High power switching with a  V/n oil switch
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Accurate switching is necessary to get reproducible pulses with minimal jitter from pulse power
equipment. On a 10 MV pulse power machine, Aurora, we have improved the triggering of the oil
closing switch in various ways. These include suppressing fast current oscillations during capacitive
charging of the switch electrodes, using a faster trigger pulse that acts only during a fraction of the
switch closure time, and localization of the arc. With additional use of the machine’s symmetry the
output pulses are now reproducible to better than 2% over the entire pulse shape, and the jitter is
reduced about twofold, to 5 ns. @996 American Institute of Physid$§0021-897¢06)08301-9

I. INTRODUCTION many parallel arcs to minimize the switch inductance. How-
ever, in practice the switch closes with at most three parallel
This article studies the triggered breakdown of a largearcs, and in positive polarity with only a single dPcA
V/n oil switch? The oil switch is the crucial element that single arc is unacceptable for low-impedance machines, but
determines the shape and timing of the pulse on Aut@a, for Aurora’s relatively high impedancg=20Q, a single arc
nominal 14 TW electron accelerator. One of these switches igives a sufficiently low inductancé. =300 nH for an ac-
needed for each of Aurora’s four parallel Blumleins. Eachceptable output rise time af=L/Z=30 ns. A bonus of a
Blumlein’ consists 6a 7 m(23 ft) diam outer shell with two  single arc is that it produces a virtually identical pulse shape
nested cylinders inside. The middle one is charged on a mien different shots, provided the arc is always in the same
crosecond time scale, and discharged on a 100 ns time scaesition!
through the switch under study here. A Blumlein pulse form-  Besides technological interest in reducing jitter, studies
ing line gives the output pulse on a matched transmissiownf triggered oil breakdown on a machine with Aurora’s size
line the same amplitude as the charging voltage. For Auroraccesses a parameter regime for electric breakdown of lig-
the maximum voltage is about 12 MV, and the operationaluids that is unavailable elsewhéfeAurora’s arcs are 0.5 m
voltage is about 8 MV. long, and carry currents on the order of 100 kA at 10 MV.
Aurora’s oil switch is aV/n field distortion switch, a Related work®is in a complementary parameter regime with
switch wherein the trigger electrode is charged to a constara much smaller scale, where many identical shots enable
fraction (“‘n”’) of the switch voltage (‘V’’). On Aurora  fundamental worksuch as Ref. 14 for nonpolar liquids, Ref.
n=10, for a trigger voltage of about 0.8 MV. The switch is 15 for water, and Ref. 16 or 17 for perspectives
triggered by rapidly(~10 ng discharging the trigger elec- Here the motivation is technologic@imilar to Ref. 18.
trode through a smaller switch, here a conventional trigatron
gas switch. An oil arc forms, which closes the switch.
This work is part of an ongoing effort to reduce Aurora’s Il ELECTRICAL MEASUREMENTS

jitter.5~8 Other attempts to lower jitter tried to increase the Figure 1 shows the geometry of the oil switch region.
trigger's voltage rate of risbut the results were ambigu- The oil switch is the shaded region between a flat plate con-
ous. nected to the intermediate Blumlein electrode, and the hole
Here the approach is to identify the parameters thakyrrounded by a torus in the inner electrode. The intermedi-
might affect switch closure time, and to control these paramate Blumlein carries the high voltage, while the voltage on
eters as best we can. Controllable parameters are the voltagqe inner Blumlein electrode is close to grOL(Ihé., the outer
across the switch, and the voltage wave form on the triggeglectrode that is also the outer shell of the machifide
electrode during charging and triggering. More difficult to high voltage electrode of the switch is a flat plate about 55
control is the current through the oil arc. The current contackm away from the torus. Oil gives the entire volume a di-
can be fixed by initiating a single arc, but control of the arcelectric constant,=2.3. The gas switch, which triggers the
itself has so far proved elusive. oil switch, is the structure on the cantilevered pipe in the
For gas switches, faster triggering and closure with acenter. It consists of a hot electrode to the left, connected to
predefined arc are well-known ways to improve jitter. In Au- the oil switch trigger electrode, and a ground electrode to the
rora’s original oil switch a fast trigger pulse was deliberatelyright. The gas switch is triggered from outside the machine
avoided because it was thought that the trigger voltageéhrough a cablénot shown.
should remain high while the switch is closing. However,  \pltage diagnostics in this region are capacitive moni-
once the arc is formed the trigger voltage turns out to beors, shown at the numbered arrows. Probe 1 on the inner
irrelevant. Likewise, the original switch wanted to trigger electrode looks aV, the voltage on the oil switch hot elec-
trode, while probe 3 looks mostly at the voltagg on the
aElectronic mail: pereira@bra4a.nrl.navy.mil gas switch hot electrode. Probe 2 looks at the voltage on the
YAlso with Berkeley Scholars, Springfield, VA. trigger electrode,V,. The monitors are 12.7-mm-diam
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FIG. 1. Detail of the oil switch region. The numbel’édnonitors look af1)
the switch voltageV, (2) the trigger voltageV,, and (3) the gas switch
voltageV, . The camera’s field of view is hatched. G

