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ABSTRACT

The necessary conditions for obtaining consistent multiple
arc breakdowns in a 60 KV pressurised air spark gap of 1.7 nH
effective inductance have been investigated. Theoretical con-
clusions which are confirmed by the experimental results; show
that the important factors influencing multiple arc breakdown
ars the gap voltage decay time and the ratio of initial arc
channel impedance to that of the complete gap. The spark gap
has also been used with a single 15 kJ capacitor at a peak current
of 1,0 MA the combined inductance of the unit being 14 nH.
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LIST OF SYMBOLS

Main capacitor

Trigger circuit blocking capacitor

Trigger circuit auxiliary gap (diversion gap only)
Inductance of gap connections

Load coil inductance

Effective gap inductance during voltage decay

Inductance of all arc channels in parallel
Gap inductance at high currents

Static breakdown pressure

Operating pressure

Resistive voltage divider

Trigger circuit isolation resistors
Multiple arc starc gap

Multiple arc diversion gap

Total spread in breakdown time between points
Transit time of capacitor transmission line
Transit time of coil transmission line

Transit time of gap transmission line

Gap voltage decay time constant

Main capacitor voltage

Voltage between main electrodes (Fige2b)
Total gap voltage (Fig.2b)

Intermediate electrode potential

Length of long gap spacing

Length of short gap spacing

Capacitor transmission line impedance
Coil transmission line impedance

Gap transmission line impedance

Long transmission line impedance

Trigger cable impedance



1. INTRODUCTION

Low inductance capacitor banks for producing high current pulses
of about 1.0 MA rising in a few microseconds are usually switched by

(1,3)

numbers of single arc spark gaps connected in parallel or by high

performance solid dielectric switches(4). The use of parallel spark
gaps has proved necessary because it is difficult to reduce the induct-
ance of such gaps much below 20 nH each whereas the complete switching
system inductance may have to be as low as 1 or 2 nH, The minimum
inductance that can be achieved with a single arc gap is limited to
that associated with the magnetic field round the arc channel provided
the connections to the eléctrodes are correctly designed, It follows
that a significant reduction in inductance can be achieved by estab-
lishing a number of arc channels between the gap electrodes. This
also enables the peak current and coulomb rating of the gap to be
increased,

It has been shown that with three-electrode single arc gaps having
a 'field distortion' electrode geometry as in Fig.1 small variations
or 'jitter' in breakdown time of about * 2 ns can be achieved combined
with a wide operating voltage range(s). Since these are also the con-
ditions required for consistently producing multiple arc breakdowns
this electrode geometry was also used for the multiple arc gap. The
latter was developed to short circuit a 43 nH coil after one half-
cycle of current (peak value 500 kA), an effective gap inductance of
1.7 nH being required for this duty. It was also used as part of a
compact 36 KV, 15 kJ capacitor/spark gap unit of 14 nH combined in-
ductance of which the gap contributed 5 nH. This unit was operated

at up to a peak current of 1,0 MA., The short circuiting gap is

referred to as a 'diversion' gap and that associated with the



capacitor unit as a 'start' gap. Initial triggering experiments were
carried out in a low energy 60 KV circuit to study the reliability

and mechanism of breakdown.

2. EXPERIMENTAL APPARATUS

2.1 Multiple Arc Gap Assembly

The two 'heavy alloy' (tungsten, copper nickel) main electrodes
(A and C in Fig.1) are 2 cm diameter and 50 cm long and are bolted to
aluminium alloy plates insulated by polythene sheets of 5 mm thickness.
Six wedge-shaped trigger electrodes (B in Fig.1) are placed asymmetric-
ally between the main electrodes and mounted off 2 cm diameter steel
bolts, The switch plates and epoxy resin end-covers which support
the trigger bolt assenbly form an enclosure which can be pressurised
at up to 7.0 atm absolute with dry air (-50°C dewpoint). All elec-
trodes and insulation details are easily replaceable to facilitate
maintenance,

The trigger electrodes are initially held at an intermediate
potential to give an almost uniform field distribution. A 100 kV
negative voltage pulse rising at about 4 kV/ns is applied to each
trigger electrode to initiate breakdown by field emission from the
highly stressed edge of the electrode(s’s). The field configuration

in Fig.1 is applicable to conditions at which breakdown of the long

gap occurs,

2.2 Capacitor/Spark Gap Assembly

The experimental arrangement of capacitor Cb’ start gap S,,
diversion gap S, and load coil LC is as shown in Fig.2a. The
22,0 UF capacitor has an 85 x 34 x 33 cm rectangular metal case,

the transmission line BD being connected to both its long sides.



