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ABSTRACT

As part of a study on HV design concepts for microwave tubes,
a number of different insulator designs have been studied. Anal-
ysis of the measured dc current, partial discharge activity and
breakdown voltage shows that surface charging of insulators is a
key mechanism in the breakdown process and in the condition-
ing process. Insulator parameters are not only the breakdown
voltage, but also the conditioning speed, and the sensitivity to
gas exposure or charge leakage. In all these respects insula-
tors with a field enhancement at the anode are superior. Field
enhancements at the cathode are less harmful if stepped in-
sulator shapes are chosen. Effective conditioning requires at
least a limited number of breakdowns. With sufficient condi-
tioning breakdowns, all insulator geometries tested reached a
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breakdown field exceeding 12 kV/mm.

1. INTRODUCTION

MODERN satellites are equipped with high-frequency
amplifiers for communication purposes or for the op-
eration of radar systems. The most common type of am-
plifier used is the traveling-wave tube (TWT) amplifier.
A TWT consists of an electron gun which produces an
electron beam, an interaction area where energy is trans-
ferred from the electron beam to the high-frequency sig-
nal, and an electron collector which retards and collects
the electrons. TWT’s operate at voltages of typically 5
kV for continuous wave tubes (communication) up to 25
kV for pulsed tubes (radar). The corresponding average
field strength values vary between 10 and 100 kV /cm.

The present generation of spacecraft TWT suffers from
occasional tube failure as a result of spurious discharges
and HV breakdown. Future designs tend towards smaller
dimensions (required because of the higher frequencies
used) and higher voltages (for more power). The work

presented is part of a study on HV design concepts and
guidelines for future microwave tubes, and is supported
by the European Space Agency [1].

In this paper the results related to surface charging
of insulators will be presented. Some theoretical consid-
erations are discussed, concerning the impact of surface
charge on the (cathode) field, and the external current
due to charging processes. The experiments reported in-
clude measurement of the dc emission-current evolution
in time, partial discharge activity, and the breakdown
voltage and its evolution in time. Earlier we have report-
ed on the time-resolved measurement of current and op-
tical emission during breakdown (bandwidth 600 MHz),
and on the experimental comparison of different condi-
tioning procedures [1-3].

Many researchers have reported on the impact of in-
sulator design on the breakdown voltage [4-7], and on
surface charging of insulators {8-11]. In the present work
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Authorized licensed use limited to: IEEE Xplore. Downloaded on January 5, 2009 at 06:10 from IEEE Xplore. Restrictions apply.



682

Figure 1.

Insulator geometries used in the present study
(asymmetric shapes denoted * are tested both
ways). Insulator material Al,O3, thickness 5 mm,
radius 20 mm. The dash-dot line is the axis of
symmetry.

we have studied the charging process for different insula-
tor designs. In particular we will discuss the impact of
charging processes on the breakdown voltage and the con-
ditioning process, and the implications of charging pro-
cesses for the insulator design.

2. EXPERIMENTAL
ARRANGEMENTS

THE experimental setup and the diagnostics have been
presented in detail elsewhere [1-3], and will be out-
lined only briefly here. The experiments are performed in
a stainless steel vacuum vessel, at a pressure of 10~? to
1075 Pa. Disk-shaped insulator test samples are placed
between a pair of OFHC copper electrodes, in a region
of homogeneous field. The electrode edge radii are cho-
sen sufficiently large to limit the field. The HV electrode
(cathode) is connected to a 60 kV HV supply through a
vacuum feedthrough and a damping resistor. The low-
voltage electrode {anode) is connected to ground through
a measuring impedance (which depends on the type of
measurements performed). The electrodes are regularly
remachined. The vessel is equipped with (quartz) view-
ing ports for optical emission measurements. Partial dis-
charge (PD) measurements require a high-frequency cir-
cuit for the PD current pulse to flow. For this purpose
a 500 pF coupling capacitor is used during PD measure-
ments only.

The test samples are shown in Figure 1. The shapes
chosen are representative for insulator geometries found
in actual tube designs. All samples are machined out
of circular disks of 40 mm diameter and 5 mm thick-
ness, made of Wesgo AL300 alumina, metalized at top
and bottom side with MoMn and Ni, and gold plated.
The outer surfaces are carefully machined under clean
room (dust free) conditions, to a surface roughness be-
low 0.2 pm. The disks are cleaned in flowing ethanol of
70°C, dried and stored in dry nitrogen. With an optical
microscope and a scanning electron microscope (SEM)
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samples are inspected in different stages of production
(virgin/metalized/machined disks), as well as before and
after experiments.