I .

thumbtacks stuck into a female HN connector. At 10 kV/ 0 1
cmns or 18° V/is m they give a healthy=125 V signal, r (m)

vastly exceeding the-10 mV noise. The calibration accu- FIG. 3. Electric potential in the oil switch region after charging. Capaci-
racy is only about 25%. Calibration does not affect timingtance symbols suggest the regions that define a circuit element.
and pulse shape, which are the principal quantities of interest
here. However, the absolute values of voltage or current, and
especially power or energy, are not as reliable as we wouldamped sinusoid with a 120 ns period and 60 kV/ns ampli-
like. tude. The oscillation lasts until the end of the switch run
On a sample shot, 8822, Fig. 2 surveys the time derivatime, when the trigger connects electrically through a long

tive of the voltage on the oil switch trigger electrodg,.  arc to the high-voltage electrode, at about 300 ns. The switch
Charging takes from about 1500 to O ns. In this time the closes when the trigger connects to the ground electrode,
trigger voltage increases to abotiD.8 MV, and the switch about 30 ns later at the downward spike\gn These differ-
voltage to about 8 MV. The trigger’s average voltage rate ofent regimes folV,; are now discussed in detail.
rise V,=0.25 kV/ns is too low to be seen. At trigger times,
t=0, the gas switch fires. Now the voltage derivative on the . .
trigger electrode starts to oscillate approximately as éo‘ Charging of a - V/n switch

A field distortion switch is designed such that the trigger
electrode remains in electrical equilibrium with the potential

300 in the switch medium while the switch is charged. [V
8822 switch the trigger voltag®, is determined by capacitive di-
200 | vision. That is,V;=Vy(C./Cg), where Vy=V(t) is the
charging voltage on the hot electrode addis the capaci-
& 100 | long arc N tance between the hot electrode and the trigger. The capaci-
£ pulse charge trigger ’J tanceCg is the total stray capacitance between trigger and
< oL e \,,M ground.
E_ U V V Figure 3 illustrates the potential in the switch region dur-
3 00k - - ing charging. The total stray capacitance to groudglis
run time given by the computation of the potential. Conceptually,
can be split somewhat arbitrarily into the separate capaci-
-200 | - . .
tances as indicated, e.g., the capacitance from trigger to
' short arc 7 groundC,, or the capacitance from the gas switch to ground
'30?2000 _1;00 41(;00 500 0 500 Cg4, and others. These individual capacitances can be esti-

mated analytically to some degree, but the coupling capaci-
tance between the trigger and the high-voltage elect@de
FIG. 2. Overview ofV, on the trigger electrode during charging, after trig- Can be determme_d exactly. Between the h_Ot ele.CtrOde and the
gering, and after switch closufgositive polarity shot 8822 trigger potential lines are flat. Therefo€, is an ideal flat-

time (ns)
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TABLE I. Circuit elements in two switch designs.

Element Large Small

symbol switch switch

C. (nF) 0.03 0.012 L,
C, (NP 0.37 0.15

Cq (NF) 0.12 0.1 R
Cs (nF) 0.03 0.01

C, (nP 0.03 0.01

L, (NP 550 400

Ls (nH) 30 30 G . oo .

Lo, (nH) 30 30 FIG. 5. Oil switch trigger circuit schematic.

