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Sensing techniques with a Pockels crystal have been applied to directly measure the potential and electric
field distribution of surface discharge creeping on a dielectric material. The transient change of potential
distribution with a surface discharge, which propagates on a 780 pm thickness BGO crystal in SFg at 160 ~
760 Torr pressure, is measured with high time and spatio resolution by using Pockels sensor, a CCD camera

and a streak camera.

Little significant difference is recognized between the potential distribution along a negative discharge and
that along a positive one. The distribution of E, along a streamer has a triangular profile and F, has its
maximum near the head of it. The value of E, around the streamer head keeps around the critical value
for the gas ionization. During subsequent stepwise propagation of the streamer, a leader, whose electrical
conductivity is relatively high, is being inside previous discharges.
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1. Introduction

Surface discharge on a dielectric material has a great
influence on the insulating performance of electrical ap-
paratus and electronic devices. Information on the po-
tential and the field profile along the surface discharge
is required for quantitatively discussing and clarifying
the propagation process.

Sensing techniques with a Pockels crystal have been
applied to the space charge measurement of electrical
discharge ™ @,

We proposed a new system based on sensing tech-
niques with a Pockels crystal for measuring the tran-
sient potential distribution of surface discharge without
any disturbance to the electric field distribution, and
have been measuring mainly the potential distribution
of a surface discharge in atmospheric air ®”®. In this
paper, the transient change of the potential distribution
with a surface discharge in SFg is measured with high
space and time resolution.

2. Measurement System

Fig. 1 shows a schematic diagram of the measurement
system used in this study. The system consists of an Ar
ion laser, a cylindrical beam expander, a polarised beam
splitter (PBS), BisGe30O12 Pockels crystal (BGO, 16 in
relative permittivity &,) with a diameter of 50mm, a
streak camera and a CCD camera. As shown in Fig. 2,
surface discharge occurs and propagates directly on the
surface of the BGO.

Since the principle and the structure of this system
have been already reported in the previous papers (V7 ®)
the details are omitted in this paper.

As the BGO crystal has the Pockels effect, the light
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intensity recorded with a streak and a CCD cameras,
I, is given by
Tout = %(1 —coskVpao) (1)

where I;;, is an input light intensity, k is a constant and
VBao is the potential difference applied to the BGO.

To calibrate an exact potential value on the BGO, a
plate electrode is attached on the insulating plate and
the light intensities are measured for all points on the
measuring surface of the plate while changing the volt-
age applied to the plate electrode. From these data, an
experimental equation showing the relationship between
the output light intensity and the potential on the BGO
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Fig.1. Experimental setup.
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Fig.2. BGO sensor device.

is derived for all 512 points along the measured linear
path of 50 mm.

With this system, the potential profile on the surface
of the BGO along a linear path of 50mm in maximum
length can be measured quantitatively and continuously
without causing any field disturbance. Considering the
specification of the streak camera system, the minimum
resolution of this system reaches 2-3 ns in the domain
and 0.05mm in space domain .

Equation (1) shows that I,,: changes as a cosine func-
tion of a potential difference applied to the BGO. This
fact also suggests that there is a limited range in the
measured potential difference for holding a single-value
relationship between the detected light intensity and
the potential difference. This limit is defined as a half
wavelength voltage V.. The value V. for this system is
14.5kV. The minimum detectable potential depends on
the stability of the laser output. Experimentally it is
confirmed to reach 0.1kV (.

3. Experimental Results

3.1 Lichtenberg Figure Pattern of Surface
Discharge Fig. 3 shows the Lichtenberg figure pat-
tern of a negative surface discharge in SFg at 380 Torr
pressure. A 4mm¢ sphere electrode is set on a 2 mm
thickness PMMA plate and an impulse voltage of -44
kV in peak value is applied.

When a negative impulse voltage is applied to a
sphere electrode set on an insulating material, nega-
tive surface discharge propagates radially at first from
the electrode. This negative surface discharge is con-
sidered to consist of innumerable thin negative surface
streamers . If the applied voltage is increased, a sur-
face leader is formed in the streamers and a stepwise
subsequent discharge propagates in front of the previ-
ous discharge. When a thread or a scratch is set/cut on
the insulating material, these stepwise subsequent dis-
charges propagate along it. Fig. 3 corresponds to the
Lichtenberg figure of such a stepwise discharge.

Fig. 4 shows the Lichtenberg figure pattern of a pos-
itive surface discharge under the similar experimental
condition that of Fig. 3. An impulse voltage of 36
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Fig.3. Lichtenberg figure of a negative surface dis-
charge in SFs at 380 Torr pressure.

