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ABSTRACT :: S:
We describe recent experiments which studied the physics of ffi ,_;......... :1:

ultrafast gas breakdown under the extreme overvoltages which ii: 6,o,,,o, I o_o,,,o, :/:
occur when a high pressure gas switch is pulse charged to ::/ 1 !'_Jll ,.0o,,,hundreds of kv in 1 ns or less. The highly overvolted p.eaking [---s._p_-_ ii, _.,'m'_i_'

I "_._;.".'; _'77_r_II/1111flltlt li 7 _ V/!!!/!ii il!i!//I,Hge-,llllllli _o<_o. 1

gaps produce powerful electromagneticpulses with risetimes < I v.2,-2,_,vb-77ii/,,,'"-'" ""'--)7>,,DqT?l_7;;7,7-/7]-_l_,.vT(l_)7,,i/i""_/T/"//_$_/_%7)Tx7'''7

parncle accelerators, laser drivers, bioelectromagnetic studies,

electromagnetic effects testing, and for basic studies of gas _ '_,'""o_""_ /breakdown physics. We have produced and accurately
measured pulses with 50 to 1043ps risetimes to peak levels of -._ ,G.220c,°,,,o,_,,,y,,,.,.-
75 to 160 kV at pulse repetition frequencies (PRF) to 1 kHz. _,.,.<,.=
A unique gas switch was developed to hold off hundreds of kV
with parasitic inductance less than 1 nil. An advanced FiB. I The experimental apparatus is based on an in-line cable
diagnostic system using Fourier compensation was developed switch in a 50 ohm system.
to measure single-shot risetimes below 35 ps. The complete
apparatus is described and waveforms are presented. The
measured data are compared with a theoretical model which Type RG-220 50 ohm high voltage coaxial cable is used for the
predicts key features includinp_ dependence on gas species and pulse forming and output lines. The cable's polyethylene
pressure. We have applied th_s technology to practical systems dielectric is used for the gas switch pressure barrier. I ne 0.875
driving ultrawideband radiating antennas and bounded wave inch cable outer conductor diameter is held constant while an

abrupt transition in inner conductor diameter maintains 50simulators. For example, we have developed a thyristor/pulse
transformer based system using a highly overvolted cable ohm impedance. The differential path length suffered by a
switch, This pulser driving a Sandia-designed TEM cell, plane wave traversing the switch is only a few ps. A strong
provides an ultra wideband impulse with < 200 ps risetime to clamping and sealing arrangement holds the polyethylene
the test object at a PRF > 1 Khz at > 100 kV/m E field, cable dielectric against the high pressure gas. There is no

separate pressure barrier other than the cable dielectric. This
INTRODUCTION arrangement achieves < lnH of parasitic inductance. The

switch was hydrostatically pressure tes;ed to 10,000 psi with noThis paper describes experiments which studied production of
high voltage pulses with risetimes below 100 ps by extreme measurable deflection of the metat housing. The switch is
overvoltage of high pressure gaps. The baste method, as routinely operated above 2,000 psig since high gas pressure is
described by Fletcher in his classic 1949 papert, is to insert a essential to fast risetime at high voltage. Physical displacement
small high pressure gas switch in a length of coaxial cable. The of the cable ends in the housing allows gap adjustment between
input pulse forming cable is rapidly pulse charged to achieve zero (0) and 100 mils. Pressure inlet and outlet lines allow
high overvoltage. The fast pulse is observed at the output operation in either static or flowing gas mode. The pulse in the
cable. More recently, many groups, including researchers at output cable ....is terminated at the end of the line with a shielded
Sandia National Labs2,a, *, Naval Surface Warfare Center '_, Carborundum resistor. Time isolated D-dot monitors
Phillips Lab 6, and Lawrence Livermore National Labs 7, have consisting of open ended 0.085" coax cable and having response
studied the phenomena of small sparkgap switching, to beyond 30 GHzS are used to observe the waves travelling in

the input and output lines. Where possible, microwave

The new features of our study are the generation and techniques such as foamed Teflon cables with 3.5mm precision
measurement of faster switching rimes (as fast as 50 ps), faster connectors were used. The D-dot signals are numerically

integrated to recover the voltage waveforms of the incident,diagnostics, and a spark gap theory. We obtain the faster
switchinig times by high overvoltage, with gap fields to several reflected, and sharpened waves.
Mv/cm in high gas pressure with very fast pulse charging. FAST DIAGNOSTICS SYSTEM

