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In this paper, experiments are described in which cylindrical vacuum insulator samples and
samples inclined at 45° relative to the cathode were stressed by microsecond timescale
high-voltage pulses and illuminated by focused UV laser beam pulses. In these experiments, we
were able to distinguish between flashover initiated by the laser producing only photo-electrons
and when plasma is formed. It was shown that flashover is predominantly initiated near the cathode
triple junction. Even dense plasma formed near the anode triple junction does not necessarily lead
to vacuum surface flashover. The experimental results directly confirm our conjecture that insulator
surface breakdown can be avoided by preventing its initiation [J. G. Leopold et al., Phys. Rev. ST
Accel. Beams 10, 060401 (2007)] and complement our previous experimental results [J. Z. Gleizer
et al., IEEE Trans. Dielectr. Electr. Insul. 21, 2394 (2014) and J. Z. Gleizer et al., J. Appl. Phys.
117, 073301 (2015)]. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4928580]

I. INTRODUCTION

Vacuum surface flashover leading to insulator break-
down is known to be a serious limiting factor in the design of
high-voltage pulsed-power systems. This very old and com-
plex problem has been studied for many years, and yet the
same serious vacuum insulation problems seem to remain.*”’

It is commonly accepted that surface flashover is initi-
ated by charged particles produced by processes occurring
on the conducting surfaces of the electrodes as a result of the
application of a high electric field. This high electric field, in
particular, in the vicinity of triple points (the metal-vacuum-
insulator junction), causes electrode micro-protrusions
explosion accompanied by the formation of dense plasma.
The latter serves as a source of electrons, which accelerate
along the component of the applied electric field tangential
to the surface of the insulator, causing in turn an avalanche
induced by secondary electron emission processes. In addi-
tion, this plasma serves also as a source of UV radiation,
which could on its own promote surface flashover. All these
phenomena result from the experimental limitations related
to the smoothness of the electrode surfaces and imperfect
vacuum. The dynamics of the electrons emitted from the
plasma depends on the magnitude and the orientation of the
electric field. We conjectured that by deflecting these
primary electrons away from the insulator surface the break-
down properties of the vacuum insulator could be improved.'
Since we assume that electrons are the most common break-
down initiators, our conjecture excluded anode triple junc-
tion (ATJ) initiation. Recently,” by measuring the flashover
breakdown electric fields over various insulator arrange-
ments using a conditioning method, we experimentally
demonstrated that for high voltage pulses of a microsecond
time scale duration, initiation is indeed predominantly at the
cathode triple junction (CTJ). It was shown that the flashover
field increases significantly as the orientation of the electric
field is designed such that electrons are accelerated away
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from the insulator surface. Moreover, we have shown that
breakdown initiation does not occur at the ATJ even when
the electric fields in that location are very high. These results
were further supported by experiments® in which we studied
the light emitted by the flashover plasma in time and space
and we determined the plasma density and temperature by
spectroscopic methods.

When the insulator is inclined to 45° at the CTJ and at
the same time to 135° at the ATJ, the electric field at the
AT]J becomes infinite. Because of this, one of the main con-
clusions of the experiments by Stygar et al.® was that the
Anderson model® for anode-initiated flashover is relevant.
This model suggests that the extreme anode electric fields
cause the emission of dielectric surface electrons, which in
turn cause the development of a sub-surface dielectric break-
down branching toward the cathode, causing catastrophic
bulk burnout of the insulator. Also, a recent patent'® by
Lauer and Lauer is devoted to the subject of increased elec-
tric field flashover with improved design of the ATJ which is
believed to play a crucial role in surface flashover formation.

In addition to the electric field stress and mechanical
and vacuum imperfections, the presence of UV light is
known to initiate insulator flashover. The influence of UV
irradiation on surface flashover at atmospheric pressure''~'°
was studied at Texas Tech University. In the case of vacuum
conditions, Enloe and Gilgenbachm*18 showed that the
irradiation of insulators made of different materials with a
pulsed excimer laser (249nm) and power densities in the
range (0.4-6) MW/cm? leads to induced flashover at electric
fields lower than the static breakdown fields and with drasti-
cally decreasing time delays of the flashover initiation
relative to the application of the high-voltage pulse with
increasing radiation power density. The results of these
experiments also showed that for a 45° insulator inclination
angle relative to the cathode, the breakdown electric field
was almost twice that required for the breakdown of insula-
tors inclined at 135° and for the same UV power density.