L, (nH) 80 80

R, () 0 20

R (©) 0 20 Beyonds, the trigger voltage remains lower than the unper-

turbed voltage.
The open diamonds suggest the situation for a switch
) ) with a trigger electrode that has a larger radiis 0.5 m, too
plate capacitor, without edge effects. From the geometryarge to pass through the hole. This is the size of the elec-
Cc=e,€omR%/(1—s), with R the trigger electrode's radius trode used in the original switch. When this trigger electrode
and| —s the distance to the hot electrode. Table | containsgpproaches the ground electrodd—0, the capacitance be-
representative values. tween trigger and ground increases@g~1/s. The trigger
If the potential lines at the edge of the trigger electrodeygjtage decreases to zeid,=s/I, but faster than the equi-
are more or less flat, as in Fig. 3, the voltage on the triggefiprium voltage.
corresponds to the potential in the surrounding oil. With the At the equilibrium stickout distancs, the voltage on the
high voltage electrode dtand the trigger at a stickout dis- trigger electrode intersects the equilibrium voltage at an
tances, the voltage on the trigger i¥;=V,s/l. Figure 4 angle. This angle would determine the tolerance in picking
showsV/V, as function of relative stickout distaneg. The  the stickout distance if it were necessary to closely approach
solid line corresponds to a constant electric field in thegjectrostatic equilibrium. Aurora’s il switch is very forgiv-
switch, without perturbations from trigger electrode or thejng in practice, tolerating stickout distances of at leag6%
hole in the inner Blumlein electrode. The curved solid line isarounds,, without spontaneous breakdowns or losing trig-
computed in the geometry of Fig. 3, for a trigger eIectrodegerabi”ty_
with R=0.3 m, small enough to go through the hole in the = A high electric field at the trigger electrode’s edge is
ground electrode. In this case the trigger voltage is finiteyften thought to be necessary for accurate triggering, and
even when the trigger is flush with the ground platesit  trigger electrodes are frequently sharpened in an effort to
=0. The voltage increases with increasing stickout distanceyyarantee low-jitter pulses. In contrast, we show below that
until it is equal to the unperturbed potential at the equilib-|ow-jitter triggering is possible with a dull trigger electrode,
rium stickout distances,, where the two curves intersect. provided that a single trigger pin extends radially into the
region in between switch electrodes.
Avoidance of sharp trigger electrodes is motivated by the
0.4 following observations. The first shot on a freshly sharpened
trigger electrode usually triggers early. Presumably, this is
because an unavoidable electrostatic disequilibrium in trig-
ger voltage is sufficient to initiate oil breakdown during the
~2 wus charging phase of the switch. At a dull electrode and
the same voltage disequilibrium, the electric field is too
small to cause spontaneous breakdown during the charging
time. Then breakdown is initiated by triggering, resulting in
lower jitter.
Un  —— g Electrostatically, the trigger voltage is uniquely deter-
C mined from the capacitances, i.e., from the geometry, but
° how good is the electrostatic approximation? Figure 5 is an
equivalent circuit for the switch region. Capacitances indi-
obeo o » L cated by the thick symbols have been discussed eafligis
0.2 0 0.2 0.4 the capacitive coupling between trigger electrode and the
s/l high voltage electrode, and the total stray capacitance to
ground Cs=Cs+Cy+C,. Here Cs is the capacitance be-
FIG. 4. Normalized voltage/,/V, on the oil switch trigger electrode as tween the two electrodes of the gas switehich in Fig. 3

function of the normalized stickout distane#l, for a 0.5-m-diam trigger ; ;
electrode. The straight line is the unperturbed potential in the oil. The operbave 800 KV across themct is the capacitance between

diamonds suggest the normalized voltage for the 1-m-diam trigger electroddigger _and ground, an@ is the Capa_‘Citance fro_m the hot
that does not fit through the hole in the ground electrode. gas switch electrode to ground. Splitti@y andC is some-
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FIG. 6. Time derivativeV, on the trigger electrode, on a sensitive scale ) .

appropriate for the pulse chargeositive polarity, shot 8822 Fast oscilla- FIG. 7. Comparison betweew, on shot 8822 an¥, from the circuit.
tions stand out. The same oscillations on the voltdge fdt V, (the dashed

line) are difficult to measure directly.