The diagnostics include dc emission-current measure-
ments (sensitivity 0.05 pA), dc PD measurements (sen-
sitivity 0.2 pC), and series of breakdown voltage mea-
surements, with limited energy. A noncontacting tech-
nique is used to remove surface charge and thereby study
its effect on the breakdown behavior. This charge re-
moval is performed by admitting nitrogen to a pressure
beyond the Paschen minimum, with no voltage applied.
The HV source and most diagnostics are controlled and
monitored by a personal computer. The sensitivities men-
tioned are made possible by our well-screened HV labora-
tory. State of the art EMC measures are taken to ensure
reliable and interference-free measurements in the pres-
ence of flashovers, PD, switched mode power supplies and
other sources of interference.

Before the experiments the samples are conditioned.
Earlier, we have compared different conditioning tech-
niques [1-3]. It was found that conditioning becomes
more effective if a few breakdowns are permitted. The ex-
periments further showed that the conditioning effect may
be lost when the component is exposed to low-pressure
nitrogen. When nitrogen was admitted to samples af-
ter voltage application, but with the electrodes ground-
ed, discharges were observed as a result of the charges
accumulated at the insulator surface. Different condi-
tioning procedures have been tested in which we have
combined dc current conditioning (at stepwise increasing
voltages) and breakdown conditioning. From this com-
parison we have adopted the following step-conditioning
procedure: the voltage is ramped to breakdown; the volt-
age is then set at 90% of this first breakdown voltage for
5 min, and is increased by 5% every 5 min until a next
breakdown occurs; the voltage is then set at 90% of this
second breakdown value, and so on, until a preselected
number of breakdowns has occurred (in this case 6). For
this procedure, as compared to others, the breakdown
voltage shows a fast rise and a small spread.

3. STUDY OF SURFACE
CHARGING PROCESSES

3.1 THEORETICAL
CONSIDERATIONS

Whereas many secondary processes have been suggest-
ed in the literature, primary electron emission caused by
electric fields is clearly considered to be the starting point
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Figure 2.

Equipotential line plots for all geometries of Figure 1, generated with a BEM program. The left side
of each plot represents the dielectric, the right side is the vacuum side.

of every breakdown or flashover event [12,13]. When im-
proving the HV performance of insulators, the first aim
should therefore be to reduce or eliminate primary emis-
sion from the cathode, usually from the cathode triple
junction {14], by reducing the local electric field strength.
Field calculations are a helpful tool in the study of design
implications. For this work we have used the program
ELEKTRO (Integrated Engineering Software Inc, Win-
nipeg), which is based on the boundary element method
(BEM) (see for example [15]). Figure 2 shows plots of
equipotential lines, for all insulator geometries shown in
Figure 1, with no surface charge present. The macro-
scopic field plots do not show the microscopic field en-
hancements which are responsible for electron emission.

However, since the local field values are the product of the
macroscopic field and a field enhancement factor caused
by microscopic protrusions, these enhancements are less
harmful in regions with low macroscopic field.

Many researchers have reported on surface charge as a
parameter in surface flashover. Surface charge may en-
hance the cathode field and thereby stimulate breakdown,
or it may reduce the cathode field and thereby improve
the voltage withstand capability. As an example of a
cathode field reduction Figure 3 shows a BEM-plot of
equipotential lines for a negatively charged insulator.

The surface charge density may be derived from the
measured field in front of the surface, using the correct
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Figure 3.

Equipotential line plot for a negatively charged
flat cylindrical insulator (top is cathode). Hori-
zontal and vertical surfaces have a linear charge
distribution varying from zero at the edges to a
maximum charge density of 100 xC/m?.
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Figure 4.

Simplified model used in the present analysis.

expression for k = o/FE. For a conducting surface we find
K = €,, for a dielectric foil k = 2¢,, and for a dielectric
half space k = €,(e- + 1). An expression often quoted in
the literature is E = 0/2¢,. By the use of this incorrect
relationship, surface charge fields may be overestimated
by a factor of (e, + 1)/2.

In this work information on charging processes is de-
rived from externally measured quantities: dc current
evolution in time, PD activity and breakdown behavior.
The relation between charging processes and external cur-
rent (or charge) is discussed in terms of the simplified
model of Figure 4.