© 2015 AIP Publishing LLC



083109-2 Ya. E. Krasik and J. G. Leopold

Vacuum insulator flashover initiated by laser illumination
has recently been reexamined.'®> In these experiments, UV
irradiation of vacuum insulator surfaces with a pulsed laser
beam (266 nm) focused to a diameter of 1 mm and having a
power density in the range 10°~108 W/cm? was used. It was
shown that UV radiation affected the flashover processes by
decreasing the amplitude of the breakdown voltage from tens
of kV to several kV when the laser beam was focused near
the CTJ. It was also shown that the irradiation of the insula-
tor by a 532 nm laser beam does not change the amplitude of
the breakdown electric field when the insulator is inclined to
45°.

The main purpose of the present research was to experi-
mentally study the influences of primary charged particles
generated at the CTJ or the ATJ on the processes of the insu-
lator flashover initiation in the presence of a high-voltage
pulse. To generate these charged particles, a focused pulsed
laser beam with a wavelength of 213 nm was used to irradi-
ate the stainless steel electrodes in the vicinity of either the
CTJ or ATJ.

Il. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. The Marx
generator” produced a positive polarity high-voltage pulse
with amplitudes up to 300kV and rise time of ~30ns, which
was applied over the dielectric sample located between two
130 mm-diameter highly polished stainless steel electrodes.
We most frequently used cylindrical insulator samples 50 mm
in diameter and 15 mm in length made of ULTEM (ULTEM
is the commercial name of unfilled Polyetherimide, PEI). A
turbo-molecular pump maintained the background pressure in
the experimental stainless steel chamber at <6.5 mPa. The
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voltage waveforms were measured by a resistive voltage
divider.

The surface flashover initiated by a laser beam generated
by a NL303HT laser (EKSPLA) was registered with a fast
framing 4QuikE intensified camera (Stanford Computer
Optics) having a frame duration of 2ns. The laser was
equipped at its output with a fifth (FiH, A=213nm) har-
monic generator (H300FiHC) placed outside the laser head
in an auxiliary harmonics generator module. The laser
produced pulses have an energy of ~15 mJ and duration
of ~5ns at Full Width Half Maximum (FWHM) when the
Q-switch was triggered at 255 us relative to the beginning of
the flash lamp’s operation.

The laser beam average energy per second was measured
by using a calibrated Ophir 12 A-P-SH power meter and a
fast FDS100 Si photo-diode. The latter obtained a small part
of the scattered laser beam power, which was used to control
the relative reproducibility in the laser beam power for each
laser shot. Using two EKSMA Optics mirrors (energy thresh-
old ~0.2J/cm? at =213 nm) coated to decrease reflection
and a lens with f=400mm (at Z=355nm), the laser beam
(Gaussian-like energy radial distribution with diameter
~5mm at FWHM) was focused through a quartz window at
the desired location in the experimental chamber. The theo-
retical size of the laser beam at the focal plane was calculated
to be w= (2fA/nd) ~ 10 um. However, we estimate the
actual focused laser beam diameter to be <300 um. This
is because of the uncertainty in the focal length at A =213 nm
estimated  as  f(A2130m) = f(43550m)[(7(A3550m) — 1)/
(n(A2130m) — 1)] & 36.2cm, where n(A3550m) =~ 1.565 and
n(A2130m) =~ 1.625 are the indices of refractions at 355nm
and 213 nm, respectively, and limitations in the spatial resolu-
tion (~60 um/pixel) of the 4QuikE camera in the present ex-
perimental setup.
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The operation of the laser, Marx generator, and 4QuikE
camera was synchronized using the scheme shown in Fig. 1.
The laser flash lamp was operated in the external burst mode
of 200 flashes with a repetition rate of 10 Hz. At the 200th
flash, the synchronization TTL pulses with variable time
delay in the range t,=250 us—420 us with respect to the
beginning of the flash lamp’s operation were applied to the
Q-switch and the triggering scheme of the Marx generator
and the 4QuikE camera using different output channels of
the BNS 575 pulse/delay generator. This scheme allows the
time delays between the Q-switch and the Marx generator
and the 4QuikE camera operation to be changed separately.
The output power of the laser depends on the time delay of
the Q-switch (Pockels cell) triggering with respect to the
beginning of the flash lamp operation. Indeed, the laser is
pumped (to achieve inverse population) using intense radia-
tion flux generated by the gas discharge in the flash lamp.
The latter is produced by the discharge of the storage capaci-
tor with the half period of ~500 us. The intensity of the radi-
ation and the level of population inversion change in time
according to the time dependent amplitude of the discharge
current. The maximum level of population inversion is at
~250 us relative to the beginning of the discharge current
through the flash lamp. Correspondingly, by triggering the
Q-switch at this time delay, one obtains the maximum
energy of the laser beam which for the fundamental radiation
(1064 nm) of the NL301G laser is 242 mJ. A BNC time
delay generator was used to change the time delay between
the beginning of the flash lamp operation and the triggering
of the electronic circuit controlling the operation of the
Q-switch. The latter allows us to change the energy of the
fundamental laser radiation from its maximum value to
almost zero. The conversion efficiency to the S5th harmonics
depends strongly (non-linearly) on the power of the funda-
mental laser beam. Therefore, already at time delays >400 us
of the Q-switch operation, the output energy of laser beam
with 2 =213 nm becomes negligibly small and unstable.

