.38 pum respectively, when
the stepwise dc voltage is applied. In each case, the average of F,
increases almost linearly with V7, as is the case when the ramped dec
voltage is applied. It is surprising that the smoother surface acquires a
charge three to four times higher than the rough surface.
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Figure 2. Wave forms of applied voltage and probe signal (PMMa,
normal contact. r,=0.71 pm, +15 kV stepwise voltage), (a) voltage,
{b) probe signal.
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Figure 3. Electric field as a function of applied voltage for different
surface roughness (ALO3, normal contact).

5 DELAY TIME
CHARACTERISTICS

FUNDAMENTAL RESULTS

A specimen was repeatedly subjected to voltages at intervals of
~ 10 min, which roughly corresponded to the time necessary for re-
moving the surface charge by the silent discharge and for the subse-
quent evacuation of gas from the test vessel. We have found that the
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delay time depends on this interval time. When the time interval is
large, 24 h for example, the delay time exceeds ~ 30 s, much longer
than in the case when the interval is 10 min. Thus, it is important to
keep the interval as constant as possible during the test.
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Figure 4. Delay characteristics for insulators with a comparatively
rough surface (normal contact), (a) PMMA, 7.=0.71 pm, (b) ALO;,
7¢=1.38 pm.

Figures 4(a) and (b) show the average delay time £, together with
the observed scatter {maximum and minimum delay time obtained for
10 trials) as a function of V7, for PMMA and AL Oy specimens. The mea-
sured time shows a large scater. In the case of PMMA (Figure 4(a)), .,
decreases from 1.1 s at V,=10 kV to 0.32 s at V,=20 kV, and becomes
almost constant at ~ 0.30 s on the average.

The delay time characteristic of AlyO; specimens is similar, but de-
creases faster than that of the PMMA specimens as seen in Figure 4(b).
The delay time is influenced by various experimental conditions as de-
scribed in the following Sections.
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5.2 CONTACT CONDITION

The experiments described above were carried out with the elec-
trode system in which each end of the specimen simply contacted the
corresponding electrode surface (called ‘normal contact’ in this paper).
The experiment described in this Section was performed with an artifi-
cial small gap at the cathode. We inserted a film made of polyethylene
terephthalate (PET), having diameter of 53 mm and thickness of 0.1 mm
between the PMMA specimen and the cathode as illustrated in Figure 5.
Because the diameter of the PET film is 1 mm, smaller than that of the
PMMA specimen, a uniform small gap is formed at the periphery of the
cathode side of the specimen, thereby enhancing the electric field by a
factor of approximately =3 to 4 depending on the frequency.
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Fgure 5. Delay characteristic with an artificial gap (PMMa,

ra=0.71 pm).

The delay time in Figure 5 decreases almost linearly on a semi-
logarithmic scale, showing that charging progresses faster for higher
voltages when compared with the normal contact (Figure 4(a)). This is
especially so for V,,>20 kV. We believe that the field emission of elec-
trons increases due to the enhanced electric field, thus accelerating the
charging.

5.3 INFLUENCE OF INSULATOR

SURFACE ROUGHNESS

The experimental results mentioned above are concerned with in-
sulators having a comparatively rough surface (r,=0.71 pim for PMMA
and 7,=1.38 um for AL0s). The delay time with a polished PMMA
specimen is shown in Figure 6(a) and for a polished Al,O3 specimen in
Figure 6(b). These results demonstrate that the delay time of polished
specimens is much shorter than that of the unpolished ones. The av-
erage delay times in these Figures show complicated variations with
V... However, the minimum delay times decrease linearly with V;, on
a semi-logarithmic scale.
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Figure 6, Delay characteristics for insulators with comparatively

smooth sutfaces (normal contact), (a) PMMA (re=0.22 um), (b) AlLOs
(ra=0.16 pom).

5.4 INFLUENCE OF PRESTRESS

We applied the dc voltage step twice to an insulator without ap-
plying the silent discharge procedure after the first voltage application.
The interval between the two applications was ~ 3 min, thus preserv-
ing charge due to the first voltage. Figure 7 shows an example of the
probe signal when the first voltage is 15 kV and the second one is 25 kV
at t=0. £,=10 kV/cm, denotes the electric field caused by the residual
charge due to the first voltage. Since this is same as £ in Figure 2, we
have confirmed that the surface charge due to the first voltage is pre-
served. According to a calculation based on the SEEA mechanism [7],
the surface acquires positive charge approximately 20 ;C/ m?at15kV.

The charging due to the second voltage occurs at 60 ms, on the aver-
age, measured from the second voltage rise. This is almost one fifth of
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Figure 7. Probe signal for specimen with surface charge due to +15kV
prestress (PMMA, 7,=0.71 jzm, normal contact).

the delay time for the specimen without prestress (Figure 4(a)). Figure 7
also shows that the total electric field, including the effect of residuat
charge, is 35 kV/cm, which equals that without prestress. This fact
demonstrates that the second voltage, which is higher than the first
one, eventually determines the total surface charge.
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Figure 8. Delay time for PMMA specimens under various experimental
conditions.

