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High-voltage multichannel rail gap switch triggered by corona discharges
Jorge Niedbalskia)
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A simple trigger assembly designed to promote multichannel breakdown in a high-voltage
low-inductance rail gap switch operating in a dc voltage hold-off mode is described. The switch is
formed by two extended~rail! cylindrical electrodes, separated by spacing of 10 mm and pressurized
with nitrogen or air up to about 0.5 bar. The gas breakdown in multiple sites of the interelectrode
volume is initiated by preionization with ultraviolet radiation pulses simultaneously emitted from an
array of circular orifices and is performed along one generatrix of the surface of a tabular electrode
~cathode! which are generated in its interior by capacitively coupled~pulsed corona! discharges. The
switch has been tested by discharging capacitors of 40 and 100 nF in an underdamped condition at
voltages and peak currents up to 15 kV and 14 kA, respectively. The maximum energy transferred
per shot was about 11 J. The trigger assembly allows one to arbitrarily select the number of channels
to be formed just by varying the number of preionization sources~orifices! distributed in the cathode
and as a result they are unaffected by the discharges. ©2003 American Institute of Physics.
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I. INTRODUCTION

The feasibility of scaling in power levels to be tran
ferred from high-capacity banks on high-voltage pulsed d
charge circuits,1 currently employed for laser pumping app
cation of them, is mainly conditioned by high-voltag
switches through the damage caused by erosion at their
charge electrodes. This damage becomes extremely seve
the case of conventional spark gaps~trigatron type! when
high power is transferred because of localization of the d
charges within a relatively small area of both electrodes.
working conditions in which high current peaks, fast switc
ing, and long lifetime electrodes are necessary a rail
switch that operates through a large number of simultane
breakdown channels distributed along their electrodes co
tutes the simplest and most efficient device to satisfy th
requirements.

For many years, low-inductance rail gap switches u
in combination with low-impedance pulse-forming line
~PFLs! have been of particular interest in excimer laser te
nology to produce short rise time excitation pulses.2,3 A va-
riety of switches containing different trigger assemblies a
discharge electrodes with uniform and highly nonunifo
~knife-edge! profiles were developed for that application.4–6

Most of the trigger assemblies proposed are based on
photopreionization produced by both incoherent and coh
ent ultraviolet~UV! radiation provided by sparks,4,5 corona
discharges,4,5 rare-gas halide~KrF! lasers,5 and semiconduc-
tor edge discharges.6 Each of these devices is typically ope
ated under a dynamic condition by synchronizing trigger
of the radiation at the instant at which its interelectrode g
is highly overvolted compared to its corresponding dc s
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breakdown voltage. This operating characteristic facilita
multichannel performance considerably. In fact, the la
spatial, temporal electric field gradients that appear betw
switch electrodes during the relatively fast charging pro
dure of the PFL minimize the demand that preionization le
els be generated by irradiation to initiate the gas breakdo
process. In contrast, multichannel performance is very m
more difficult to obtain when both electric field gradients a
totally removed, i.e., when the switch must operate in a
voltage hold-off mode and uniform field electrodes must a
be employed for a potentially long lifetime. In this case, t
role of the trigger assembly becomes crucial because of
necessity of generating very high photoelectron densitie
the gas to compensate for the initially static, somewhat
duced interelectrode electric field.

In this work, a simple trigger assembly based on capa
tively coupled ~pulsed corona! discharges as UV radiation
sources is used to promote multichannel breakdown i
scalable high-voltage rail gap switch operating in dc volta
hold-off mode. The assembly basically differs from tho
reported in Refs. 4 and 5 in that the corona discharge ta
place in the interior of one of the discharge electrodes~a
tubular electrode!, with the gas irradiated through an array
orifices linearly distributed along its surface. Advantageo
features introduced by this assembly are~a! optimal adapta-
tion ~by its very close proximity! to the main discharge re
gion, which provides efficient UV radiation-pressurizatio
gas coupling and~b! overall control of the number of chan
nels to be formed and of its distribution along the electrod

II. RAIL GAP DESIGN

A cross-sectional view of the device is shown in Fig.
The discharge electrode is a hemicylindrical brass rod~high-
0 © 2003 American Institute of Physics
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voltage electrode! of 0.9 cm radius, 15 cm long and a tube
the same material with 1.3 cm inner diameter~i.d.!, 1.9 cm
outer diameter~o.d.!, 17.5 cm long which is connected a
ground potential. Both ends of the high-voltage electro
were conveniently contoured to minimize geometrical inte
sification of the electric field in the interelectrode region. T
orifices 1.5 mm in diameter, separated by spacing of 10 m
were made along one generatrix of the tubular electrode
face; small burrs produced by the wick located at their
riphery were removed by mechanical rectification of the
ner surface of the tube. The corona trigger assembly~CTA!
which featured a dielectric tube of 7 mm i.d., 10 mm o.d.,
cm long inside which a thin~100-mm-thick! copper foil, pre-
viously welded to a high-voltage cable which serves as
external connection to the trigger generator, was adjus
along its length to the wall. At the same time, this arran
ment was introduced into the tubular electrode and uniform
pressed against the region containing the orifice distribut
The electrodes were housed in a transparent Lucite
which allowed pressurization with nitrogen or air up to abo
1.2 bar and modification of the interelectrode separation