lll. EXPERIMENTAL RESULTS

The illumination of a stainless steel electrode with a
high power density laser beam at /=213 nm can lead to two
primary phenomena, namely, electron photo-emission and
plasma formation. The laser threshold power density neces-
sary for plasma formation at the surface of the stainless steel
depends on the laser wavelength and duration and the quality
of the metal surface. For A=213nm and a 5ns laser pulse
duration, the threshold power density can be varied in the
range 10’—10% W/cm?.**~2° The threshold for electron photo-
emission for stainless steel is in the range®’® 4.2-4.7¢eV,
which is less than the energy of a laser quanta E,=hc/A
=5.83¢eV, where i and ¢ are Planck’s constant and the
speed of light, respectively.

In order to determine the power density threshold neces-
sary for plasma formation in our experimental setup, several
calibration experiments were conducted. First, using an
Ophir power meter placed in the focal plane of the laser
beam inside the stainless steel vacuum chamber, we meas-
ured the power of the beam versus the time delay of the
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Q-switch operation relative to the beginning of the flash
lamp discharge. This dependence is shown in Fig. 2.
Assuming that the diameter of the laser focal spot was
0.3mm, we calculate the power density to be in the range
3.5%x10°-5.3 x 10°W/cm® for the time delay range
T4 =262-387 pus. Note that for 74 > 387 us, the sensitivity of
the Ophir power meter does not allow a reliable power mea-
surement of the laser beam to be obtained. However, based
on relative laser beam intensities obtained by the photo-
diode, we estimated the power density at those time delays
(see Fig. 2, crossed circles). The increased error in the power
density for t4>387 us is related to the non-reproducibility
in laser operation at such small power levels of optical
pumping.

Next, we designed a low-inductance Faraday cup (50 Q
load) with a polished stainless steel collector (diameter of
10mm) placed inside the vacuum stainless steel chamber at
the focal plane of the laser. A biased negative voltage of
—400V was applied to this collector with respect to the
stainless steel grid (70% transparency) located in front of the
collector at a distance of 1 mm. Using this setup, the electron
photo-emission current /,(¢#) and total number of emitted
electrons N, = ¢! Jg” I,(t)dt were determined versus the
time delay of the Q-switch operation, i.e., versus the laser
beam power density. These dependencies are shown in Fig.
2. The photo-emission current data, and correspondingly, the
total number of emitted electrons shown in Fig. 2 for
14> 387 us are the average over 64 laser shots. The depend-
encies obtained allow us to estimate the quantum efficiency
of electron photo-emission to be ~3 x 10>%.

One can see that at laser beam power densities of
®>35x%x107 W/ cm?, one starts to obtain a deviation in the
linear increase in the amplitude of the emitted electron cur-
rent. This deviation is not related to photo-electron emission
and it can be explained by the space-charge effect. Indeed,
for a 1 mm grid-collector gap, one can estimate the space-
charge limited electron current density as ~1.9 A/cm? corre-
sponding to ~1.35 mA considering electron emission from a
focal spot of 0.3 mm in diameter. An increase in the ampli-
tude of the emitted current above its space-charge limited
value can be explained by the non-zero velocity of the
emitted electrons, the non-planar geometry formed by the
spot-like electron source, and the formation of plasma and its
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FIG. 2. Dependencies of the laser beam power density, electron photo-
emission current amplitude, and total number of emitted electrons versus the
time delay in the Q-switch operation. The Child space-charge limited elec-
tron current at a voltage of —400V applied to the Faraday cup collector is
also denoted.
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expansion, which leads to an increase in the emitting surface
area and decrease in the effective gap between the plasma
boundary and the anode grid. In addition, one can see that at
74> 387 us, when the energy of the laser beam becomes non
detectable, a significant photo-electric current is still
detected.