APPARATUS The fast breakdown studies required a very fast data
The experimental apparatus is shown schematically in Figure 1. acquisition system (DAS) capable of triggering on a single
The small sparkgap to be studied is inserted between an input external event and acquiring the waveforms for both input and
and an output cable. The input pulse forming cable is rapidly output signals simultaneously. Existing systems were
pulse charged by the SNIPER 2 pulse generator, andtlae inadequate. Stroboscopic sampling systems cannot acquire
resulting sharpened voltage pulse is measured in the output single shot data. Triggering from external events requ_ires
line. SNIPER has been previously described in detail2 and will signal delay lines which degrade system risetime to > 100 ps,
only be outlined here. The SNIPER pulser can operate at even when very fast basic instruments such as the 7 GHz
repetition rates exceeding 1 kHz but was power supply limited Tektronix 7250 scope are employed. Our solution resulted in a
to 400 Hz for these experiments. SNIPER consists of a gas unique DAS with a system bandwidth, including signal and
switched, oil insulated Blumlein which is pulse charged in 250 delay lines, which easily exceeds 10 GHz. We believe this
ns by a thyratron driven nickel-iron core (k=.97) pulse system, which gives nsetimes of < 35 ps, is the fastest
transformer. An oil peaking switch can be employed to available single shot DAS in the Nation. Two Tektronix SCD-
sharpen the output pulse to < 200 ps risetime, or the direct 5000 digitizers are used with fast delay lines to give two
Blumlein output risetime of 2 ns can be used. This independent channels with random event triggering. The 4.5
arrangement injects pulses up to 200 kV into the input forming GHz 3-dB bandwidth SCD-5000 has a measureo response
cable in 200 ps to 2 ns. The charging waveform is somewhat which extends beyond 15 Gltz with smooth roll-off, lt also
oscillatory, that is, non-rec,.angular. Since the test gap is an incorporates a high degree of oversampling and, at 5 ns full
open circuit, the voltage a' nost doubles, sweep, gives 1024 digitizing points for 5ps per sample. The.... combination of attributes allows Fourier compensation to well

...... beyond 10Gt-t7 with FF'r prnr_<<ing cnflw,qr¢"
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lt is essential to use the fi_ll dynamic range of the instrument ,=_a: ..........

both in experilnental data collection and calibration. A step /pulse with a risetime of 15 ps to 10 volts is applied directly to i / I l

the D-dot monitor input cables for calibration. The high [ t } ' 'voltage level is needed to give a full deflection during I ,_ooooo ......................I _^.a'/_1%-)'<.i :calibration. The step pulse generator is employed as a transfer / _4"<7_' i _ '
standard for calibration against a Tektronix ('SA-803 | "v I ! _'x : :' ° ..................11....I istroboscopic sampling scope. The FFq" processing is o_o_o L , /
performed on an 80386-basedpersonal computer located in /! I / I ] ' _,, ,

the sanae portable shield boxwith the two digitizers. We v, oooo _____i_ i i_/ |jjl -/..... J I _``_`i

of step waw, forms for FFT signal compensation. The _ooooo, ................. i

waveform processing requires only a few seconds and can thus _l[ I t [ '
",0000. 0 .............................. ! ........

Figure 2 shows a fast calibration pulse measured with the SCD-

5000digitizer bef°re andafterc°mpensati°nc°mpared t°a 20 _°°°° ° .......... -----_'_ _X_.]....................._ _I ! ii ' -iGHz sampling scope. The processed data is almost _--I. _-- .. ,,J
indistinguishable from the sampling scope except for an .................. i
increase in noise. This data indicates the degree of bandwidth o o _ ' i
enhancement possible with the system. If desirable, we filter to o_oo__..ooo_._-oo9 z.ooE--oo9 _ ooc-oo9 , oo_-oo9
10 GHz to minimize the level of high-frequency deconvolution

noise. Fig. 3 Pulse charge and output voltage waveforms for a 0.076
w, cm gap at 1790pstg hydrogen show pulse sharpening.

