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ABSTRACT

We are investigating a novel insulator concept that involves the use of alternating layers of
conductors and insulators with periods on the order of <1 mm, These structures perform many
times better (~1.5 to >4x higher breakdown electric field strength) than conventional insu-
lators in long pulse, short pulse, and alternating polarity applications. A previously defined
scaling law of 0%, where el is the insulator length, appears to apply to these new structures
when the scaling parameter ol is replaced by the layer period oy, This observation implies that
each layer within the structure behaves independently in the breakdown process. We present
our ongoing studies investigating the degradation of the breakdown electric field strength re-
sulting from surface roughness, the effect of gas pressure, and the performance of the insulator
structure under bi-polar stress. Further, we present our initial work on scaling and modeling

studies.

1 INTRODUCTION

FVIERAL techniques have been implemented in the past to increase
Sthe threshold clectric field strength 1o, at which breakdown or
flashover of an insulator surface, bridging two metallic eloctrodes in
vacuum, occurs.  Among these techniques are the application of a
200 nm CuzO coating to the insulator surface [1], a Mn/Ti doping into
an alumina substrate [2], spark discharge treatment of an insulator sur-
face [3], tailoring of the electric field in the vicinity of the diclectric
metal interface [4], and study of the effects of surface roughness on the
insulator performance [5]. Many of these techniques have been shown
to increase the breakdown threshold £, by factors ranging from 1.2 to
~2.0. In this papet, we present a technique which shows that a more
substantial inctease In J4yg can be realized by fabricating the insulator
from multiple thin alternating layers of metal or metal coatings and the
dielectric.

This high gradient insuiator technology was originally conceived by
Gray in the carly 1980s [6] and follows from experimental observations
that the threshold electric field strength for surface flashover increases
with deceased insulator tength [7, 8]. The concept laid dormant until the
mid-to-late 1980's, when this technology was pursued and successfully
showed substantial increases in the breakdown threshold over conven-
tional, single substrate insulaters [9]. In mote recent work, we pursued
verification of the technology and showed an increase of 1.5 to 4.0x
that over conventional insulator technology [10]. In later studies, we
explored the properties of these structures in the context of switching

applications, investigating their behavior under high fluence photon
bembardment [11], and their microwave properties in bridged induc-
tion accelerator vacuum gaps [12].

2 EXPERIMENTS AND
DISCUSSION

Small sample testing was performed in a turbo-melecular pumped,
stainless steel chamber in the 10° 5 to 10 Pa range. AV was devel-
oped with a 10] ‘mini-Marx’, The Marx generator developed a pulsed
voltage of ~1 to 10 yus (base-to-base) and amplitude <250 kV across
the sample. Diagnostics consisted of an cloctric field sensor and a cur-
rent viewing resistor. Failure of the insulator was determined by a rapid
increase in Marx current and a sudden collapse in the voltage across the
sample,

A set of samples was fabricated by interleaving layers of 0.25 mm
fused silica. The interleaved metallic Jayers were formed by deposit-
ing gold on each planar insulator surface by a sputtering technique and
then bonding the stacked layers by heating while applying pressure,
As a final step in the process, the outside diameter of the structure was
machined flush, Le. the conductive layers do not extend beyond the in-
sulator surface. Bond strength between the gold Jayer and substrate us-
ing this technique was measured to exceed 6.9%107 N/m?. To perform
the breakdown experiments, the structure was slightly compressed be-
tween highly polished bare aluminum clectrodes which establish the
electric field for the tests.
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To obtain a parlicular data set, the insulators wore subjecled to sev-
eral low voltage conditioning pulses. The vollage was then increased
a small ameount incrementally until breakdown occurred. Voltage was
then reduced for several shots and then incrementally increased again
until a constant value was achieved. In these experiments, however,
we generally observed that these insulators did not condition. Once a
breakdown occurred at a particular field, reducing the voltage slightly
and increasing it again did nol cause an increase in breakdown ficld.
To produce a given data set we would apply 150 to 200 shots to a given
structure and would attempt to determine if any damage to the struc-
ture occurred which significantly altered the breakdown characteristics,
At these applied energics, we generally did not observe any degrada-
tion, These data were then reduced to reliability plots by determining
the totai number of successful shots over the total number of applied
shots. In these data we define the eleclric field as the applied voltage
divided by the total insulator length. We define reliability at a given
electric field as the total number of successful shols over the lotal num-
ber of shots,
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Figure 1. Pulsed surface breakdown reliability: ground fused silica
high gradient insulator.