In addition, these experiments allow one to obtain the
power density threshold necessary for the plasma formation
at the surface of the stainless steel collector of the Faraday
cup. In Fig. 3, typical waveforms of the electron photo-
emission current are shown for different values of 74. It can
be seen that the duration of the electron current pulse does
not exceed ~10ns at FWHM at time delays >350 us corre-
sponding to laser beam power densities <5 x 10’ W/cm?,
which coincides approximately with the duration of the laser
beam measured by the photo-diode. However, an increase in
power density leads to the appearance of a long (tens of
nanoseconds) tail in the waveform of the electron current.
Moreover, at power densities >5 X 108 W/cmz, one obtains
that the amplitude of this tail becomes significantly larger
than the first peak related to the photo-emission current. This
phenomenon can be explained by the formation of the
plasma at the surface of the stainless steel collector at a laser
power density >5 x 108W/cm?. This plasma serves as a
source of electrons and the density, temperature, and conse-
quently, the expansion velocity of this plasma increases with
the increase in the power of the laser beam. Thus, for our
experimental conditions, we show that to generate plasma at
the surface of the stainless steel electrode, the laser power
density threshold is >5 x 10" W/cm?.

Next, experiments using a ULTEM cylindrical insulator
(90° insulator surface inclination relative to the conductor
surface) were conducted. The average breakdown electric
field, ~165kV/cm, for this dielectric sample was determined
by a conditioning method in our earlier research (see Ref. 2).
In the present experiments, when the laser beam was focused
at a location on the cathode electrode close to the CTJ, the
amplitude of the output voltage of the Marx generator was
<90kV, corresponding to an average electric field of 60kV/
cm, i.e., almost three times lower than the breakdown elec-
tric field. Indeed, without the laser beam, no flashover occurs
for several tens of voltage pulse applications. However, even
the application of the laser beam with a power density as low
as ~10° W/cm? caused flashover of the insulator with a time
delay of ~100ns relative to the laser irradiation. Typical
waveforms of the voltage and synchro-pulses of the 4QuikE
camera and photo-diode pulse are shown in Fig. 4. Note that
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FIG. 3. Typical waveforms of the elec-
tron photo-emission currents versus
the time delay in Q-switch operation.
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this laser power density is far below the power density
threshold necessary for plasma formation at the surface of
the stainless steel electrode. Thus, flashover was caused by
primary photo-emitted electrons when their total number did
not exceed ~2 x 10”. Such flashover was also obtained at the
lowest possible Marx generator output voltage amplitude
corresponding to an average electric field of 35kV/cm. In
the inset in Fig. 4, one can see a typical frame of the light
emission from the plasma formed along the propagation
route parallel to the insulator surface of the primary photo-
electrons generated by the laser beam illumination of the
cathode surface in the vicinity of the CTJ. The relatively
long time delay between the formation of the primary elec-
trons and the appearance of the flashover is the result of the
very low laser power density. An increase in the power
density of the laser beam leads to a decrease in this time
delay and at >10°W/cm? (N, >2 x 108), the flashover was
obtained almost simultaneously with the laser irradiation.
For the same applied voltage and a much higher laser
power density applied near the ATJ (as high as 2 x 10° W/cm?
in Fig. 5(a)), no flashover develops. Flashover does develop
from the ATJ only for applied voltages >150kV at a laser
power density >5 x 10°W/cm?®. The laser beam of such a
power density generates a sufficiently large expanding plasma
volume, which serves as a source of ions and UV that can
initiate a surface flashover near the ATJ. Indeed, the obtained
waveforms of the voltage showed a time delay of up to 300 ns

Camera

Voltage [kV]

0 0.5 1.0 15 2.0
Time [ns]

FIG. 4. The voltage waveform across the insulator. The arrows indicate the
starting time of the laser beam followed by the synchro-pulse of the 4QuikE
camera (frame duration 2 ns, camera amplification 850 V). Inset: light radia-
tion from the surface flashover plasma. Here, the laser beam is applied in the
vicinity of the CTJ of a 1.5 cm-long cylindrical sample. The applied voltage
amplitude is 90kV and the laser beam power density is ~10° W/cm?.
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between the beginning of the flashover and the laser beam
illumination of the anode (Fig. 5(b)).

The results of these experiments support our previous
work'™ in that they show that a small amount of primary
electrons produced near the CTJ is sufficient to produce
vacuum insulator surface flashover if the electric field accel-
erates them along this surface. If conditions exist that suffi-
cient plasma forms at the ATJ and there is sufficient time
and power for it to expand, acquire the anode potential, and
shorten the anode cathode gap, flashover may develop. The
latter though, is the result of the focused high power density
of the laser at the ATJ and does not mimic the natural devel-
opment of most vacuum insulator breakdown processes.