FIG. 1. Cross-sectional view of the rail gap switch and corona trigger
sembly.~1! High-voltage electrode;~2! orifice ~diameter 1.5 mm!; ~3! tubu-
lar electrode~cathode!; ~4! borosilicate glass tube~thickness 1.5 mm!; ~5!
copper foil ~thickness 100mm!.

FIG. 2. High-voltage pulse applied to the corona trigger assembly.
Downloaded 15 Apr 2010 to 200.5.106.13. Redistribution subject to AIP
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to 13 mm. The rail gap structural inductance, estimated
one-half of a single-turn solenoide,7 was about 12 nH. Re-
duction of this value could be achieved by increasing
length of the discharge electrode.

The CTA was excited with high-voltage negative puls
with about 2 ns rise time and 16 ns duration@full width at
half maximum~FWHM!#, as shown in Fig. 2, which is pro
vided by a small generator based in a capacitive discharg
a coaxial choke line loaded with toroidal cores of satura
magnetic material.8

III. OPERATING CHARACTERISTICS

Figure 3 illustrates a schematic diagram of the circ
employed for testing the performance of the rail gap swit
shown inside the area delineated by the dashed trace is
subcircuit that corresponds to the trigger generator. Cap
tors (C0) of 40 and 100 nF were discharged separately eit
in an overdamped condition using CuSO4 electrolitic resis-
tors (Re2) as the dissipation load or in an underdamped c
dition with the rail gap itself being the main load (Re2

shorted!. The parasitic inductanceLp of the circuits esti-

s-

FIG. 3. Schematic diagram of the rail gap test circuit and subcircuit of
trigger generator~inside the area delineated by the dashed trace!. SG5low-
inductance~3 nH! spark gap;CT51 nF; CL'4 pF; IS5saturable inductor;
Re1'100 V ~electrolitic resistor!; RG5rail gap switch;Rc51 MV; C0

540 or 100 nF;Lp parasitic inductance; Re2'4 V ~electrolitic resistor!.

FIG. 4. Self-breakdown voltage of the rail gap switch as a function of
gas pressure for an interelectrode gap separation of 10 mm.
 license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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mated from the voltage oscillation frequencies when the
gap undergoes self-breakdown through a single disch
channel were 77.6 and 91 nH, respectively.

In operation,C0 is dc charged at a working voltageV0

close to the self-breakdown thresholdVbd of the switch de-
termined by the interelectrode gap spacing~d!, cell pressure
~p!, and filling gas type involved, and subsequently trigge
by applying the excitation pulse to the CTA. Throughout th
work d was set at 10 mm whereasp was varied up to a
maximum of about 0.5 bar. Figure 4 showsVbd as a function
of p for nitrogen and air obtained by discharging the 40
capacitor.

There are two critical requirements that ought to be s
isfied in conjunction with the CTA and the excitation pul
for a given pressurization gas (N2 or air! in order to promote
multichannel breakdown. First is to generate radiation pu
with sufficient intensity and with photon energieshn>14.5
eV ~the nitrogen ionization energy! to produce within the
gas, via absorption of a single photon, the necessary ph
electron density for each value of the interelectrode elec
field (V0 /pd) to initiate the breakdown process. Second is
simultaneously provide similar preionization levels in t
immediate neighborhood of each source~orifice! to distribute
the discharge current equally between channels. Due to
fast loss of free electrons, which predominantly takes pl
via electron–ion recombination immediately after the on
of irradiation, the photoelectron density~so much in nitrogen
as in air! can only be maintained at a relatively high level f

FIG. 5. Temporal evolution of the current associated with corona discha

FIG. 6. Temporal evolution of the radiation pulse emitted by the cor
discharge from an orifice.
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a short period of time~a few ns!. This imposes an additiona
requirement upon the temporal shape of the radiation pu
to be generated, which might have as a particular featu
rise time of the same order of the magnitude or less than
electron–ion recombination time.