Fig.4. Lichtenberg figure of a positive surface dis-
charge in SFs at 380 Torr pressure.

kV in peak value is applied to the 4mm¢ sphere elec-
trode. The positive surface discharge consists of many
filament-like streamers. When the applied voltage is
increased, a surface leader is also formed and stepwise
subsequent discharges propagate in front of the previous
discharge as well as the negative polarity.

In air or nitrogen, the positive surface discharge rarely
propagates stepwise 'V, and it is hard to control the
propagation direction of positive surface discharge. In
SFg, stepwise subsequent discharge often propagates
along a thread or a scratch set/cut on the insulating
material.

The shape of the positive surface discharge is influ-
enced considerably by the experimental condition. As
the gas pressure is reduced, each filament-like positive
streamer becomes thick and develops longer. As the
intrinsic capacitance of the insulating plate is larger,
the larger number of filament-like streamer occurs with
a tight clearance and it becomes easier to control the
propagation direction of surface discharge *V).

3.2 Potential Distribution along a Negative
Streamer A negative impulse voltage shown in Fig.
5 is applied to a 4 mm¢ sphere electrode that is set on
a BGO crystal, and a negative surface discharge shown
in Fig. 6 occurs from this electrode and develops on
the BGO in SFg at 160 Torr pressure. This negative
surface discharge consists of innumerable thin negative
surface streamers which develop radially from the elec-
trode. The potential distribution along a negative sur-
face streamer, which develops along the observed linear
area, is measured. Fig. 7 shows the transient change in
the potential V(z,t) on the BGO surface with the prop-



— Table 1. Maximum intensity of electric field along

o 0 < negative surface streamer.
current 1€ - :
128 kind of gas SFg | SFg | SFg | air
123 pressure [Torr] 160 | 460 | 760 | 760
o0 e SRk T T development a8 | 311 16 | 46
3 gl o \ length* [mm)] ' ' : '
S ; - : max of Ex [kV/cm]
‘—‘cf, 1o : He s u : (measured) 20 | 33 ) 58 | 25
15 1 ——— max (.)f |E| [kV /cm]
time [ns] (estlma‘(cied frgin) 21 | 37 | 82 | 26
. measured profile
Fig.5. Voltage and current profiles. By [V /o] 187 421 [88.9 [ 247
*It is defined the position where Ex takes its maximum when
a streamer stops, for convenience.
agation of the surface streamer. The transient change in
the potential distribution is shown in the bottom part
of Fig. 8. These potential profiles are derived from Fig.
7 by extracting measured data on a line parallel to the
t-axis.

The propagation direction components of the electric
field E, can be calculated from the slope of measured
potential distribution profiles. The potential profile is

Fig.6. Still photograph of negative surface dis- approximated with a polynomial function and E, pro-
charge in SF¢ at 160 Torr pressure. file is derived as its differential function.

To examine this fitting method, the potential and
electric field distribution near a rod electrode (2, 5 or
8 mm in diameter) were obtained and compared with
the theoretical profile computed numerically using the
charge simulation method. It was confirmed that the ex-
perimental result agreed with the theoretical one with
25 % uncertainty in the maximum 2.

The transient change in the distribution of E, is
shown in the top part of Fig. 8. At each time, the
t=t4 (204ns) distribution of E, has its maximum near the head
of streamer. During the propagation of the surface
streamer, the maximum value of F, varies around 19
kV/cm, which is the critical value of the electric field
ionization in SFg at 160 Torr pressure. The profiles of
|E| along the surface streamer can be calculated with

t=t1 (102ns)

B8 t=t2 (123ns)

t=t3 (164ns)

position x [mm]

Fig.7. Potential distribution of negative surface
streamer in SFg at 160 Torr pressure.

! ' ' ' ' ' ' —40'5 charge simulation method from this measured potential
1202 profile ®. In the neighbor of head of the streamer, the

|20 o intensity of |E| is estimated to excess 21kV /cm.
-1o§ The potential distributions along a negative surface
2 streamer in SFg at 460, 760 Torr pressure are also mea-

© 2 sured with the same method.

Ho102ns 3 The maximum values of E, and |E| at each pressure
-8 \ 12123 ¢ are shown in Table 1, in comparison with the critical
2 6 g ';,ww,\,\\ N 14=204ns electric field strength FE.. for the gaseous ionization.
o o ‘\N A These data are measured under applying impulse volt-
._g“"' ;*'Q.r" N\ W age of 7 ~ 10kV in peak value to the electrode. It is
> oL J'/ 1w \-{éx\“ possible to say |E| near the head of streamer in SFg
oy U keeps its value around electric-field ionization intensity.
28 — (') — 8 The value of E, in the stem of a streamer in SFg de-
position x [mm] creases gradually with the propagation of the streamer.
At  =3mm it decreases from 15.0 kV/em (¢t =t2) to
Fig.8. Transient change in potential and electric 12.6 kV/cm (t =t4). While a streamer propagates, the

field distribution along negative surface streamer in conductivity in the stem of it is being increased.