Using this method, we observed flashover of these small samples
at ~175 kV/cm for these fused silica substrates (Figure 1). The cffect
of pulsc width from 1 to 10 ys on this breakdown threshold was well
within the statistical range of aur data,

The previous trend in f,g for conventional insulator technology is
tabulated (Table 1) and plotted (Figure 2) for straight wall, cylindrical
insulators (# == 0°, sce Figure 2 for nomenclature} as a function of
the temporal width of the applied clectric field £,,. Although there is a
high degree of scatter in the previous data, we attempt to determine a
global trend for comparison purposes by performing a stanclard fourth
arder regression it f (£, ) (dotted line), with cocfficients aq through ey
as tabulated in Table 2. Shown also is the trend for the more elassical

B V2 —1/3 . I .
slopes ranging from ¢, *"" and ¢, /" scaling. From this Fgure, such
classic trends arc only applicable in a narrow region of this parameter
space particularly in the region of 1 ys and above where there is little
dependence on the breakdown threshold as a function of pulse width.
Noting the trend in these past data and comparison of the regression fit
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Figure 2. Previous pulsed surface breakdown clectric field strength
data Tune as a function of pulse width ¢, Tor single subslmle straight wall
isulators (= 07). Slopes are shown for clagsical n'.7, /% and Ly 14
scaling. Dash line indicates regression fit (Table 2).

Table 1. Summary of breakdown thresholds of conventional insulators.,
All data is for straight wall insutators, © - - (.

d | Via| B | 1n Material Ref.

mm | kV [kV/em| ns

14 (175 | 18| 20 [rMma T Milton, 19727] |

] 71| 600
13 10 315000 | PMbA Anderson, 1976[13]
175 | 13% 0

9.5 168 173 70 |Polycatbonate | Ohkd, 1982 [14]
100 10| MM A Thompson, 1980 [15]
200 1 [TMMaA Anderson, 1980 [16f
100 5
50|20
a0 | 7o
142 [ PMMA Glock, 1969 [17]
102 3o
32 | woo

14 260 2 | PMMA Vogtlin, 1989 [18]
275 2
265 P
66 | 70 |Polycarbenate | Watson, 1967 [19]
BE 70 [ Epoxy

to the data in Figure 1 shows a net increase in insulator performance of
>3.5.

We are also studying various cffects that can adversely affect these
new structures. For instanee, to ensure concentricity, a finish grinding
operation was performed on the cutside diameter. This process is a
time consuming second operation and an alternate fabrication means
was pursued. To simplify fabrication, we attempted an ultrasonic ma-
chining process.  Although it was possible to fabricate the part in a
single operation, the surface was left stightly rougher, Comparison of
the breakdown characteristics of these samples showed significantly
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Table 3. Summary of high gradient insulator test sample performance.

dp | d | Ty |t Material | Symbot
mm | o | KY/em | ns Liig 5
0.1 10| 350 | 100 [polycarbonate | 0
03| W £90 | 1300 | fused silica ¥
0.76| 25 | 200 | 30 |polyinide O
L20 70
LO0 {100
17| 10 2 11300 | polycatbonate |~
1.02| 22 200 30 | polyimide i
] B
70| 1o
2.54| 50 | 200 | 20 |polyimide v
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Table 2. Coefficients of regression fit for Figure 2. f{t,)
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Figure 3. Pulsed surface breakdown reliability: roughened {used silica
high gradient insulator,

more scatter and on average a slightly decreased breakdown threshold
of ~25% (Yigure 3).
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Figure 4. [ffect of gas pressure on the performance of high gradient

insulators,

The structures also were subjected o increased pressures to de-
termine susceptibility to breakdown (Fgure 4). In these data, using
the previously described procedure, a fixed reliability was established
at the various pressures. All data was then normalived to a mean
breakdown electric field strength, Susceptibilily to breakdown stays
relatively constant up until the ~107" [, at which point, the field