Available tubes of various types of glass~borosilicates!
all of which had relatively low permittivity (« r'4 – 6) were
tested in the CTA. Fortunately, the structure of these mat
als has attractive physical properties for the present app
tion, such as negligible variation of the permittivity within
wide frequency range and linear behavior~in the absence of
hysteresis effects!, as a response to the main Fourier fr
quency component~500 MHz! associated with the excitatio
pulse rise time~2 ns!. By using small probe disks of simila
types of glass, the dielectric properties mentioned were
perimentally verified at low voltage in the frequency range
100–600 MHz by means of a HP 4291A impedance-mate
analyzer.

The application of the excitation pulse to the CTA pr
duces diffuse corona discharges which appear synchrono
in all orifices confined to the interstitial region limited b
their contours in contact with the glass tube surface. E

e.

a

FIG. 7. Oscillogram of the circuit current obtained by switching the 40
capacitor through a single breakdown channel for charge voltageV0510 kV
with Re2 shorted.

FIG. 8. Oscillogram of the circuit current obtained by switching the 40
capacitor through nine breakdown channels for charge voltageV0510 kV
with Re2 shorted.
 license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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individual discharge develops within a highly magnifie
electric field introduced by the abrupt profile of the orifi
contour, with associated current that typically contains v
energetic electrons. Therefore, according to Ref. 9, hard
radiation emission is expected. Note, however, that the
duced CTA capacitance due particularly to both the low« r

value and the relatively large thickness of the glass tube~1.5
mm! limit the amplitude of the corona current10 and conse-
quently the intensity of the UV radiation pulses at relative
low levels for acceptable excitation voltages~normally var-
ied up to the 10 kV peak in the present work!.

Figure 5 shows the temporal evolution of the coro
current monitored by a Rogowski coil and displayed on
digital oscilloscope~HP 54510 A!. A typical radiation pulse
emitted from an orifice, detected by a fast photomultipl
~S-5 photodiode surface, 200 ps rise time! is shown in Fig. 6.
Fluctuations of amplitude in consecutive shots were in b
cases within of610%. Linear correspondence between t
excitation and radiation pulse amplitudes was verified.

On the basis of shot to shot operation, multichan
switch performance was found to be strongly dependen
voltage V0 with respect toVbd within the entire range of
pressure~Fig. 4!; in every instance the best result obtain
was forV0 /Vhd'0.95– 0.98. The parallel between electrod
resulted in also being a critical factor; for reliable multicha
nel performance it was typically adjusted to within 30 mra
Both circuits were operated up to a maximum charge volt
of 15 kV, corresponding to a switch working pressure
about 470 mbar. At higher pressures, a gradual trend tow
a reduction of the number of channels was observed.
maximum energy transferred by a shot was about 11 J, w
in great part dissipated in the switch itself.

Figures 7 and 8 show characteristic oscillograms of
circuit currents obtained by switching the 40 nF capacitor
the underdamped condition (Re2 shorted! through channels
one and nine, respectively, which had identical discharge
rameters (V0510 kV, p'270 mbar!. As a function of the
energy to be transferred the number of operating chan
could arbitrarily be either reduced by inhibiting the gas ir

FIG. 9. Photograph of an open shutter of switch breakdown taken du
discharge of the 100 nF capacitor with Re2 shorted. The charge voltage an
discharge current peak were 10 kV and about 10 kA, respectively.
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diation from the CTA, for instance, indistinctly sealing som
orifices, or increased by making additional orifices.

From a comparison between the wave forms in Figs
and 8, it should be noted how the oscillation frequency a
the amplitude become slightly increased as the numbe
breakdown channels increases. This result is attributed ph
cally to the effect of the proper switch on the circuit throu
the inductive and resistive components, respectively, ass
ated with its closure discharge.5

The photograph of the open shutter shown in Fig. 9
lustrates an example of multichannel switch performan
The photograph was taken during switching of the 100
capacitor in the underdamped condition forV0510 kV; the
discharge current of the 10 kA peak was shared in nine ch
nels, each carrying a small fraction of the same. In conse
tive shots the current wave form was reproduced well. T
delay between the excitation pulse applied to the CTA a
the switch closure current was about 160 ns. Inspection
the CTA after several hundred shots did not show any vis
signs of damage.

Improvement in the switch capability to extend mul
channel performance at pressures higher than 0.5 bar
therefore at higher working voltages can certainly
achieved by a substantial increase in UV radiation inten
generated by the CTA, for instance, by replacing the gl
tube by a ceramic tube. Because of its very high permittiv
value (« r;13 000) and relatively high dielectric strength,
possible candidate appears to be bariumtitanate bariums
ate. This material, employed to manufacture the discha
electrodes of a millimeter dimension high-pressure~1 bar!
N2 laser, showed linear behavior in its temporal response
relatively fast high-voltage excitation pulses~1 ns rise
time!.11
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