SFe at 160 Torr pressure. For the physical explanation of the surface discharge
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in non-uniform electric fields, the two-region model is o1 ‘TI Y ' ' . 0

generally used ®. One of the two regions corresponds current ~ 1"
to the head of the streamer where the electric field is 0o 1
high enough to cause ionization phenomena, and the
other corresponds to the stem of the streamer where
the electric field is low. The stem of a streamer plays
a role as the transfer passage of the electrical charges L voltage
caused in the ionization phenomena at the head of the > 10l
streamer. 1 1 1 I L L

3.3 Potential Distribution along a Negative 400 200 tir(')ne [ns] 200
Stepwise Discharge The potential distribution
along a negative stepwise surface discharges in SF¢ at
760 Torr pressure is measured. To control the propa-
gation direction of the surface discharge, a thread (silk
thread or hair, 50 pm in diameter) is put on the BGO
crystal.

Figs. 9, 10 and 11 show applied voltage waveform,
the transient change in the potential V'(x,¢) on the BGO
and potential and F, distributions along it, respectively.
A 6 mm¢ circular cone electrode is used. The divergence
angle of its tip is 30 degree. The conical electrode is
set just on the position of £ =0 mm, and the impulse
voltage is stressed at ¢t =-350ns. The streak camera ob-
serving the potential distribution starts at ¢ =0ns and
ends at 348 ns.

The ﬁrst Surface discharge (Stage “]:77 )OCCUI'S around Flg 10. Potential distribution of negative stepwise
t =-200ns and the surface discharge propagates forming surface discharge in SFe at 760 Torr pressure.
two more steps in the direction of the right (stages “II”
and “III”) as shown in Fig. 12. Simultaneously with
these step propagations, current pulses appear in Fig.
9 and the high potential region expands in Fig. 10.

Since there is little change between the potential dis-
tribution profiles at ¢t =t5 & t6, and ¢t =t9 & t10, it
is natural to say the discharge at the stage “III” starts

around ¢ =140ns and stops around ¢ =180 ns. 11=60ns t5=136ns
12=70ns t6=146ns
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Fig.9. Voltage and current profiles.
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Considering F, profiles at t6 shifted the streamer de- <10 13-80ns t7-156ns
velopment length ( equals to 0.7 mm) along the x-axis, =, T 19=176ns
it coincides well with that of t10 around the head of fgf) Ho=186ns
the discharge. As well as stepwise negative surface dis- § -

charge in the atmospheric air (7, it can be said that the

FE,. distribution around the head of the surface discharge o- , ) X
keeps a particular profile when the surface discharge 0 1 2 3
stops. position x [mm]

During the propagation of the discharge at stage
“III”, a leader is being formed inside previous dis-
charges. For example, the value of E, at x =1.3 mm discharge in SFg at 760 Torr pressure.
decreases from 40.2 kV/cm (at ¢ =t6) down to less than high potential
17 kV/cm (at t =t7). At the time ¢t =t7, the value of electrode
E, in the region of =0 ~ 1.5mm is below 10 kV/cm.

3.4 Potential Distribution along a Positive
Streamer The potential distribution along a pos-
itive surface streamer in SFg at 160 Torr pressure is
measured with the same method as mentioned in the 5 :
section 3.2. The experimental conditions are set similar .
to those of the section 3.2 except for the polarity. _ 4 3

Figs. 13,'14 and 15 show the iapphed voltage wave- stage stage stage
form, the still photograph of a positive surface discharge “ “p” “pp
and potential and F, distributions along it, respectively.

Compared with the negative surface streamer de- Fig.12. Schematic illustration of negative step-
scribed in section 3.1, there are small differences in the wise discharge.

Fig.11. Transient change in potential and electric
field distribution along negative stepwise surface

leader

[ 4
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shape and the intensity of F, distribution.

As the gas pressure is reduced to 160 Torr, each fila-
mentous streamer becomes thick. Furthermore, as the
intrinsic capacitance of an insulating plate is relatively
large compared with that of 2mm thickness PMMA
plate, larger number of streamer occur densely. From
the still photograph, it is difficult to recognize each
filament-like streamer.