For a cylindrical sample of radius R we assume that
N.(t) electrons leave the cathode per second and per unit
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length of triple junction. Fach electron leaving the cath-
ode hits the insulator surface once, thereby releasing v
secondary electrons. We consider the insulator segment
between z and z+dz. The number electrons that hit this
segment per second and per unit length of circumference
i1s n.(z,t)de. The number of electrons which leave the
same segment per second and per unit length of circum-
ference and move towards the anode, is yn.(z,t)dz. The
quantities N,(t) [m~!s7!] and n.(t) are related as

h

/ ne(z, t)dz = N.(t)

0

(1)

For each electron which moves from 0 to z, a charge
eV (z)/V flows through the external circuit. An electron
moving from from z to d causes an external transport
of charge equal to e[V — V(z)]/V [16]. Here V is the
voltage difference between the electrodes, and V(z) is the
potential at position z. Defining A(z) = V(z)/V, and
integrating over the whole insulator surface, the external
current is obtained

h
/ iz, ) dz
° (2)

= /ZwReng(z,t)[)\(z) +9{1 = Mz)}] dz

o]

i)

where j(z,t) is a 1-dimensional current density (of dimen-
sion Cm~!s™!). We further introduce a 1-dimensional
charging current density ((z,t) as

is(z,t) = —(1 — ¥)27 Ren.(z,t) (3)

Over a time T the charging current causes an accumu-
lation of surface charge with density o(z) [Cm™?]

T
o(z) = 2—;—R—/j,(m,t)dt (4)

Eliminating v we can relate the current densities j(z,1)
and j,(z,t), and reformulate the expression for the exter-
nal current

i(z,t) = 27 Ren (z,t) + j,(z,t)[1 — A(z)] (5)

h
i(t) = 27rReN,(t)+/j,(z,t)[l —Mz)de  (6)
o]
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The amount of charge which flows through the external
circuit in a time T is given by

T h
Qapp = ZWRe‘/Nc(t) dt + 21rR/a'($)[1 = A(z)]dz (7)

As in the evaluation of PD measurements we use the
term ‘apparent charge’ here because the measured charge
gives only an indirect representation of the actual charges
that are moving in the gap or collected by the surface
(see also [16]). In both Equations (6) and (7) the first
term corresponds to electron emission at the cathode, and
the second term corresponds to surface charging. The
outcome is independent on 7. For a (crude) first order
approximation we assume that: the emission current is
constant; the charge density is uniform: o(z) = constant;
and that the field is uniform: A = z/h. We then find

Qsur f,app = %q.!urf (8)

in other words, half of the charge accumulated at the
insulator surface is reflected in the measured charge. In
general, the evaluation of surface charge from measured
current or charge is more complicated.

Charging processes take place on time scales varying
from ~ 4 us to ~ 3 min. The diagnostics used are op-
erational on different time scales and should therefore be
regarded as compiementary.

3.2 dc CURRENT ANALYSIS

The dc current measurements are carried out at three
equidistant voltage levels, following an ‘up and down’
method as shown in Figure 5. The highest voltage level
is chosen ~ 20% below the breakdown voltage (as deter-
mined during the conditioning procedure). The voltage
is maintained at each level for 15 min, or longer if nec-
essary. Upon each voltage increase the current increases
stepwise and then decays to an end value.

Figure 6 shows a typical example of the current mea-
sured upon a voltage step. During the first ~ 30 s the
current is dominated by a displacement current caused
by the voltage supply: after a change of the voltage it
takes some time to settle down to a stable voltage level
(note that a change of 1 V/s causes a displacement cur-
rent of ~ 25 pA). This spurious current has an RC be-
havior, and is incorporated in a response function F,.,p.
This function also involves the response of the measuring
setup, including filter, amplifier and electrometer, and is
determined prior to the experiments [1]. The measured
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Voltage (lower trace) and current (upper trace)
vs. time (a.u.) for the dc current measurement.
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Figure 6.

An example of measured dc current (pA) vs. time
(), and corresponding fit, at a voltage step from
4.1 to 10.4 kV. The early part of the current is
dominated by a displacement current. A jump
in the current corresponds to an increase in the
sensitivity with a factor of 10. Both effects are
corrected in the fit (see Equation (5)).

current Z.g,(t) is then fitted using the response function
and a function describing the ‘real’ prebreakdown cur-
rent, which corresponds to i(t) in Equation (6). The lat-
ter consists of a constant (the final field-emission current,
i.) and two (sometimes three) exponentials (see Equation
) |

‘Le.-np(t) = Frcap["(t)] (9)
= Fregplic + 1167 44,e7t72)

If the voltage is not close to the breakdown value, this
function gives an excellent fit (see Figure 6). The fitting
functions are then used to derive the end value of the
current, the time constants of the current decay, and the
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Figure 7.