We also tested 15mm-long ULTEM samples having
surfaces inclined at 45° relative to the cathode. In this case,
the flashover electric field without laser beam application was
~300kV/cm.” When the laser beam was focused in the vicin-
ity of the ATJ, no flashover was obtained even for the largest
possible laser beam power density and voltage pulse ampli-
tudes up to 180kV. In addition, no flashover was obtained
when the laser beam was focused to the vicinity of the CTJ
with power densities similar to those that caused flashover for
cylindrical insulators (see Fig. 4). Only when the laser beam
power density was increased to 2 x 10’ W/cm?, insulator
flashover occurs at an applied voltage of 90kV. However,
even at this power density, not all the shots resulted in flash-
over. This laser power density value is close to that necessary
for plasma formation at the surface of the stainless steel elec-
trode. An increase in laser power density leads to reliable
flashover of the insulator but with a significant time delay
(>100ns) relative to the application of the laser beam.
Typical framing images of the light emission from the flash-
over plasma are shown in the inset in Fig. 6. One can see that
the discharge channel is not exactly opposite to the flashover
plasma channel obtained in the case of the cylindrical insula-
tor flashover.

Finally, we conducted a set of experiments in which the
laser beam was focused at the middle of the cylindrical insulator
with an applied voltage of 90kV. The results of these experi-
ments showed that at a laser power density >2 x 10’ W/cm? for
some generator shots, one starts to obtain insulator flashover
but with time delays of >300ns relative to the laser beam.
Let us note that we do not know whether this power density
is sufficient to generate plasma at the surface of the insulator,
but the energy of quanta should be sufficient to cause intense
electron photo-emission.”” An increase in the laser power
density led to a decrease in this time delay to ~100ns, but

10 15
Time [ns]
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FIG. 5. Same as Fig. 4 but here, the
laser beam is applied in the vicinity of
the ATJ with a laser beam power den-
sity of ~2x 10°W/ecm? and applied
voltage amplitude of 90kV in (a) and
5% 1O°W/cm2, 150kV, respectively,
in (b). Inset: light emission from the
plasma formed at the anode electrode
surface as a result of irradiation by the
laser beam. Frame duration is 2ns,
camera amplification is 700 V.
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even at 109W/cm2, some shots without insulator flashover

were obtained. Typical waveforms of the voltage and framing
images of the light emission of the flashover plasma are
shown in Fig. 7. One can see in Fig. 7(a) that the flashover
begins from the mid location on the insulator surface illumi-
nated by the laser beam, but the voltage across the insulator
does not short. For the same conditions, full flashover is
observed together with shorting in Fig. 7(b). This suggests
that the discharge plasma channel crosses first the “anode”
part of the insulator and then the discharge from the cathode
side begins. The latter can be explained by the fact that the
flashover plasma acquires the anode potential and the effec-
tive gap decreases two-fold, which leads to an increase in the
average electric field along the “cathode” part of the insulator
above its threshold value.

IV. SUMMARY

The application of a short duration UV laser beam pulse
at a wavelength of 213 nm allows photo-electron emission to
be produced from the stainless-steel electrode in the vicinity
of the CTJ and ATJ when the beam is focused at these loca-
tions. When the applied electric field orientation causes the
electrons to accelerate along the surface of the insulator, a
small current of photo-emitted electrons (>1mA) is suffi-
cient to initiate vacuum insulator surface flashover at electric
fields several times smaller than that required to achieve
flashover without laser illumination. Illumination near the
ATJ, resulting in photoelectrons only, causes no flashover
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FIG. 6. The voltage waveform across the insulator inclined at 45°. The arrows
indicate the starting time of the laser beam and synchro-pulse of the 4QuikE
camera (frame duration 2 ns, camera amplification 650 V) application. Inset:
light radiation from the surface flashover plasma. The laser beam is applied in
the vicinity of the CTJ of sample inclined at 45°. The applied voltage ampli-
tude is 90KV and the laser beam power density is ~5 x 107 W/cm?.
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even at average electric fields of 100kV/cm. Only sufficient
plasma formation at the anode electrode surface with
increased laser beam power leads to the insulator surface
flashover. For an insulator surface inclined at 45° relative to
the cathode, no flashover occurs when the anode triple junc-
tion is illuminated, although the electric field at that location
is theoretically infinite. Finally, experiments using laser
beam irradiation of the insulator surface at the middle of the
anode-cathode gap showed that the surface discharge propa-
gates first from the irradiated location toward the anode, and
only when the discharge plasma channel crosses the “anode”
part of the insulator, the discharge from the cathode side
begins.
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