The H.T. connections A are made to a number of studs placed along
the centre of the insulating lid. The rating of this unit has not
yel been-finally evaluated but it is anticipated that operation at

15 kJ, 35 KV, 30% voltage reversal will be possible with a reasonable
life. The present experiments have been carried out at up to 30 KV,
10 kJ, 85% voltage reversal and a peak current of 1.0 MA, Similar
units have been used previously in a 1,0 MJ application and have been
tested at up to a peak short-circuit current of 1.2 MA(G).

It will be shown below that the design of the terminations of all
components must be such that their 'lumped' inductance (i.e. induct-
ance without any associaﬁed capacity) is negligible compared with
that of the multiple arc gap. For this reason parallel-plate geome-
try is adopted throughout the whole system, the diversion gap elec-
trode plates forming part of the capacitor to load coil transmission
line whose impedance Zg is 1.0 ohm approximately. A simplified
equivalent circuit can now be drawn as in Fig.2b. The inductance of
gaps S, and S, can be divided into parts Lb and Le. The former
is the lumped inductance due to flux linking the total current and
Le is the inductance of all the arcs in parallel due to flux linking
the current in each arc only. In the case of S, it will be noted
that the effective gap inductance in parallel with LC is only Le
which can be as low as 33% of.the total gap inductance. It is essen-
tial that this inductance be less than say 10% of the coil inductance

if an adequate reduction in coil current is to be achieved following

the closing of 8,.

2,3. Trigger Circuits

The triggering circuits used are as in Fig.3. In Fig.3a the

trigger electrodes are electrically isolated from each other by the



resistors Rt of 100 Q, whereas in Fig.3b they are connected in
parallel by a 5 cmwide plate placed on the surface of the epoxy
covers both above and below the gap.

The single trigger cable Z 12 m long is initially charged to

£?
a voltage of + 60 kV, and then short circuited by a master gap across
its other end. A negative voltage pulse is then produced at the trig-
ger electrodes rising exponentially to a theoretical value of 120 kV
with a time constant of about 30 ns(s). The trigger electrode is
positioned so that the air gaps x and y in Fig.3a are in the
ratio 70:30, the larger gap being towards the positive H.T. elec-
trode (Figs.1 and 3) so fhat it breaks down first. The total air
gap (x + y) is 7 and 5 mm for 60 kV and 30 KV working respectively,

The trigger system used for the diversion gap is shown in Fig.3b
with the auxiliary gap Gt in circuit., The latter is necessary to
isolate the trigger cable during the first haif cycle of voltage
'hold-off' to enable the resistive divider R,R, to control accu-
rately the potential of the trigger electrodes. It is arranged that
Gt breaks down near the maximum value of the trigger pulse so that
the pulse applied to the trigger electrodes is 'steepened'(s)o

The decay of gap voltage was measured with a resistive voltage
divider and fast rise oscilloscope with a combined responss time of
2.5 ns. Satisfactory multiple.arc triggering was diagnosed by placing
a magnetic probe near each breakdown point as reported previously(7)o

Using this technique, if a point failed to break down the measured

magnetic field was reduced to less than a third of its normal value,

3e THEORETICAL PRINCIPLES

To achieve multiple arc breakdowns between a single pair of

electrodes their spread in breakdown time Aty must be less than the

-4 -



decay of the electrode voltage Ve (Fig.4) to the minimum value at
which complete breakdown can occur. The problem is similar to that
encountered when parallel single arc gaps are used without any tran-
sit time isolation between them. The latter have been operated
successfully using the field distortion geometry in Fig.3, and also
using trigatron gaps(s). In the latter case the importance of the

gap voltage decay time was demonstrated by varying the capacity in
parallel with the gaps. However, the successful achievement of mul-
tiple arc breakdowns is more difficult than the parallel operation

of single arc gaps because of the decay of electrode voltage Ve due
to early breakdowns. The voltage decay is accelerated by the inductive
division L_/(Ly + L,) of the gap voltage Vgs which is itself decay-

ing with a time constant <, equal to (L, + Le)/Zg. This inductance

d
ratio must therefore be kept high by choosing the gap geometry so that
Lb is minimised,

L is an effective arc inductance which for convenience includes

e
the effect of the arc resistive voltage drop, since the approximately
exponential decay of the latter means that the resistive and inductive
voltages have similar characteristics. The effective gap inductance
Ly which applies during the decay of gap voltage equals (Lp + Le)
and is deduced from measurements of the gap voltage decay time Tq
since this equals Ld/Zg.

To ensure that the gap voltage time T4 is adequate the gap
should be connected into a transmission line of sufficiently low
impedance Zg and having a sufficiently long transit time Tg of
says 5 to 10 ns. These requirements are satisfied by the assembly
shown in Fig,2a.