with AV,=20 kV, a few percent of the=500 kV trigger

what arbitrary, because each contains an arbitrary part of theoltageV,.
distributed capacitance for the stalk. A reasonable boundary In principle the fast oscillations could affect switch tim-
between the two capacitances is suggested by the dashBW- In this case a part of the jitter would be proportional to
field line in Fig. 3. In terms of these capacitances the triggeA Vi/Vi=4%. If the fast oscillation were the sole source of
voltage in the electrostatic  approximation is itter, the 4% voltage uncertainty might cause more than 4%
V,=V,/(Cg/C.+1)=V,/n. The factorn=(C¢/C.+1) isa  uncertainty in switch timing, equivalent to a jitter of up to 12
numberns1 if the stray capacitanc€s>C, . ns for a 300 ns switch run time. In any case, it seems prudent
Table | contains reasonable values for the different cirt0 suppress any unintended oscillation in the trigger circuit,
cuit elements, derived from a combination of computations®’ anywhere else for that matter. Shipman used resistive
and measurements. As an example, for the large Swncﬁamplng in the water switch on the Gamble II machine at
Cs=0.45 nF whileC.=~0.03 nF, anch=15. The maximum NRL.? Likewise, replacing the conducting stalk between the
trigger voltage is then about 0.5 MV, 1/15 of the nominally trigger electrode and the gas switch with a resigter 20 ()
~8 MV peak voltage across the switch. inside a nylon support stalk suppresses the fast oscillation.
Electrostatically, the low-voltage electrode of the gas
switch is connected to ground by its support, the T-shape
structure on the right-hand side of Fig. 1, and by the dashed"
lines that are in reality braid or copper sulfate resistors. Inthe  Once the switch is charged it is ready to be triggered.
circuit these elements are represented by the inductipce This is done by a pulse from the outside, which triggers the
and the resistandg, . Similarly, the inductancé, represents nominal 1 MV trigatron gas switch. As seen in Fig. 2, closing
the stalk between the trigger electrode and the hot gas switdahe gas switch at=0 sets up a high-amplitude oscillation on
electrode, and_; is the inductance accompanying the gasthe oil switch trigger electrode, witk; up to 500 kV/ns and
discharge in the switch. The rf cavity formed by the gasa period around 100 ns. In 50 ns the trigger voltage changes
switch electrodes is mocked up hy, together withC. In from approximately electrostatic equilibrium to twice the
later uses of the circuit the coupling capacitance can changeltage on the trigger, 2V,=1.6 MV. The trigger electrode
with time, C.=C(t), to represent the electrostatic compo- geometry translates this voltage disequilibrium into a large
nent of arc propagation, while. represents the inductive (~100 MV/m) electric field that initiates breakdown in the
component. Closure of the gas switch is accounted for by theil. Our data are insufficient to determine a breakdown
switch S;, and closure of the oil switch b§,, circuit com-  threshold. )
ponents whose resistance varies nonlinearly in time. Figure 7 compare¥, for shot 8822(the solid ling with
Deviations from electrostatic charging are evident in Fig.the voltage derivative on the trigger electrode computed at
6, which showsV, on a fine scale during the pulse charge.the node connectin@; andL, in the circuit for Fig. 5(the
Instead of the expected pulse charge wave form, a sinusosblid circle. The model and measurements are very close,
with V,;=0.25 kV/ns between-1500 ns and triggering at comparable with the differences from shot to shot. Clearly,
t=0, the signal is dominated by regular oscillations. Thethe circuit describes the electrical behavior during the run
maximum isV,=3 kV/ns, while the minimum is negative, time quite well until about 50 ns before oil closure at about
about 1 kV/ns. The period is around 40 ns, with an additionaB00 ns, when different shots diverge. The current to the trig-
modulation of the envelope at about 700 ns. At triggering,ger electrode is estimated directly frolm=Q=CV (the
t=0, the data go off-scale. Integrating over time gives theright-hand scale in Fig.)7
voltage(dashed ling whose overall shape corresponds tothe  Based on the excellent agreement between the circuit
sinusoidal pulse charge. On top of this are fast oscillationsnodel and the measurements at a single node, currents and

Run time after triggering: Positive polarity
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FIG. 9. V, on the trigger electrode for different gas switch closure times.
The solid line for 3 ns closure time best matches the data. An ideal switch
with closing time 0.1 nddotted line gives overshoots, 10 ns closing time
(the dashed linegives excessive damping.