at which hreakdown occurs decreases rapidly, Also shown are data
from previous work by Smith [20[. From this comparison, it appears
that these new structures exhibit a threshold breakdown electric field

strength al lower pressutes.
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Figure 5. Insulator length scaling cffects on the surface breakdown
electric field strength. Scaling parameter is overall length for conven-
tional insulators and insulater period for multilayer high gradient insu-
lator. {a} Past data from conventional insulators. 5 jis PMMA pulsed data
for ¢ = 245° is from [7], remaining data is from [8]. Sealing approaches
d 7. (b) Scaling comparison to individual layer thickness for the high
gradient multilayer insulator and comparison to d %5 sealing,

We also perfermed similar testing on a large group of varied samples.
The results are summarized with the previous sample in Table 3. These
data were then compared fo classical insulator length scaling (Figure 5).

Shown in Figure 5(a) are the results from previous researchers |7, 8],
polymethylmethacrylate (PMMA), # = -15° (both nogative and positive
angles) insulators are resulis from a pulsed test where ¢, = 5 ps [7],
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Atrend of d' " was Inferred by these rescatchers from these data and
was shown to be consistent with a model based on an electron stimu-
lated desorption mechanism; lonization then develops in the emitted
gases leading to flashover of the surface [8].

Shown in Figure 5(b) are data from our test normalized tor pulse
width by f(i,) (as defined in Table 2). Also shown is a similar scaling
excepl that the overall insulator length ¢f is now replaced by the high
gradient insulator layer thickness (ie., the layer period), o (dash ling).
Comparison of this later slope appears to show a similar global trend
and independence from the overall length <.
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Figure 6. The cffect of period length scaling under bi-polar stress,

A similar effect is observed when the high gradient insulator strue-
tures are subjected to an oscillating ficld. In this experiment, the Marx
generator was allowed fo undergo free oscillation with an nduelive
load. Period of the oscillation was ~500 ns. Tn this test, a high pradi-
ent insulator was compared directly to a similar conventional insulator
structure, The results are shown in Figute 6. On this plot are also
shown tests from a similar experiment [21]. A standard area scaling of
A" was used to normalize the data for difference in scale size, Again,
a general trend shows that a strong dependence on layer period, not
overall length, is shown.

This ebservation perhaps indicates that in the breakdown process,
these high gradient insulator structures exhibit a similar breakdown
mechanism as conventional insulators except on the layer period scale
(fe. aver length ), and exhibit only weak coupling to the adjoining
layers on the macro-scale (i.e. over length d).

3 MODELING

Voltage breakdown for insulators surrounded by vacuum is believed
to take place along the insulator surface and not within the insulator oz
exterior to the insulator in the vacuum. Breakdown occurs on the time
scale of nanoseconds, making this a difficull process to study experi-
mentally. The basic physical processes involved are poorly understood.
Present theories of surface breakdown are mainly descriptive, and are
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not suited for the purpose of designing msulators. Due to the compu-
tationally intensive nalure of a self-consistent model of surface broak-
down, few attempts have been made to model the complete process.

The two maost widely accepted published models for surface break-
down focus on the initial process occurring either just below or just
above the insulator surface [19, 221, These models focus respectively on
solid state physics phenomena, and the propagation and emission of
electrens through the vacuum just exterior to the insulator surface. Both
models lead to surface heating, and evaporation of gas from the nsu-
lator. this evaporated gas is the medium where ultimately the vollage
breakdown oceurs along very localized ‘streamer’ channels. Pressures
in the evaporated gas close Lo the insulator surface where the discharge
forms can reach a significant fraction of almospheric pressure. The sur-
face breakdown is likely Lo be closely related to high-pressure voltage
breakdown processes [23],

