‘Switching Notes
Note 27
June 1987

BREAKDOWN OF UNIFORM FIELD PRESSURIZED SFg SPARK GAPS
AS A FUNCTION OF CHARGE TIME '

Ian Smith
Pulse Sciences, Inc.
. 600 McCormick Street
San Leandro, CA 94577

ABSTRACT

A survey of available literature and existing simulators has
been made to determine the breakdown field strengths of pulse
charged SFg spark gaps, in particular when they are rapidly
charged, as in peaking circuits. ' '
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1. DATA

Switch data are summarized in Table 1. An AWRE note [1]
gives data for switches in several pulsers built by J.C. Martin's
group: Plato, Web, and Tom, half and full scale. Character-
istics are summarized in Table 1.

Reference [1] gives two measures of the charge time: the
durations at 63% and 89% of peak. The use of the 89% value
follows J.C. Martin's treatment of the breakdown of point plane
gaps at pressures of one toa few a‘%mospher‘es, where the break-
down field is proportional to ¢~ 170,

Therationa%ffkn’89%is that breakdown proceeds at a rate
proporticnal to » where E is the electric field. The breakdown
constant for square pulses is then given by the eguation [1]

g® t = a constant = k6 (1)

where _ :
Et1/6 - (2)

For arbitrary waveforms,
[ BS(t) at = «® | (3)

The integral can beapproxim%tedby’usingthe peak value of E and
multiplyéng by the FWHM of E¥, which is the width of E(t) at the
89% (0.89° = 0.5) level, here designated tgg. The result for
non-square waveforms then becomes

E t89’/2 = k | (4)

where E now refers to the peak value of E(t).

Since the uniform field gaps have a breakdown strength whose
time dependence is again weak and not dissimilar from a 1/6 power
law, the use of the duration at the 89% level is more appropriate
than that at the 63% level. Thus the data used from [1] is that
for t89’ and the same definition is applied in analyzing the
results for the other switches considered in this note.

For both Plato with t89-40 ns and Tom with tgg variéd'from
3.5 to 13 ns, the pressure dependency from 1 to T-atmo ?bs. is
well described by a variation of breakdown field as p "', &
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simplification first suggested by Maxwell Labs during the
development of Trestle. This result will be assumed in what
follows.

Plato is relatively slowly charged, breaking down near the
peak of a (1-cos) waveform. The electrode area is small. Its
performance may be characterized by a breakdown field (E ) of
T4 MV/m at 1 atm.

Both of the Tom switches were used in peaking mode, firing
near the midpoints of the (1-cos) waveform, and the time constant
was varied by a factor of about four. The extreme cases are
designated "slow" and "fast"; in each of these the two gaps gave
similar breakdown fields, characterized by E, = 16,5 and
21,0 MV/m at tgg = 13 and 3.5 ns respectively.

The Web switch appeared to have an essentially linear pres-
sure dependence, at least up to 6 ?tm., with only 11.0 MV/m at-
1 atm., If we calculate Ey = E/p”*" from the 4 atm. results we
- get 16.7 MV/m at 1 atm Here we take an average, E, = 13.9 MV/m.

For ATHAMAS II (VPb-II), the operators of this facility
state that an 8.5 e¢m, 40 psig switch breaks at 2.7 MV. Calcu-
lating the field enhancement as 22% for the 50 cm diameter of the
positive electrode gives Ej = 16.0. The charge waveform for the
peaking capacitor as shown in [2] gives tgg = 15 ns.

For ATHAMAS I (HPD), the operators indicate a breakdown
voltage of 2.6 MV for a 6 cm gap at 50 psig. Assuming that the
~field enhancement is 20% (similar to VPD-II), E, = 16.7 MV/m.
The switchout time of the peaking circuit is 150-180 ns, from
which tgg = 12.5 ns.

Data has also been supplied for ATLAS I (Trestle). The East
Side switch operates at 4.75 MV Marx voltage without enhancement
from the sharp edge, which is retracted. The spacing is 6.4 cm
at 100 psig. From the electrode shapes and the field distribu-
tion calculated by Maxwell for a 12 cm gap, the field on the
positive plane electrode is estimated as 56.0 MV/m, assuming the
switch voltage to be about 4 MV. This corresponds to an E, value
of 13.5 MV/m. The gap does not break down from this electrode,
however, so that this {s a lower 1imit for the positive elec-
trode. Breakdown occurs from the outer radius of the negative
cone electrode, where the field is similarly estimated at 87.5
MV/m, giving E, = 21.1. For the East switch, breakdown occurs at
94 ns and tgg 1s estimated to be 7 ns.