........ [,_5/.__ _.u_e_-y_,_ Figure 4 shows the output waveform of the same
shot with

finer time resolution. The output 10-90% risetime is 67 psL when corrected for the 35 ps system response. The maximum
..... ;-- dV/dt is 1.3 x l0 ts V/s. The switch was operated repetitively

t ] I at these levels in bursts of several thousand shots at 400 Hz• I without gas flow. The maximum rate was limited by the power
supply not the switch. A slight pressure increase was required
in repetitive operation. Operation with a shorter gap and
lower pulse charge level gives even faster riser]men at
approximately the same dV/dt. For example a 0.03 cm gap at

i 1790 psig H2 gave a 52 ps corrected risetime to 60 kV with
overshoot to 75 kV peak voltage. This was achieved with a

- peak E field level of 4 MV/cm. This data is compared to

_ theory in the following section and is shown in Fig. 7.' ...... [" I I ;
":""-"";_' '_ ....... i ..... i ....

o.oo .ooo,.oo -oo,,oo _oo  .oo -oo,,.oo _oo, ! iI 20000. 0 _ -- .......... / v

Fig. 2 Calibration data shows a fast pulse measured with the t, 1"_" -/ ["'-/i
SCD-5000 digitizer before and after compensation compared ",.J I :
with a 20 GHz sampling system display. ,oo0o0.c ..... ! - --I.......... ].... i

80000. ( ....... ' J I

EXPERIMENTAL, RESULTS ' !
After a pulse charging waveform, gas type, and gap spacing are ____ ' ....
chosen, the gas pressure is varied to optimize the switching eoooo,- ,, - j
action as diagnosed by the incident, reflected, and transmitted { _ "

waveforms. Typically the highest pressure with the shortest ,oooo........ J----t[..... ...............................I t"---

gap spacing produces the fastest output risetime and minimum ; i /i
switch Ions. Over 600 complete data sets were taken in the v,.'_ o.
experiments. N2, H2, and SF6 gas mixtures were compared for
a number of gap spacings. In this brief report, we discuss a few
examples in detail emphasizing the waveforms obtainable with o o.......
optimum parameters, z,,oc..-oo92 _c,_.-eo_ z__-_.=a_ _ oo_-oo9 ,, z__.-oo_

Figure 3 overlays the incident pulse charging voltage
waveform and the output sharpened pulse as a function of Fig. 4 Fast switching is achieved by rapid pulse charging.
time. For this example the It_ gas pressure was optimized at
1790psig for the 0.076 cna gap spacing to give stable Operation with Na gas.gives similar results except that lower
breakdown at 85% of peak on the 2 ns charging waveform, pressures are required and risetimes are not quite as fast due

to the hi her _as density. For the 0.076 cm gao operating at
The output waveforrn has a fast rise to 110 kV with overshoot _, w_ measure a 93 ps corrected risedme to 160 kVto 128 kV. The overshoot is not an artifact of the diagnostics 720 psig"
but rather a ringing of the gap inductance and capacitance with dV/dt of 1.4 x 10 t_ for a maximum E field of 4 MV/c.m.

We achieved the highest overvoltage and fastest risetime bywhich will be described in the following section. The prepulse
which occurs before gap breakdown is due to the charging of pulse charging very rapidly using the sharpening switch in
the small (1 pF) gap capacity. The switching is highly efficient ,_NIPER. -For a 0.05 cm gap with 2200 psig H_ and pulse
with little energy loss occurring after the imtial turn on phase, charging to 300 kV gap voltage in < 300 ps we measured E
At the time of switching, approximately 220 kV appears across fields of 6 MV/cm and produced an output pulse of 140 kV

• P ....... /the 0.076 cna gap causing a peak E fieldlevel of 3 MV/cm. with risetime below 50 s and dV dt exceeding 2 x 10t_ V/see.



,,,,s,eveiot(lv/(.ltexceeds the largest pulse power machines rising ft0 kV voltage pulse (V/2) is launched. The model
such as i lVRMf:.S 1II and PBF,\. predicts (and we obselvc) a prepulse coupled across the gap

capacity v,'hich resembles the time derivative of the charging
_C_Q!M.t'L\_R_!__QN__T_Q___I_FIO_j_Y_ waveform, arm an overstmot due to oscillatory currenLs from

We nov.' compare our me,tsurements to a simple model the gap inductance amt capacity.
which is described by Tom Martin in a companion paper in this
sesston _o. The rnmlel assumes a constant limiUng spark Figure 7 compares predicted and measured outpuLs. The
channel conductivity which causes the switch resistance to vary choice of 64 channels gave at,,reenmnt with the experimentally
v.'ith the inverse square of tile channel radius. This radius is measured risetitne of 52 ps (with measurement system
calculated self-consistently fromlhe energy deposited in the correction). The predicted r_ru,ing frequency isa good match. {7' ) . .