FIG. 8. VoItagth on the oil trigger electrode in the circuit modéhe
dashed lingand voltageV, on the gas switclithe solid ling. Both voltages
have their own frequency.

voltages throughout the switch region can be inferred from . . _ . .
0 I : .~ . a switch with 7g=10 ns. The fast-closing switch shows

the circuit model. The dashed line in Fig. 8 is the circuit's _ . -

voltage on the trigger electrode. Despite the sharp cornersép'kes in \{ that are absent f_rom most measurements. How-

' éver, on rare shot¥, looks like the dotted line for a fast-

and other deviations from a sinusoidal shape in the derivativ%Iosin as switch. On these shots the qas switch might have
V,, the trigger voltageV, itself looks like a slightly damped 99 ‘ 9 9

. . . . . .~ . closed faster than normal, perhaps because it was about to
sinusoid. This wave form is easily reproduced by a circuit P P

: . . : ; self-fire. As expected. the slowly closing switch gives a
that contains only a single capacitog and a single inductor smootherV, that decays faster than the measurements indi-
Ls. Figure 5 shows the capacitors that makeGin bold, ! y

while Le=L 4L, cate: no shots look like this.

Simplifying the circuits of Fig. 5 to an RLC circuit omits Ehe energy _needed fcir initial breakdowEWb
. : = Vg76/Ro, isWy=4 J for 7g=3 ns and 12 J forg=10

the high-frequency components related to the various Seperlfs Most of the enerav dissipated in the aas switch is depos-

rate capacitancefCy, Cq, and the like that dominate the ' gy b g P

voltage Vy on the gas switch, the solid line in Fig. 8. Al- ited in R,, by the current through the gas switch10 kA

; o . .average during the ~ 300 ns run time. Approximately,
thqugh .th.ese rapid o_scnlatlons should not _mfluence 0|IW72 110 J forrg=3 ns and 140 J forg=10 ns. The total
switch timing, they are important to the gas switch. Unfortu-ener deposited in the gas switch can be reduced by limit-
nately, the sensor facing the gas swittfo. 3 in Fig. 1 is gy dep 9 y

o . ; ing the current with the resistd®;. Such a resistor might
not specific enough for rigorous comparison between mea- L ! .
. ) engthen the time in between gas switch maintenance.
surements and computations. Only for the first 100 ns or so

does theV, as seen by the sensor agree with the circuit _ o _ _
computations. C. Run time after triggering: Negative polarity
Closing the gas switch suddenly, changing the resistor |y npegative polarity, Aurora’s original bremsstrahlung

that represent§, in Fig. 5 frome to 0 in an infinitesimal  mode, the oil switch circuit behaves somewhat differently
time, does not agree with the measurements. Instead, thgym the positive polarity shots discussed up to now. Due to
proper closure rate and the proper final resistance must Bgeakdowns elsewhere in the system, positive polarity shots
chosen. The gas switch resistance is represented as the gags 86% lower voltage than the negative polarity shots.
discharge membgt of a family of switch descriptiofS by Therefore, positive polarity shots have a longer run time

dr 1 R, (=300 ng than negative polarity shots. Figure 10 is tie
EZ_WR%Z 1—3) on shot 8864—negative polarity. The switch run time is
G'G

about 200 ns, as expected from the ratio between the Marx
HereV; is a typical voltage across the switth.8 MV, say  charge voltagesnegative 145 kV, positive 125 KV
and 75 is the corresponding time scale for resistance  The open circles giv&/, computed from the circuit. In
changes. In this description the resistance decreases from itegative polarity the computed, disagrees substantially
initial value R, at timet=0 to Ry/2 after deposition of an with the measurements, which virtually overlap on nomi-
energy’W = [I1°Rdt= VéTG/RO. Eventually the resistance nally identical shotgexcept when approaching the closure
asymptotes tdR,,, here %). time). The discrepancy might reflect additional current from
Figure 9 compares Mcomputed with the circuit for an  activity in the oil that is specific to negative polarity.
initial gas switch resistancRy,=500(, and three values of Figure 11 is a time-integrated optical photograph of oil
76 - The solid line is forrg=3 ns, the closure time that best arcs in negative polarity. The fields of viefwatched in Fig.
mimics the datgsee Fig. 7. The dotted line is for an ideal 1) includes the trigger electrode where the arcs are con-
gas switch that closes in 0.1 ns, while the dashed line is fonected, and the ground torus about 5 cm away on the right-
N. R. Pereira and N. A. Gondarenko
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FIG. 10. Comparison betweén on shot 8864 anls'Vt from a circuit model.
The open dots that deviate from the measurements are for 0.03 nF trigger
capacitor, the solid dots that agree include time variation in the capacitor. :

hand side. The partially light-reflecting high voltage elec-F!G. 12. Time-resolved photograph of a similar discharge. Four 10-ns-wide
. . optical pictures of arc triggering at 70 ns, slow arc development at 120 ns,

trode is about 50 cm a_Way to the "?ﬁ'ha”d S'd(_a' Four Iongarc growth at 170 ns, and switch closure at 22Qmegative polarity, shot

arcs close the gap, while many partial arcs aspire to closurgses.