Examples of nonexponential current decay upon a stepwise voltage change, at voltages close to break-

down. Currents in pA, time in s.

() unstable current at voltage near breakdown, (b) filtered

response to PD, (c) extinction of cathode emission site (¢ = 690 s), (d) initiation of cathode emission

site (¢ = 560 s).

amount of charge that has passed. For voltages close to
the breakdown voltage, the current is not well described
by the exponential decay [1,2]. In Figure 7 some exam-
ples are given corresponding to (a) an unstable current,
(b) a PD, (c) extinction and (d) initiation of an emission
site.

Two samples of each shape were tested. For the end
value of the current, the differences between identical
samples were in the order of the measured current. For
most samples the end current at 20 kV is ~ 0.2 pA, and
increases strongly when the voltage approaches break-
down. The end current at a specified voltage is not a
solid basis for comparison, the ‘near breakdown’ value
might be more meaningful.

The time constants for the exponentials are 16 and 150
s, and do not depend on the sample shape. If we define
one overall time constant, the value would be ~ 110 s for
all samples.

The total amount of charge corresponding to the step-
response transient is derived by integration of the mea-
sured current, after subtraction of the end current (com-
pare Equation 7)

o

Qiransient — /[l(t) - i;]dt

t=0

(10)

Since equidistant voltage steps appeared to give ap-
proximately the same amount of charge, a charge per
voltage step is defined. The first and second voltage rise
result in approximately the same amount of charge, as do
a voltage rise and a voltage drop. The results are shown
in Figure 8, and show a clear and reproducible difference
between shapes. For samples 4a and 8 the spread is large
as a result of the low initial breakdown voltage, and the
fact that, close to breakdown, the dc current is unstable.

The observations that equidistant voltage steps give
approximately the same amount of charge, and a volt-
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age rise and a voltage drop give approximately the same
amount of charge, indicate that the insulator surfaces are
charged and discharged upon stepwise voltage changes.
An explanation in terms of polarization relaxation (a bulk
mechanism) is contradicted by the clear and reproducible
difference between sample shapes. Application of the sim-
plified model (Section 3.1) yields surface charge densities
of ~ 0.15 uC/m?. Most literature values are in the order
of 0.5 to 1 uC/m?. The difference may be due to the fact
that the samples have been conditioned prior to the dc
current measurements, or due to incorrect evaluation of
measured fields (Section 3.1). On the other hand, we may
conclude that a substantial part of the surface charge is
accumulated on a time scale of ~ 2 min.

3.3 PARTIAL DISCHARGE ANALYSIS

PD has been measured during and following ramp changes

of the applied voltage, as shown in Figure 9. The ramp
speed was low in order to prevent that its displacement
current would be counted as a PD. An example of a PD
measurement during a voltage rise from 10 to 20 kV is
shown in Figure 10. The PHA plot (pulse height anal-
ysis) shows the number of counts vs. discharge ampli-
tude, and the MCS plot (multi-channel scaling) shows all
counts exceeding a preset threshold (0.3 pC in the present
work) vs. time. The PHA plot gives the usual pattern of
decreasing counts with increasing amplitude. The MCS
plot indicates that most discharges occur during the volt-
age rise (the first 10 s). This observation again indicates
that the insulator surfaces are charged and discharged
upon stepwise voltage changes. Summation of all mea-
sured charges gives the total charge passed upon a given
voltage step. This charge is (by chance probably) of the
same order of magnitude as that derived from the dc cur-
rent measurements (~ 25 pC/kV). The reproducibility
is poor, and no clear correlation with sample shape was
found.

3.4 BREAKDOWN VOLTAGE
ANALYSIS

The breakdown voltage evolution is measured by re-
peatedly ramping the voltage to breakdown. Upon each
breakdown the voltage is reset to zero and, after a delay
of 3 s, again ramped to breakdown. This is repeated until
the breakdown voltage exceeds the 60 kV maximum sup-
ply voltage. Then the surface charge is removed and the
procedure is repeated. Charge removal is performed in a
noncontacting way, by admitting nitrogen to a pressure
beyond the Paschen minimum, with no voltage applied.