For the West ATLAS I (Trestle) switch, field enhancement on
the negative (plane) side of an 11 ¢cm, 100 psig gap is used to
- regularize breakdown at slightly smaller voltages and times.
The field at the edge of the positive cone is againestimated at
56.0 MV/m; since this is a lower 1imit to the breakdown field and
the time is smaller than for the East switch, this adds no addl—
tional information. '



In TEMPS, the output switch gap is stated to be 7.1 em at
70 psig for "nominal”™ 6 MV operation. About 5 MV is probably
across the switch, since the prepulse is 1 MV. Because of the
electrode shapes, it is mainly one side of the switch that is en-
hanced (and only sightly). Assuming that this is the negative
side, and that on the positive side the field is equal to the
average, gives E, = 20.5 MV/m. [3] states that the peaking
capacitance is 0.5 nF, the Marx 2.5 nF, 5.8 puH, and the
switchout time 65 ns; from this, tgg = 5.0 ns.

Fast switching experiments by Physics International [4] pro-
vides the shortest pulse charge time data at present available.
The output switch charge waveform was not measured. For the
purposes of this note, the values of t89 have been estimated from
the circuit values given, and from the ratio of the switch output
voltage to the voltage on the charging capacitor. A range of
ratios and fields is given in [4], and this corresponds to dif-
ferent switchout times on the charge waveform. Two represent-
ative sets of values of time and field are given in Table 1.

2. ANALYSIS OF RESULTS

The data for E, and tgg 1s summarized in Table 2 and plotted
against log-log scales in Figure 1. The almost straight line
plot clearly suggests a dependence of the form E t? - a constant.
When all positive electrode data are included, the best fit
result (correlation coefficient r = 0.989) is

Eg - [30.7 t89'°-237] (MV/m) . (5)

where £t is in units of nanoseconds.

It can be argued that the Plato data should be excluded,
8ince the charge time is longer than the range of chief interest
here, and at long times the time dependence must weaken. Also,
the charge waveform is different. Without Plato the best fit is

E, = [31_1 t89_0'252] (r = 0.995) (MV/m). (6)

According to this result, the breakdown field at 1 atm. be-
comes 8.8 MV/m, the dc strength of SF6, when t89 reaches
approximately 150 ns. At some shorter time, thé time dependence
implied by the formula must therefore begin to weaken. This, and
the higher correlation coefficient obtained, support using the
data without Platc. The rounded result

Ey = [31 t89'°-25] (MV/m) . (7

or



Table 2.

(Breakdown field = E, P

Summary of values of Ej and tgg-.

0.70

in atm. abs)

Switch

Plato

Web

Tom (slow)
Tom (fast).
 TEMPS

ATHAMAS I
(HPD)

ATHAMAS II
(VPD-IT)

ATLAS I
(Trestle) (+)

ATLAS I
{(Trestle) (=)

PI Fast Switching
Experiments

PI Fast Switching
- Experiments

89
Ans)

40
25

12.5

15

; where P = pressure

(MV/m)
14
13.9
16.5
21
20.7
16.7
16.0

> 13.5
21.1

30.8

36.0
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By tgg' /¥ = 31 (8)
is proposed( Including pressure dependence, this becomes
E t1/% - 31 pO'Tu ' {9)

The range of validity of this result is roughly tgg = 0.5 to
25 ns. For smaller values of tgg, the time dependence is un-
known. For larger values, the time depend%P?e I's known to dis-
~appear, and E. approaches 8.8 MV/m. The p~*! pressure dependence
is not checked above 7 atm.

Note that the result for the negative electrode in the
ATLAS I (Trestle) East switch is about 11% higher than (9) sug-
gests. This supportis, though not very strongly, the assumption
that the positive electrode controls. Other evidence to this
effect in-cludes a measurement made by the author at AWRE that
indicated a ~ 20% polarity effect in this sense for a moderately
field-enhanced geometry (no sharp edge) with a few hundred ns
charge time; and the fact that for sharp edged electrodes the
breakdown field is considerably larger when the edge is negative
(a factor of about two greater for p =5 atm.).

Some additional comments are as follows.

"There is no evidence that the breakdown field depends on
spacing. The Tom results indicate that it does not.

There is presumably some effect of area, but it does not
seem to be large. All the data except Plato is for EMP
simulators where the total charge transferred is small and
the electrodes are relatively smooth. Very rough elec-
trodes may break at lower fields,. especially at higher
pressures. :
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