Following the application of the negative trigger voltage pulse



to each of the six trigzer electrodes, their potential V (i.e. the

t
voltage across gap y in Fig.3b) will be as curve ABC in Fig.4 for
the first breakdown point and as curve ADE for the last breakdown
point. The difference between these two curves has been exaggerated
to simplify the diagram. The large gap spacings (x in Fig.3a) break
down at B and D and the smaller spacing at C for the first point,
After the complete breakdown of the first point at C, the electrode
voltage Ve will decay with the time constant T4 = Ld/Zg, which
will depend on the circuit parameters as discussed above and the time
distribution of the breakdown of later points. For the last point to
break down completely its smaller spacings (x in Fig.3) would have to
be sufficiently overstressed by the voltage EG when Ve has fallen
to F. This is most likely to be achieved with asymmetrically placed
trigger electrodes, and a trigger circuit design such that the over—
swing in trigger electrode potential (EF in Fig.4) is a maximum, Both
these aspects have been studied in detail during the development of
single arc gaps(1’2’3).

The above discussion assumes that both gap spacings at a given
point break down in 'cascade'. However, over a small voltage range
of about 5 to 1065 of the maximum working voltage, it is possible to
arrange that at a given pressure the trigger pulse breaks down both
gap spacings (e.g. at point ﬁ in Fig.4) before the 'swing' in the
trigger electrode potential back to Ve occurs., This mode of opera-
tion is referred to as 'simultaneous' breakdown(s). It has the
advantage that the breakdown time and jitter are minimised but since
the electrode spacings and trigger circuit parameters need more care-

ful optimisation operation in the cascade mode is considered to be

easier to achieve.



4, EXPERIMENTAL RESULTS

4,1 Effect of Transmission Line Impedance

The first experiments were carried out with a 4 m long liney
placed between the start gap and a 60 kV capacitor as reported pre-
(7)

viously'"*, the impedance 2z of the line being varied from 0.5 to
4,0 ohms., This arrangement ensured that the gap was connected to a
fixed impedance for 40 ns, a time long compared with its breakdown

time. The trigger circuit used was as in Fig.3(a).

The number of breakdowns that occur as a function of the number
of triggered points and Z, are given in Fig.5. Each point represents
the mean of 20 shots, i.e, 120 triggered points when six points are
triggered. The decay time of the gap voltage Vd deduced from'these
results and hence the gap inductance Ld during this time are given
in Fig.6., With six triggered points the variation in breakdown time
was * 1.0 ns. The gap voltage (Vg) waveforms and magnetic probe

(7)

measurements for the various conditions have already been reported  °.

4,2 Variation of Trigger Circuits

The abové experiments were repeated both with the 'separate’
trigger circuits in Fige.3a; and the "common' trigger circuits in
Fig.3b, the line impedance being 0,50 in each case. The absolute
operating air pressure in the' gap p, was varied from 4,0 to 7,0 atm;
the static breakdown pressure being 3.3 atm, The number of breakdowns

with six triggered points is given in Fig.7.

4,3 High Current Tests With 22,0 pF Capacitor

The gap was assembled in position S, as in Fig.2a. The com-
bined inductance of the capacitor, spark gap and connections was
obtained by connecting the upper transmission line D to the middle

transmission line BC. With six triggered points at 25 kV, and a peak

w5 U



current of 0.9 MA resonant frequency was 281 kHz with 85% reversal
giving a combined inductance and resistance of 14.3 nH and 2.6 mQ
respectively. The variation in gap inductance Lg with the number
of triggered points as given in Fig.8 was deduced by measuring the
change in frequency of a similar capacitor/spark gap assembly (about
300 kA peak current) and subtracting the measured capacitor induct-
ance. The total gap inductance with six triggered points is

S nH * 1.0 nH.

The capacitor inductance was measured by placing an O.1 mm insula-
tion sheet betwecn transmission lines B and A with a small hole
placed in its centre which breaks down at about 3 kV., The resulting
current waveform was not perfectly sinusoidal but its average fre-
quency was 435 kHz giving an inductance of 6,0 nHe.

High current short-circuit tests were made at 30 kv, 1.0 MA for
a few hundred shots with the transmission lines short circuited at
DC. Further tests were made with the single turn coil LC of 43 nH
connected to DC., The number of breakdowns in the start gap S, using
the common trigger circuit (Fig.3b) and with six triggered points was
again noted with and without L, and in both cases was found to be

comparable with those cbtained with the 4 m line in Fig.7.

4.4 Diversion Gap Performance

Tae diversion gap S5, (Fig.2) was operated with the common
trigger system (Fig.3b) and six triggered points to short circuit the
43 nH 1load coil after one half cycle of current, The capacitor volt-—

age V., was + 30 kV and tiie pzak coil current 500 kA rising in

b
2 pus. The coil and capacitor currents are given in Fig.9a and b for
eight consecutive shots showing that the former is consistently

reduced to less than 5% of its peak value by the diversion gap. The



effective gap inductance Le (Fig.2) in this duty as deduced from

analysis of the waveforms in Fig.9 is 1,7 nH * 0.2 nH.