Vol. 28 No. 4, August 1993
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Figure 8.

The charge per voltage step (pC/kV) derived
from dc current measurements. For each sample
the average value and the spread is given. The
values are averaged over both samples and over
all voltage steps in one dc measurement (see Fig-

ure 5).
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Figure 9.

Voltage (lower trace) and PD activity (upper
trace) vs. time (a.u.) for the PD experiments.

During nitrogen admission, optical emission and PD
activity indicate that the surface is indeed being dis-
charged. After charge removal the vessel is pumped down
again. The breakdown energy is limited to the energy ca-
pacitively stored in the test geometry (maximum 45 mJ
at 60 kV). An example of a breakdown voltage measure-
ment is given in Figure 11.

The breakdown voltage increases to ~ 4x its initial
value, and falls back upon exposure to nitrogen. This
proves that surface charge may dramatically affect the
breakdown voltage. In the series of breakdowns after ex-
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Figure 10.
PD measurement during a ramped voltage in-
crease from 10 to 20 kV at a rate of 1 kV/s. Du-
ration 1 min, sample 1. (a) PHA plot: counts vs.
charge, (b) MCS plot: counts exceeding threshold
vs. time.

posure, the insulator is conditioned much faster than in
the first one. This clearly shows that also an irreversible
conditioning process has taken place during the first se-
ries of breakdowns.

Important insulator parameters are the breakdown volt-
age (before and after conditioning), the conditioning speed,
and the dependence on surface charge. Figure 12 shows
the minimum breakdown voltage (before conditioning or
nitrogen exposure) for different insulator shapes.

All insulators tested reached a breakdown voltage of
60 kV. Figure 13 shows the first breakdown voltage after
nitrogen exposure. Figure 14 gives the number of break-
downs needed to reach a breakdown voltage level of 50
kV, before and after the surface charge is removed. A
summary of the results of the breakdown voltage experi-
ments is presented in Table 1.

Wetzer et al.:
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kV)

50 1

20 30 40 50 60 O 10 20
Figure 11.

Measured breakdown voltage (kV) vs. breakdown
number for insulator 4(a) (geometry 4 from Fig-
ure 1 with field enhancement at cathode side).
The left series (1-67) is recorded before, the right
series (1-19) after exposure to low pressure nitro-
gen.

(kV)

50
40 1 %
30 1
20 1

10 1

0 A Al A AV AL,

bl Bl ed g )51 3ful o

Figure 12.

Minimum (usually first) breakdown voltage ob-
served (kV), in ranking order. Two samples of
each geometry were tested. Each bar presents the
average value.

Geometries for which the field at anode, with no sur-
face charge present, is enhanced (4(b), 5(b), 6(b), 10(b))
show the highest breakdown voltage (compare also the
field plots in Figure 2). Note that at a given voltage the
integral [ E dl is constant and a field enhancement at the
anode causes a field reduction at the cathode. Further,
the conditioning speed is high and the breakdown volt-
age hardly changes by nitrogen exposure: these samples
hardly collect surface charge.
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Table 1.
Summary of the results of the breakdown experiments. Top side of sample geometries is cathode. The
averaged breakdown field is defined as the breakdown voltage over electrode distance. All values are
averaged over two samples.

Vol. 28 No. 4, August 1993
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Averaged Averaged Averaged Number of Breakdown
Sample breakdown breakdown breakdown breakdowns energy
field (kV/mm) | field (kV/mm) | field (kV/mm) to reach {mJ)
MINIMUM MAXIMUM CHARGE 10 kV/mm
REMOVED
C]
6b _—_- 10.2 >12 11.3 (1] 3345
100 9.0 >12 >12.0 1 25-45
56 8.1 >12 10.7 8 21-45
a 7 7.4 >12 >12.0 5 17-45
2 = 7.1 >12 9 36 16-45
Ba S 7.0 >12 11.8 24 15-45
6a 6.7 >12 11.3 45 14-45
7 = 6.2 >12 7.0 40 12-45
2 DR 5.3 >12 >12.0 78 9-45
9 D 5.1 >12 9.3 61 8-45
3 = 5.0 >12 9.0 188 8-45
10a ) 4.0 >12 5.4 25 5-45
8 O 3.8 >12 5.2 109 5-45
4a \ 2.7 >12 3.5 71 2-45
®

For geometries with a field enhancement at the cathode
the breakdown voltage and the conditioning speed is low-
er, and a difference is observed between stepped (2, 5(a),
6(a)) and non-stepped shapes (4(a), 7, 8, 9, 10(a)). The
stepped shapes have a higher breakdown voltage, and do
not rely heavily on surface charge in order to attain a
high breakdown voltage.