We have compared processes involved in surface breakdown with
other well understood breakdown phenomena at high pressure. Our
conclusion is that an accurate theorelical model of surface breakdown
must also include the fong time seale evolution of the streamer dis-
charge though the evaporated gas. Purther, the tip of a propagating
sleeamer is known to produce intense high-cnergy radiation emission
that we believe can lead to photoconduction in the insulator. Because
conduetion in the insulalor strongly modifies the voltage that drives the
streamer discharge, accurate coupling of the streamer to the insulator
also st be included. Thus, our modeling approach is that the surface
breakdown couples competing processes ingide and external to the di-
clectric surface, and that a detailed, self-consistent model must be built
to study this process accuzately:

Our bascline code is INDUCTY5 [24]. This code is a plasma discharge
code that has been applied to plasma reactors, flat panel plasma display
discharges, streamer discharges and other problems involving complex
systems. 1t solves the standard time dependent fluid equations of the

form
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for the ions, where £ is the source term for the changes in the ion
densities. And for the clectrons
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where 1" is the clectron flux and %, is the encrgy loss rate due to
inclastic collisions.

Preliminary examples of two geometries and results are shown in
Figures 7 and 8. This simulation was performed with the updated
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Figure 7. INpUCT modeling for two secondary emission coeflicients
and a straight wall insulator (§ = 0°). (a) Input geometry and (b) result.

version of INDUCTY5/HYBRID and uses a Monte-Carlo treatment of
electrons and a fluid (reatment of jons to follow the discharge devel-
opment. Several geomelry configurations and swface materials were
investigated. The standard configuration studied had an electrode sep-
aration of 1 mm with an applied voltage of 50 kV/em. An insulator
with a permittivity, £, — 15 was placed between the electrodes. The
dielectric was considered to cither have a flat surface {Figure 7) or a
step discontinuity (Figure 8) halfway between the electrodes, Electrons
were faunched with random initial direction from the cathode triple
point until they either struck the insulator or the anode. Upon striking
the insulator, electtons generated sccondary electrons.

The sceondary emission yicld is a strong function of incident electron
energy, Secondary yickd profiles were modeled for AlO3 and CryOs.
The secondary yield for AlyO; has a maximum of 2 42 while the Cr;O;
peaked at 0.98. A yield higher than unity implics that the electron im-
pact can lead to a positive surface charge on the insulator as more than
one electron will be emitied. Simulation results showed strong posi-
tive surface charging for Al Os and weak negative surface charging for
CryO5 for the flat dielectric case (Figure 7). Regions of positive surface
charge on the insulator attract clectrons emitted {rom the triple point
and electrons emitied by secondary emission. This attraction leads to
enhanced scattering onto the insulator surface which resulls in ava-
lanche. For CryOs, the negative surface charge repelled clectrons from
the triple point, reducing scatiering and no avalanche was obtained.
As would be expected, the insulator geomelry was found to influence
surface charging strongly. A step dielectric geometry was also mod-
cled for AlOg. Strong negative surface charging developed along the
step duc to high-energy electron impact (the secondary emission yield
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result,

drops below unity at high energy). This negative charge repelled elec-
trons upward away from the insulator surface, inhibiting the avalanche
growth for this geometry.

4 SUMMARY

¥ are continuing development of a new high gradient insulator
Wtechnology. The insulator consists of finely spaced metal clec-
trodes or metalized coatings interleaved with the insulator substeate.
We observed factors of 1.5 to >4 improvement in the vacuum surface
flashover threshold 7744, over conventional straight wall (@ = 0°)in-
sulators, We have also tested the susceptibility of these nsulators to
breakdown under various conditions: surface roughness resulting from
different fabrication technigues and the effect of gas pressure. There is
preliminary cvidence that suggests cach layer obeys a classical electron
desorplion scaling rule of £,; o< =5 except that the scaling parame-
ter is layer thickness and not averall length. Further, we are developing
the necessary design tools to model and further scale the behavior of the
high gradient insulator. Irom our study of present models, we conclude
that an accurate theoretical model of surface breakdown must also treat
photo-ionization during the long time scale evolution of the streamer
discharge through the evaporated gas. That is, the tip of a propagating
streamer is known to produce intense high-energy radiation emission
that we believe can lead to photoconduction in the insulator. As con-
duction in the insulator will strongly modify the voltage, which drives
the strcamer discharge, accurate coupling of the streamer to the insuta-
tor was included. We showed initial calculations that were performed.
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