but do not seem to get there. On the short side there is a

much larger number of short arcs. These come from the long

side, but reverse path and end up at ground. The reason ®larity, the switch closes fine, and the rise time of the output

that these arcs, with their sharp ends, are still close to grounglulse is acceptable. Apparently, in Aurora the number of arcs

when the long arcs hit and the voltage reverses. Positivés not so important.

polarity (not shown is different: only a single arc with many Figure 12 shows four frames with 10 ns worth of arcs

branches bridges the switch gap, while at least 19 short ar@very 50 ns, as seen by Hadland 790 framing carfleFae

bridge the short gap. In both cases, negative and positivéeld of view is slightly smaller than in Fig. 11. It includes

the trigger electrode close to the ground electrode on the

right-hand side, but barely misses the hot electrode on the far

left-hand side. The pictures overlap vertially, with the one at

70 ns after triggering slightly to the right of the one at 120

ns. This is especially annoying for the pair at 170 and 220 ns.

The first frame, 70 ns after triggering, has only a sliver
of light at the trigger electrode’s rim, seen end-on as a 1-m-
high line. At 120 ns there is light up to 5 cm into the switch
gap from more than 20 arcs. The arcs are approximately the
same length, but the slightly longer arcs appear to be more
luminous than the shorter ones. Again, 50 ns later all arcs
have grown, but the longer aréwith about 15 cm length
have run away from thei5 cm shorter siblings. The switch
closes at 220 ns in the last picture. Only a féwere at least
one, but perhaps threarcs reach the hot electrode across the
50-cm-wide gap, while most others remain far behind at
about 15 cm.

The optical length of the arcs as a function of time de-
fines an arc propagation speed. Early on the many arcs seem
to propagate at about 1.5 mm/ns. Once a few arcs stand out
from the rest, as in Fig. 12 at 170 ns, the arc speed increases
to about 10 mm/ns. The arc speed defined by the light emis-

- sion is presumably correlated with the closure velocity of the
oil switch. For the closure velocity ,,=I/t,, the literaturé?
provides such estimates g,/ /4 = 80V ®. Here the voltage
V is in MV, the switch gap in cm, and the run timg, in ns.

FIG. 11. Open shutter photograph of arcs for a negative polarity shot. No:rhe run'tlmetrz 12,57V depends strongly on vqltage,
tice the partial arcs in the large gap, and the many closing arcs in the smafi€creasing from 300 to 240 ns as the Marx charge increases
gap. Closure is through only a few arcs. from 125 kV (for a positive shgtto 145 kV (for a negative
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sho). It is somewhat surprising that the run times scale this 75

well despite the polarity difference, because arcs in positive

and negative polarity do not look alike. 50 [ |
Aurora’s oil switch closing tim&200 ng is substantially .

longer than estimated from the literature60 ng. However,

the 60 ns estimate agrees with the 50—100 ns closure time of

the fast arcs. Extensive measuremeiisa planar geometry

like Aurora’s oil switch give fort. a different formula that

matches the data much better, 25 -

v (arb. units)
o

Vo @ (te
(FO> f f(t)*dt=21 ns. %0 8871 e
0

. . e e -75 L 1 1 1
HereV, (in MV) is the initial voltage between the two elec- 100 50 0 50 100 150

trodes,d (in cm) is the interelectrode distanck=1—s, and time (ns)

a is 1.3. The functiorf(t) accounts for a possible time de- .
; — ; FIG. 13. Comparison betweeéw, in the three different switch geometries:
pendence of the voltage on timé=V,f(t). Here the time the high-inductance original switcfthe dotted ling the standard switch

dependenCé(t) =1+ F:OS@'[) can be ignored because the (the dashed ling and the resistively loaded switch with a small trigger
voltage change on the trigger electrodd/;/Vy=45 codwt)  electrode.