For non-stepped shapes a 45° angle (4(a), 8) causes a
lower breakdown voltage than geometries with a smaller
angle (7); as with stepped shapes, a small angle improves
the effectiveness of charge collection, thereby reducing the
cathode triple junction field.

4. DISCUSSION AND
CONCLUSIONS

r ]'1HE two key mechanisms for surface flashover of in-
sulators are primary electron emission and surface

charging. Primary electron emission from negative elec-
trodes (cathodes) can be reduced most effectively by con-
centration of the electric field at the positive electrode
(anode). Surface charging should either be avoided or
used to advantage: properly shaped insulators can trap
charges during conditioning such as to reduce the cathode
field.

The work presented clearly proves the presence of sur-
face charge and its effect on the breakdown voltage and on
the conditioning process. The dc current measurements
and the PD measurements indicate that the insulator sur-
faces are charged and discharged upon stepwise voltage
changes. Evidence for the presence of surface charging is
found in the breakdown voltage experiments: if, after a
series of breakdowns, a sample is exposed to nitrogen with
no voltage applied and with both electrodes grounded, a
discharge is observed both optically and electrically. The
only possible source producing the electric field for such
a discharge is the charge accumulated at the insulator.
The difference in breakdown behavior before and after

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 5, 2009 at 06:10 from IEEE Xplore. Restrictions apply.



690

(kV)

50 7
40
30 1
20 1

10 7

ol 1ed by Bara o1Vl ol

Figure 13.

First breakdown voltage after N» exposure (kV),
in ranking order. Two samples of each geometry
were tested. Each bar presents the average value.
The breakdown voltage before N; exposure equals
the maximum supply voltage of 60 kV.
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Number of breakdowns needed to establish a
breakdown voltage of 50 kV, before (left bar) and
after (right bar) N, exposure. The samples are
ranked according to the number of breakdowns
required before exposure. Two samples of each
geometry were tested. FEach bar presents the
average value.
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nitrogen exposure can then be attributed to the effect of
surface charge.

Parameters describing the quality of insulators in vac-
uum are the breakdown voltage values (before and af-
ter conditioning), the conditioning speed, and the depen-
dence on surface charge. Given sufficient conditioning

Wetzer et al.: Insulator Charging, Breakdown and Conditioning

breakdowns, all insulating geometries tested attain a high
breakdown voltage. Insulators that rely on surface charge
in order to have a high breakdown voltage loose their con-
ditioning effect when they are exposed to whatever gas,
or when they are left without voltage applied for too long
a time (leakage). For the samples used in this study, the
breakdown voltage was not affected when the voltage was
switched off for a period of about 65 h.

The findings of this work have implications for the de-
sign of vacuum insulators, and the appropriate condition-
ing process. If, in the conditioning process, one applies a
sufficiently large number of breakdowns with limited en-
ergy, all geometries will reach a high breakdown voltage.
If no breakdown conditioning is applied, the minimum or
first breakdown voltage is decisive. For practice a limit-
ed number of breakdowns is preferable, and a geometry
with a high conditioning speed should be chosen. Also
in case of repetitive exposure to gases, or when the volt-
age is frequently switched off for long periods of time, a
design with a high conditioning speed should be chosen.
In terms of breakdown voltage, sensitivity to exposure or
charge leakage, and conditioning speed, insulator geome-
tries with field enhancements at the anode are superior.
If cathode field enhancements are unavoidable, stepped
shapes are recommended.

Breakdown conditioning, and in particular step-condit-
ioning, may improve drastically the voltage holdoff per-
formance, and reduce the effects of uncontrolled, often mi-
croscopic, parameters. Future work should reveal what is
the optimum breakdown energy for conditioning if break-
downs are permitted.

The results presented are obtained for alumina insula-
tors. For other insulator materials the same processes will
occur but the impact of charging on the breakdown and
conditioning process may be different, depending on the
secondary emission coefficient and the surface conductiv-
ity. The conclusions with respect to optimization of the
insulator shape however remain valid since the optimum
geometries are those which either do not collect surface
charge or can only collect negative surface charge because
of geometrical reasons.
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