The average delay time characteristics of PMMA samples for various
conditions are compared in Figure 8. Note that the delay time for the
prestress at 15 kV almost agrees with that of the experiment with the
artificial small gap, and that the delay time becomes even shorter when
the prestress voltage is increased to 20 kV.

6 FLASHOVER

Applying the voltage occasionally leads to flashover along the sur-
face of the sample when the voltage is higher than a certain value, Fig-
ure 9 shows probe signals when an alumina specimen is subjected to a
trapezoidal voltage. Figures 9{a) and (b) show the applied voltage and
probe signal when the charging occurs at £=2.6 ms without develop-
ing as far as flashover, while Figure 9(c) shows the probe signal when
flashover takes place.



816

f=a)
[=3
El

Applied voltage (kV)
s B

& 8

applied voltage

w
=

<

g | -

X : d \

9 ] .

o 20 residual charge
‘% Fg En compcnnerltg
=10 I l

8 l.

i .

5 8 3

Electric field (kVicm)
5

< Fluctuation of ground level >

<

=)

1 2 3 4
Time {ms)

Figure 9. (a) Applied voltage and (b) probe signals without flashover
and {c) with flashover {Al,Os, normal contact).

In the case of ramped dc voltage application, we can identify flash-
over by a sudden voltage drop and a bright flash after the surface charge
field compenent £ has increased [5]. It can be seen in Figure 9(c) that
the interval between the rise in E, and the flashover is too short to
measure with our probe. We infer that the flashover occurs immedi-
ately after the charging in the case of trapezoidal or stepwise dc voltage
application.

7 ANALYSIS ON PROGRESS OF
CHARGING

In our previous paper [8], we have studied numerically the delay
time of charging by applying a two-dimensional Monte Carlo simula-
tion method based on the SEEA mechanism. Figure 10 shows an ex-
ample of the calculated probe signal for a PMMA specimen, where the
space charge component [; increases abruptly at a time 7=340 ms.
The simulated signal basically agrees with the experimental one de-
picted in Figure 2. In the following, we explain the calculated wave-
form through charge distribution along the specimen,

Figure 11 shows the calculated charge distributions along the in-
sulator at three different time ranges. The simulation gives electric
field distributions (normalized to the average field strength E,,) on
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Figure 10. Calculated probe signal (PMMA),

the cathode near the triple junction for the three charge distributions as
represented in Figure 12,

Figure 11(a) is the distribution at a time just before the beginning of
the rise in # {t < Ty). The Figure shows that only a narrow band
of the insulator, very close to the cathade, acquires a small amount of
positive charge. It can be seen from Figure 12 (¢ < T4) that the electric
field on the cathode is too weak to be detected by the probe,

Att ~ Ty, the charge amount becomes so large as to enhance the
junctien field considerably as shown in Figures 11(b) and 12 (¢ ~ T4).
We have calculated that electron emission from the cathode junction
increases markedly and thus accelerates the charging. At this moment,
the electric field begins to increase abruptly. The charge distribution
and consequent electric field just after the time Ty are shown in Fig-
utes 11(c) and 12 (¢ > Ty), respectively, We believe that the positive
feedback phenomenon mentioned above makes the charging propagate
rapidly toward the anode. It has been reported that the charging pro-
gresses at a speed of 2 ns/mm [9].

The analysis indicates that the delay time corresponds to the time
necessary to accumulate positive charge large enough to start the pos-
itive feedback phenomenon. Although the field emission of electrons
from the cathode strongly depends on the electric field, the current due
to the geometric electric field is very low. Therefore, we consider that
it needs an extended time before the feedback becomes effective. The
simulatton gives a delay time >1 s as cbserved in the experiment, There-
fore, the SEEA mechanism accounts for the surface charging process for
both pulsed voltage excitation and dc excitation in vacuum.

When the positive feedback occurs, the electric field at the triple
junction immediately increases by =210.£ as seen in Figure 12, This
field increase may bring considerable field emission of electrons. Thus,
we believe that feedback is essential for the progress of surface charging
and eventual flashover.

8 CONCLUSION

HE present study has revealed that there is considerable delay be-

tween voltage application and charging in vacuum. The delay time
ranges from 1075 5 to 10 5. The delay shows considerable disper-
sion. However, it decteases altmost linearly with the voltage on a semi-
logarithmic scale. The delay is influenced by the various experimental
conditions such as the material used, the surface roughness, the state of
the contact at the insulator-cathode interface and the prestress. Among
all the experimental conditions, polishing the insulator surface has the
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largest effect on promoting the charging of an insulator in vacuum. The
analysis of the surface charge and the electric field distributions shows
that the delay time corresponds to the time necessary to accumulate
positive charge large enough to start a positive feedback effect that in-
creases the junction field and, therefore, the field emission of electrons.
The feedback phenomenon is essential for the progress of the charging,

The cause of the surface-polishing effect on charging and the origin
of the large dispersion of the delay time are not clear at this moment,
and need to be studied,
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