is small, 5=1/n<0.1. A change in voltage during the clo-
sure time t. from the continuing pulse charge,
AVy=V,y(t+t.)—Vy(t), can also be ignored. tion should no longer be a capacitor but(tame-varying
Is the voltage on the trigger circuit affected by the elec-resistor in series with an inductor. This inductog,in Fig. 5,
tric activity in the oil that is related to the visible arcs? Arcs is about 350 nH. The average 7 nH/cm inductance over the
are electrically conductive, and the front of an electrically50-cm-long gap corresponds to a single conducting channel
conductive regioriwhich may or may not coincide with the with a radiusr. and a return current radius such that
visible light) should be an equipotential surface. If a conduc-In (r, /r;)) = 3.5. These estimates seem compatible with the op-
tive front moves into the oil together with the arcs, the cou-tical pictures, but they are not precise enough to be analyzed
pling capacitanceC. should increas& perhaps inversely much further.
proportional to a typical arc distance to the hot electrode.
The framing photographs show a continuous light front mov-
ing halfway into the gap over the first 100-150 ns after”l' TOWARD MORE ACCURATE TRIGGERING
triggering. The capacitance would increase twofold if the  As is well known, triggering becomes more precise by
light front were to be an equipotential surface. Afterwards,increasing the voltage rate of rise on the trigger. This can be
the light front remains stationary while one or two arcs takeimplemented by reducing capacitances and inductances in
off. Individual arcs have little capacitance, but eventuallythe trigger circuit to their lowest practical values, and by
these arcs will form resistive paths. Their contribution is rep-introducing a resistor that damps the trigger circuit. A resis-
resented in the circuit of Fig. 5 through a variable resistancéor has been implemented in a water switch on Gamble Il at
(shown as a switchin series with an inductot, . NRL designed by Shipmarthowever, in Gamble II's present
The solid dots in Fig. 10 show what happens when theil switch?® the resistor is replaced by an indugtoAs dis-
trigger electrode’s capacitan€®,(t) increases from 0.03 nF cussed earlier, it might also help to suppress any fast oscil-
initially to 0.09 nF after 100 ns. The circuit now matches thelations during the pulse charge. These measures have to do
data(the solid ling much better than the open circles for a with the electrical parameters of the trigger circuit.
constant(0.03 nf trigger capacitance. The 0.06 nF increase  Simple changes to the basic switch geometry of Fig. 1
in C.(t) makes the total capacitance of the trigger electrodéncreaseV, more than twofold. Figure 13 compar¥s for
go from about 0.4 to 0.46 nF, with a corresponding decreasthe originaf® oil switch trigger geometrydotted ling with
in oscillation frequency of only 7%. Still, the current added V, for the modified version of the switdldashed lingthat is
to the circuit,| (t) = Q= C_.V,, can be substantial because thenow Aurora’s standard. The solid line\4 for a switch with
changing capacitance looks at the high volt&ge which in  the smaller trigger electrode and a single trigger pin and will
aV/n switch isn=10 times larger than the typical voltages be discussed below.
in the trigger circuit. In the original configuration the trigger electrode is con-
The measurements are not accurate enough to determimected with a~2-m-long axial cylinder to the high voltage
an effective capacitandg.(t) from the added currert(t). electrode of the gas switch. The low voltage electrode is
Still, the threefold increase of capacitance needed to matctonnected by a similar pipe to a4-m-long support struc-
the measurements does not contradict the twofold capacture: additional mechanical support is provided by isolating
tance increase inferred from the arcs’ light front: apparentlystraps that are not shown in Fig. 1. The return current struc-
some effective equipotential stretches further into the gapure represents about 2000 nH inductarigein Fig. 5. This
than the light. large inductance results in-a200 ns oscillation time for the
When the arc reaches the hot electrode the space chartrigger voltage, long enough to keep the trigger electrode
disappears from the gap, and the gap’s electrical representander charge during the switch run time. This was thought to
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be needed to keep the arcs propagating. Aurora’s standard oll 100 -
switch bypasses the 2000 nH inductor with shorting straps.
These are dashed lines in Fig. 1, and the corresponding
a dashed line in Fig. 13. Despite the voltage reversal on the
trigger during the run time, the standard switch gives at least
comparable jitter to the original switch, approximately 8—20
ns (depending on maintenance, ¢t clear advantage of
the standard switch is that high electric fields inside the inner
Blumlein are restricted to a much smaller volume, leaving
room for other hardware such as mechanical supports for the 25
Blumlein structure.

The highestV, to date, the solid line in Fig. 13, is

75 .