channel resistance. The simple hydr .odynamim calculation is to the measured t'requency Dvtn_, us conftdence In the model
implemented through a subrouttne called from the where I. = .54nlt and C = 1.3Pl: were derived independently
SCREAMER circuit solver code. Figure 5 shows the simple from the geometry.
circuit used to model the switch. The source and load ....

transmission lines are modeled ms50 ohm resistances. The gap Comparisonof Experlmenland Th0oty lot Shol 609
inductance L is proportional to the gap length, and the gap ......

capacitance C is matched to the measured prepulse levels. The 80,0' _::_-'-:-]-N_-], ..... _i__-_ t i i |tinle dependent channel resistance R(t) is calculated using a "-' _-,-[ [ ] ] i [ '_

parameters of the switch model are not arbitrary.but rather _.o_0' :t___-,:--_':I--:_...... _ ....
determined by the geometry and gas properties. lira time of ........ 7-".... _ _

l5 ..... "-7.11
closure and number of switching channels are chosen to best s o _0' _............ zt :- t:::

' " L.51-22match the data and arc the only adjustable parameters. _ ,_0__' el ::I:-- __:
Cqa p > :] -_.::-_-:

ao 10' :l :7:1_7......

.....
SO ..... !

.... ....... ,0,0, - ......
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UTEST II Fig. 7 Comparison of measured (solid curve) with calculated
-- (dashed curve) load voltage shows agreement of risetime and

.ringing frequency.
Fig. 5 Schematic of the sv.fitch model shows fixed gap C and L -
and the variable channel resistance which is calculated self- Figure 8 compares the calculated channel current (dashed
consistently, curve) to the calculated load current. The channel current is

................ oscillatory ringing at the LC frequency until the energy stored
in the gap capactty is dissipated in heating the gas. lt is clear
that most of the channelcurrent is supplied from the gap

We compare predictions to experiment for the case of a 0.03
cm gap at 1790 psig H_. Figure 6 shows calculated gap voltage capacitance during the channel heating phase. This source of
(dashed curve) and output voltage. The measured incident prompt energy is essential to the rapid turn on of the switch.
voltage was used as an input to the model. The calculation The calculated energy balance shows electrostatic energy beingstored in the gap capacitance as it charges during theprepulse
shows that the incident voltage almost doubles at the gap to phase. A maximum of 8 mJ is stored. This is transferred to
give a 110 kV gap voltage. When the gap breaks down the heating of the -s (dotted curve) during the turn-on phase.
voltage across the switch gap rapidly drops to zero as a fast-.... Then energy Is alivered to the load efficiently. We note that

the electrostatically stored energy is similar to the minimum
Gspan_OutputVoltage Simulation laser energy required to laser trigger a small switch".
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Fig. 8 Channel current (dashed curve) is larger than load
Fig. 6 Calculated waveforms for gap voltage (dashed curve) current (solid curve) due to prompt energy delivery, from gap
and load voltage (solid cur,'e) show sharpening, capacity.



LRe%CTI CAL A PPLICATt_Q._
We have used the ultrafast gas switch for practical

applications. For example an ultrawideband impulse simulator
has been built which produces a high quality electromagnetic
pulse environment in a TEM exposure celL The peak field
exceeds 100 kV/m with a risetime below 200 ps delivered to ACN, NO_,VI,EI,I(;I:MENT
tile test objects at PRF > 1 kllz. The TEM cell is an
expanding, cross-section square transmission-line with This work perfornled al Sandia National t.abotatorics supported by
symetrically placed center conductor septum, terminated hy a the U. S. Department of Energy under contract
combination of p_,ramidal absorber and discrete resistors. The DE-AC04-76I)P00789 The. authors are grateful to l)avid I. Smith
TEM cell, which ,,,,'as inspired by Sandia's EN{ES design 11, for his suggestions and review; to Vicki L Walker and
matches the 50 ohm impedance of RG-220 cable and Lawrence F. Bennett for their assistance in editing and assembling

incorporates ultrawideband high voltage connectors, this paper; and to Joseph M. Lundstrom for setting up SNIPER.