5. DISCUSSION OF RESULTS

5.1 Number of Multiple Arc Breakdowns

The results in Figs.5 and 6 show that as the gap voltage decay
time decreases it becomes more difficult to achieve a higher propor—
tion of breakdowns as would be expected from the discussion in
Section 3. Under these triggering conditions for all triggered
points to break down the voltage decay time constant should be at
least 20 ns. A comparison of the triggering performance with sepa-
rate and common trigger circuits in Fig.,7 shows that in the latter
case a small improvement in the number of breakdowns occurs. It is
considered that this is because the close connection of the trigger
electrodes probably delays the swing in potential of the early inter-
mediate electrodes to break down and consequently delays the comple-
tion of breakdown at these points and also the onset of the decay of
gap voltage. This would then reduce the spread in breakdown time
between the %arious points and therefore makelit easier for multiple
breakdowns to be achieved,

As the operating pressure P, is increased from near the static
brezakdown value Py to about twice p, a small but significant
improvement in the number of breakdowns occurs with both trigger cir-
cuits as shown in Fig.7. This result is rather surprising since it
would normally be expacted that when operating in the cascade mode
the breakdown time and jitter would increase as the pressure is in-
creased until conditions that will result in simultaneous breakdown
are reached. Previous measurements of formative breakdown times in

similar non-uniform field single arc gaps(s’S) indicate that in the



present gap simulﬁaneous breakdown would occur with a value of pw/pb
of about 2,0 which is the pressure at which the best performance is
achleved in Fig.7. This therefore suggests that this improved per-
formance is due to operation in the simultaneous mode and that this
is more easily achieved with closely connected intermediate elec-
trodes as in Fig.3b. Under these conditions 98% of the triggered

points break down in 20 consecutive shots,

5.2 Gap Parameters

Timediately after breakdown the gap impedance, as represaented by
the values of effective inductance Ld given in Fig.6, increases
appreciably as the line impedance increases from 0.5 to 4.0 ohms for
a givén number of breakdown points. This is mainly caused by the
effect of the differing rates of rise of current on the resistive com-
ponent of the arc voltage. It results in a non-linear dependence of
the voltage decay time constant T4 On Zo' In these experiments
T4 varies as Z;lé approximately, but this will only apply in gen-
eral to gaps of similar inductance,

The gap inductance Lg obtained at high currents as given in
Fig.8, decreases only by about 10% as the number of breakdown points
increase from four to six, so that provided more than, say, 80% of
the points break down the total gap inductance will be about 5 nil.
The value of the various inductances given in the equivalent circuit
(Fig.2b) during the voltage decay time and at high currents can now

be summarised as in Table I for six breakdown points with the gap

connected to an equivalent 1 ohm line.

- T =



TABLE 1

Values of Gap and Arc Channel Inductance

During voltage decay | At high currents

Arc Channels (Le) 11,7% nH 1.7 nH
Gap connections (Lb) 3.3 3.3
Total inductance 15% (= Ld) 5 = Lg)

#*Effective values

It should be noted in Table I that the initial ratio of Le/Ld
(and therefore Ve/Vg) is about 0.8 and so the rapid decay of the
electrode voltage that would be produced by inductive division is
limited to 20%. The important factors in this respect are the-high
initial impedance of the arc channels (about seven times the final
value) and the low value achieved for the common inductance Lb by

careful design of the gap connections,

6o CONCLLEIO&

The initiation of multiple arc breakdown between the electrodes
of the 60 kV pressurised air spark gap described has been consistently
achieved., The experimental results confirm that the important factors
influencing multiple arc breakdown are an adequate gap voltage decay
time (say 15 to 20 ns), a small spread in breakdown time between the
breakdown points and a high ratio of effective arc inductance to
total gap inductance, When assembled as a compact unit with a 15 kJ
36 KV capacitor operating at up to a peak current of 1.0 MA the com-
bined inductance is 14 nH of which the gap contributes 5 nH. The
effective gap inductance can be reduced to 1.7 nH, when it is used
to short circuit a low inductance load coil, by mounting the gap in

the capacitor to load coil transmission line,

- 11 =
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Fig.2 Multiple arc gap and capacitor assembly
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Fige.3 Trigger circuits and electrode arrangement
(a) Separate trigger circuits
(b) Common trigger circuits
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Fig.4  Typical main electrode voltage (Vo) and trigger
electrode potential (Vt) curves after the application
of the trigger voltage pulse at point A.
Curve ABC for first breakdown points (Vt)
Curve ADE for last breakdown point (Vi) CLM-P212
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Fig.9 Diverted circuit current waveforms
(a) Load coil current
(b) Capacitor current (2us/div) CLM-P212