50

normalized width

achieved by shrinking the size of the entire switch, within the %00 125 150 175 200
limits of the existing parts. The trigger electrode’s diameter )
is halved from 1 to about 0.5 m, so that the total capacitance run time (ns)

of th.e trigger electrode I.S reduced fr.o.m 0.44 to 0.17(inF FIG. 14. The width of a single arc plotted against switch run time. The
cluding the stray c_apgcnan)celn addm_on, the metal stalk cjrcles are for an average electric field in the switch about 10% higher than
that supports the oil trigger electrode is replaced by a damper the squares.

ing resistorR,=19Q, later increased to 0. The resistor’s

inductance., is minimized by reducing its length from about

110 0.6 m. Through all these measures the péakicreases  these measurements the run time as function of peak voltage
2.5 times. Moreover, the resistance suppresses the oscillg- (in Mv) matches a simple scaling relation=1/u with
tions during switch charging. the average closure speee:0.37 V with u in mm/ns. For a

When the jitter is a constant fraction of the switch run peak pulse charge voltaye=8 MV the average arc speed is
time, the jitter decreases as the run time becomes smaller. G'mm/ns, and the run time over the 55 cm gap would be
Proto | at Sandia National Laboratory the jitter is about 4%gpout 185 ns. For the standard switch the run time is indeed
of the run time?* IncreasingV, and reducing the run time  ~185 ns, 25longer than the jitter, withr=8 ns. How-
were the principal thrusts in Aurora’s first jitter SUIOFJreSS'Onever the switch with the single point trigger is substantially
efforts? faster, down td,=125 ns.

Once the arcs are initiated, a further factor in the jitter is A shorter run time with a Sing|e arc is reasonab|y con-
the reproducibility of the arcs themselves. In the standardistent with its=8 mm/ns apparent propagation speed, much
switch the trigger electrodesia 1 meter-diam disk with a faster than the=2 mmi/ns speed of multiple parallel arcs that
sharp edge, which gives rise to a two-dimensional arc patoccur early on in the switches with sharp trigger electrodes.
tern, see Fig. 12 at 120 ns. In two dimensions any arc hag an arc were to propagate at a constant 8 mm/ns speed
two close neighbors, whose electric potential makes the fieldtarting at the trigger time, the closure time would be still
on a small arc smaller, but keeps the field large on an arc thagwer, perhaps 60 ns. The ratio between the 125 ns run time
sticks out. Therefore, the longest arc should grow faster thaand the 4 ns jitter remains about 25.
the others: an array of arcs in two dimensions is unstable. In  Switch run time appears to be correlated with the trans-
any unstable situation low jitter is difficult to achieve. One verse size of the arc as it appears on the framing photo-
attempt at reducing any jitter from interfering arcs is to use ayraphs. Figure 14 shows the width of the single arc plotted
single arc, or possibly multiple parallel arcs that are far awayagainst run time. The definition of arc width is somewhat
from each other. arbitrary, because it is hard to decide what separates arc light

In pulse power machines with a low inductari¢ée.g., from dark oil: the width was measured from the scanned
Z=1Q) a single arc is not allowed, because its inductdnce picture by an unbiased observer. The arc width appears to be
is usually too high for an acceptable rise timeL/Z. How-  well correlated with run time for the squares. These shots
ever, on Aurora witlz=20() there is no problem. Moreover, have a largé10 n9 spread, and an electric field in the switch
putting the single arc in the Blumlein’s symmetry plane givesgap that was on the low side, about 10% less than for the
a highly reproducible output pulse. shots corresponding to the circles. Even for these much

With the small trigger electrode a single arc is initiatedtighter arcs, with smaller widths, there is a hint of a correla-
with a 10-15-cm-long pin that sticks out sideways in thetion. Five of these shots fall within an 8 ns window, fora 1
trigger electrode’s plane. In order to avoid unintentional arcgitter of less than 3 ns. Including all six shots gives a 13 ns
the trigger electrode is now rounded. An additional benefit isvindow, and br jitter of 5 ns. Unfortunately, the single day
that a single arc propagates faster than multiple parallel arcef shooting available for these measurements is not enough
giving a shorter switch run time. to determine the jitter more precisely.

The run time for small switch that initiates a single arcis ~ That the apparent arc width and the run time might be
about 120 ns. The original and standard switcluedted and  connected is more or less understandable. Sometimes a wide
dashed lines in Fig. 33have much longer run times, about arc originates in two parallel arcs propagating from the same
225 and 200 ns. These run times agree with measuremernitstiation point. As is the case with the many arcs in the
on multiple-arc switches with Proto | and AurdfaFrom  two-dimensional switch, two parallel arcs have an electric
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