lhe pulse generator supplies a 25 kV step with a risetime
below 200 ps and width of 4 ns to the 50 ohm cable at the 1
kHz rate. The in-line gas switch is located between the 40 cm
long forming cable and the feed cable to the TEM cell. The

ap with spacing of 0.05 cm, was operated with either N_ or
_-I=. The input cable was pulse charged to 50 kV in 2 ms by a
capacitor discharge unit switched by a single thyristor driving a
(100:1) ferrite core pulse transformer. The unit was simple
and reliable with millions of shots delivered to the load at kHz
rates. The ultrafast gas switches have also been used for REFERENCES
calibration pulsers, antenna measurements, and with radiated

field simulators producing GW pulses from TEM horns and [.1] R. C. Fletcher, "Impulse Breakdown in the 10-g Secondother antennas. The reliability and utility of the ultrafast gas
switches is well demonstrated by these diverse applications. Range at Atmospheric Pressure", Physical Review, vol. 76, No.10, Nov 1949.

DISCUSSION

k2,l! R. S. Clark, L. F. Rinehart, M. T. Buttram, J. F. Aurund, J.The experimental results and comparison to theory suggest a Lundstrom, P. E. Patterson, L. D. Roose, "Repetitive
number of conclusions about the operation of the small highly Ultrawideband Source Development at Sandia National Labs",
overvolted spark gaps. Fast transition times of 50 to 100 ps are Conference record of the 1992 Power Modulator Symposium,
achieved with raptd pulse charging. High pressures were shown pp. 104-106, June 1992.
to be necessary for the production of the fastest risetimes. The

i higher pressures allow the switch to holdoff long enough to [3] J. R. Woodworth, C. A. Frost, T. A. Green, "UV-Laser
: achieve very high overvoltage with E fields to several MV/cm Triggered Switches, 3rd IEEE Pu!sed Power Conference, pp.
:. being necessary for the fastest switching. At these high field 154-156, 1981.

levels the linear dependence of breakdown voltage on pressure

has ceased and further pressure increase has minimal increase _,4t].L. F. Rinehart, M. T. Buttrarn, W. R. Crowe, R. S. Clark, J.in strength. This condition can occur when the E field is so Lundstrom, P. E. Patterson, "An Enantiomorphic Blumlein
high that the electrodes have large current emission. The large Impulse Generator", Conference record of the 1992 Power
number of channels needed for the model to agree with Modulator Symposium, pp. 126-12:,', June 1992.

:: experiment suggests a diffuse discharge caused by the copious
,, source of initiating electrons leading to the very fast [5] S. L Moran, L. W. Hardestry, M. C. Grothaus, "Hydrogen
: breakdown times observed. The comparison of H2, N2, and Spark Gap for High Repetition Rate", 8th IEEE Pulse Power

SF6 mixtures is in agreement with the E field divided by Conference, June 1991.
density dependence suggested by Tom Martinn. That is, for a
given E field the switching time decreases with gas density. L6] J. P. O'Loughlin, R. P. Copeland, "Subnanosecond
The gap capacitance has been shown to be the primary source Transmission Line to Transmission Line Charging",
of the prompt energy which heats the channel rapidly to give Conference record of the 1992 Power Modulator Symposium,
fast turn on of the switch. In summary, we have demonstrated pp. 251-354, June 1992.
gas switching with risetimes as fast as 50 ps and dV/dt to 2 x
10 t5 V/see. Output volta es to 160 kV can be delivered to a 50 [7] W. R. Cravey, P. Loolsen, F. A. Pincosy, "A Picosecond
ohm load at high repe_tion rates. These parameters are High Pressure Gas Switch", Conference record of the 1992
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in-line cable swatches to high overvoltage. Hydrogengas gives
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for channel heating and the volume discharge associated with Time-Domain Metrology", Electror,ics Letters, vol. 9, No. 14,
copious emission of iniatlng electrons from the electrode under pp 317-318, July 1973.
high E fields. This fact coupled with the very low jitter
associated with subnanosecond pulse charging suggests that the _lOJ T. H. Martin, J. R. Seamen, D. O. Jobe, "Energy Losses in
construction of a new generation of very fast highpower pulse bwatches", these Proceedings.
generators using multiple, self-breaking, highly overvolted gas
switches is possible. The fast single shot data acquisitmn [11] N. Pollard, "A Broadband EM Environments Simulator
s_,stem which was constructed for this experiment allows (EMES)", IEEE Trans-EMC, pp. 73-78, June 1977.
nsettme measurements to 35 ps. Finally, we have already
applied the technology of the small, highly overvolted switches [12] T. H. Martin, "An empirical Formula For Gas Swith
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