At any time, the distribution of F, has a triangular
profile and F, has its maximum near the head of the
positive streamer. The value of E, around the positive
streamer head keeps around the critical value for the
gas ionization (18.7 kV/cm).

current [A]

s
=,
(0]
o)
8
©
> — streak .
1 " 1 N N
0 200 400

time [ns]

Fig.13. Voltage and current profiles.

sphere
electroge

Fig. 14. Still photograph of positive surface dis-
charge in SFg at 160 Torr pressure.
T T T T T T T 40 [
§
-130 S
=
20 x
w
g ©
10 T
4o e
1]
t1=85ns o
8l 12=102ns o
t3=119ns
= t4=136ns
= 6 15=153ns
o
g4
E
2
of 1
-8 —4 0 4 8
position x [mm]
Fig.15. Transient change in potential and electric

field distribution along positive surface streamer in
SF¢ at 160 Torr pressure.
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This is in contrast to a positive streamer developing
in atmospheric air ® ©_ In case of the positive streamer
in air, the potential decreases linearly with increasing
the length x except in the neighbor of the electrode and
FE, in the streamer is kept a low electric field less than
the critical value for the gas ionization.

This difference is due to the shape of discharge. The
filament of positive streamers in the atmospheric air has
a very sharp tip shape, and propagates keeping a dis-
tance each other while that in SFg at 160 Torr pressure
propagates densely. In the case of the atmospheric air,
the electric field component perpendicular to the prop-
agating direction is high and totally the electric field
strength |F| can excess the critical value for the gas
ionization.

3.5 Potential Distribution along a Positive
Stepwise Discharge The potential distribution
along a stepwise positive surface discharges in SFg at
360 Torr pressure is measured. Figs. 16, 17, 18 and
19 show the applied voltage waveform, the still photo-
graph of a positive stepwise surface discharge, the tran-
sient change in the potential V(z,t) on the BGO and
potential and FE, distributions along it, respectively.

The first surface discharge (stage “I”) occurs around
t =-250ns and the surface discharge propagates having
two more steps in the direction of the left as shown in
Fig. 18. The second discharge (stage “II” ) starts to
propagate at t =t1 and stops at ¢ = t4. The third dis-
charge (stage “III”) starts at ¢ =t5 and stops at t =
t10. E, reaches its maximum at x = -3.7mm (¢ =t1),
z = 5.4mm(¢t =t5) and  =-8.0mm (¢ =t10), respec-
tively. From Fig. 17, it is difficult to distinguish the
second discharge from the third discharge. The E, dis-
tribution around the streamer head of third discharge
(t =t10) is similar in profile to that of the first discharge

current [A]

current

|
|
|
10
|
|

)
4 o
° voltage |
2 5 IL_ streak —»
3 l |
S .
0| 1 1 1 1 1 1 I
—200 0 200 400
time [ns]
Fig.16. Voltage and current profiles.
Fig. 17. Still photograph of stepwise positive sur-

face discharge in SF¢ at 360 Torr pressure.
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Fig. 18.
surface discharge in SFg at 360 Torr pressure.

position x [mm]

Potential distribution of stepwise positive

electric field Ex [kV/cm]

o) t1=136ns t5=299ns
% t2=156ns  16=309ns
= t3=177ns t7=319ns
e 14=197ns  18=329ns
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110=345ns
1 | 1
0 4
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Fig.19. Transient change in potential and elec-
tric field distribution along stepwise positive surface
discharge in SFg at 360 Torr pressure.

(t=t2). As well as the negative polarity, the E, distri-
bution around the head of the surface discharge keeps a
particular profile in principle when the surface discharge
stops.

With the propagation of these subsequent discharges,
the leader is formed inside previous discharges just like
the negative stepwise discharge described in the section
3.2. At the time t =t8, the value of F, in the region of
z =0 ~ 5.4 mm is below 7 kV /cm.

4. Conclusion

An optical method for measuring the transient poten-
tial distribution of surface discharge using Pockels effect
was developed. The potential distributions along a sur-
face discharge in SF¢ at 160 ~ 760 Torr are measured
with high time and spatio resolution.

The experimental results obtained from the measure-
ment are summarized as follows:

(1) The distribution of E, along a negative streamer
has a triangular profiles and E, has its maximum near
the streamer head. The value of E, around the streamer
head keeps around the critical value requiring for the gas
ionization.

(2) In contrast to the potential distribution along
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a streamer in air, little significant difference is recog-
nized between the potential distribution along a posi-
tive streamer in SFg and that of a negative one. The
potential distribution profile along a streamer is sensi-
tive to the shape and arrangement of the filament-like
streamers.

(3) During the propagation of the subsequent step-
wise discharge, the leader is being formed inside pre-
vious discharges. The electric field intensity E, inside
the negative leader at 760 Torr pressure is less than
10 kV/cm. That inside the positive leader at 360 Torr
pressure is less than 7 kV/cm.

(Manuscript received December 25, 2000,
March 15, 2001)
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